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Libor Novák, Lenka Musilová and Radek Gajdošı́k
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Green Procedure to Manufacture Nanoparticle-Decorated Paper Substrates
Reprinted from: Materials 2018, 11, 2412, doi:10.3390/ma11122412 . . . . . . . . . . . . . . . . . . 70

Katrin Niegelhell, Thomas Ganner, Harald Plank, Evelyn Jantscher-Krenn and Stefan Spirk

Lectins at Interfaces—An Atomic Force Microscopy and Multi-Parameter-Surface Plasmon
Resonance Study
Reprinted from: Materials 2018, 11, 2348, doi:10.3390/ma11122348 . . . . . . . . . . . . . . . . . . 81
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Physical and Morphological Changes of Poly(tetrafluoroethylene) after Using
Non-Thermal Plasma-Treatments
Reprinted from: Materials 2018, 11, 2013, doi:10.3390/ma11102013 . . . . . . . . . . . . . . . . . . 94

Ahmer Hussain Shah, Yuqi Zhang, Xiaodong Xu, Abdul Qadeer Dayo, Xiao Li, Shuo Wang

and Wenbin Liu

Reinforcement of Stearic Acid Treated Egg Shell Particles in Epoxy Thermosets: Structural,
Thermal, and Mechanical Characterization
Reprinted from: Materials 2018, 11, 1872, doi:10.3390/ma11101872 . . . . . . . . . . . . . . . . . . 104

Wenlong Song, Shoujun Wang, Yang Lu and Zixiang Xia

Tribological Performance of Microhole-Textured Carbide Tool Filled with CaF2

Reprinted from: Materials 2018, 11, 1643, doi:10.3390/ma11091643 . . . . . . . . . . . . . . . . . . 122

v



Zuzana Kolarova Raskova, Pavel Stahel, Jana Sedlarikova, Lenka Musilova, 
Monika Stupavska and Marian Lehocky

The Effect of Plasma Pretreatment and Cross-Linking Degree on the Physical and Antimicrobial 
Properties of Nisin-Coated PVA Films
Reprinted from: Materials 2018, 11, 1451, doi:10.3390/ma11081451 . . . . . . . . . . . . . . . . . . 139

Auezhan Amanov, Rakhmatjon Umarov and Tileubay Amanov

Increase in Strength and Fretting Resistance of Alloy 718 Using the Surface Modification Process
Reprinted from: Materials 2018, 11, 1366, doi:10.3390/ma11081366 . . . . . . . . . . . . . . . . . . 153
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Abstract: Surface properties of modern materials are usually inadequate in terms of wettability,
adhesion properties, biocompatibility etc., so they should be modified prior to application or any
further processing such as coating with functional materials. Both the morphological properties
and chemical structure/composition should be modified in order to obtain a desired surface finish.
Various treatment procedures have been employed, and many are based on the application of
non-equilibrium gaseous media, especially gaseous plasma. Although such treatments have been
studied extensively in past decades and actually commercialized, the exact mechanisms of interaction
between reactive gaseous species and solid materials is still inadequately understood. This special
issue provides recent trends in nanostructuring and functionalization of solid materials with the goal
of improving their functional properties.

Keywords: surface properties; nanostructuring; functionalization; grafting

1. Introduction

An important property of solid materials is surface morphology. The morphology governs the
effective surface area which is always larger than the macroscopic geometrical area. Most techniques
employed in mass production of materials, such as casting, injection molding, extrusion and rolling,
enable limited abilities for increasing the surface area well above the geometric one. Solid materials are
often prepared from liquids whose surface energy facilitates smooth surfaces. Even upon solidification,
such a smooth surface is often preserved. In numerous applications, however, a solid material of a large
surface area (much larger than the geometric one) is preferred. A rough surface often enables better
adhesion of a coating and is essential in numerous applications. The surface area is usually increased
well over the geometric one either by etching or deposition. Etching is usually performed using liquid
or gaseous media. Etching by liquid media is often a fast process and thus beneficial in industrial
applications, but it has drawbacks, such as inadequate morphology and ecological concerns due to
the production of large quantities of waste chemicals. The dry gaseous etching is often much slower
but is usually ecologically sustainable and provides almost arbitrary surface morphology. Etching of
heterogeneous materials containing different components results in increased surface area due to
preferential removal of one component. Homogeneous materials, however, assume rich morphology
upon etching due to various mechanisms, including preferential removal of a material at grain
boundaries, electrochemical effects, kinetic effects due to bombardment with ions, and self-assembly.
The latter is particularly beneficial but limited to specific materials. A trivial method for increasing
surface morphology in a highly controlled manner is the deposition of a mask followed by a suitable
etching procedure. The etching using a mask is often anisotropic, in particular when the technology
of reactive ion etching is applied. An alternative to etching is deposition of an arbitrary material.
This technique enables almost arbitrary surface finish.

Apart from morphology, the functional properties of materials are governed by the composition
and structure of the surface film. These are always different from the bulk counterparts because
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of the simple reason that unlike the bulk, where the atoms are surrounded by other atoms in all
directions, the surface atoms are bonded to other atoms only from one side. The surface atoms
therefore feel the attractive force of other atoms only from one side resulting in the surface energy.
Furthermore, the gas-phase atoms or molecules feel the attractive force of surface atoms; therefore,
most materials are covered with foreign molecules in practical cases. The surface of most metals
and alloys, for example, are oxidized and covered with a thin film of organic molecules that come
to the surface from the surrounding air. The composition of the surface is thus usually different
from the composition of the bulk material. The ability for bonding foreign atoms and molecules is
beneficial in cases where the surface functional properties are inadequate. For example, the surface
properties of polymers are tailored rather arbitrarily by functionalization with specific functional
groups. These functional groups allow for almost arbitrary wettability of the solid materials. A widely
used technique for surface functionalization is a brief treatment with non-equilibrium gaseous plasma.

2. This Special Issue

Scientific papers selected for this issue deal with modification of surface properties of various
materials by advanced techniques. Asadollahi et al. [1] describe a method for synthesis of stable
super-hydrophobic surfaces through an economical and practical process by development of an
organosilicon-based coating using an atmospheric-pressure plasma jet technique. Such a surface finish
emerged from the investigation of natural surfaces with a high contact angle often known as the lotus
leaf effect [2]. The superhydrophobic characteristics of the micro-nanostructured and wax-coated
surface of the lotus leaf was first studied by Dettre and Johnson in 1964 [3]. Since then, numerous
authors studied methods for creating such a surface finish. Asadollahi et al. [1] developed a technique
using atmospheric pressure plasma polymerization of hexamethyl disiloxane in the jet of nitrogen
plasma produced by a rotating arc discharge. The plasma jet was modified by mounting a quartz tube
on the jet head, thus confining the plasma jet in a smaller volume, which was found to be beneficial for
deposition of high-quality coatings.

Porous silicon has been found useful in a broad range of industries [4]. Numerous methods for
synthesizing such materials have been reported, and the review paper by Lee et al. summarizes
breakthroughs and recent trends [5]. Despite extensive work, there is still a great demand for
further development of advanced surface modification methods for this material. Recently developed
techniques include hydrolytic condensation, ring-opening click chemistry, and synthesis of calcium or
magnesium silicates. The next-generation of surface modification methods forecasted in this review [5]
will focus on reproducibility suitable for mass application in industry, improved bio-applicability and
low toxicity, methods for preventing pore collapse, and multi-functional surface finish.

An assembly of organosilanes on porous silicon using visible light is reported by
Rodriguez et al. [6]. The functionalization of semiconductor nanostructures with organic monolayers
is regarded as essential for tailoring the surface chemistry for bioconjugation [7]. Porous silicon is often
a matrix of silicon quantum dots immersed into amorphous network containing silica and silicon. It is
different from classical nanodots in amorphous silicon networks because of extremely high surface
area [8]. Rodriguez et al. employed a condensation process to synthesize organosilane functionalized
porous silicon films using aminopropyl-triethoxy-silane and perfluorodecyl-triethoxy-silane at low
concentrations. Visible light activation promoted surface oxidation of porous silicon, thus stimulating
reaction with organosilanes. The process enabled a rather homogeneous surface with no traces of
silane-derived colloidal structures, thus making the process useful as a model for the analysis of
interfaces between organosilanes and porous silicon.

Aluminum alloys should be subjected to various postproduction treatments in order to assure
required functional properties [9]. An optimal surface finish is particularly important for alloys
subjected to severe weather conditions, such as for aircraft [10]. The surface modifications should
inhibit oxidation, promote adhesion of further coatings, or reduce staining. Wet chemical etching
enables production of porous textured surfaces of aluminum-alloys [11]. Not only an appropriate

2



Materials 2019, 12, 441

combination of chemicals but the order of their applications is crucial to prepare porous surfaces,
irrespective from the original roughness.

An alternative method for improving surface properties of alloys is the ultrasonic nanocrystal surface
modification process [12]. The technique was used for modification of nickel-rich super-alloy Inconel,
which is used in aerospace and nuclear industries [13] due to its excellent properties, excepting fretting
wear resistance [14]. A high surface compressive residual stress was obtained by ultrasonification together
with increased roughness and hardness. Furthermore, the fretting wear resistance was improved, so the
technique may be useful for extending the lifespan of aircraft and nuclear components [12]. The technique
was also used for the treatment of tantalum of a rather high purity [15]. The treatment caused both an
increase in hardness and induced compressive residual stress. The effect was particularly pronounced at
high material temperature upon sonification. A plastically deformed layer with the refined nano-grains
was observed and correlated to enhanced wear resistance [15].

Yet another technique suitable for surface modification of alloys is shot-peening. This technique
affects a thin surface layer and causes tensile plastic strain, resulting in favorable compressive residual
stresses. The technique was used for treatment of aluminum alloy Al 6061-T6 welds [16]. This material
is also known for its superior properties in airspace industry. The shot-peening was performed by
bombarding the surface with glass shot beads according to aerospace recommended levels. The surface
morphology was modified upon the treatment, and lower hardness was obtained as compared to the
base metal alloy in the heat-affected zone even after short shot-peening treatments [16].

A review of methods for surface texturing of the most commonly used titanium alloy (Ti6Al4V)
was also published in this issue [17]. The techniques for achieving appropriate surface morphology of
this material include mechanical, electrochemical, and localized heat treatments, in particular laser
shock peening, electro spark surface texturing, electrical discharge machining, reactive ion etching,
lithography, abrasive jet machining, and anodization. The surface texturing is beneficial in different
applications, from self-lubrication of special tools [18] to vascular stents [19].

Surface properties of metals and alloys can be also tailored by the deposition of different coatings.
Of particular importance are hard coatings, as demonstrated in Reference [20]. The wear performance
increased significantly after depositing nanocomposite coatings with different structures. The films were
deposited on aluminum die casting mold tool substrates using gaseous plasma sustained by a pulsed arc
discharge. The best results in terms of hardness, soldering behavior, stress, and oxidation resistance were
achieved for the AlCrN/Si3N4 nanocomposite coatings [20]. Such a coating of appropriate thickness
enabled improved die-mold service life.

Cemented carbide has been used widely in engineering applications because of a high surface
hardness, good thermal stability, outstanding chemical properties, and excellent wear resistance [21].
Calcium fluoride is a widely utilized solid lubricant at high temperatures. The friction coefficient of
this lubricant decreases gradually with increasing temperature and exhibits an excellent lubricating
effect even at 1000 ◦C [22]. The performances of microhole-textured carbide tools filled with
CaF2 was elaborated by Song et al. [23]. They found such materials suitable for promoting
machining performance. The textured carbide improved the tribological performance compared
to the non-textured material at high machining speed.

An appropriate surface finish is also important for the development of paper with specific
functional properties. In many applications, the paper should exhibit antibacterial properties [24];
therefore, it should be coated with antibacterial nanoparticles. Such nanoparticles do not attach to
the cellulose surface unless an appropriate plasma treatment is employed [25]. Schlemmer et al. [26]
report a reliable, fast, and eco-friendly method to fabricate paper fines sheets impregnated with silver
nanoparticles, which are known for their antimicrobial activity. The standard route for paper sheet
formation was modified with an additional step using colloidal nanoparticles. The key observation
reported in this paper is that a highly stable nanoparticle solution is essential for good dispersion of
nanoparticles into a paper solution, and thus reasonably homogeneous distribution in the final product.
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Surface properties of organic materials are also important in the development of alternative drugs,
in particular for curing cancer diseases. Promising materials include lectins, which are important for
cell communication and signaling in many physiologic as well as pathophysiologic processes [27].
Recently, it was reported that lectin interactions with tumor-specific glycan epitopes promote tumor
growth and immune modulation [28]. A critical issue is adsorption of lectins onto suitable substrates, as
reported by Niegelhell et al. [29]. They found the largest adsorbed amounts and the fastest adsorption
kinetics on the surface of polystyrene. The adsorption kinetics of the examined lectins were found
comparable to bovine serum albumin. The polysaccharide layers are also found to be prone to swelling.

The modification of polymer materials by non-equilibrium gaseous plasma has attracted
enormous attention in the past decades due to industrial demands. Recent advances in the complex
phenomena occurring upon interaction of reactive gaseous species with polymer surfaces have been
summarized in an extensive review [30]. Particularly important are fluorinated polymers such as Teflon
due to broad applications from kitchenware to medicine. Surface functionalization of this material is
challenging, especially when exotic functional groups should be grafted to mimic biomaterials [31].
The paper by Lopez-Garcia et al. [32] reports morphological and structural modifications of Teflon
surfaces upon treatment with non-equilibrium plasma sustained by different discharges. The treatment
resulted in the modification of surface morphology, whereas functionalization with polar groups was
found to be moderate even though a variety of treatment parameters were tested in this paper.

A broad application of polymers occurs in food packaging. The demand for packed food is
increasing rapidly, but a major obstacle is the life span of fresh products. The polymer foils suitable for
mass application in food packaging lack antimicrobial properties and are rather permeable by oxygen;
therefore, they should be coated with suitable coatings. Due to the hydrophobic character of standard
foils, the adhesion of any coating should be improved, and a natural choice is the application of gaseous
plasma [33]. The plasma parameters, however, should be chosen carefully to prevent any damage to
other foil properties which might result from VUV radiation from gaseous plasma [34]. An alternative
technique which prevents such effects is the application of extremely short treatments in weak plasma
where radiation is almost absent, but the concentration of neutral reactive species are still comparable to
that in ordinary plasma. The efficiency of such an approach was demonstrated in paper [35].

Polymer composites are among the most widely used materials. Their properties depend
on the type of polymer blends and fillers, as well as the distribution and even orientation of
fillers in the polymer matrix [36]. The fillers tend to agglomerate in the polymer matrix, which
is particularly important for two-dimensional carbon materials such as graphene [37]. Researchers
worldwide are developing novel methods for the modification of fillers’ surface properties in order to
obtain the desired quality of products. Of particular important are biofillers extracted from natural
sources. Shah et al. [38] elaborated the modification of egg shell particles using stearic acid and their
reinforcement in the epoxy-polymer matrix. They report excellent toughness, elongation increase,
and reduced brittleness of such composites.

Antimicrobial properties, biodegradability, and biocompatibility are important properties for
polymer materials used in food packaging, medical, and pharmaceutical applications, as well as in
cosmetics. Such properties of polymers could be achieved by appropriate immobilization of active
coatings onto a polymer surface, but a serious obstacle is often poor adhesion due to the inadequate
wettability, which should be modified [39]. Antimicrobial agents can be incorporated directly into
polymers, or they are attached via the side chains. Polyvinyl alcohol (PVA) substrates were treated
with plasma created by coplanar surface barrier atmospheric pressure discharge and cross-linked with
glutaric acid. Such a pretreatment allowed for optimal nisin adhesion [40].

While polymer foils or plastic components are rather quickly activated using appropriate plasma
parameters, the technology is more demanding in cases where small granules should be treated.
This topic was addressed by Šourkova et al. [41]. The authors used a low pressure plasma reactor
powered with a pulsed microwave discharge with a stirring devise inserted into the plasma reactor.
Such an experimental configuration allowed for a low density of charged particles in gaseous plasma,
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but the density of neutral oxygen atoms was as high as 2 × 1021 m−3 in a large volume at a relatively
low discharge power density. As a result, the polyethylene granules were effectively functionalized with
polar groups without measurable etching of the polymer material. Such rapid functionalization is a
consequence of a very large affinity of the polymer surface to atomic oxygen [42].

While functionalization with polar groups is beneficial for adhesion of various coatings on
polymer materials, there are applications where the surface finish should prevent sticking of unwanted
liquids to the polymer surface. In such cases, the polymer should be functionalized with non-polar
groups, and the best are fluorine-containing groups. Several fluorine-containing gases dissociate to F
atoms under plasma conditions, but the surface finish depends on the type of the precursor. Resnik et
al. [43] compared plasma treatment of polyethylene terephthalate using two gases and reveal effects
that have not been observed before. The treatment of this polymer with plasma sustained both in
tetrafluoromethane and sulfur hexafluoride revealed a high concentration of fluorine in the surface
layer probed by X-ray photoelectron spectroscopy (XPS) only up to a certain pressure. Thereafter, both
the fluorine content and the water contact angle decreased significantly, which was explained by the
lack of F atoms at elevated pressure using low power density plasma.

Biomimetics is a hot topic in interdisciplinary materials science. A review paper has been
published on various examples of successful synthesis and application of materials mimicking
nature [44]. The paper describes wetting properties of man-made materials mimicking both
super-hydrophobic and super-hydrophilic surfaces of plants and animals, with a particular emphasis
of combining both effects on a scale measured in micrometers. Such materials have extremely high
potential for application for body implants because the adsorption and conformation of proteins
depends enormously on the surface wettability. The activation of blood platelets on such surfaces
is reduced significantly; therefore, such a surface finish represents an alternative to biomaterials of
laterally uniform surface finish [45,46].

Hemo-compatibility of body implants made from polymeric materials has attracted enormous
attention in the past decades due to medical applications. Currently, cardiovascular diseases represent
the main causes of mortality in the modern world. Treatments include implanting stents, artificial
heart valves, and vascular grafts. An ideal surface finish of such implants should not only prevent
activation of blood platelets, but also inhibit scar formation and facilitate rapid endothelization.
These requirements are contradictory; therefore, researchers worldwide are investigating methods for
producing such a surface finish that would meet all requirements. A review paper on recent advances
in biocompatibility of plasma-treated polymeric implants was prepared by Recek [47]. An extensive
literature review led to the conclusion that there are actually no available standardized methods for
testing the hemocompatibility of biomaterials. In this review paper, the most promising methods
to gain biocompatibility of synthetic materials are reported, and several hypotheses to explain the
improvement in hemocompatibility of plasma treated polymer materials are offered.

Mushrooms represent an important nutritional component of the human diet and are valuable
in many countries; therefore, the demand often exceeds the supply. A method for increased growth
employs treatment of the substrates by pulsed electrical fields [48]. Several power supplies have
been tested for the promotion of mushroom growth by electrical stimulation reaching voltages on
the order of 100 kV [49]. The efficiency of such treatments depended enormously on the type of
mushroom; therefore, an appropriate voltage has to be adopted according to particular conditions [39].
Unlike conventional methods, the innovative power supply reported in this issue by Takahashi
et al. [48] enabled application also in hilly and mountainous areas and resulted in a significant
improvement in mushroom production.
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properties of acryl-coated polypropylene foils for food packaging by reactive particles from oxygen plasma.
Materials 2018, 11, 372. [CrossRef] [PubMed]

36. Sunny, A.T.; Mozetic, M.; Primc, G.; Mathew, S.; Thomas, S. Tunable morphology and hydrophilicity to
epoxy resin from copper oxide nanoparticles. Compos. Sci. Technol. 2017, 146, 34–41. [CrossRef]

37. Huskic, M.; Bolka, S.; Vesel, A.; Mozetic, M.; Anzlovar, A.; Vizintin, A.; Zagar, E. One-step surface
modification of graphene oxide and influence of its particle size on the properties of graphene oxide/epoxy
resin nanocomposites. Eur. Polym. J. 2018, 101, 211–217. [CrossRef]

38. Shah, A.H.; Zhang, Y.; Xu, X.; Dayo, A.Q.; Li, X.; Wang, S.; Liu, W. Reinforcement of stearic acid treated egg
shell particles in epoxy thermosets: Structural, thermal, and mechanical characterization. Materials 2018, 11, 1872.
[CrossRef]
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Abstract: Water-repellent surfaces, often referred to as superhydrophobic surfaces, have found
numerous potential applications in several industries. However, the synthesis of stable
superhydrophobic surfaces through economical and practical processes remains a challenge. In the
present work, we report on the development of an organosilicon-based superhydrophobic coating
using an atmospheric-pressure plasma jet with an emphasis on precursor fragmentation dynamics as
a function of power and precursor flow rate. The plasma jet is initially modified with a quartz tube to
limit the diffusion of oxygen from the ambient air into the discharge zone. Then, superhydrophobic
coatings are developed on a pre-treated microporous aluminum-6061 substrate through plasma
polymerization of HMDSO in the confined atmospheric pressure plasma jet operating in nitrogen
plasma. All surfaces presented here are superhydrophobic with a static contact angle higher than
150◦ and contact angle hysteresis lower than 6◦. It is shown that increasing the plasma power leads
to a higher oxide content in the coating, which can be correlated to higher precursor fragmentation,
thus reducing the hydrophobic behavior of the surface. Furthermore, increasing the precursor flow
rate led to higher deposition and lower precursor fragmentation, leading to a more organic coating
compared to other cases.

Keywords: atmospheric pressure plasma jets; plasma polymerization; superhydrophobicity; wetting

1. Introduction

A superhydrophobic surface is defined as a surface for which the equilibrium water contact
angle (WCA) is higher than 150◦ [1] and contact angle hysteresis is lower than 10◦ [2]. The concept
of superhydrophobicity initially emerged from the investigation of natural surfaces with high
contact angle and low contact angle hysteresis, notably the lotus leaf (Nelumbo) surface [3].
The superhydrophobic characteristics of the micro-nanostructured and wax coated surface of the lotus
leaf was first studied by Dettre and Johnson in 1963 [4]. Since then, several other examples of natural
superhydrophobic surfaces have been identified [5]. During the past few decades, many studies
have been done trying to mimic some of the structures observed on natural superhydrophobic
leaves to develop artificial superhydrophobic surfaces [3,6]. Such surfaces may find a wide range of
applications from textile industry to power network design and maintenance [7]. Many studies have
been done on water-repellent self-cleaning fabrics [8,9]. Superhydrophobic surfaces may be used in
biomedical applications, vessel replacements or wound management [2,10,11]. Since icephobicity (i.e.,
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low adhesion force between ice and the substrate) shows a correlation with superhydrophobicity [12],
superhydrophobic coatings can be considered as suitable candidates to reduce the ice accumulation
on various structures, notably power network equipment [13–15]. Construction industry can benefit
from the development of superhydrophobic surfaces for manufacturing self-cleaning windshields
and windows [16–18]. In marine industry, superhydrophobic coatings can be used to develop
anti-fouling surfaces [19] or to assist in oil-water separation [20]. Superamphiphobic surfaces in
particular (surfaces with both superhydrophobic and superoleophobic characteristics) may be used for
such applications [21]. Furthermore, due to their potential in minimizing the liquid/surface contact
area, hydrophobic and superhydrophobic surfaces can be used in anticorrosion application [6,22–24].

One of the most promising approaches to surface modification and coating deposition are
plasma-based surface treatment methods, due to their high controllability, relatively low cost,
low pollution levels, and short treatment times. Such treatments typically involve removing molecules
from the surface (plasma etching/sputtering) and/or depositing a different material on the surface
(plasma polymerization) using high-energy plasma-generated-species [25]. During the past few
decades, plasma-based processes have been used for a wide range of applications, such as deposition
of various functional coatings [10,25,26], modifying surface topography and micro/nano texturing [27],
treatment of tumors and infectious wounds [28–30], or even treatment of food products [31,32].
Depending on the gas pressure in which the plasma is generated, plasma treatment may be carried out
in low-pressure or atmospheric-pressure. Low-pressure plasma treatment typically results in more
uniform films and may be used for 2D or 3D treatment due to the spatial homogeneity of the reactive
species. Atmospheric-pressure plasmas, on the other hand, are easier to generate and maintain since
they do not require cost-intensive vacuum pumps and chambers [33]. However, due to the open-air
configuration in atmospheric-pressure treatment, plasma treatment of oxidation-sensitive materials
becomes limited.

In this study, the development of an organosilicon-based superhydrophobic surface through
atmospheric-pressure plasma deposition of hexamethyldisiloxane (HMDSO) is reported. In this specific
paper, emphasis is placed on the precursor fragmentation dynamics and the effects of ‘available energy
per precursor molecule’ on coating properties. Molecular fragmentation of HMDSO in plasma leads to
the deposition of low-surface-energy methyl groups on the substrate, thus reducing the wettability of
the surface. It is often argued that the wetting characteristics is directly linked to the degree of precursor
fragmentation since the energy required to break Si-C bond (318 kJ/mol) is less than the energy
required to break Si-O bond (452 kJ/mol). Therefore, higher plasma energies typically lead to more
polar oxide functions on the surface, which will in turn decrease the surface hydrophobicity [25,34,35].
Using a dielectric barrier discharge operating at atmospheric-pressure, Siliprandi et al. have shown that
for low HMDSO concentrations (less than 0.3% in their study), the deposition process strongly depends
on precursor presence in the plasma. However, beyond this threshold value the deposition process is
mostly controlled by the plasma generation power, indicating a power-deficient regime [34]. In other
words, fragmentation can be essentially controlled by adjusting the available energy per precursor
molecule; this a well-established concept in low-pressure plasma deposition. Gas phase fragmentation
and recombination reactions are also dependent on the residence time of plasma-generated-species.
Longer residence times can be linked to higher precursor fragmentation, which correlated to higher
oxide content in the case of HMDSO deposition. This has been confirmed by investigating the effects
of plasma gas velocity and precursor injection position on surface chemical composition [36]. For more
information on the applications of plasma technology in development of superhydrophobic surfaces,
see Reference [25,37].

More specifically, this work reports the development of superhydrophobic coatings on pre-treated
alumina-based substrates through atmospheric-pressure plasma deposition of HMDSO in the jet of
an open-to-air nitrogen plasma produced by rotating arc discharges. The effects of precursor flow
rate and generation power on precursor fragmentation in the discharge and thus surface chemical
composition is demonstrated. Furthermore, the wetting behaviors of all coatings are studied through
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static and dynamic water contact angle measurement, and the results are correlated with the precursor
fragmentation dynamics, surface chemical composition, and surface morphology.

2. Experimental Procedure

30 mm × 50 mm × 1.8 mm samples are cut from Al-6061 sheets provided by ALCAN.
For all plasma treatment procedures, a commercial OpenAir AS400 atmospheric pressure plasma jet
manufactured by PlasmaTreat® (PlasmaTreat GmbH, Steinhagen, Germany) with a PFW10 nozzle is
used. The schematics of the jet are presented in Figure 1. The process is open to ambient air and is
carried out at room temperature and in uncontrolled humidity conditions. At first, the samples are
exposed to multiple passes of air plasma treatment at very short jet-to-substrate distances to generate
an alumina-based micro-roughened porous surface structure on the aluminum substrate (Figure 2).
The details of this process, which is driven by the formation of electric discharges between the rotating
arc inside the jet body and the substrate, are previously studied by the authors [38]. These “pre-treated”
samples are then cleaned in an ultrasonic bath of ethanol and de-ionized water (15 min each at room
temperature) to remove any surface contamination prior to coating deposition. For the deposition
step, the plasma jet is slightly modified with a quartz tube mounted on the jet-head. This will be
discussed in more detail later. HMDSO (Sigma-Aldrich®, St. Louis, MO, USA, >98%) was used as the
growth precursor. Nominally pure nitrogen gas is purchased from Praxair and is used as received.
All samples studied here are prepared by the injection of HMDSO vapor (vaporized at 125 ◦C) mixed
with a carrier gas (nitrogen) into the flowing afterglow region of a nitrogen plasma on pre-treated
aluminum surfaces. In total, 3 samples are studied. Two samples are prepared with two different
monomer flow rates: 3 g/h and 5 g/h, referred to as PT3 and PT5 samples, respectively. A third sample,
referred to as PT5P75, was prepared with the same conditions as PT5 except for the plasma power,
which is increased from 500 W to 750 W. It should be noted that plasma deposition is performed under
pulsed plasma conditions (duty cycle of 50%) to prevent excessive precursor fragmentation and to
limit powder formation. Plasma parameters used for deposition process are also presented in Table 1.

Figure 1. Schematics of the modified APPJ used in this study.
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Figure 2. Surface structure of the aluminum surface after pre-treatment [38]. This structure is used as
the substrate for deposition of organosilicon based coatings.

Table 1. Plasma conditions used for preparation of samples.

Sample
Name

Monomer
Flow Rate

Plasma
Power

Plasma Duty
Cycle

Jet Speed
Jet-Substrate

Distance
Ionization Gas

Flow Rate
Carrier Gas
Flow Rate

PT3 3 g/h 500 W 50% 1 m/min 30 mm 500 L/h 400 L/h
PT5 5 g/h 500 W 50% 1 m/min 30 mm 500 L/h 400 L/h

PT5P75 5 g/h 750 W 50% 1 m/min 30 mm 500 L/h 400 L/h

An LR2-T optical emission spectrometer (Toshiba®, Tokyo, Japan) with a spectral resolution of
2 nm is used to analyze plasma properties. This spectrometer can acquire optical emission spectra in
the range of 200–1200 nm, and the detector is thermoelectrically cooled to optimize the signal-to-noise
ratio. All optical emission spectra presented in this paper are recorded with an exposure time of 200 ms.
The fiber was placed close to the sample surface (<1 mm above the surface) at 3 cm from the jet axis.
A JSM-7600F scanning electron microscope (SEM) manufactured by JEOL® (Tokyo, Japan) is used
to acquire images of coating’s surface structure. To improve image clarity, samples are coated with
a nanometric layer of carbon prior to SEM analysis. Presence of various chemical functions on the
surface was studied through Fourier transform infrared spectroscopy (FTIR). A Bruker Vertex 70 FTIR
system is used in ATR mode with a resolution of 2 cm−1. Each one of the FTIR spectra presented in this
paper is averaged over 32 consecutive scans on the sample. Further chemical analysis on the chemical
composition of the surface and the chemical state of silicon is performed using an X-ray photoelectron
spectrometer (XPS) with a non-monochromatic Al (max energy 1486.6 eV) anode manufactured by
Staib Instruments® (Langenbach, Germany). Scanning parameters used for the acquisition of survey
and high-resolution spectra are presented in Table 2. All analysis on the spectra is performed using
CasaXPS software (developed by Casa Software Ltd., Telgnmouth, UK). Charge compensation was
performed by fitting a synthetic peak in C 1s envelope and then calibrating the peak position it to
284.5 eV.
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Table 2. Acquisition parameters for survey and high-resolution X-ray photoelectron spectrometer
(XPS) spectra.

Scan Type
Start

Energy
End

Energy
Step

Width
dE

Dwell
Time

# of Scans
Beam
Power

Survey 1300 eV 0 eV 1 eV 4 eV 100 ms 5 150 W
High

resolution
A window of ~20 eV

width around the peak. 0.1 eV 0.3 eV 300 ms 10 300 W

All water contact angle measurements are performed using a DSA100 goniometer manufactured
by Kruss® (Kruss GmbH, Hamburg, Germany). Static contact angle is measured by placing a 4 μL
droplet on the surface and calculating the angle at the 3-phase interface based on Young-Laplace
approximation. Static contact angle values presented here are the average of at least 15 measurements
on different locations and/or samples. To evaluate the dynamic wetting behavior, at first the needle is
placed close to the surface and a 4 μL droplet is deposited on the surface. Then, the volume of this
droplet is steadily increased to 13 μL with a rate of 3 μL/min. The contact angle on each side of the
droplet is measured 5 times per second using the tangent method. Advancing contact angle can then
be defined based on the contact angle vs. time curve. Similarly, the receding contact angle is defined by
reducing the droplet volume back to its initial value and constantly measuring the contact angle of the
moving interfaces. For more information on this procedure, see [39].

As mentioned before, in the deposition of hydrophobic or superhydrophobic coatings, oxygen
incorporation in the coating needs to be limited, particularly in open-to-air atmospheric-pressure
plasma conditions. In this context, the plasma jet described above was slightly modified to confine the
flowing afterglow region and limit the diffusion of oxygen into the reactive plasma zone. This was
achieved by mounting a quartz tube (ID 25 mm, OD 27 mm, and length of 30) on the jet nozzle using
a handmade copper clamp (Figure 3). It was immediately observed that confining the plasma jet allows
for ignition and maintenance of much weaker plasmas by reducing the loss of ionized species into
the ambient atmosphere. This is of significant interest in this work, since lower energy leads to lower
precursor fragmentation and thus higher retention of organic functions in the coating structure.

 

Figure 3. Plasma jet after modification with the quartz tube.
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Plasma composition in the presence of the quartz tube was studied using OES and the results
are presented in Figure 4. It should be noted that the optical spectra presented here were acquired
using a different quartz tube (not pictured here) with an opening at the lowest part. The fiber is placed
in front of this opening at a suitable distance (3 cm) so that the optical emission is gathered directly
from the discharge zone without interference from the quartz or any possible deposition on the optical
fiber. The spectra presented in Figure 4 are acquired with and without the quartz tube surrounding
the jet and under PT5 conditions. Only a limited wavelength range (150–450 nm) is presented here,
since the emission outside this range was very weak. The spectra are dominated by the nitrogen
second positive system, which is typically observed in atmospheric-pressure nitrogen plasmas open
to ambient air. Emission intensity is significantly stronger in the spectra acquired with the quartz
tube, and since the plasma gas flow rate and the precursor flow rate are identical in both cases, higher
intensity is suggestive of a modification of the plasma density and/or the plasma temperatures, at least
at the position of OES measurements (<1 mm from sample surface). It is worth mentioning that the
presence of Si lines is suggestive of significant precursor fragmentation: atomic Si lines are rarely
observed during plasma polymerization in cold, atmospheric-pressure plasmas; this can most likely
be attributed to the much higher electron densities and temperatures in the arc-based discharges and
flowing afterglow regions than in other systems such as homogeneous dielectric barrier discharges [40].
In fact, Pulpytel et al. have observed atomic Si lines in the optical emission spectrum of air plasma with
HMDSO as the precursor in the same reactor operated in comparable experimental conditions [41].

 

Figure 4. OES spectra acquired from the plasma with and without the quartz tube surrounding
the jet-head.

Chemical composition of the samples acquired from nitrogen plasma deposition on flat aluminum
with and without the quartz tube surrounding the jet was studied using FTIR spectroscopy, and the
results are presented in Figure 5. The spectral features observed in Figure 5 are similar to those
observed in typical organosilicon-based depositions. Comparing the intensity of Si-O-Si band in both
cases suggests a lower amount of deposition in the sample prepared without the quartz tube. This can
be due to the loss of reactive species due to the jet movement or turbulence in the ambient atmosphere
when the jet is not confined. To compare the chemical composition of the coating regardless of the
deposition thickness, the fingerprint region of the spectra is also normalized according to the Si-O-Si
band and the result is presented as an inset in Figure 5.

The intense band between 1000 cm−1 and 1200 cm−1 is generally assigned to Si-O-Si and Si-O-C
asymmetric stretching modes [42,43]. This band is usually assumed to be the sum of three Gaussian
components which correspond to different bond angles in Si-O-Si: TO2 mode at 1120 cm−1 (170◦–180◦
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bond angle), TO1 mode at 1070 cm−1 (140◦ bond angle), and TO3 mode at 1030 cm−1 (120◦ bond
angle) [43]. TO2 mode is often associated with fragments of Si-O-Si chains, but in organic films this
wavenumber is also populated by Si-O-C stretching mode. TO1 is assigned to the in-phase asymmetric
stretching vibrational mode of the neighboring SiO2 moieties (−O−Si−O−) in a quartz-like structure
while TO3 mode in SiOxCyHz films is often observed because of the methyl environment of the
bond [44]. The position of Si-O-Si band in the sample prepared with the quartz tube seems to be
between the theoretical position of the TO1 and TO3 mode (max intensity at 1056 cm−1).

In comparison, in the absence of the quartz tube, Si-O-Si band is shifted to higher wave numbers
(maximum intensity at 1105 cm−1), suggesting that without the tube this region is dominated by
either Si-O-C bonds or Si-O-Si bond in TO2 mode, which may be associated with the fragments of
Si-O-Si chains. This, along with the lower deposition in the case without the quartz tube, suggests
that the addition of the quartz tube to the plasma jet leads to higher deposition and longer chains of
SiOxCyHz structures.

In both spectra, Si-(CH3)n group is easily recognizable by a strong, sharp band at around
1275 cm−1 (CH symmetric deformation in Si-CH3) together with three bands in the 865–750 cm−1

range [45]. This suggests that, even if with the quartz tube the coating seem more inorganic, the Si-O-Si
network is at least partially functionalized with methyl groups.

Figure 5. (a) Fourier transform infrared spectroscopy (FTIR) spectra of samples prepared with PT5
conditions, with and without the quartz tube surrounding the jet. (b) shows the same spectra
normalized according to Si-O-Si band.

To study the effect of this modification on surface morphology, two samples were prepared under
PT5 conditions on the pre-treated aluminum with and without the quartz tube surrounding the jet.
Figure 6 compares the surface structure of the coating with and without the quartz tube. Without the
quartz tube, the deposition consists of spherical structures covering the micro features obtained after
the pre-treatment step (Figure 6a,b). These particles seem to be distributed uniformly on the surface
and their diameter range from a few to hundreds of nanometers. On the other hand, surface structure
in the presence of the quartz tube (Figure 6c,d) is consisted of dendrite-like structures with multiple
levels of roughness, ranging from only a few nanometers to tens of micrometers. Such a hierarchical
structure is shown to be ideal for hydrophobic and superhydrophobic applications [46]. Similar
features have been reported by Kilicaslan et al. during the deposition of HMDSO-based nanomaterials
in atmospheric-pressure plasmas sustained by microwave electromagnetic fields [47]. While spherical
silica nanoparticles were obtained in the presence of O2 in Ar/HMDSO plasma, dendrite- like SiOCH
nanostructures were formed in the absence of O2.
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Figure 6. Surface structure of the coatings deposited without a quartz tube surrounding the jet (a,b)
and with the quartz tube (c,d).

In conclusion, it is shown that the addition of a quartz tube around the atmospheric-pressure
plasma jet can affect the treatment and deposition dynamics in several ways:

• Facilitates the ignition and maintenance of weaker plasmas, which leads to lower monomer
fragmentation and is generally favorable in hydrophobic applications;

• Limits the diffusion of oxygen from the ambient air into the discharge zone;
• Increases the coating thickness by reducing the loss of reactive species into the

ambient atmosphere;
• Increases the cross-linking of the silica-like network by increasing the Si-O-Si chain lengths.

All the results presented in the following sections are acquired from the modified jet (i.e., with the
quartz tube surrounding the flowing afterglow region).

3. Results and Discussion

3.1. Optical Emission Spectroscopy

To characterize the discharge zone, optical emission spectra were acquired from all conditions, and
the results are presented in Figure 7. In all cases, spectra is dominated by the nitrogen second positive
system located between 325 nm and 425 nm (Figure 7b) [41]. Signal intensity is significantly stronger in
PT5P75 in all regions. This is due to the higher plasma power, which leads to a more emitting plasma
(note the different scales on Y axis in Figure 7). In the near UV region (Figure 7a), NOγ system is
clearly observed for PT3 and PT5 through four bands located at 234, 245, 257, and 269 nm. As the
plasma power increases, the emission from NO disappeared, which may be explained by a higher
presence of quenching species in the discharge zone. On the other hand, atomic O lines may be
observed between 700 nm and 850 nm in the case of PT5P75 (Figure 7c), which is consistent with
higher precursor fragmentation in the case of higher plasma power.
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Figure 7. Optical emission spectra from PT3, PT5, and PT5P75 conditions. Three ranges of wavelength
are chosen to highlight some of the differences. (a) 200–275 nm, (b) 275–525 nm, and (c) 600–900 nm.

3.2. Surface Morphology

Surface morphology for different conditions was studied through scanning electron microscopy,
and the results are presented in Figure 8. Comparing different surface structures, it is observed
that in PT3 (Figure 8a), the precursor flow rate is not high enough for complete coverage of the
pre-treated aluminum surface. On the other hand, in PT5 (Figure 8b), the substrate is fully covered by
the deposition material, while the morphological features originated from the pre-treatment procedure
are retained. In the case of PT5P75 (Figure 8c), micro-features from the pre-treated substrate are
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completely buried under the deposited material, resulting in the loss of an important roughness level.
This may be due to the higher precursor fragmentation, leading to an increased presence of oxygen in
the discharge zone, promoting the formation of silica powders and increasing the size of the deposited
particles [48]. The presence of silica powder in the coating structure (such as the larger deposited
agglomerates in Figure 8c) has an adverse effect of the mechanical stability of the coating, since larger
particles become increasingly unstable and easier to remove under external forces.

 

Figure 8. Scanning electron microscopy (SEM) images of (a) PT3, (b) PT5, and (c) PT5P75.

3.3. Chemical Composition

FTIR spectroscopy and XPS were used to study the chemical composition of different samples.
Figure 9 shows the full range of FTIR spectra acquired from uncoated pre-treated aluminum, PT3, PT5,
and PT5P75. Comparing the spectra related to the pre-treated substrate with those from the coatings,
one can readily conclude that most features observed in the spectra are originated from the deposition.

Figure 9. Full range of Fourier transform infrared spectroscopy (FTIR) spectra acquired from PT3, PT5,
and PT5P75.

In all cases, the fingerprint region of the spectrum is dominated by features common to
siloxane-based coatings. The presence of bands related to Si-(CH3)n at around 800 and 1280 cm−1,
along with the bands related to C-H groups at around 3000 cm−1, confirms the deposition of organic
groups through plasma polymerization. Since Si-O-Si band intensity is strongest in the case of PT5P75,
the deposition thickness is significantly larger for PT5P75 compared to PT5 and PT3. The presence
of carbonyl groups (C=O), evident by the sharp peak at around 1750 cm−1, is suggestive of higher
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precursor fragmentation with higher generation power. This increases the presence of oxygen in the
discharge zone, which in turn enhances the formation of larger silica-based particles [48]. This is in
agreement with larger deposited features observed in SEM images (Figure 8).

In the IR spectra of siloxane-based surfaces, the 500–1700 cm−1 range can provide valuable
information regarding the Si-O network [43]. However, since this region is populated with several
organic and organosilicon-based species, the spectra should be deconvoluted into its components to
reliably quantify the peak intensity and surface area. In this context, the fingerprint region of the spectra
presented in Figure 9 was deconvoluted to distinguish and quantify some of the organosilicon-based
species present on the surface. Figure 10 shows the results of this deconvolution and shows the
locations of the synthetic curves along with their assigned vibrations.

 

Figure 10. Synthetic curve models developed on the Fourier transform infrared spectroscopy (FTIR)
spectra acquired for (a) PT3, (b) PT5, and (c) PT5P75.

For a brief description of what numbered components represent, see Table 3.

Table 3. Locations and assigned chemical groups for the synthetic curves presented in Figure 10.

Peak Index Approximate Position (cm−1) Assigned to

1 800 Si-C rocking vibration in Si-(CH3)n [36,49,50]
2 900 Si-OH bending [50]
3 1060 Si-O-Si asymmetric stretching (TO1)
4 1150 Si-O-Si asymmetric stretching (TO2)
5 1275 C-H symmetric deformation in Si-(CH3)n
6

1300–15007

A notable feature of the FTIR spectra presented in Figure 10 is the continuously descending signal
from 1300 cm−1 to 1500 cm−1 in the case of PT3 and PT5. Typically, this range is populated by many
C-H bending vibrations in methyl (-CH3), methylene (=CH2) and methyne (=CH) [51]. However,
C-H bending vibrations are usually narrower and therefore more distinct than peak indexes 6 and
7. Furthermore, this signal is not observed in the case of PT5P75, where C-H bending vibrations
are also expected to occur. Therefore, it is highly unlikely that these peaks are due to C-H bending
vibrations. A few other studies have observed several bands in the 1300–1500 cm−1 range in the
case of highly porous structures with micrometric pore sizes [52,53]. These bands are not specifically
identified in these studies but are only reported for highly porous surfaces. Therefore, an alternative,
and more likely, explanation for this descending signal would be through the effects of surface porosity
on the spectral background of the FTIR data. In PT3 and PT5, it is likely that the substrate’s pores
interfere with the IR absorbance, and therefore the effects of porosity are more pronounced. In PT5P75,
deposited material covers a major part of substrate porosity (see Figure 8), leading to the absence
of any signal in 1300–1500 cm−1 range. In any case, this signal introduces a significant amount of
uncertainty to any deconvolution procedure performed on this region. The main characteristic peak
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of Si-(CH3)n is located at the lower boundary of this range (1275 cm−1), and therefore its shape and
intensity is heavily affected by peak indexes 6 and 7. In this study, to avoid the uncertainty originated
from the overlapping components, a different peak located at around 800 cm−1 (peak index 1) is
used as a representative of the organic deposition. It should be noted that Peak 1 may be further
deconvoluted into three separate components based on the value of n in Si-(CH3)n [36,49,50]. In this
study however, the resolution of the FTIR measurement is not small enough to distinguish between
these components, and therefore the total surface area under this peak is used as a representative of
the organic content. These various states of organic silicon will be investigated later while discussing
the results of high resolution Si 2p core peak XPS spectra. Another consideration is the presence of
Si-O-Si bending vibration at around 780–800 cm−1 [47,54], which may overlap Peak 1 in the above
calculations. However, in organosilicon coatings, the intensity of Si-O-Si bending vibration is typically
negligible compared to the Si-C rocking [48,55,56].

In order to determine the amount of organic functions in the Si-O-Si network, the ratio between
the surface area under the Si-(CH3)n component (peak index 1) and the surface area under quartz-like
Si-O-Si component (peak index 3) is calculated. Furthermore, to determine the structural integrity
of the Si-O-Si network, the ratio between the surface area under the Si-O-Si TO2 component (peak
index 4) and the surface area under the Si-O-Si TO1 component (peak index 3) is calculated. Since TO1

is correlated with a quartz-like structure while TO2 is correlated with fragments of siloxane chains,
a higher TO2/TO1 ratio corresponds to shorter siloxane chains and more disorder in the silica network.
These ratios were calculated for PT3, PT5, and PT5P75 and are presented in Table 4, where An denotes
the surface area under the nth peak index.

Table 4. Ratios between surface areas under some of the components in the Fourier transform infrared
spectroscopy (FTIR) curve-fitting model (Figure 10).

A1/A3 (Si-(CH3)n/Si-O-Si) A4/A3 (TO2/TO1)

PT3 0.35 0.67
PT5 0.52 0.64

PT5P75 0.22 0.81

Since the plasma power is identical for PT3 and PT5, the amount of available energy per HMDSO
molecule is higher in the case of PT3. Therefore, higher monomer fragmentation is expected in lower
precursor flow rates, which leads to lower Si-(CH3)n/Si-O-Si ratio. This is manifested as a lower
A1/A3 ratio for PT3 than PT5. Similarly, since the precursor flow rate is identical for PT5 and PT5P75,
higher power leads to higher energy per precursor molecule, which in turn increases the fragmentation
and leads to lower Si-(CH3)n/Si-O-Si ratio in the case of PT5P75.

To study the structural integrity of the siloxane network, A4/A3 ratio is investigated. For PT3
and PT5, this ratio is almost identical, which is suggestive of similar siloxane structures in both cases.
However, as discussed before, the main difference between PT3 and PT5 is in coating thickness and
the amount of deposition (Figure 8). In the case of PT5P75, it is shown that increasing the generation
power has a significant effect on the Si-O-Si network, leading to shorter siloxane chains (higher TO2

intensity). This is consistent with higher precursor fragmentation with higher plasma energy.
Complementary quantification of the surface chemical composition was acquired through X-ray

photoelectron spectroscopy. Figure 11 shows the atomic percentages of Si, C, and O based on the survey
spectra. In PT5, lower precursor fragmentation (due to the lower energy per precursor molecule)
leads to the highest organic content on the surface, which is manifested as higher C percentage and
lower O percentage. PT5P75 has a higher content of silicon and oxygen and a lower content of carbon,
which can be linked to a decreased carbon content due to the higher precursor fragmentation. This is
also in agreement with the FTIR data, where it was shown that the organic content is reduced with
increasing the power. Finally, comparing PT3 with PT5, it is observed that the increased amount of
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energy available per precursor molecule in the case of PT3 leads to smaller amounts of deposition
(lower silicon percentage) with less organic content (lower carbon percentage).

 

Figure 11. Atomic percentages of silicon, carbon and oxygen acquired from X-ray photoelectron
spectrometer (XPS) for PT3, PT5, and PT5P75.

High resolution spectra of Si 2p core peak were used to determine the chemical state of silicon
atoms in the siloxane structure. Si 2p core peak analysis is done based on the method developed by
O’Hare et al. [57,58] for the analysis of siloxane-based coatings using X-ray high resolution spectra
of Si 2p core peak. In this method, four different chemical states of silicon atoms are identified based
on the number of bonds with oxygen: Q, T, D, and M which are in contact with 4, 3, 2, and 1 oxygen
atoms, respectively. These chemical states are shown schematically in Figure 12 and some further
details are provided in Table 5.

Figure 12. Silicon chemical states in a typical siloxane-based molecular structure.

Table 5. Chemical states of silicon in siloxane coatings [58].

Binding Energy Energy Shift Function

Q [SiO4/2] 103.69 eV 0 eV cross-linking
T [CH3SiO3/2] 102.89 eV 0.80 eV cross-linking

D [(CH3)2SiO2/2] 102.21 eV 0.68 eV propagation
M [(CH3)3SiO1/2] 101.85 eV 0.36 eV termination

Based on these chemical states and their respective binding energy in X-ray photoelectron spectra,
synthetic curve-fitting models (not presented here) were developed on Si 2p core peak to determine
the amount of deposited organosilicon species. These models where developed by (1) restricting
the position of (Q) component to 103.69 ± 1 eV based on the calibration experiments on pure quartz
samples, (2) restricting the position of (T), (D), and (M) based on their respective shifts from the
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position of (Q), and (3) forcing equal peak widths for all components. The results from component
quantification are presented in Figure 13.

 

 

Figure 13. Component quantification of siloxane-based coatings determined through high resolution
spectroscopy of Si 2p core peak.

When HMDSO molecules are vaporized and injected into the flowing afterglow region of the
atmospheric-pressure plasma jet, they may go through several stages of fragmentation. Si-O bonds,
which are weaker than Si-C bonds, break first, generating (M) silicon states which may be deposited on
the surface. Further fragmentation results in broken Si-C bonds, removing methyl groups from silicon
and replacing them with oxygen atoms in the open-to-air plasma. Therefore, the presence of various
silicon chemical states may be interpreted as various degrees of fragmentation. In the case presented
here, higher presence of (M) groups and lower presence of (Q) groups in the topmost layer of PT5
is suggestive of lower precursor fragmentation. Even before curve-fitting, higher organic content in
PT5 is evident by a 0.5 eV shift observed in Si 2p core peak position towards lower energies. This is
consistent with the FTIR data, where it was shown that PT5 exhibits higher Si-(CH3)n/Si-O-Si ratio
with a more organized structure. For PT3 and PT5P75, more than 90% of silicon atoms are in contact
with 4 or 3 oxygen atoms (Q and T respectively), which is suggestive of high precursor fragmentation.
However, in the case of PT3, (Q) and (T) are represented almost equally on the topmost layer of
the coating, while in PT5P75 silicon is mostly at (T) state. Based on what has been discussed so far,
it is evident that both coatings are the outcome of heavy precursor fragmentation. However, higher
presence of precursor molecules in the case of PT5P75 results in the higher implementation of organic
functions in the siloxane network, leading to a high concentration of (T) state in PT5P75. Similarly,
lower presence of precursor molecules in PT3 reduces the functionalization of siloxane network with
organic functions, leading to higher concentration of fully oxidized silicon (Q).

At this point, it should be noted that in a typical curve fitting process, the results may be examined
by developing a curve model on a different peak related to a different element and confirming the
agreement between the results acquired from both models. In the case presented here, this validation
can potentially be done by creating synthetic models on C 1s peak based on (T), (D), and (M) functions
along with other possible carbon states (such as C-C, C-H, and C=O). However, the binding energies
for C 1s(T), C 1s(D), and C 1s(M) are in a 0.5 eV range (284.7 eV, 284.5 eV, and 284.2 eV, respectively) [57].
Furthermore, the binding energy of adventitious carbon (carbon originated from exposure to air or
other sources of contamination), which is typically the most prominent source of carbon in XPS data,
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is also in the same range. Due to the relatively large FWHM of the high-resolution spectra (~2 eV),
distinguishing the peaks in such a short range is practically impossible. However, the models presented
here were developed with as many physically and chemically relevant restrictions as possible (on peak
position, peak width, peak shape, etc.) to ensure mathematical, physical, and chemical accuracy of
component quantification. Furthermore, the results from this quantification are in complete agreement
with FTIR results and the expectations based on the literature. Therefore, despite some potential
limitations, we feel confident that these models can accurately represent the chemical composition of
the surface.

3.4. Wetting Behavior

The wetting behavior of PT3, PT5, and PT5P75 is studied through static and dynamic water contact
angle measurements. Numerous studies and reviews have emphasized the importance of dynamic
wetting studies. It is often suggested that if a surface shows hysteresis, i.e., a difference between
advancing and receding angles, static contact angle becomes an arbitrary value between advancing
and receding angles [59–61] and tends to miss a significant amount of information regarding the wetting
characteristics of a surface. In fact, it has been suggested that since the advancing angle is more sensitive
to low-energy components of the surface while the receding angle is more sensitive to high-energy
components [62], one can study them individually to gain a deeper insight on surface functionalities.

In this work, dynamic wetting is studied through placing a 4 μL droplet on the surface while
keeping the needle in contact with the resting droplet and increasing or decreasing the droplet
volume while measuring contact angle at the three-phase interfacial point five times per second
(Figure 14). These measurements are then plotted against time and the curve is smoothed using the
LOWESS method to account for minor variations (±1◦) while retaining the general trend of the curves.
More details on this procedure is provided in [63]. These curves are presented in Figure 15 for PT3,
PT5, and PT5P75.

 

Figure 14. (a) a demonstration of the Tangent approximation method and (b–e) the procedure for
determination of advancing and receding angles.

As the droplet volume slowly increases, the baseline initially remains the same, resulting in
an increase in the measured contact angles. Eventually, the weight of the droplet becomes large enough
to expand the baseline, which may be shown in the contact angle vs. time curves as either a drop in the
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measured values followed by a further gradual increase (sudden baseline expansion), or as a constant
measured value with volume after the initial increase (continuous baseline expansion). Advancing
contact angle is then determined as the measured value just before baseline expansion [39,60]. Similarly,
reducing the droplet volume leads to an initial decrease with a sudden increase (sudden baseline
shrinkage) or a constant value (continuous baseline shrinkage). In this case, receding angle is
determined as the measured value just before the baseline shrinkage (see Figure 15). The fundamental
physics behind this procedure have inspired several groups to discuss and compare their knowledge
of surface chemistry, surface topography, and interfacial science [39,59,60,62,63]. However, the details
of advancing and receding measurements are rarely discussed in detail in the literature, and therefore
we are not certain whether other groups have observed the same behavior or their interpretation of
how the baseline reacts to increasing/decreasing volume is consistent with ours.

 

Figure 15. Advancing and receding angle curves for PT3, PT5 and PT5P75.

Based on the advancing and receding angle values presented in Figure 15, contact angle hysteresis
was calculated for all coatings, and the results are presented in Figure 16 along with the static contact
angle values. It should be noted that theoretically, the static contact angle should be between advancing
and receding values. However, in the results presented here, some discrepancies may be observed
due to different measurement methods: Static contact angle measurements were carried out using
the Young–Laplace model, since it approximates the entire shape of the droplet, thus considering the
effects of droplet weight or any other distortions in the droplet shape. However, during dynamic
measurements, the needle is in contact with the droplet at all times, and therefore Young–Laplace
approximation cannot identify the circular shape of the droplet. Therefore, a different approximation
method (namely, the tangent method) was used, which only considers the three phase interfacial points
and attempts to draw a line at this point tangent to the droplet shape to determine the contact angle.

All surfaces are shown to be superhydrophobic (WCA > 150◦) with statistically insignificant
variations in static contact angle due to the different deposition conditions. However, a significant
difference in contact angle hysteresis (CAH) is observed for different samples, which is directly related
to surface roughness. Traditionally, it is argued that hysteresis originates from defects, and thus
rougher surfaces have higher CAH [59,64]. However, several studies have shown that the effects
of roughness on CAH depends on the wetting regime. When water is in contact with the whole
surface profile (Wenzel wetting regime), surface features act as obstacles to water motion, reducing the
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droplet mobility and increasing CAH. On the other hand, when roughness features are small enough
so that the capillary effect prevents liquid penetration into the surface asperities (Cassie-Baxter wetting
regime), water is only in contact with a small area fraction of surface features, and therefore its motion
is not hindered by surface structures [62,65], increasing the droplet mobility and decreasing CAH.

Figure 16. Static and dynamic contact angle for PT3, PT5, and PT5P75.

In the present work, the lowest contact angle hysteresis is observed in the case of PT5P75.
While presenting the chemical characteristics of the developed coatings, it was shown that precursor
fragmentation in PT5P75 is higher, leading to more polar oxide content on the surface, which is
expected to render the surface less hydrophobic. However, since PT5P75 exhibits higher surface
roughness due to larger silica-based particles with surface features as small as only a few nanometers
(see Figure 8), contact angle hysteresis is very small. In the case of PT3, surface roughness is lower
due to the lower amount of deposition and large micrometric surface features originated from the
pre-treatment. Finally, PT5 exhibits a CAH higher than PT3 due to the full coverage of the surface with
multi-leveled structures, and lower than PT5P75 due to the smaller deposited structures.

4. Conclusions

In this study, superhydrophobic coatings are developed through atmospheric pressure plasma
polymerization of HMDSO in the jet of nitrogen plasma produced by rotating arc discharges.
The details regarding the plasma deposition process and precursor fragmentation dynamics are
discussed. The plasma jet is modified by mounting a quartz tube on the jet head, thus confining the
plasma jet in a smaller volume. It is shown that this modification leads to structures that are similar
to what is observed in atmospheric pressure plasma polymerization of HMDSO in the absence of O2.
After jet modification, the effects of precursor flow rate and plasma power on surface structure, wetting
behavior and surface chemistry is studied. It is shown that increasing the flow rate while keeping
the plasma power constant increases precursor fragmentation, leading to higher oxide deposition.
On the other hand, increasing the plasma power while keeping the precursor flow rate constant
results in faster deposition rates and subsequently thicker coatings, but with a higher oxide content.
This demonstrates the significance of “available energy per precursor molecule” parameter, which can
significantly affect the precursor fragmentation in the discharge. All conditions studied here lead to
superhydrophobic surfaces with static contact angles higher than 150◦ and contact angle hysteresis
lower than 6◦.
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Abstract: Porous silicon (PSi) is a versatile matrix with tailorable surface reactivity, which allows
the processing of a range of multifunctional films and particles. The biomedical applications of PSi
often require a surface capping with organic functionalities. This work shows that visible light can be
used to catalyze the assembly of organosilanes on the PSi, as demonstrated with two organosilanes:
aminopropyl-triethoxy-silane and perfluorodecyl-triethoxy-silane. We studied the process related
to PSi films (PSiFs), which were characterized by X-ray photoelectron spectroscopy (XPS), time of
flight secondary ion mass spectroscopy (ToF-SIMS) and field emission scanning electron microscopy
(FESEM) before and after a plasma patterning process. The analyses confirmed the surface oxidation
and the anchorage of the organosilane backbone. We further highlighted the surface analytical
potential of 13C, 19F and 29Si solid-state NMR (SS-NMR) as compared to Fourier transformed infrared
spectroscopy (FTIR) in the characterization of functionalized PSi particles (PSiPs). The reduced
invasiveness of the organosilanization regarding the PSiPs morphology was confirmed using
transmission electron microscopy (TEM) and FESEM. Relevantly, the results obtained on PSiPs
complemented those obtained on PSiFs. SS-NMR suggests a number of siloxane bonds between the
organosilane and the PSiPs, which does not reach levels of maximum heterogeneous condensation,
while ToF-SIMS suggested a certain degree of organosilane polymerization. Additionally, differences
among the carbons in the organic (non-hydrolyzable) functionalizing groups are identified, especially
in the case of the perfluorodecyl group. The spectroscopic characterization was used to propose a
mechanism for the visible light activation of the organosilane assembly, which is based on the initial
photoactivated oxidation of the PSi matrix.

Keywords: porous silicon; visible light assisted organosilanization; solid state NMR; XPS; ToF-SIMS

1. Introduction

The functionalization of semiconductor nanostructures with organic monolayers is a requirement
for tailoring their surface chemistry for ulterior bioconjugation [1,2]. Porous Silicon (PSi) can be
described as a matrix of silicon quantum dots (Si QDs) immersed in an amorphous Si/silica network.
It differs from Si QDs in amorphous Si networks in the high specific surface areas (hundreds of
m2/g) [3], tailorable within a wide range of pore structures. Although both micro- and mesopores can
be used to achieve high porosity, mesoporous structures are generally preferred because they exhibit
better mechanical stability in comparison to the microporous ones [4]. With respect to porous silica
networks, they differ mainly in their optoelectronic properties (photo and electroluminescence). PSi is
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generally engineered as a film supported on a Si wafer (PSiF), but has been described also in the form
of colloidal particles (PSiPs) for a wide range of applications.

Engineered PSi is especially attractive in the biomedical field due to its high biocompatibility,
biodegradability [5] and role as multifunctional actuator [6]. By means of functionalization,
PSi had gained a great deal of attention in applications such as magnetic focusing [7] or drug
delivery [8], targeted contrast agents in biomedical imaging [9], tissue engineering through
polymer [10] or hydroxyapatite loads [11], photothermal cancer treatment through plasmonic
composites [12], biocatalytic substrate upon functionalization with enzymes [13] or biosensing through
interferometric effects [14]. In order to avoid an unspecific reactivity of PSi, a conjugation with organic
molecules/biomolecules is essential.

Surface modification of PSi through organosilane assemblies allows for specific functionalities
and biomolecular selectivity [15]. Relevantly, to enable the organosilane assembly, a prior oxidation
of the PSi surface is required, which has been traditionally carried out by thermal or chemical
oxidation [16]. Such oxidation of PSi has previously been induced by visible light activation, but aimed
at a functionalization with metal nanoparticles. Light assisted redox reactions with residual water
are in fact responsible for a mild surface oxidation [17], which we have previously proposed for the
activation of the assembly of glycydyloxy-trimethyl-silane [18].

In this work, we aim to propose a generalization for the process of visible light assisted
organosilanization (VLAO) with two additional organosilanes, as well as a reaction mechanism
for the process. We therefore rely on an advanced characterization of the modified surfaces. We outline
the analytical potential of solid-state nuclear magnetic resonance (SS-NMR) at the surface level and
complement with traditional surface spectroscopic techniques, such as time of flight secondary ion
mass spectroscopy (ToF-SIMS), and X-ray photoelectron spectroscopy (XPS), in order to study the
properties of organosilane functionalized PSi. The surface sensitivity of SS-NMR has already been
highlighted in porous silica based systems as a technique to decipher the influence of surfactants in
the structure of molecular sieves [19]. Within the more restricted area of PSi, SS-NMR has been used
for the characterization of the chemistry upon formation [20] and the correlation of structure with
luminescence [21].

Contrary to bulk Si, where the surface is inaccessible to NMR, PSi provides a sufficient number
of surface nuclei to overcome NMR’s inherently low surface sensitivity and achieve a satisfactory
signal-to-noise ratio [22]. Relevantly, although the sensitivity of SS-NMR for amine surface capping
has already been outlined for Si nanoparticles [23], a prospective study on the analytical potential
of SS-NMR on organosilane functionalized PSiPs could provide further insight into the chemical
structure of the formed hybrid materials. A surface/interface sensitive approach of this sort has
already been used to characterize the organosilane adsorption on highly porous clay materials [24].
Transmission electron microscopy (TEM), scanning electron microscopy (SEM), Fourier transformed
infrared spectroscopy (FTIR), ToF-SIMS and XPS are used on convenient PSiF and PSiP models to
characterize the organosilane assemblies and correlate with the SS-NMR information.

2. Experimental

2.1. Preparation of PSiFs and PSiPs

The back side of the p-type boron-doped (resistivity 0.05–0.1 Ω·cm) (100) oriented Si wafers was
first coated with an aluminum layer to provide low resistance ohmic electrical contacts. Si was then cut
and mounted into a Teflon electrochemical cell to form PSiFs by anodic etching of the silicon wafers in
an aqueous electrolyte composed of a mixture of hydrofluoric acid (HF) (40%) and absolute ethanol
(98%) (volume ratio 1:1). The current density was fixed at 78 mA/cm2 and the anodization time at
20 s, leading to a 1 μm thick PSiF. For the formation of PSiPs, the current was periodically (every 50 s)
pulsed for 1 s to a higher value (104 mA/cm2). The waveform was repeated for 30 cycles, producing
highly porous and mechanically fragile layers spaced at predetermined points in the porous film [25].
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The thickness-induced instability in the PS/Si interface caused a fragmentation of the layer, which
could be easily scrapped from the surface. Through these artificial cleavage planes in the PSi film, we
favored the extraction of homogeneous PSiPs by sonication in ethanol for 3 h. The resulting PSiPs
were rinsed with ethanol and used without any filtration.

2.2. Organosilane Assembly on PSi

Two different chemical functionalities were considered using 3-aminopropyl-triethoxy-silane
(APTS) and 1H,1H,2H,2H-perfluorodecyl-triethoxy-silane (PFDS) (both from Sigma Aldrich, St. Louis,
MO, USA) (Figure 1). The organosilane-based solutions were prepared by diluting the aminosilane
(0.2% v/v) in EtOH (absolute, 99.8%, Sigma Aldrich). The VLAO process took place by illuminating the
concerned PSi objects through the silane dilutions so that both the PSi structures and the organosilanes
were exposed to the visible light simultaneously. The visible light source consisted of a 150 W halogen
lamp with a maximum of 10% power emission at 700 nm and a power emission below 2% for radiation
under 360 nm. The VLAO process on the PSiPs/PSiFs took place for 10 min (APTS) or 30 min (PFDS).
Temperature rises (T < 40 ◦C) were limited with a heat dissipation bath [18]. The silane concentration
used for the functionalization was low in order to remain within the sub-monolayer regime and
minimize undesired reactions with solvent moisture. Residual water was however not extracted from
the solvent due to its principal role in the photo-assisted oxidation of the PSi surface [26]. The samples
were then cleaned by rinsing in the respective solvent used for the reaction and dried under an N2

flow. The whole process was carried out in a glove box.

(a) (b) 

Figure 1. Molecular structure of (a) 3-aminopropyl-triethoxy-silane (APTS) and (b)
1H,1H,2H,2H-perfluorodecyl-triethoxy-silane (PFDS).

The surface characterization of PSiFs was performed on samples bearing an internal negative
control. After visible light activated organosilane assembly, PSiFs were patterned using a Si mask in
an etching process carried out in a capacitive plasma reactor, for 5 min, with a 50 W RF (13.56 MHz)
discharge, 30 sccm Ar and a working pressure of 65 Pa.

2.3. Characterization

Morphological characterization of the PSiPs was carried out using a 2100F TEM (JEOL, Akishima,
Tokyo, Japan) operated at 200 kV after dispersing the PSiPs from an acetone solutions onto carbon
coated Cu grids. Field emission SEM (FESEM) images from PSiPs and PSiFs were acquired
in a XL30S microscope (FEI/Philips, Hillsboro, OR, United States) operated operated at 10 keV.
The characterization of the functionalized PSiPs was performed using a Vector 22 FTIR spectrometer
(Brucker, Billerica, MA, US), resolution 8 cm−1, 4000–400 cm−1, 32 scans at 10 kHz) in the transmission
configuration after the preparation of KBr disks. NMR spectra were obtained at room temperature in a
AV-400-WB (Bruker, Billerica, MA, US) incorporating a 4 mm triple probe channel using ZrO rotors
with KeI-F stopper. The rotor speed was 10 kHz. 13C spectra were obtained in a cross-polarization
(CP-MAS) between 1H and 13C nuclear spins with dipolar decoupling of 1H at 80 kHz. The working
frequencies were 400.13 MHz for 1H and 100.61 MHz for 13C. The 1H excitation pulse was 2.75 μs,
the spectral width was 35 kHz, the contact time was 3 ms, the relaxation time was 4 s, and 1 k scans
were accumulated. TMS and Adamantano (CH2 29.5 ppm) were the primary and secondary references,
respectively. 19F spectra were acquired with a double probe channel of 2.5 mm and Vespel stopper
rotors using 2 μs pulses of 90◦ and a spectral width of 30 kHz. The recovery time was 120 s due to 19F
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nuclei having large spin-lattice relaxation times [27]. The rotation speed was 20 kHz and the spectra
were acquired overnight. CFCl3 and Na2SiF6 (−152.46 ppm) were used as the primary and secondary
references, respectively. For the 29Si cross polarization magic angle spinning (CP/MAS) experiment,
an excitation pulse of 3 μs was used for 1H, corresponding to an angle of π/2. The relaxation time
was 5 s and the spectral width 40 kHz. TMS and Caolin (−91.2 ppm) were used as the primary and
secondary references, respectively. The ‘magic angle’ of 54.74◦ relative to the direction of the static
magnetic field allow the elimination of broadening.

XPS data were obtained with a with a PHOIBOS 150 9MCD energy analyzer (SPECS, Berlin,
Germany). XPS spectra of the functionalized PSiFs were acquired with electron emission angles of 0◦

and source-to-analyzer angles of 90◦ using non-monochromatic Mg Kα excitation with pass energies
of 75 eV for the survey and 25 eV for the core-level spectra, respectively. The data were processed
using CasaXPS v16R1 (Casa Software, UK) taking the aliphatic contribution to the C1s core level
at 285.0 eV as a binding energy (BE) reference. The PFDS micropatterned PSiFs were characterized
with ToF-SIMS. The analysis was conducted using a reflector type SIMS IV spectrometer incorporated
with Surface Lab software v6.4 (ION-TOF GmbH, Münster, Germany) and a 25 keV liquid metal ion
gun (LMIG) operating with bismuth primary ions. Spectra were acquired in static mode (primary
ion fluence <1012 ions·cm−2). Charge compensation was applied to the analysis using low-energy
(~20 eV) electron flooding. Mass calibration was obtained using the peaks C- (12 m/z), C2- (24 m/z),
C3- (36 m/z), C4- (48 m/z), and C5- (60 m/z) for negative ion and H+, C+ (12 m/z), CH+ (13 m/z),
CH2+ (14 m/z) and CH3+ (15 m/z) for positive ion spectra. Analyses were done using a squared area
of 250 × 250 μm2 in the high mass resolution burst mode (resolution M/ΔM > 6000). Values of m/z are
given as dimensionless in keeping with international union of pure and applied chemistry (IUPAC)
recommendations, even though m represents the unified atomic mass unit in u.

3. Results and Discussion

3.1. Characterization of PSiFs

The effects of the VLAO process on the PSiFs was initially evaluated using FESEM. The results
illustrate that the process respects the initial topography of a PSiF control (Figure 2a), where the
different magnifications of the process performed using both APTS (Figure 2b) and PFDS (Figure 2c)
denote no pore occlusion or drastic adsorption of heterogeneously induced colloidal structures [28],
which are often the by-product of silanization processes. Although the porosity remains within the
same order of magnitude for both samples, the resulting mean pore size is slightly bigger for APTS
functionalization (roughly 40 nm) as compared to the PFDS functionalization (approximately 25 nm).
The origin of this difference resides in the different porosities observed on batch-to-batch observation
due to slight differences in the radial distribution of the electric field on the active Si electrode and the
loss of chemical potential of the electrolyte during the progression of one series of samples.

Figure 2. Field emission scanning electron microscopy (FESEM) images of the surface of PSiFs before
(a) and after assembly of APTS (b) and PFDS (c).
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To further explore the properties of VLAO processed PSiFs, we performed a surface analysis
of the samples functionalized with the two organosilanes before and after an Ar plasma etching
process. The APTS functionalized PSiFs were characterized by XPS as shown in Figure 3, by acquiring
spectra from macro-patterned areas (i.e., a 1 × 1 cm2 Si mask-exposed half of the APTS-PSiF to the
plasma protecting the rest of the sample). The protected area (see spectra on the top of Figure 3)
showed a considerably high content of C (22.0 at.%) and N (4.4 at.%), sustaining the integration of
the aminopropyl group on the surface. O (41.2 at.%) and Si (32.4 at.%) however, were the dominant
elements on the surface as shown in the top, widescan spectrum image in Figure 3. The analysis of the
most relevant core level spectra confirmed on the one hand, the variety of the surface organic species,
and on the second hand, the predominance of the oxidized state of the Si species. In fact, the Si2p core
level spectrum (center) shows a dominant component with a BE at 103.0 eV, compatible with a fully
oxidized Si, which can arise from both the oxidized PSiF [29] and the siloxane bonds from the adsorbed
organosilane [30]. Relevantly, the C1s core level is characterized by a strong asymmetry, compatible
with four different contributions [31,32]: The aliphatic C–C at BE 285.0 eV, the C–N at BE 286.0 eV,
the C–O at BE 287. 2 eV and the C=O at BE 288.5 eV. The first two contributions of the C1s spectrum
(right) confirm the high level of integration of the aminopropyl group, while the N1s spectrum in the
inset shows that the primary amines are present in neutral and charged forms [33,34] for the low and
high BE contributions, respectively.

 

Figure 3. X-ray photoelectron spectroscopy (XPS) analysis of an APTS functionalized PSiF before (top)
and after (bottom) an Ar plasma etching process. From left to right: widescan, Si2p and C1s spectra.
Note: N1s inset to the fresh APTS-PSiF sample.

After the selective Ar plasma etching process, the surface composition of the APTS functionalized
PSiFs changed considerably as shown in the set of spectra in the bottom part of Figure 3. The etching
treatment had a drastic effect on the organic content of the PSiFs with a reduction from 22 to 13 at.%
in C and an almost complete deletion of surface N (only traces below 1% could be detected, see
corresponding widescan spectrum). Further, the Si content was drastically affected with a reduction
from 35 to 21 at.%.

The surface suffers a drastic C depletion after the etching process with a resulting increase
of O content from approximately 41 up to 62 at.%. Additionally, the presence of F produced as a
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by-product during the PSiF synthesis was confirmed after etching of the adsorbed APTS (up to 3.3 at.%).
The preferential effect on deletion of the adsorbed APTS was confirmed from the Si2p spectrum. After
etching, a secondary wide minor contribution at the low BE side was observed, denoting the presence
of Si–Si clusters near the surface, which are compatible with the structure of non-fully oxidized
PSiFs [29]. With regard to the C1s spectrum, the relative intensity of the contributions at a high BE
was drastically reduced, which denotes the drastic reduction in variety of organic structures on the
PSiF surface.

The PSiFs functionalized with PFDS were characterized using ToF-SIMS, as illustrated in Figure 4
for two different regions (positive and negative on the left and right, respectively). During the Ar
plasma etching process, a micro-mask was used to exploit the imaging mode of the equipment used.
In the positive ions spectra, the mask protected areas denoted the presence of C2H3O+ and SiHO+ ions,
which are characteristic derivative fragments of the core of perfluorinated silanes [35]. On the other
hand, the plasma exposed areas showed contributions from KNaF+ and K2F+, which are characteristic
of F by-products of the PSiF formation process [36]. The same kind of relationships were found in a
second region used for the analysis of negative ions. Characteristic ions from masked protected areas,
such as Si3HO7

− or Si3C3HO−, can be ascribed to a certain level of ‘clusterization’ of siloxane bonds
from PFDS, suggesting that the VLAO process leads to some homogeneous condensation of PFDS.
For the exposed areas, the SiF5

− and F− ion maps illustrate once again, that the Ar plasma process
induces an efficient surface cleaning, exposing by-products of the PSiF synthesis.

Figure 4. Time of flight secondary ion mass spectroscopy (ToF-SIMS) chemical maps from a
micropatterned PSiF surface after PFDS functionalization. Left: KNaF+, K2F+, C2H2O+, SiOH+ and
total positive ions (from left to right and top to bottom). Right: SiF5

−, F−, Si3HO7
−, Si3C3HO− and

total negative ions (from left to right and top to bottom).

Overall it can be concluded that APTS- and PFDS-rich PSiFs can be formed by a VLAO process
and that the activation of a certain degree of poly-silane bonds on the surface is strongly suggested.
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A selective Ar plasma etching process can reverse the presence of the organosilanes locally, re-exposing
the underlying PSiF to the surface.

3.2. Characterization of PSiPs

The internal microstructure of PSiPs was studied using TEM before functionalization. Figure 5a,b
shows the internal morphology of the PSiPs as prepared, which showed, due to the modified synthesis
parameters, higher particle size and dispersion (1.5 ± 0.5 μm) with respect to previously synthesized
particles [25]. These are intrinsically anisotropic with well-defined columnar pores, which present an
open structure as determined from the top view image (Figure 5b), in which electron beam and PSiPs
pores presented identical directions. The images from single pores (Figure 5c) established a difference
between the wall edge and the corrugated internal pore. Higher magnification images (see Figure 5d)
allowed the identification of Si nanocrystals in the internal pore wall by slightly tilting the sample until
Si(100) planes were resolved.

Figure 5. Transmission electron microscopy (TEM) lateral (a) and top (b) images of columnar PSiPs
and (c) TEM image of a pore and (d) detail of a Si nanocrystal revealing (100) planes. FESEM images of
(e) the surface of PSiPs, and PSiPs functionalized with (f) APTS and (g) PFDS.

The SEM images shown in the bottom part of Figure 5 highlight the surface morphology of the
functionalized PSiPs in comparison with the morphology of the original PSiPs. Larger particles were
chosen to highlight the homogeneity of the surface termination. The latter shows a spongy surface
with an average pore aperture of 40 nm. Wide fields were selected to identify the homogeneity of the
surface at the scales where the pores start to be observable, while insets show a higher magnification
view of the pore structure and distribution.

We note the similarity between the pristine PSiPs (Figure 5e) and the functionalized structures
(Figure 5f,g). In particular, there is no film or colloidal structure associated with the organosilane
modification obstructing the PSiPs pores. These results support the view that the modification takes
place through a mild assembly of the organosilane. In other words, the assembly is heterogeneous and
does not consist of adsorbed structures stemming from a previous (in liquid) homogeneous nucleation.
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In conclusion, this morphological study confirms that the activated assembly process gives rise to a
structure with no remarkable topographic addition.

It is widely accepted that as prepared PSiPs exhibit Si–H bonds on the surface [37]. The FTIR
spectrum of freshly-etched PSiPs (Figure 6), reflects the presence of these species. We can clearly
distinguish the scissoring modes at 624, 662 and 901 cm−1, and on the other hand, the stretching modes
at 2085 and 2108 cm−1 [38]. After VLAO process, the peaks corresponding to SiHx modes tend to
disappear, confirming the chemical modification of the pore surface. We confirmed the mildly activated
oxidation of PSiPs through bands at 940–977 cm−1 (δ(-OySi-Hx)) and 2195–2249 cm−1 (ν(-OySi-Hx)).
Additionally, we observed in APTS and PFDS silanized samples, the presence of new peaks due to
the aliphatic carbon chains at 575, 1318, 1382, 1472, 2849 and 2917 cm−1 corresponding to surface
integrated CH2–C bonds.

Figure 6. Fourier transformed infrared spectroscopy (FTIR) spectra of APTS and PFDS functionalized
PSiPs compared with the spectrum corresponding to freshly formed PSiPs.

Oxidation and aliphatic presence are especially evident in APTS-PSiPs. The peaks at 780, 1088,
1627 and 3435 cm−1 can be attributed to N–H2, C–N, δ(N–H) and νAS+S (NH2), respectively. However,
in the case of the two latter modes, their identification is compromised due to an overlapping with the
broad water absorption bands caused by the moisture absorbed on the KBr disk. However, in the case
of the band at 3435 cm−1 we can see that it increases once the PSiPs surface has been functionalized
with APTS. This is due to water adsorption, which is consistent with an increasingly polar character
induced by the amino groups.

In the spectra corresponding to samples with PFDS, the SiHx modes partially remain after
VLAO. Additionally, the CF3 group presents a sharp characteristic band at the low wavenumber edge
(858 cm−1). The CF2 group, owing to its four characteristic bands at 1133, 1149, 1208 and 1238 cm−1,
also appears to be an ideal group for tracing the functionalization [39]. Overall, the FTIR results
demonstrate that oxidation processes of PSiPs take place during VLAO. Furthermore, an organosilane
assembly is induced on the PSiPs surface.

The overlapping of some characteristic bands in the FTIR spectra of PSiPs makes the univocal
identification of molecular groups difficult. In order to overcome this issue, we used SS-NMR
spectroscopy, taking advantage of its chemical sensitivity. Figure 7a shows the 29Si NMR spectra of
the PSiPs with different organosilanes compared with freshly formed PSiPs. In the spectra of the
functionalized PSiPs, the chemical shift of the dominant signal is centered at −96 ppm, with a line
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width (full width at half maximum, FWHM) of 20 ppm, which can be assigned to the SiH or SiH2

structural elements [37]. No signal corresponding to amorphous silicon (a-Si) (a very broad signal
centered at −40 ppm) was observed.

Figure 7. 29Si (a) and 13C (b) nuclear magnetic resonance (NMR) spectra of the APTS and PFDS
functionalized PSiPs. 19F NMR spectra of PFDS PSiPs and fresh PSiPs (c).

After functionalization, several peaks appeared, indicating the presence of different environments,
which complement the signal of the underlying PSiPs. Relevantly and with respect to the effect of the
VLAO on PSiPs oxidation, alterations in Qn contributions were identified—the peaks at −85, −101 and
−109 ppm corresponding to germinal hydroxyl silanol sites [(O)2Si(OH)2, Q2], hydroxyl containing
silicon sites [(O)3SiOH, Q3] and cross-linked Si[(O)4Si, Q4], respectively [40]. The high intensity of
these peaks indicates that a significant part of the PSiPs surface is oxidized/hydrolyzed to form Qn
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structures. In the case of PSiPs functionalized with PFDS, these signals appear as shoulders of a
main large peak at −95 ppm corresponding to the unreacted PSi. This means that the fluorosilane is
effectively protecting the Si surface against hydration and hydroxylation.

The spectra provide further details of the presence of Si–C bonds and exhibit low intensity Tn

peaks at −50, −63 and −67 ppm assigned to the Si atoms covalently bonded to organic groups
R (T1 [(SiO)Si(OEt)2(R) and R = –CH2CH2CH2NH2 and –CH2CH2(CF2)7CF3 for APTS and PFDS
respectively], T2 [(SiO)2Si(OEt)(R) and identical meaning for R] and T3 [(SiO)3Si(R), idem for R]). These
peaks confirm the reaction of PSiPs with the two silanes.

As the electronic shielding of the central Si increases, the chemical shift becomes increasingly
negative with each additional Si–O–Si linkage [41,42]. It is remarkable that the dominant intensity is
observed at T1, which would indicate that the organosilanes are not fully condensed, especially in
the case of PFDS (most intense T1 signal). This type of information on the reactivity at the surface
is extremely relevant and cannot be extracted by using traditional spectroscopic techniques used for
surface characterization of organosilanes such as XPS.

Figure 7b presents the 13C spectra of the organosilane functionalized PSiPs. In the spectra
corresponding to APTS-PSiPs and PFDS-PSiPs, we observed peaks at 32 and 58 ppm due to the CH3

and CH2 from unreacted ethoxy groups (OCH2CH3) [43]. Moreover, in the case of the APTS-PSiPs,
the expected three characteristic signals of the aminosilane are present at 8.3 ppm (Si–CH2), 17 ppm
(CH2–CH2–NH2) and 42.2 ppm (CH2–NH2). The unfolding and the widening of the latter two signals,
as well as the shoulder of the CH3 peak at 32 ppm, indicate the presence of a small portion of protonated
amine. On the other hand, the signal at 21 ppm corresponds to the intermediate CH2 of the aliphatic
chain of amine [44].

In the spectrum corresponding to the PFDS-PSiPs, we observed small peaks at 16 ppm (Si–CH2–)
and 24 ppm (Si–CH2–CH2–) corresponding to the aliphatic chain. They are both shifted down-field
with respect to the equivalent carbons on the aminopropyl chain because of the adjacent CF2 groups.
The small intensity of the signals confirms the data obtained in the 29Si spectrum, indicating that the
organosilane condensation is not complete.

Because 19F is one of the most useful NMR active nuclei, the 19F NMR spectrum was obtained
from the PFDS-PSiPs. Indeed, the 19F NMR spectra of PSiPs and PFDS-PSiPs in Figure 7c show
no similarities. The spectrum corresponding to the PSiPs reference presents two peaks at −93 and
−147 ppm corresponding to SiF3H and SiF2H species, respectively. In the spectrum of PFDS-PSiPs,
we can clearly identify the peak corresponding to the CF3 group at 83.8 ppm. The CF2 groups give rise
to peaks at 124.1 and 145 ppm [27].

In addition to the structural information provided by SS-NMR, quantitative studies can be carried
out owing to the direct proportionality between the signal intensity and the number of contributing
nuclei. In the case of the functionalization with PFDS, we obtained a relation between the peaks
corresponding to the CF2 and CF3 bonds in agreement with the molecular structure of the monolayer
precursor (~7).

Combining the results obtained from FTIR spectra with those from NMR spectra, the overall
information is consistent with the formation of the organosilane functionalized PSiPs. It appears
however, that the ratio of organosilane molecules with three siloxane bonds saturated to the PSiPs
surface is low.

3.3. Reaction Mechanism

The results from the characterization of PSiFs and PSiPs subject to the VLAO process have shown
evidence of both PSi surface and organosilane transformation. Relevantly, the different analytical
techniques reinforced the idea that an activation of a surface oxidation of PSi is induced and an
instability in hydrolysable siloxane bonds of the organosilane is activated, which favors the formation
of Si–O–Si bonds. Figure 8 shows two proposed parallel reactions capable of explaining the observed
changes on the PSi surfaces. From the side of the fresh PSi surface, contrary to ultra-violet (UV) light,
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visible light at room temperature does not provide photons with sufficient energy to promote the
homolytic cleavage of the Si–H bonds. However, excitons (electron-hole pairs) are generated during
the illumination of PSi at the H–Si surface due to photo-excitation [45]. This facilitates the nucleophilic
attack of trace water found in absolute ethanol, leading to a transformation of the original Si–H to
a Si–OH bond (Figure 8a). Thus, a hydroxylated PSi surface is formed avoiding the thermal [46] or
chemical [16] oxidation processes previously proposed. From the side of the organosilane, it is widely
accepted that their tendency towards hydrolysis and condensation of alkoxysilanes, such as APTS and
PFDS, is lower than that of transition metal alkoxydes. However, it is known that surface hydroxyl
groups are the driving force for the heterogeneous condensation of these alkoxydes (Figure 8b). It is
likely that during the progress of the heterogeneous condensation, the dangling bonds from adsorbed
APTS or PDFS bind a neighboring molecule, which would be illustrated by the molecular structures
identified on PSiFs and PSiPs compatible with slightly oligomerized organosilanes.

Figure 8. Proposed mechanism for the (a) visible light activation of PSi and (b) further condensation
of the organosilanes on the hydroxylated PSi surface. X = OEt. R = –CH2CH2(CF2)7CF3 and
–CH2CH2CH2NH2 for PFDS and APTS, respectively.

Because the proposed VLAO conditions imply a simultaneous exposure of the PSi structures and
organosilanes to visible light, alternative reactions could be activated at the organosilanes. At this
point, it is relevant to maintain the low concentration of the organosilanes (0.2%), which ensures
that the light absorbed, is well below the light absorbed in PSi. Under these conditions, the rates of
production of homogeneous silane–silane reactions (whatever their nature can be) must remain well
below the production of heterogeneous PSi-silane reactions. This gives further support to the proposed
chemical route for the VLAO process on PSi structures.

4. Conclusions

A condensation process has been applied to the synthesis of organosilane functionalized PSiFs
and PSiPs using APTS and PFDS at low concentrations of 0.2%. Visible light activation was shown
to promote PSi surface oxidation making the reaction with organosilanes viable. The process leads
to homogeneous surfaces with no traces of silane derived colloidal structures. This suggests that
organosilane coverage is below one monolayer and makes the process useful as a model for the analysis
of organosilane-PSi interfaces. In particular, SS-NMR and FTIR proved to be powerful techniques to
obtain spectroscopic features regarding the organosilane assemblies on PSiPs. Analogue information
is obtained by using XPS and ToF-SIMS on PSiFs. Indeed, while the FTIR and XPS analyses strongly
supported organic surface bound moieties resulting from the functionalization reactions, SS-NMR and
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ToF-SIMS provided more detailed information from the interface species, in particular, the surface
oxidation induced during VLAO process and the presence of slightly oligomerized organosilane
molecules. Using 13C SS-NMR, we differentiated aliphatic carbons within the same chain (i.e., as in the
perfluorodecyl group) and with respect to the other silanes (i.e., the perfluorodecyl, with respect to
the aminopropyl). This is especially relevant as there is no surface spectroscopic technique with the
requisite chemical sensitivity to reveal these features.

The combined use of 29Si and 19F SS-NMR was found to be extremely useful in the determination
of silane binding efficiency. PFDS showed a lower degree of condensation with PSiPs (dominant T1
in 29Si spectra), suggesting that it provides the highest hydroxylation protection (reduced formation
of Qn structures). This difference has its origin in the influence of the non-hydrolysable radical of
the organosilane in the distribution of charge in the molecule. This is known to slightly influence
the susceptibility of the alkoxy groups to homogeneous and heterogeneous condensation. In fact,
the hydrophobic nature of the perfluorodecyl group may have a direct impact in the retardation of
formation of the condensation by-product molecules, constituting a steric hindrance effect.

As a prospective remark, for the sake of functionalization efficiency, a study of the optimization of
organosilane concentration towards increased coverage should be considered. Since PSi can potentially
be used to allocate nanomaterials and biomolecules to provide additional functionalities, this study
highlights the interest on the multi-technique surface analysis of any nano or biomolecular complexes
conjugated with PSi.
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Abstract: The ways of producing porous-like textured surfaces with chemical etching on
aluminum-alloy substrates were studied. The most appropriate etchants, their combination,
temperature, and etching time period were explored. The influence of a specifically textured surface
on adhesive joints’ strength or superhydrophobic properties was evaluated. The samples were
examined with scanning electron microscopy, profilometry, atomic force microscopy, goniometry,
and tensile testing. It was found that, with the multistep etching process, the substrate can be
effectively modified and textured to the same morphology, regardless of the initial surface roughness.
By selecting proper etchants and their sequence one can prepare new types of highly adhesive or
even superhydrophobic surfaces.

Keywords: aluminum; alloy; duralumin; etching; surface texture; porous-like; adhesive
bonding; superhydrophobic

1. Introduction

Aluminum alloys have long been used in many industrial applications, especially for their
anticorrosion properties and low specific weight [1]. They have been utilized in construction, structural,
cover, and front parts in the automotive, aviation, and astronautics industries, for the production
of molds, etc. [2]. Especially for front and functional surfaces, which come into contact with other
materials and weather conditions, aluminum alloys are essential postproduction processes for surface
treatment [2–4]. These modifications should improve the appearance of the final product and inhibit
surface oxidation [5–7], promote adhesion [8–11], or reduce staining thanks to their self-cleaning
properties [4,12].

The composition of etchants for aluminum-alloy etching has been intensively studied [3,13–21].
The following chemicals are among those used: a hot sodium hydroxide solution with subsequent
nitric acid application [3], phosphoric acid [13], acids with the addition of surfactants [19], salts [20],
ferrous ions [14], mixtures of phosphoric and nitric acid with copper or ammonia ions [15], a mixture
of hydrochloric acid with sulfuric acid or ethylene glycol [16], and hydrochloric acid alone [12,21].

Alloy composition and the surface-machining method also affect the course of the etching process
and its result [17]. The etching rate can be controlled by temperature [3], and current density in the
case of electrochemical etching [16,22,23].

The selected processes result in either smooth [13,23] or textured surfaces [4,12,18,21,22], which
can exhibit hydrophobic properties when subsequent surface modification is applied [12,18,21,22].
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Chemicals that are used for these modifications include fluorocarbons [12], stearic acid [5,6,18,24],
polypropylene [25], and silanes [7,26].

In this work, the ways of producing porous-like textured surfaces on aluminum-alloy substrates
with multistep etching were studied. The aim was to provide a method that allows preparing
comparable final surfaces regardless of initial surface roughness and machining, with minimum
material loss, and, from a practical point of view, to show how these new specifically textured surfaces
influence adhesive bonding or wetting properties.

2. Materials and Methods

2.1. Materials

The studied material was an aluminum alloy (designed as duralumin, outlined further in the text)
with a composition of 96.8 ± 0.1% Al, 2.6 ± 0.1% Mg, 0.5 ± 0.1% Fe, and others. The composition
was determined with a delta element X-ray fluorescence spectrometer. Standard chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA) in p.a. purity. Ultrapure water with a resistivity of
18.2 MΩ·cm was used (Direct-Q ®3UV, Merck, NJ, USA). Flexible polyurethane resin U4291 (ABchemie,
Corbelin, France) was used for the preparation of adhesive bonds.

2.2. Preparation of Duralumin Samples

Duralumin sheets of 1 mm thickness were used. Samples were cut into 2 cm × 6 cm and
2 cm × 1 cm pieces. The surface of the rolled sheets with an initial roughness of Ra ≤ 0.5 μm was
modified by grinding or corundum blasting to a final roughness of Ra ≤ 3 μm and Ra > 6 μm,
respectively. The sandpaper used for grinding was of a 180 grade, and the corundum particles had a
mean size of about 90 μm. The mechanically treated samples were rinsed with acetone, water, and
ethanol, and dried at 23 ◦C for 20 min prior to each experimental step. Prior to etching, the samples
were conditioned to etching-bath temperature.

2.3. Etchant Composition

Etchants contained a base (NaOH) or a mixture of acids (37% HCl, 65% HNO3, 85% H3PO4,
96% H2SO4) with methanol (CH3OH) and sodium nitrite (NaNO2), and sodium nitrate (NaNO3).
Etchants were prepared in glass beakers and conditioned to the desired temperature prior and
during etching.

2.4. Etching Process

The etching process was performed in glass beakers and the etchants were conditioned to a
temperature in the range of 25 to 100 ◦C. Etching time was 1 to 10 min. The samples were rinsed
with water and ethanol and allowed to dry at 23 ◦C between the individual etching-process steps.
Afterward, the samples were kept in LDPE (low density polyethylene) bags in a desiccator.

2.5. Preparation of Superhydrophobized Surfaces

The selected duralumin samples were also hydrophobized with stearic acid similarly to the
literature [5,6,18,24]. First, the stearic acid was dissolved by stirring in an ethanol:water 1:1 weight
fraction solution at 60 ◦C for 20 min. Then, the duralumin samples were introduced into the solution
and left there for 29 h at 60 ◦C. Finally, the samples were removed and rinsed with ethanol and water.

2.6. Preparation of Samples for Adhesion Testing

The 6 cm × 2 cm duralumin samples were joined with the U4291 polyurethane. The initial
viscosity of the resin was 0.6 Pa·s for the material to reproduce the surface texture of the duralumin
samples well. The samples were joined over the 2 cm × 2 cm area (Figure 1). Curing time was at least
72 h at 23 ◦C.
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Figure 1. Sample for adhesion tests.

2.7. Scanning Electron Microscopy

Changes in surface appearance were analyzed by a Phenom Pro (Phenom-World BV, Eindhoven,
The Netherlands) scanning electron microscope (SEM). The samples were observed at an acceleration
voltage of 10 kV in backscattered electron mode.

2.8. Atomic Force Microscopy

Changes in the surface topography of the selected samples were characterized using a
Ntegra-Prima (NT-MDT Spectrum Instruments, Moscow, Russia) atomic force microscope (AFM).
Measurements were performed at a scan speed of 0.5 Hz with a resolution of 512 × 512 pixels, in
tapping mode, at room temperature, in air atmosphere. A silicone-nitride probe with a resonant
frequency of 150 ± 50 kHz and a stiffness constant of 5.5 N/m (NSG01, AppNano, Applied
NanoStructures, Inc., Mountain View, CA, USA) was used. The data from the AFM measurement were
processed in Gwyddion 2.5 software (Czech Metrology Institute, Jihlava, Czech Republic).

2.9. Profilometry

Changes in surface roughness (Ra) were characterized by a DiaVite DH-8 contact profilometer
(Bülach, Switzerland). A diamond tip with a curvature radius of 2 microns was used. The evaluation
of the surface roughness was performed according to the ASME B46.1 standard. Mean Ra values were
determined from 15 individual measurements at various locations on three samples. Sample thickness
was measured with a Mitutoyo 543-561D digital indicator (Kawasaki, Japan).

2.10. Goniometry

The apparent and sliding contact angles of water on the stearic acid-modified duralumin surface
were characterized with a drop shape analyzer DSA30, Krüss (Hamburg, Germany). Measurement
was performed at 23 ◦C temperature. A drop with a volume of 3 μL (for the apparent contact angle) or
10 μL (for the sliding contact angle) was deposited on the measured surface. Ultrapure water with a
resistance of 18.2 MΩ·cm was used for the measurement. All measurements were repeated 10 times;
the mean values and standard deviations are presented in the results.

2.11. Adhesion Testing

The samples were prepared according to Section 2.6. Adhesion joint-strength evaluation was
performed with an Instron 3345 universal testing machine (Norwood, MA, USA) with a 5 kN force
sensor. Travel speed was 2 mm/min. The tests were performed in quintuplicate.

3. Results and Discussion

The first section of the results deals with the effect of etchant composition, temperature, and
etching time on the duralumin surface topography. Based on these data, four etchants were chosen in
order to prepare either a specifically structured surface or smooth surfaces. The last part is devoted to
the effect of a porous-like surface structure on adhesive joint strength or wetting properties.
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3.1. Etchant Composition

Etchant composition is vital for an effective etching process [3,13–21]. Various etchants were
tested and optimized. Figure 2a–o shows the effect of etchant composition on surface relief and the
roughness of the sandblasted duralumin. Etchant compositions, along with the achieved Ra values,
are shown in Table 1. These data show that the most significant roughness reduction was achieved with
the HNO3 + HCl or H3PO4 + HNO3 + HCl mixture, namely, from Ra 6.6 to 2.6 or 2.7 μm, respectively.
In other cases, the effect was not so significant.

Table 1. Etchant composition and resultant surface roughness. Sandblasted duralumin etched at 70 ◦C
for 4 min.

Label Etching Mixture Mixture Ration Ra (μm)

(a) None (sandblasted surface) - 6.6 ± 0.4
(b) H3PO4 10 mL 6.7 ± 0.7
(c) HNO3 10 mL 5.2 ± 0.6
(d) H3PO4 + HCl 5:5 mL 4.7 ± 0.9
(e) HNO3 + HCl 5:5 mL 2.6 ± 0.8
(f) H3PO4 + HNO3 5:5 mL 7.5 ± 2.2
(g) H3PO4 + HNO3 + HCl 3.5:3.5:3.5 mL 2.7 ± 0.5
(h) H3PO4 + HNO3 + HCl + H2SO4 2.5:2.5:2.5:1 mL 5.3 ± 0.8
(i) H3PO4 + HNO3 + HCl + H2SO4 + H2O 2.5:2.5:2.5:1:1 mL 5.6 ± 0.7
(j) H2O + NaOH 10 mL:0.4 g 6.0 ± 2.4
(k) H2O + NaOH + NaNO2 10 mL:0.4 g:8 g 4.9 ± 0.8
(l) H2O + NaOH + NaNO3 10 mL:0.4 g:2 g 7.5 ± 0.7

(m) H2O + NaOH + NaNO2 + NaNO3 10 mL:0.4 g:8 g:2 g 6.8 ± 1.5
(n) H2O + HNO3 + H3PO4 + H2SO4 + NaNO3 10 mL:9.8 mL:7.8 mL:6 mL:4 g 6.0 ± 0.4
(o) HNO3 + H3PO4 + H2SO4 3.5:3.5:3.5 mL 5.2 ± 0.2

Based on this preliminary testing and optimization, the following four etchants were chosen for
further experiments:

• Etch Mix I (21 mL H2O + 9 g NaOH)
• Etch Mix II (21 mL H3PO4 + 3 mL HNO3 + 6 mL H2SO4)
• Etch Mix III (10 mL CH3OH + 10 mL HCl + 10 mL HNO3)
• Etch Mix IV (20 mL H2O + 9.8 mL HNO3+ 7.8 mL H3PO4 + 6 mL H2SO4 + 4 g NaNO3)

Etch Mix I for pre-etching and edge-chamfering, Etch Mix II for smooth surface, Etch Mix III for
the generation of a specific texture, and Etch Mix IV for a porous-like pattern.

The choice of etchants was based on the comparison of data in Table 1 and Figure 2. Etch Mix I
was chosen for its elimination of sharp edges in the sandblasted surface (Figure 2). The smoothing
of surfaces can be observed in Figure 2o, Etch Mix II. The evolution of the specific surface relief and
surface smoothing can be observed in Figure 2e, Etch Mix III. A porous-like pattern at a minimal change
of the initial surface can be observed in Figure 2n, Etch Mix IV. The concentration of the components
in individual etchants was modified so that the desired effect was achieved at the lowest possible
temperature and time. In the case of the Etch Mix III, the experiments have shown that methanol can
accelerate etching at a lower temperature.
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Figure 2. Scanning electron microscope (SEM) micrographs of etched duralumin surfaces. Designation
corresponds with Table 1. Etching time 4 min, temperature 70 ◦C.
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3.2. Temperature and Time Period

Important parameters affecting the etching process are the etchant temperature and etching time.
A two-step process was utilized to demonstrate these effects (Figure 3). In the first step, the sample
was etched for 5 min at 23 ◦C with Etch Mix I, and subsequently Etch Mix II for 5 min, either at
various temperatures, or at one constant temperature and varying etching time. At 5 min etched
time, the Ra value decreased with temperature, from 6.6 to 0.6 μm (Figure 3a). A similar trend can
be observed in Figure 3b, where a given temperature decreased sample thickness with etching time.
These observations correspond with the literature data for various etchants [3] and are essential from
a practical point of view. Lowering the temperature from 100 ◦C to 90 ◦C results in a lower etching
rate to such an extent that Ra reduction was no longer possible with some of the etchants. This fact
demonstrates the dominating role of temperature in the etching process.

 

Figure 3. (a) Effect of temperature on surface roughness and (b) effect of etching time on
sample-thickness reduction on sandblasted duralumin with Etch Mix I and Etch Mix II. The etching
process with Etch Mix I was the same for both cases (5 min at 23 ◦C), the second step with Etch Mix II
proceeded at either (a) a fixed time of 5 min and varying temperature or (b) a fixed temperature and
varying etching time.

3.3. Initial Surface Roughness

It was found that the etching rate on sandblasted surfaces is much higher than on rolled or grinded
(Table 2). This phenomenon was connected with a larger surface area and accelerated propagation of
the etching process in the surface dents. The Ra value on grinded samples decreased from 2.6 ± 0.1 μm
to 1.1 ± 0.1 μm, and thickness was reduced by 9%. In contrast, on the sandblasted samples the Ra
value went from 6.6 ± 0.4 μm to 1.9 ± 0.2 μm with 25% thickness reduction. One can thus conclude
that Etch Mix III was more aggressive on a surface with higher roughness.

Table 2. Roughness and thickness reduction in samples with various initial surface characteristics.
Etched with Etch Mix III for 3 min at 23 ◦C.

Label Sample Thickness (mm) Ra (μm)

(a) Rolled surface 1.08 ± 0.01 0.3 ± 0.1
(b) Etched rolled surface 1.05 ± 0.01 0.7 ± 0.1
(c) Grinded surface 1.09 ± 0.01 2.6 ± 0.1
(d) Etched grinded surface 1.00 ± 0.01 1.1 ± 0.1
(e) Sandblasted surface 1.09 ± 0.01 6.6 ± 0.4
(f) Etched sandblasted surface 0.82 ± 0.01 1.9 ± 0.2
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Figure 4 deals with the effect of the initial sample surface on the etching process with Etch Mix III
at 23 ◦C for 3 min. Ra values and thickness data are shown in Table 2. The experiments revealed that
a very similar surface can be prepared relatively rapidly at mild temperatures, regardless of texture
of the initial surface. For comparison, see Figure 4b,d,f. Only on the smooth surface is the Ra value
higher after etching compared to the initial surface. In the case of grinded and sandblasted surfaces,
the trends are opposite and the Ra values decrease. In either case, all etched surfaces contain some
kind of flakelike features, where the characteristic dimensions of the flakes are related to the texture of
the initial surface, i.e., larger flakes were observed in the sample with a higher initial surface roughness,
namely, Ra 0.7 ± 0.1, 1.1 ± 0.1, and 1.9 ± 0.2 μm in the treated rolled, ground, and sandblasted samples,
respectively. For complete data, please refer to Table 2.

 

Figure 4. Effect of initial sample surface on the etching process with Etch Mix III at 23 ◦C for 3 min.
Designation corresponds with the data in Table 2. (a) rolled surface; (b) etched rolled surface; (c) grinded
surface; (d) etched grinded surface; (e) sandblasted surface; (f) etched sandblasted surface.
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3.4. Preparation of Porous-Like Textured Surfaces

To prepare porous-like surfaces, the samples in Figure 4b,d,f were exposed to further etching with
Etch Mix IV at 80 ◦C for 3 min (see Figure 5). The Ra value increased at the rolled surface to 1.0 ± 0.1 μm
and at the grinded surface to 0.9 ± 0.1 μm, and decreased at the sandblasted surface to 1.6 ± 0.2 μm.
The surfaces thus had a similar appearance and roughness. The sandblasted samples were also
analyzed with AFM (Figure 5d) and the area roughness parameter was determined, Sa = 0.4 μm.

 

Figure 5. Porous-like surfaces prepared at (a) rolled, (b) grinded and (c,d) sandblasted duralumin.
Surfaces etched with Etch Mix III and Etch Mix IV. (a–c) SEM and (d) atomic force microscope
(AFM) micrographs.

When Etch Mix III and Etch Mix IV were applied in reverse order, i.e., first Etch Mix IV and then
Etch Mix III, the surfaces were similar to those in Figure 4b,d,f. This means that the order of etchant
application cannot be changed if we want to prepare porous-like surfaces.

3.5. Preparation of Smooth Surface

The literature describes many ways for the preparation of a smooth duralumin surface [3].
Our experiments, presented in Figure 2 and Table 1, revealed that one-step etching at a mild
temperature does not lead to surfaces with Ra under 1 μm. Thus, a multistep approach was developed,
consisting of pre-etching with Etch Mix I at 23 ◦C for 5 min, with a subsequent application of Etch Mix
II at 100 ◦C for 5 min (Figure 6). In the first step, the edges or surface microstructures are chamfered,
and the Ra slightly decreases from 6.6 ± 0.4 μm (Figure 6a) to 6.2 ± 0.1 μm (Figure 6b). In the second
step. the Ra value drops dramatically to 0.6 ± 0.1 μm (Figure 6c). The final surface was also analyzed
with AFM, and the area roughness parameter was Sa = 0.08 μm.

Further text demonstrates that the prepared surfaces can be used for many distinct applications.
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Figure 6. Flat surface prepared from sandblasted duralumin. (a) Initial surface, (b) etching with
Etch-Mix-I, (c,d) etching with Etch-Mix-I and Etch-Mix-II. (a–c) SEM and (d) AFM micrographs.

3.6. Adhesive Bonding of Textured Surfaces

The strength of the adhesive joints is determined by chemical composition of substrates and
their surface texture. It is known that textured surfaces influence material-utility properties, increase
adhesion [8–11], and implicate the development of cell systems [27,28].

Prepared porous-like (Figure 5) and smooth (Figure 6) surfaces were tested by means of adhesive
joint strength (Figure 7a). The overlapping 2 cm × 2 cm area was strained according to Figure 7b.
The following forces at break were recorded: 1188 N for smooth duralumin, 1390 N for sandblasted
duralumin, and 1528 N for porous-like duralumin (Figure 7a). These data indicate that periodic surface
texture can be more beneficial in increasing adhesion strength than a high Ra value—porous-like
surface vs. sandblasted surfaces. There is a limit to this statement, as seen in the adhesion data for
smooth surface with an Ra equal 0.6 μm, which had the worst adhesion strength.

 

Figure 7. (a) Adhesive joint strength according to substrate surface texture. (b) Experimental setup.
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3.7. Wetting Properties

The literature suggests that it is possible to increase duralumin’s hydrophobic properties with
stearic acid coating [6,18,24]. However, none of the described approaches was as efficient as our
procedure. It was found that the most important step is the exposition of duralumin to chrome
sulfuric acid for 2 min at 23 ◦C to remove surface oxides and etching-process residues. The process
is followed by boiling the samples in water for 5 min. Then, the samples were exposed to stearic
acid, as described in Section 2.5. With this approach, surfaces with an apparent water contact angle
of almost 170◦ and a sliding angle of about 4◦ can be achieved, which is the highest reported value
for stearic acid modification [5,6,18]. As shown in Figure 8b,c, stearic acid forms a nanotexture on
the porous-like surface, thus contributing to the hydrophobic properties. Superhydrophobic surfaces
feature a combination of a specific chemical composition along with specific surface micro- and
nanotexture [4,12,18,21,22]. Without the chrome sulfuric acid treatment, only apparent water contact
angles of about 150◦ can be achieved. The apparent water contact angles of stearic acid-treated surfaces
are presented in Table 3.

  

Figure 8. AFM micrographs of a porous-like duralumin surface (a) after chrome sulfuric acid
application, and (b,c) stearic acid application.

Table 3. Water contact angles of duralumin surfaces with applied stearic acid

Surface
Water Contact Angle (◦)

Ra before Stearic Acid (μm)
Apparent Sliding

Rolled 155 ± 1 15 ± 3 0.3 ± 0.1
Grinded 157 ± 2 12 ± 3 2.6 ± 0.1

Sandblasted 165 ± 2 10 ± 2 6.6 ± 0.4
Porous-like 169 ± 1 4 ± 1 1.6 ± 0.2

4. Conclusions

This work deals with the combination of different etching mixtures, their composition,
temperature, and etching time on the modification of aluminum-alloy substrates in order to prepare
either porous-like structured or smooth surfaces. It was found that the appropriate combination of
etchants applied in a precise order can be used to prepare porous-like textured surfaces with an Ra of
1.6 μm or smooth substrates with an Ra below 0.8 μm. Such modifications are possible regardless of
initial surface roughness or surface machining.

In order to prepare a specific surface microtexture, it is convenient to especially combine the
mixture of nitric and hydrochloric acids with methanol. The methanol addition significantly promotes
the etching process at rough surfaces and allows temperature reduction from 80 ◦C to 23 ◦C.

From a practical point of view, it was demonstrated that the porous-like surfaces can either
promote adhesive bonding or allow the effective preparation of superhydrophobic surfaces featuring a
self-cleaning effect due to high apparent water contact angles.
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Abstract: The compact high-voltage power supply is developed for stimulation to promote fruiting
body formation in cultivating L. edodes and Lyophyllum deeastes Sing. mushrooms. A Cockcroft-Walton
(C-W) circuit is employed to generate DC high-voltage from AC 100 V plug power for the compact,
easy handling and high safety use in the hilly and mountainous area. The C-W circuit is connected
to high-voltage coaxial cable which works for high-voltage transmission and for charging up as
energy storage capacitor. The output voltage is around 50 kV with several microseconds pulse
width. The dimension and weight of the developed power supply are 0.4 × 0.47 × 1 m3 and 8.1 kg,
respectively. The effect of the high-voltage stimulation on enhancement of fruiting body formation
is evaluated in cultivating L. edodes and Lyophyllum deeastes Sing. mushrooms using the developed
compact high-voltage power supply. The conventional Marx generator is also used for comparison in
effect of high-voltage stimulation for fruiting body formation. L. edodes is cultivated with hosting
to natural logs and the pulsed high voltage is applied to the cultivated natural logs. The substrate
for Lyophyllum deeastes Sing. cultivation consists of sawdust. The results show that the fruiting body
formation of mushrooms of L. edodes for four cultivation seasons and that of Lyophyllum deeastes Sing.
for two seasons both increase approximately 1.3 times higher than control group in terms of the total
weight. Although the input energy per a pulse is difference with the generators, the improvement of
the fruit body yield mainly depends on the total input energy into the log. The effect for promotion
on fruiting body formation by the developed compact high-voltage power supply is almost same
that by the conventional Marx generator.

Keywords: pulse power; electrical stimulation; electric field; mushroom; L. edodes; Lyophyllum
deeastes Sing

1. Introduction

The application of a pulsed high voltage to improve the yield in edible mushroom cultivation has
also been attempted by some research groups. The fruiting capacity of shiitake mushroom (L. edodes;
L. edodes) was remarkably promoted by applying a pulsed high voltage to log wood [1–3]. This effect
was also recognized in L. edodes fruiting on a mature sawdust-based substrate [4,5]. The fruit body
(sporocarp) yield in the electrically stimulated substrate was observed to be 1.7 times more than that
in the spontaneous fruiting substrate control [6]. This effect was also recognized in the sporocarp
formation of edible mushrooms: Grifola frondosa, Pholiota nameko, Flammulina velutipes, Hypsizygus
marmoreus, Pleurotus ostreatus, Pleurotus. eryngii and Agrocybe cylindraceas [7–9]. Sporocarp yield, that is,
fruit body formation in the electrically stimulated substrate, was observed to be 130–180% greater than
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that in the spontaneous fruiting substrate control [6]. The pulsed high-voltage stimulation technique
was also applied to ectomycorrhizal fungi, which form associations with some types of wood, such as
Laccaria laccata and Tricholoma matsutake [9,10].

Many types of electrical power supplies have been employed to provide electrical stimulation.
A large-scale 1 MV high-voltage impulse generator was used to stimulate L. edodes log wood [1].
High-voltage AC was used to stimulate an L. edodes sawdust substrate [4]. Inductive energy
storage (IES) pulsed power generators have favorable features for mushroom-cultivating applications,
for example, they are compact, cost effective, light and have high voltage amplification compared
with capacitive energy storage generators such as the impulse generator [9,10]. The yield of L. edodes
fruiting bodies was improved with high-voltage stimulation generated by the IES pulsed power
generators [2,3]. The effect of the pulsed voltage stimulation on some other types of mushroom such
as P. nameko and Lyophyllum decastes (L. decastes) was also confirmed using an IES generator developed
for the improvement of mushroom yield [6,7]. As a result of these studies, the total harvested weight
from log wood and/or sawdust substrates for mushroom cultivation increased by applying a pulsed
voltage as an electrical stimulation.

The hilly and mountainous area is suitable for the farmland of mushroom production because
of its abundant forest resources and the significant overnight temperature changes. The method
of pulsed voltage stimulation has been attracting attention as a promising technology that replaces
the conventional stimulation methods such as the immersing water and the beating mushroom logs
and improve the working efficiency in the hill and mountains. On the other hands, the electrical
power supplies for pulsed voltage stimulation, such as Marx and IES pulsed power generators, has a
heavy weight, a large size and a low safety because of its high power, large charging energy and high
voltage, which is the major obstacle in a practical use. In this study, a Cockcroft-Walton (C-W) circuit
is developed and employed to generate DC high-voltage from AC 100 V plug power as a compact
and easy-handling high-voltage power supply for pulsed voltage stimulation. The promotion of
mushroom production is affected by electric parameters such as applied voltage, pulse width and
input energy. In the present experiment, the influence of the electric parameters on the mushroom
production is evaluated using two types of power supply, C-W circuit and a conventional Marx
generator [11]. The experiments are conducted on the mushroom production using two different
fruiting types, Shiitake (L. edodes) mushroom and Hatakeshimeji (Lyophyllum deeastes Sing.) mushroom.
The mushrooms are cultivated at a farmland in the hilly and mountainous area.

2. Experimental Setup

2.1. Pulsed Power Generators

Figure 1 shows circuit diagram and photograph of high voltage pulsed power supply based on
Cockcroft-Walton circuit (Green techno, Kanagawa, Japan; GM100) [12,13]. The circuit is consisted
of an AC/DC converter, a DC/AC converter, 12 stages of ceramic capacitors and diodes, a charging
capacitor, a 100 MΩ charging resistor and a spark gap switch. The ceramic capacitors have a capacity
of several hundred pF. The DC/AC converter consists of a high voltage transformer driven by a
resonance circuit and its output voltage of DC/AC converter is 6.2 kV with frequency of 25 kHz.
The charging capacitor consists of a 2.6 m coaxial cable with the capacitance of 130 pF (50 pF/m).
The AC/DC and DC/AC converters, C-W circuit, the charging capacitor and the charging resistor are
inside of the box as shown in Figure 1b, which is filled by a resin for insulation. Figure 2 shows the
charging voltage to the charging capacitor. Although the charging time depends on number of the
stages and the frequency, the capacitor is charged during approximately 230 ms after turning the spark
gap switch on because the output current of the DC/AC converter is limited.
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(a) (b) 

Figure 1. Circuit diagram (a) and photograph (b) of C-W circuit.

Figure 2. Waveforms of output voltage of C-W circuit during charging without load.

Figure 3 shows the circuit diagram and photograph of pulsed power generator based on Marx
generator [8,11]. The Marx generator consists of 4 energy storage 0.22 μF capacitors (Maxwell, 31160),
charging resistors (1 and 5 MΩ) connected to the capacitors and the spark gap switches. The capacitors
are charged up using a high voltage DC power supply (Gamma high voltage research, RR3-5R/100)
up to 12.5 kV. The charging time is required for approximately 10 s because of the output current limit.
After charging up the capacitors, a spark gap switch is manually closed. When a spark gap switch is
closed, the other switches are sequentially closed automatically and the connection of capacitors is
changed from parallel to series. The voltage is stepped up and is applied to the load.

Although the sizes of the Marx generator (1.0 m × 0.45 m × 0.45 m) and C-W circuit (0.4 m ×
0.47 m × 1.0 m) are almost same; however, the weights of them are 39.4 kg and 8.1 kg, respectively.
Therefore, the handling of C-W circuit in the farmland in hilly and mountainous areas is much easier
than that of Marx generator.
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Figure 3. Circuit diagram (a) and photograph (b) of Marx generator.

2.2. Electrical Stimulation to L. edodes

The cultivating mushroom, L. edodes, is inoculated on natural logs of Quercus crispula Blume two
years before the experiment. The strain of the fruiting type is Mori#290 (Mori. Co. Ltd., Gunma,
Japan). The dimensions of shiitake mushroom logs with a length of 0.9 m and a diameter of about
0.1 m. The logs are covered with a blackout curtain to maintain the moisture content in the logs hosting
the mushroom hyphae. After two years incubation, the blackout curtain is unveiled and the logs are
placed side by side under environment as shown in Figure 4.

 
(a) (b) 

(No.7)

(No.5)(No.8)

(No.16)
(No.6)

Figure 4. Arrangement (a) and photograph (b) of L. edodes logs for cultivation.
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Mushroom fruits body production varies among logs, which makes the evaluation difficult.
Therefore, it is needed to reduce the influence of variation on the evaluation. In the experiments,
the total 80 logs are divided into 4 pulsed voltage stimulated groups and a control group without
pulsed voltage to make the average amount of mushroom production of each group almost same after
1st flash. The number of logs for each stimulated group and a control group is 16 logs and numbered
from 1 to 16. After the 1st flash, the logs are alternately rearranged as shown in Figure 4a to reduce the
influence of arrangement positions.

The pulsed voltage is applied to the logs 1 month before the date that mushroom fruit body
is usually expressed. Since the impedance of the logs is affected by the moisture content of wood,
the pulsed voltage is applied when that day and its previous day are not rained. The fruit body of
mushrooms can be cropped from the logs in every two seasons, spring and autumn, over two years.
Therefore, the experiments are conducted for 4 seasons, from 15 May to 20 June in 2017 (1st flush),
from 22 September to 22 November in 2017 (2nd flush), from 4 April to 11 June in 2018 (3rd flush)
and from 17 September to 9 November in 2018 (4th flush). Figure 5 shows the experimental setup for
pulse application to the logs. To apply the pulse voltages to logs, the electrode plate was installed at
both ends of logs placed on an insulator of acrylic. The pulsed voltages are applied to the logs at the
first day of 2nd and 4th flush seasons using the C-W circuit and the Marx generator. The total input
energy into the logs is controlled by the amplitude and the number of the applying. Four groups are
stimulated by the pulsed voltages with the different amplitudes, 30 kV and 50 kV, for each generator.
The number of pulses is fixed at 500 times in the case of C-W circuit and 5 times in the case of Marx
generator. Because the mechanical stress to the mushroom hypha could be affected to the mushroom
production, the logs in the control group are set the experimental setup without the applying voltage.
The fruit bodies of mushroom are cropped when their pileus is 80% opened, which is suitable to be in
the market.

Figure 5. Experimental setup for pulsed voltage stimulation to the L. edodes logs.

2.3. Electrical Stimulation to Lyophyllum deeastes Sing

The substrate for Lyophyllum deeastes Sing. cultivation consists of sawdust from Cryptomeria
japonica produced by Kamiyotsuba agricultural cooperative (Kami, Miyagi, Japan). The strain of the
fruiting type is Miyagi LD-2 (Tsukidate bio service. Co. Ltd., Miyagi, Japan). The dimensions of the
sawdust substrate are 0.12 m × 0.2 m × 0.1 m and it has a cuboid-block shape. The weight of the
substrate was 2.5 kg ± 200 g. Lyophyllum deeastes Sing. fungus are inoculated on the block and the
incubated for 50–60 days under the temperature of 22–23 deg-C with a relative humidity of 65–70%.
The blocks are stimulated by the pulsed voltage after the incubation. The pulsed voltage was applied
to a needle electrode with a 4 mm diameter driven into the block to a depth of 50 mm, as shown in
Figure 6, using C-W circuit. The total input energy into the blocks are controlled by the amplitude
and number of the applying voltage. Four groups are stimulated by the pulsed voltages with the
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different amplitudes, 30 kV and 50 kV and the different numbers of pulses, 100 times and 500 times.
The number of blocks for each group is 16 and numbered from 1 to 16.

Figure 6. Experimental setup for pulsed voltage stimulation to the Lyophyllum deeastes Sing.
sawdust block.

After the stimulation, the blocks are buried under the soil with the unburied upper surface as
shown in Figure 7. The blocks are alternately arranged as shown in Figure 7a to reduce the influence
of the arrangement positions. The fruit bodies of mushroom are cropped when their pileus is 80%
opened, which is suitable to be in the market.

(a) (b) 

(No.1) (No.2) (No.3) (No.4)

(No.5) (No.6) (No.7) (No.8)

(No.9) (No.10) (No.11) (No.12)

(No.13) (No.14) (No.15) (No.16)

Figure 7. Arrangement (a) and photograph (b) of the Lyophyllum deeastes Sing. sawdust block
for cultivation.

3. Results

3.1. Electrical Stimulation to Logs and Cropping Fruits Body of L. edodes

Figure 8a,b shows the typical waveforms of the applied voltage and output current to the shiitake
mushroom logs using the C-W circuit and the Marx generator in 4th flush season. When the gap
switch of the circuits is shortened, the voltage charged at the capacitors is applied to the log and then
the voltage exponentially decays. The impedance of the log is calculated from the waveforms and
is 2.67 kΩ with a standard deviation of 0.64 kΩ in 2nd flush season and 5.29 kΩ with a standard
deviation of 1.97 kΩ in 4th flush season. The differences of the impedance could be caused by the
moisture contents of the logs and a decay with a hypha filled in the log. The time constant in the cases
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of C-W circuit and Marx generator in the case of 2nd flush season are approximately 1.2 μs with a
standard deviation of 0.28 μs and 190 μs with a standard deviation of 51 μs, respectively and those in
the case of 4th flush season are approximately 150 μs with a standard deviation of 0.61 μs and 410 μs
with a standard deviation of 0.41 ms, respectively. Although the impedances and the time constants
are difference, the total input energy into the logs are almost same in the two seasons. In the case
of C-W circuit, high voltage pulses with maximum voltage of 30 kV and 50 kV are applied for 500
times and the total input energy are 60 J and 148 J, respectively. In the case of Marx generator, the high
voltage pulses with maximum voltage of 30 kV and 50 kV are applied to the cultivation log for 5 times
and the total input energy are 127 J and 345 J, respectively. Assuming that the electric field in the log is
uniform, the electric field inside log in the case of 30 kV and 50 kV is 34 and 56 kV/m, respectively.

  
(a) (b) 

Figure 8. Typical waveforms of applied voltage and current to the L. edodes logs using (a) C-W circuit
and (b) Marx generator.

Figure 9a–c shows the diurnal change of the accumulated weight of fruitbody of shiitake
mushroom in three seasons, 2nd flush, 3rd flush and 4th flush. In the 2nd flush (Figure 9a),
the accumulated of fruit body in the case of applying voltage is higher than that in the control
group with the harvest duration. The yield of fruit body in the cases of the stimulate groups of 30 kV
and 50 kV using the C-W circuit and 30 kV and 50 kV using the Marx generator are 1.15, 1.38, 1.49 and
1.66 times higher than the control group. In the 3rd flush, the pulsed voltages are not applied to logs
(Figure 9b), the yield of fruit body does not increase in the cases of stimulated groups in comparison
with 2nd flush. The yield of fruit body in the cases of the stimulated groups of 30 kV and 50 kV using
the C-W circuit and 30 kV using the Marx generator are 1.04, 1.14 and 1.04 times higher than the
control group in the 3rd flush. The yield in the case of the stimulated group of 50 kV using the Marx
generator is much lower than other groups. Generally, the yield depends on the yield in previous
flush, which could cause the decrease of the yield. In the 4th flush, the fruit bodies are cropped from
only the stimulated groups of 30 kV using C-W circuit and 30 and 50 kV using the Marx generator.
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(a) (b) 

Figure 9. Cont.

(c) 

Figure 9. Diurnal change of the accumulated weight of fruitbody of L. edodes in (a) 2nd flush, (b) 3rd
flush and (c) 4th flush.

Figure 10 shows the average weight of fruit body cropped per a log, cropped for 4 seasons.
The error bars represent the standard error. Since the logs are divided into 5 groups stimulated groups
after 1st flash, the amount of the weight of fruit body is almost same. The average weight of fruit body
is improved by applying pulse voltages and increased with increasing total input energy into the log.
The average weight of fruit body in the case of the Marx generator is approximately 1.3 times higher
than that in the control group. The results show that the improvement of the fruit body yield mainly
depends on the total input energy into the log.
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Figure 10. Average yield of fruit body fruitbody of L. edodes per a log for 4 flushes.

3.2. Electrical Stimulation to Blocks and Cropping Fruits Body of Lyophyllum deeastes

Figure 11 shows waveforms of applied voltage and output current to the Lyophyllum deeastes
mushroom block. The resistivity of the bed is 45 Ωm and the impedance of the block is calculated
from the waveforms and is 0.35 kΩ with a standard deviation 0.12 kΩ. Because the coaxial cable in
the C-W circuit acts as a transmission line, the waveforms of applied voltage and output current are
distorted and do not have an exponential shape by the forward and backward transmitted waves [14].
Figure 12 shows the electric field distribution analyzed by the finite element method (Ansoft Maxwell
2D). The analysis results show that the electric field inside of the block is concentrated at the tip of the
needle and is ranged from 18 to 360 kV/m with the applied voltage of 30 kV. The input energy per a
pulse in the cases of 15 and 30 kV applied voltages are 54 mJ and 27 mJ, respectively. The total input
energy in the case of 15 kV is 5.4 J for 100 times pulses and 27 J for 500 times pulses and that of 30 kV is
27 J for 100 times pulses and 160 J for 500 times pulses.

Figure 11. Waveforms of applied voltage and current to the Lyophyllum deeastes Sing. Sawdust block
using. C-W circuit.
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Figure 12. Electric field distribution inside of Lyophyllum deeastes Sing. Sawdust block for applied
voltage of 30 kV.

Figure 13a–c shows diurnal change of accumulated weight of fruitbody of Lyophyllum deeastes
mushroom from 27 August to 25 October in 2017 and from 13–21 June in 2018. The pulsed voltage
is applied to the logs at the first day using the C-W circuit. Figure 14 shows the average weight of
fruit body cropped per a block for two flush seasons. The error bars represent the standard error.
The average weight of fruit body was improved by applying pulse voltages and increased with
increasing total input energy into the block.

 

 

 
(a) (b) 

Figure 13. Diurnal change of the accumulated weight of fruitbody of Lyophyllum deeastes Sing in (a) 1st
flush and (b) 2nd flush.
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Figure 14. Average yield of fruit body fruitbody of Lyophyllum deeastes Sing per a log for 2 flush seasons.

4. Discussion

When the pulsed voltages are applied to the logs, the mushroom hyphae are subjected to an
electric field. When the frequency component of the applied pulse voltage is less than several MHz,
the membrane of the cell, rather than the inside of the cell, is mainly subjected to the electric field [15].
The hyphae are accelerated and displaced according to the electric field by the electrostatic force such
as a Coulomb force [16], which could induce a physical stress on the hyphae. It has been suggested
that some genes encoding enzymes such as laccase and protease [17–19] could be upregulated by the
physical stress [1,5] in the same manner as other physical stresses such as scrapping of surface hyphae,
which induces fruit body formation [16,20]. Since the physical stress relates to the fruit body formation,
the flush is accelerated and the amount of cropped fruitbody is increased in the seasons that the logs
are stimulated by the voltage pulses as shown in Figure 10.

The total L. edodes mushroom yield cropped from the logs is improved approximately 1.3 times
from the control group by stimulating. The Lyophyllum deeastes Sing. mushroom cropped from the
logs is also improved about 1.2 times. It has been reported that Lyophyllum deeastes Sing. yield is
improved as same level using Marx-IES circuit. These results show the effect for promotion on fruiting
body formation by the developed compact high-voltage power supply is almost same that by the
conventional Marx generator.

In the economic aspect, the production improvement of 1.2 to 1.3 times using electric stimulation
directly increases the farmer’s income. The electric power consumption of the high voltage pulsed
power supply based on C-W circuit for the operation of the electrical stimulation is measured using
an electric power monitor (SANWA SUPPLY, TAP-TST7) and is less than 40 W, which shows that the
energy cost is low enough to be negligible. The time cost for the operation and the work load of the
electrical stimulation could be much lower than the traditional stimulation methods such as a beating
and a shaking. Furthermore, the acceleration of the flush as shown in Figures 9 and 13 could reduce
the total time cost for a cropping period, which could enhance the work efficiency. Therefore, the
electrical stimulation has a high potential for the farmer’s management improvement.

5. Conclusions

The C-W circuit is developed and employed to generate DC high-voltage from AC 100 V plug
power as a compact and easy-handling high-voltage power supply for pulsed voltage stimulation.
The influence of the electric parameters on the mushroom production is evaluated using two types
of power supply, C-W circuit and a conventional Marx generator. The weight of the C-W circuit is
approximately 5 times lower than the Marx generator. The handling of C-W circuit in the farmland in
hilly and mountainous areas is much easier than that of Marx generator. The experiments are conducted
on the mushroom production using two different fruiting types, Shiitake (L. edodes) mushroom and
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Hatakeshimeji (Lyophyllum deeastes Sing.) mushroom. The fruiting body formation of mushrooms
of L. edodes for four cultivation seasons and that of Lyophyllum deeastes Sing. for two seasons both
increase approximately 1.3 times higher than control group in terms of the total weight. Although
the input energy per a pulse is difference with the generators, the improvement of the fruit body
yield mainly depends on the total input energy into the log. The effect for promotion on fruiting
body formation by the developed compact high-voltage power supply is almost same that by the
conventional Marx generator.
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Abstract: For this study, a paper impregnated with silver nanoparticles (AgNPs) was prepared.
To prepare the substrates, aqueous suspensions of pulp fines, a side product from the paper
production, were mixed with AgNP suspensions. The nanoparticle (NP) synthesis was then carried
out via laser ablation of pure Ag in water. After the sheet formation process, the leaching of the
AgNPs was determined to be low while the sheets exhibited antimicrobial activity toward Escherichia
coli (E. coli).

Keywords: silver nanoparticles; laser ablation in liquids; laser synthesis of colloidal nanoparticles
solution; nanoparticle-impregnated paper; antimicrobial activity; fiber fines; sheet forming;
vacuum filtration

1. Introduction

Cellulose, a biopolymer consisting of β-D 1→4 linked glucose, is the main component in
many industrial products such as pulp and paper. In recent years, the development of micro- and
nanostructured materials (e.g., nanocellulose and microfibrillated cellulose) was a boost to cellulose
science and new applications for industrial purposes have been proposed. One way to create the new
materials is to include inorganic matter having particular properties. In this context, the incorporation
of functional inorganic nanoparticles (NPs) (e.g., antimicrobial, conductive, photoactive, catalytic,
magnetic, Raman active) into different types of cellulosic substrates has been described for many
cellulosic materials [1–9]. In principle, there are different ways of implementing nanoparticles into
these materials. One approach is the so called in situ synthesis, where the nanoparticle precursor,
typically a metal salt or metal citrate, is added to a cellulosic material. The metal ions coordinate to
the cellulose macromolecules and a chemical reaction is induced to convert the salt into either metal,
metal oxide, or metal sulfide nanoparticles, which are formed in close spatial proximity to the cellulose
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material [10]. In this way, silver and gold nanoparticle-decorated fibers have been prepared from
AgNO3 and HAuCl4, in the presence of different types of reduction agents [11,12]. While NaBH4 was
frequently used in older studies to reduce the metal salts, in recent years the use of environmentally
friendly reduction agents has become more popular. Here, either glucose or polysaccharides with
reducing end groups (i.e., aldehydes) were used to generate silver and gold nanoparticles [13–17].
In particular, polysaccharides are interesting since they not only act as reduction agents but also serve
as electrosteric stabilizers, preventing the aggregation of the nanoparticles and providing suspensions
which can be stable for several months [18]. In addition, monodisperse silver nanoparticles (AgNPs)
can be prepared using a pulsed sono-electrochemical technique from silver citrate where poly (vinyl
pyrrolidone) can serve as a stabilizer [19].

A different route involves the application of the ready-made nanoparticles to a cellulosic material,
and then to perform a processing step. If the nanoparticles are stabilized by a polymer shell, covalent
or physical binding onto the cellulosic substrate can be additionally performed. For example, silver
and gold nanoparticles have been synthesized and encapsulated by sulfated chitosan showing
antithrombogenic behavior [3,20]. After immobilization on surfaces, simultaneous antimicrobial
and anticoagulant surfaces were obtained.

The common element in these methods is that a metal salt precursor is required which must be
converted to the desired nanoparticles, very often using elevated temperatures that give a particular
type of nanoparticle shape (e.g., spheres, rods). In most cases, nanoparticles contain either capping
agents or polymer shells to prevent agglomeration and to obtain stable colloidal suspensions. However,
the largest drawback of many wet-chemical routes is their yield which is hardly ever reported in
scientific papers. In order to overcome limitations and to make the production of nanoparticles
scalable and environmentally friendly, laser ablation in liquids (LAL) has been proposed recently for
nanoparticle preparation [21]. This technique is based on the process of pulsed laser ablation of a
target (metals, metal oxides, nitrides, etc.) immersed in a liquid [22–24]. There are many advantages
of adopting this technique as compared to standard ones, but its potential has still not been fully
exploited. It is known as a “green synthesis” technique since additional chemicals are not required [25]
while the formation of any by-products is prevented. In principle, pure nanoparticles can be obtained
that do not contain any residues on the surface, except oxidation products (e.g., oxides). The LAL
technique is not limited by the choice of materials because any metal target or target made of other
materials (composites, isolators, conductive materials, semiconductors, organic materials, ceramics,
catalytic, hybrid materials, and magnetic or paramagnetic materials) can be used for the synthesis of
colloidal nanoparticle suspensions. Therefore, a wide variety of liquids can be used for tailoring the
nanoparticle properties [26,27]. Laser pulses can additionally generate, de-agglomerate, fragmentate,
re-shape, and reduce the size of the initially formed nanoparticles either by secondary laser interaction
(post-irradiation) [28–31] or by double-pulse LAL [32–34].

In this paper, the authors explored the use of LAL for preparing AgNPs in water and integrating
them into a paper-based substrate, consisting of fine cellulosic microparticles. Sheets from such
particles resemble to a significant extent those made of microfibrillated cellulose, a recently proposed
material for many applications such as barrier coatings and packaging materials. However, the price
of the material is much lower since it is a large-scale underutilized material in cellulose processing
industries. The outline of the paper is as follows: after a description of the synthesis/characterization
of the NPs by laser ablation, the procedure to incorporate nanoparticles into sheets made from fines
is described. Finally, the properties of the substrates in terms of antimicrobial activity as well as the
leaching of the AgNPs from the material are evaluated.
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2. Materials and Methods

2.1. Laser Synthesis of Nanoparticles

A colloidal solution of AgNPs was synthesized using pulsed laser ablation of a Ag plate (purity
99.99%, thickness 1 mm, Kurt J. Lesker, Jefferson Hills, PA, USA) immersed in a cuvette filled with
25 mL of deionized water. Laser ablation was conducted with a Nd:YAG laser (Quantell, Brilliant,
Les Ulis, France) using the following specifications: pulse duration 5 ns, wavelength 1064 nm, output
energy 290 mJ, and repetition rate 5 Hz. The target was fixed on the holder in order to drill craters
during ablation. The laser beam was focused by a 10 cm lens onto the target surface. The laser pulse
energy in front of the target was 120 mJ while the diameter of a focused pulse on the target surface
was 1 mm yielding a laser fluence of 15 J/cm2. The thickness of a water layer above the target was
kept constant at 1.5 cm during the experiment in order to keep the ablation efficiency constant [35].
A detailed scheme of the experimental setup for laser ablation in water is shown in [36].

The morphology of AgNPs was observed using a transmission electron microscope (TEM, FEI
Tecnai G2 20 Twin, Thermo Fischer Scientific, Waltham, MA, USA). Obtained TEM pictures were used
to calculate size distribution of the AgNPs.

After the ablation, the crater created on the Ag target was studied by an optical microscope
(Leitz, Leica Aristomet, reflective illumination mode, Wetzlar, Germany) in order to determine the
crater’s volume for the assessment of nanoparticle concentration in a procedure described in [37].
The procedure regarding the crater volume determination is described in detail in [38]. It was found
that an ablation volume of 23.8·106 μm3 yielded a 250 μg mass of ablated material. Under the
assumption that most of the ablated material is transferred into nanoparticles, its mass is also the total
mass of synthesized nanoparticles. Therefore, the production rate of nanoparticles is 10 μg per mL as
ablation is performed in 25 mL of water. From the known size distribution and the crater volume, the
concentration of AgNPs is determined to be in the order of 1010 mL−1.

A colloidal solution of laser-synthesized AgNPs was analyzed using a spectrophotometer (Perkin
Elmer, Lambda 25, Waltham, MA, USA) to assess the UV-Vis absorption spectrum. Zeta-potential
(Zetasizer, Malvern Instruments, Worcestershire, Great Britain) of Ag colloidal solution was measured
as −50 mV, indicating a colloidal solution of high stability (the solution is stable for months).

AgNP-impregnated fines sheets were analyzed by scanning electron microscope (SEM, Jeol
JSM-7600F, Tokyo, Japan). The electron accelerating voltage was set to 10 kV. Before the imaging,
samples were coated with a thin layer of amorphous carbon (PECS 682) to prevent charge
accumulation on the surface. Observation mode was set to low-energy secondary electron detection.
Energy-dispersive X-ray spectroscopy (EDS) was done on the same instrument by an INCA Oxford
350 EDS SDD detector with an accelerated potential of 15 kV.

2.2. Hand Sheet Formation

All tests were performed using primary fines separated from never-dried, bleached sulfite pulp
(mixture of spruce and beech). In order to prepare hand sheets from pure fines, a vacuum filtration
method described in [39] was used. A defined amount of fines (0.24 g, dry weight) was diluted with
deionized water to reach a solid content of 0.24 wt %. This suspension was stirred at 450 rpm for
at least 2 h. After stirring, 2 mL of AgNP colloidal solution (1010 particles mL−1) was added to the
suspension and stirred for 5 min. After the addition of AgNPs, the sheets were formed by vacuum
filtration using a Britt Dynamic Drainage Jar (Frank PTI, Birkenau, Germany). The scheme used for
AgNP-impregnated sheet forming is shown in Figure 1.

The Britt Dynamic Drainage Jar was equipped with a supporting plate, a 500 mesh screen (hole
diameter 20 m), two filter papers, and a nitrocellulose membrane (DAWP29325 from Merck Chemicals
and Life Science GesmbH, Darmstadt, Germany) with a pore size of 0.65 m. The major advantage of
using the Britt Dynamic Drainage Jar as compared to a Büchner funnel was to improve the fines sheet
formation. In particular, the sandwich-like setup prevented the loss of fine cellulosic material. After the
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filtration step, the membrane with the fines/MFC sheet on top was pre-dried in a Rapid-Köthen sheet
dryer (Frank PTI, Birkenau, Germany) for about 20 s at 93 ◦C under vacuum. Then, the membrane
was peeled off, and the neat fines/MFC sheets were dried for 10 min in the Rapid-Köthen sheet dryer.
The sheets were then stored in a climate room at 23 ◦C and 50% RH for least 12 h prior to testing.

 

Figure 1. Scheme of the manufacturing process of preparing silver nanoparticle
(AgNP)-impregnated sheets.

From the known concentration of AgNPs, volume of colloidal AgNPs added to the suspension,
and sheet dimension (10 cm in diameter), the density of impregnated AgNPs could be calculated.
The number density of impregnated AgNPs obtained was in the order of 10 nanoparticles per μm2.

2.3. Antimicrobial Test

For the determination of antimicrobial activity, E. coli MG1655-K12 was used (donated by the
Laboratory for Biology and Microbial Genetics, Faculty of Food Technology and Biotechnology,
University of Zagreb, Zagreb, Croatia). The bacterial suspension was prepared by inoculating 20 μL of
E. coli K12 in 10 mL of nutrient broth (Biolife, Milan, Italy). This bacterial suspension was incubated at
37 ◦C for 24 h to create bacteria in the stationary growth phase. The incubated bacterial suspension
was centrifuged (Tehtnica, Centric 150, Domel, Železniki, Slovenia) at 4000 rpm for 10 min at room
temperature. Harvested cells were washed three times and re-suspended in phosphate buffer saline
(PBS) and sterile water solution.

Paper impregnated with AgNPs was inoculated using 10–100 μL of the selected microorganism
and placed in an Eppendorf tube containing phosphate buffer. The aliquot sample was incubated
0 h, 1 h, 4 h, 6 h, and 24 h, respectively, after the addition of E. coli K12 at a temperature of 37 ◦C.
After incubation, the number of microorganisms (CFU/mL) was determined by the standard dilution
method on nutrient agar (Biolife, Milan, Italy). As a control, the selected microorganism (100 μL) was
inoculated into 900 μL of phosphate buffer, incubated, and counted by the number of augmented cells.
All experiments were analyzed three times (as the repetition of three experiments) and the final results
were the mean values of three determinations. The results were reported as log colony forming units
per milliliter (log CFU/mL).

2.4. Leaching Tests and Analysis of the Solutions

To investigate the leaching of AgNPs upon contact with water, the paper substrates were shaken
in ultrapure water and samples of the liquid were taken after 5 min, 10 min, 30 min, 1 h, 2 h, 5 h,
8 h, and 24 h. The total Ag concentration in these extracts was determined after acidification with
nitric acid (10% v/v) with an Agilent 7700cx ICPMS at m/z 107. National Institute of Standards and
Technology (NIST) validated Standard Reference Materials (SRM) including 1640a “Trace elements
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in water” was used for quality control. The Ag concentration of each extract was determined from
three parallel measurements. From these results, the extracted amount of Ag in μg was calculated
taking the extraction volume into account. The amount of leached mass was directly calculated from
the inductively coupled plasma mass spectrometry (ICP-MS) measurements, whereas the relative
leaching was determined with respect to the initially added amount of colloidal AgNPs (1 or 2 mL
which corresponded to the addition of 10 or 20 μg of AgNPs, respectively).

3. Results

AgNPs feature surface plasmons (SP) activated by the interaction of conductive electrons and
an external electromagnetic field, that is, via irradiation with light. If these photons have the right
frequency (i.e., the plasmonic frequency), the SPs are excited into a resonant state, oscillating with
the highest possible amplitude. This plasmonic frequency depends on the size, shape, chemical
composition, and environment of the NPs. From the frequency (wavelength) dependency on the
intensity (i.e., absorbance) of the colloidal NPs, which can be assessed by UV-Vis spectroscopy, one can
roughly estimate the NP size in solution.

The UV-Vis spectrum and the size distribution of the LAL-synthesized AgNPs are shown in
Figure 2a,b. The UV-Vis spectrum of the AgNPs synthesized by laser ablation shows a distinct
maximum at 400 nm, typical for a surface plasmon resonance of Ag nanoparticles with a dimension of
a few tens of nanometers [10]. This rough estimation is further supported by TEM analysis (inset of
Figure 2a), which, in addition, reveals that the AgNPs have a spherical shape. The AgNPs feature an
average dimension of 28 nm and their size distribution is relatively broad (FWHM of 20 nm; fitting
by a log-normal function (black line)). The LogN fit is often used to describe the size distribution
of nanoparticles synthesized from the gaseous phase which is the case in the nanoparticle synthesis
process using LAL. It applies whenever particle growth depends on diffusion and drift of atoms to
a growth zone of nanoparticles [40]. The final distribution is determined by the available growth
time of the nanoparticles [41]. The formation of AgNPs synthesized by LAL is described by dynamic
formation mechanisms which include a diffusion slow-growth (diffusion coalescence) process [42–44].

Figure 2. (a) UV-Vis photoabsorption spectrum of colloidal AgNPs (Inset: TEM image of AgNPs) and
(b) Size distribution of AgNPs obtained by TEM imaging (black line: Lognormal fit).

After characterization, these nanoparticles were implemented into a sheet forming process.
Suspensions containing the AgNPs and the paper fines were mixed and a stable colloidal suspension
was obtained. This suspension was then applied to a Britt Jar process in order to avoid any loss of fine
cellulosic material as described in [38]. Afterwards, the sheets were transferred to a drying system and
hand sheets were obtained.
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Figure 3 depicts SEM images of such AgNP-impregnated hand sheets at different magnification.
In Figure 3a,b, distinct AgNPs located at the surface of the sheets can be observed. Identification of
the AgNPs was further performed by EDS measurements (shown in the Supplementary Material).
Figure 3c,d depicts the same images but recorded with different detectors. They reveal AgNP
agglomerates (which are very rare) embedded beneath the sheet surface, covered with much smaller
fines fibers. AgNPs in (a) and (b) are in direct contact, whereas those in (c) and (d) are in close contact
with bacteria in antimicrobial testing experiments. In Figure 3a,b, one can identify only a few AgNPs
per μm2 on the sheet surface. It implies that AgNPs are impregnated in the whole volume of the sheet
as their density is around 10 AgNPs per μm2. The authors assume that AgNPs are impregnated into
sheets by physical entrapment. It can be clearly seen that the AgNPs are hardly agglomerated, which
relates to the processing conditions. There, the AgNP colloidal suspensions are added to the fines
suspensions under rigorous stirring which ensures an even distribution of the AgNPs in the fines
suspension and consequently in the formed sheets.

 

Figure 3. (a,b) are SEM images of AgNP-impregnated sheets at different magnifications. (c,d) are the
same images recorded with different detectors to show impregnated agglomerates.

These papers have been subjected to antibacterial tests using E. coli K12. As indicated in
Figure 4, the impregnated materials are highly active toward E. coli K12. Figure 4 shows the AgNPs’
antimicrobial activity during 24 h, where it can be seen that the AgNPs’ antibacterial activity is
increasing in time reaching up to a 4 log reduction rate.

Figure 4. Antimicrobial test of AgNP-impregnated paper on E. coli . Please note the logarithmic scale
on the y-axis.
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In order to investigate the leaching behavior of the AgNPs, the substrates were prepared with
two different loadings of silver via the addition of 1 and 2 mL of the colloidal NP solution to the fines
dispersion. The filtrate after formation of the sheets was colorless indicating that the AgNPs had been
quantitatively incorporated into the sheets. Considering the total amount of AgNPs in the dispersion,
this correlates to an AgNP content of 10 and 20 μg, respectively, in the sheets, which corresponds to
42 and 84 μg Ag per gram of paper. The relative mass of leaching AgNPs as well as the total leached
mass of AgNPs after exposure to water under rigorous shaking are depicted in Figure 5. The amount
of leached AgNPs was measured with ICP-MS after 5 min, 10 min, 30 min, 1 h, 2 h, 5 h, 8 h, and
24 h of substrate immersion in water and vigorous shaking. Relative leaching is determined with
respect to the total amount of AgNPs in dispersion. It can be seen that the amount of leached AgNPs
increases smoothly up to 8 h spent in immersion and under shaking conditions as expected. After 8 h
the leaching is significantly increased for the denser solution, whereas after 24 h the leaching drops
due to the degradation of the paper samples upon long exposure to water environment and shaking,
points which will be discussed later.

Figure 5. Amount of leached AgNPs from sheets and relative leaching with respect to the AgNPs used
for the sheet formation. For the tests, 1 and 2 mL of the colloidal Ag dispersion (10 μg/mL Ag) were
added to the fines suspension.

4. Discussion

The use of LAL for the generation of AgNPs which are then implemented into a microstructured
paper substrate is a step toward a scalable approach to implement these nanoparticles into cellulosic
materials. There are several advantages of using this approach: the amount of applied nanoparticles
can be precisely controlled, which is unlikely with any of the other methods. This is important
in order to avoid overdosing and to equip materials with the required amount of nanoparticles to
prevent bacterial growth, which is beneficial from both an ecological and an economic point of view.
Almost any type of bulk material can be used to generate nanoparticles by LAL, and the use of
reduction and capping agents can be avoided. In the case of AgNPs, a thin oxide layer results in a
negatively charged surface (= −50 mV) making them stable in a colloidal solution according to the
Derjagin-Landau-Verwey-Overbeek (DLVO) theory [45]. On the other hand, paper fines represent
an underutilized stream in the paper industry and technology, exhibiting a few positive and several
negative properties in the course of the paper manufacturing process. One of their drawbacks
in paper production, namely their tendency to strongly interact with colloids, is exploited in the
case of nanoparticles. After mixing the AgNPs with paper fines suspensions, the colored NPs are
homogeneously distributed in the fines’ suspensions. Any precipitation of the AgNPs has not been
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observed, while aggregates on the fines surface are very rare. A certain interaction of these AgNPs with
the fines must be occurring, because no removal of the AgNPs was observed during the sheet formation
process, since the filtrates did not exhibit any color. In contrast, the sheets were slightly yellowish.

The silver concentrations in the study’s system were rather small with only 10 AgNPs per m2.
Nonetheless, the AgNP-decorated sheets exhibited antimicrobial activity which was the authors’ main
goal. There were two types of particles: those that were in direct contact with the bacteria during
testing and those that were buried inside the paper network, thereby slowly providing silver ions over
time. The action mechanism of silver nanoparticles on bacteria is still not completely clear and fully
understood, but the concentration, shape, and size of AgNPs are known to have a significant effect on
inactivation effectiveness [46,47]. After the penetration of AgNPs inside the bacteria, NPs interact with
intracellular materials, DNA loses its replication ability, and cellular proteins are inactivated [48].

Recent investigations into antimicrobial activity have indicated that bacterial growth is not
suppressed by affecting the maximum growth rate but rather by extending the lag phase, that is, the
time bacteria spend without replicating and adapting to a new environment. A continuous release of
Ag+ ions exhibits higher antimicrobial effects than adding a specific amount of Ag+ at the beginning of
the experiment [49]. Further, electrically generated Ag+ has better antimicrobial properties than other
silver-based compounds [50–52].

Upon immersion in water under vigorous shaking, a small fraction of the AgNPs leached from
the paper. The determined concentration increased slowly for a period of 8 h, whereas the leaching
was directly correlated with the amount of particles in the paper. After 8 h of exposure to water, the
paper network disassembled, leading to a burst of released silver into the solution. One might expect
that these levels would rise for the 24 h sample, but the silver levels in the solution were smaller than
after 8 h. Most likely, the AgNPs were readsorbing and reattaching into fines which were abraded
from the paper substrates during the shaking process.

5. Conclusions

The authors proposed a simple, fast, and environmentally friendly method to fabricate
AgNP-impregnated paper fines sheets with antimicrobial activity. The method was based on the
standard route for paper sheet formation to which a step was added—the addition of colloidal
nanoparticles. The method worked for any type of colloidal nanoparticle solution synthesized by LAL,
whereas a highly stable nanoparticle solution (high zeta-potential) was required for better dispersion
into the paper solution and thus better homogeneity in the final product.

Further improvements in the antimicrobial activity will be assessed by optimizing the nanoparticle
concentration and using different types of LAL nanoparticles. Future development of the method will
be realized in terms of the application of a broad range of nanoparticles with unique properties (Cu, Ti,
metal oxides, two-component) for different applications (catalysis, photoactivity, sensors).
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Abstract: Lectins are a diverse class of carbohydrate binding proteins with pivotal roles in
cell communication and signaling in many (patho)physiologic processes in the human body,
making them promising targets in drug development, for instance, in cancer or infectious
diseases. Other applications of lectins employ their ability to recognize specific glycan epitopes
in biosensors and glycan microarrays. While a lot of research has focused on lectin interaction
with specific carbohydrates, the interaction potential of lectins with different types of surfaces
has not been addressed extensively. Here, we screen the interaction of two specific plant lectins,
Concanavalin A and Ulex Europaeus Agglutinin-I with different nanoscopic thin films. As a control,
the same experiments were performed with Bovine Serum Albumin, a widely used marker for
non-specific protein adsorption. In order to test the preferred type of interaction during adsorption,
hydrophobic, hydrophilic and charged polymer films were explored, such as polystyrene, cellulose,
N,-N,-N-trimethylchitosan chloride and gold, and characterized in terms of wettability, surface free
energy, zeta potential and morphology. Atomic force microscopy images of surfaces after protein
adsorption correlated very well with the observed mass of adsorbed protein. Surface plasmon
resonance spectroscopy studies revealed low adsorbed amounts and slow kinetics for all of the
investigated proteins for hydrophilic surfaces, making those resistant to non-specific interactions.
As a consequence, they may serve as favorable supports for biosensors, since the use of blocking
agents is not necessary.

Keywords: lectin; bovine serum albumin; adsorption; cellulose thin film; polystyrene; gold; surface
plasmon resonance spectroscopy

1. Introduction

Lectins are a diverse group of carbohydrate binding proteins featuring at least one non-catalytic
domain that reversibly binds to specific mono- or oligosaccharides [1]. These sugar binding proteins
are commonly classified in terms of their source (i.e., plants, fungi, animals), or carbohydrate specificity
(e.g., glucose/mannose, galactose, sialic acid or fucose) [2,3]. Lectins are critical for cell communication
and signaling in many physiologic and pathophysiologic processes. The versatile structure of lectins
results in a large diversity of properties, reaching from anti-insect, anti-tumor, immunomodulatory,
antimicrobial to HIV-I reverse transcriptase inhibitor activities [4]. Many human pathogens (viral,
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bacterial or protozoan) employ lectins to bind to glycans displayed on the host’s cell surfaces and thus,
initiate adhesion and infection. Escherichia coli, for instance, binds to mannosides and the Influenza
virus attaches via sialic acid residues on the host’s cell surfaces. Aberrant cell surface glycosylation
is a hallmark of tumor cells, and lectin interactions with tumor-specific glycan epitopes can promote
tumor growth and immune modulation [5,6]. Therefore, lectins are subject to extensive studies in the
fields of infectious diseases and cancer research as potential drug targets or therapeutic agents, as well
as diagnostic and prognostic tools [2,7].

Other applications of lectins are their use in structural glycan analysis. The carbohydrate
binding affinity of lectins is exploited for the detection of glycans or glycan containing molecules.
Lectin microarrays are applied to separate, isolate and identify mono-, oligo- or polysaccharides,
glycoproteins and glycolipids. Additionally, lectins are employed in biosensors to analyze
lectin-carbohydrate interactions, such as specificity, affinity and kinetics [3]. When it comes to
biosensors, protein adsorption is a very critical factor, since non-specific interactions of the protein
with the substrate influence sensitivity and selectivity. Therefore, blocking agents are employed to
minimize those factors [8].

Many parameters are affecting the adsorption behavior of proteins, among others the nature of the
substrates, such as hydrophilicity or hydrophobicity and surface morphology. Therefore, fundamental
adsorption studies assist to predict the behavior of proteins in the environment of a certain substrate
e.g., used in a biosensor. Despite the countless number of lectin applications, there are only a few
studies concerning non-specific adsorption of lectins. For instance, Amim et al. investigated the effect
of the use of amino-terminated substrates for cellulose ester films and the concomitant change of
surface free energy on the lectin-carbohydrate interaction [9] and Zemla et al. determined the preferred
adsorption of lectins on parts of phase separated polymer thin films [10].

In this study, we examine the adsorption behavior of two lectins, Ulex Europaeus Agglutinin-I
(UEA-I), a fucose binding lectin that is extracted from common gorse, and Concanavalin A (Con
A), a lectin with mannose and glucose specificity extracted from jack bean [11,12]. Their adsorption
behavior onto the different surfaces was compared to that of Bovine Serum Albumin (BSA), which is a
widely used marker for non-specific protein interaction. The interaction capacity of the proteins with
substrates of various kinds, such as hydrophilic, hydrophobic and charged (positively and negatively),
was tested in real time by means of multi-parameter surface plasmon resonance spectroscopy (MP-SPR)
in order to determine not only the adsorbed amount, but also the adsorption kinetics. The herein
presented results give insight into the type of interaction that governs the adsorption behavior of these
specific proteins.

2. Materials and Methods

Materials. Trimethylsilyl cellulose (TMSC, Avicel, Mw = 185,000 g·mol−1, Mn = 30,400 g·mol−1,
PDI = 6.1 determined by GPC in chloroform) with a DSSi value of 2.8 was purchased from TITK
(Rudolstadt, Germany). Chloroform (99.3%), Toluene (99.9%), disodium phosphate heptahydrate
(Na2HPO4 7H2O), sodium dihydrogen phosphate monohydrate (NaH2PO4·H2O), hydrochloric acid
(37%), sodium chloride (Ph.Eur.), sodium hydroxide (99%), polystyrene (PS, Mw = 35,000 g·mol−1),
Bovine Serum Albumin (lyophilized powder, ≥96%, 66.5 kDa), Ulex Europaeus Agglutinin (lyophilized
powder ≥80%, 63 kDa) and Concanavalin A (Type IV, lyophilized powder, 110 kDa) were purchased
from Sigma Aldrich and used as received. N,N,N-trimethyl chitosan chloride (TMC, Mw = 90 kDa,
medical grade, DAcetylation: 32%, DSMe3+Cl

−: 66%) was purchased from Kitozyme, Belgium.
Silicon wafers were cut into 1.5 × 1.5 cm2. SPR gold sensor slides (CEN102AU) were purchased
from Cenibra, Bramsche, Germany. Milli-Q water (resistivity = 18.2 Ω−1·cm−1) from a Millipore water
purification system (Millipore, Burlington, MA, USA) was used for contact angle and zeta-potential
measurements and SPR investigations.

Substrate Cleaning and Film Preparation. Prior to spin coating, SPR gold sensor slides/silicon
wafers were immersed in a “piranha” solution containing H2O2 (30 wt.%)/H2SO4 (1:3 v/v) for 10 min.
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Then substrates were extensively rinsed with Milli-Q water and blow dried with N2 gas. TMSC was
dissolved in chloroform by stirring over night at room temperature and filtered through 0.45 μm
PVDF filters. 120 μL of TMSC (1 wt.%) solution were deposited onto the substrate and then rotated
for 60 s at a spinning speed of 4000 rpm and an acceleration of 2500 rpm·s−1. For converting TMSC
into pure cellulose, the sensors/wafers were placed in a polystyrene petri-dish (5 cm in diameter)
containing 3 mL of 10 wt.% hydrochloric acid (HCl). The dish was covered with its cap and the films
were exposed to the vapors of HCl for 15 min. The regeneration of TMSC to cellulose was verified by
ATR-IR (Figure A1) and water contact angle (Figure A2) measurements as reported elsewhere [13,14].
PS was dissolved in toluene by stirring over night at room temperature and filtered through 0.45 μm
PVDF filters afterwards. 120 μL of PS (1 wt.%) solution were deposited onto the substrate and then
rotated for 30 s at a spinning speed of 3000 rpm and an acceleration of 4500 rpm·s−1. TMC films were
prepared by adsorption of TMC (1 mg·ml−1 dissolved in water, ionic strength was adjusted to 150 mM
NaCl and pH value was adjusted to pH 7) onto cellulose substrates at a flow rate of 50 μL·min−1 for
5 min. TMC adsorption was monitored by MP-SPR.

Infrared Spectroscopy. IR spectra were attained by an Alpha FT-IR spectrometer (Bruker, Billerica,
MA, USA) using an attenuated total reflection (ATR) attachment. Spectra were obtained in a scan
range between 4000 to 400 cm−1 with 48 scans and a resolution of 4 cm−1. The data were analyzed
with OPUS 4.0 software.

Profilometry. Film thicknesses were acquired with a DETAK 150 Stylus Profiler from Veeco
(Plainview, USA). The scan length was set to 1000 μm over a duration of 3 s. Measurements were
performed with a force of 3 mg, a resolution of 0.333 μm per sample and a measurement range of
6.5 μm. A diamond stylus with a radius of 12.5 μm was used. Samples were measured after scratching
the film (deposited on a silicon wafer). The resulting profile was used to calculate the thickness of
different films. All measurements were performed three times.

Contact Angle (CA) and Surface Free Energy (SFE) Determination. Static contact angle
measurements were performed with a Drop Shape Analysis System DSA100 (Krüss GmbH, Hamburg,
Germany) with a T1E CCD video camera (25 fps) and the DSA1 v 1.90 software. Measurements
were done with Milli-Q water and di-iodomethane using a droplet size of 3 μL and a dispense rate
of 400 μL·min−1. All measurements were performed at least 3 times. CAs were calculated with
the Young-Laplace equation and SFE was determined with the Owen-Wendt-Rabel-Kaelble (OWRK)
method [15–17].

Atomic Force Microscopy—AFM. Surface characterization was done in ambient atmosphere at
room temperature using two Multimode Quadrax MM and FastScanBio AFMs (both Bruker Nano,
Billerica, MA, USA). While the former was operated with an NCH-VS1-W cantilever (NanoWorld
AG, Neuchâtel, Switzerland, SUI) with force constants around 42 N·m−1, the latter used FastScan A
cantilever (Bruker Nano, Billerica, MA, USA) with force constants around 18 N·m−1. Data analyses
were done with the software packages Nanoscope (V7.30r1sr3, Veeco) and Gwyddion (V2.50).
Image processing and in particular roughness analysis used line and/or plane fitting procedures
together with cross-sectional analyses to remove curved and/or tilted background. No additional
filters were used to prevent influence on data analyses. Root mean square (Rq) values were derived
from multiply selected area statistics to exclude unusually large particles (min. 3 images per sample
were fully analyzed). Typical variation from area to area in the same, and in different images, vary less
than 0.3 nm, which allows one to specify an accuracy range of ±0.2 nm for all Rq values.

Zeta Potential Measurements. The zeta potential measurements were performed by using a
commercial electrokinetic analyzer (SurPASS™3, Anton Paar GmbH, Graz, Austria). For each sample,
two zeta potential/pH value functions have been measured in 0.001 M KCl solution. For statistical
reasons, four streaming potentials were measured at each pH value. The mean value of these data
were used to calculate the potential/pH function.

Multi Parameter Surface Plasmon Resonance Spectroscopy—MP-SPR. MP-SPR spectroscopy
was accomplished with an SPR Navi 210 from Bionavis Ltd., Tampere, Finland, equipped with two
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different lasers (670 and 785 nm, respectively) in both measurement channels, using gold coated glass
slides as substrate (gold layer 50 nm, chromium adhesion layer 10 nm). All measurements were
performed using a full angular scan (39–78◦, scan speed: 8◦·s–1).

Gold sensor slides coated with the investigated thin films were mounted in the SPR, equilibrated
with water and then with 10 mM PBS with an ionic strength of 100 mM NaCl at pH 5.5/7.4 (The pH
value of the buffers was adjusted with 0.1 M hydrochloric acid or 0.1 M NaOH.). After equilibration,
protein at a concentration of 0.1 mg·mL−1 (dissolved in the same buffer used for equilibration) is
introduced into the flow cell. The protein is pumped through the cell with a flow rate of 50 μL·min−1

over a period of 5 min. After rinsing with buffer, the shift of SPR angle was determined and used
to evaluate the amount of adsorbed protein. After protein adsorption all samples were rinsed with
Milli-Q water and dried in a stream of N2 gas. All experiments have been performed in three parallels.

Protein adsorption was quantified according to Equation (1), which considers the dependence of
the angular response of the surface plasmon resonance in dependence of the refractive index increment
(dn/dc) of the adsorbing layer [18].

Γ =
ΔΘ × k × dp

dn/dc
(1)

For thin layers (<100 nm), k × dp can be considered constant and can be obtained by calibration
of the instrument by determination of the decay wavelength ld. For the SPR Navi 210 used in this
study, k × dp values are approximately 1.09 × 10–7 cm/◦ (at 670 nm) and 1.9 × 10–7 cm/◦ (at 785 nm)
in aqueous systems. For proteins, dn/dc in water-based buffer systems was reported 0.187 cm3·g–1,
which was used to calculate the amount of adsorbed masses [19]. For TMC, the dn/dc value of chitosan
(0.192 cm3·g–1) [20] was used for the calculation of adsorbed mass.

3. Results and Discussion

In order to provide a variety of interaction possibilities for the proteins, hydrophobic polystyrene
(PS), gold and hydrophilic substrates, such as negatively charged cellulose and positively charged
N,-N,-N-trimethyl chitosan (TMC) were chosen as substrates for this adsorption study. Prior to
adsorption experiments, the materials were characterized in terms of film thickness, surface free
energy and morphology. As gold substrates, cleaned SPR sensor slides consisting of 50 nm gold
deposited on a glass substrate with an adhesion layer of chromium in between (as reported from
manufacturer), were used. Cellulosic substrates were prepared from spin coating trimethylsilyl
cellulose (TMSC, Hsinchu City, Taiwan) and subsequent regeneration to cellulose by treatment
with HCl vapors, which yielded thin films with a thickness of 30 ± 2 nm as determined by stylus
profilometry measurements. Polystyrene films were spin coated as well, leading to film thicknesses of
58 ± 1 nm. The thickness of the positively charged TMC substrate could not be determined, since the
substrate was prepared by adsorption of TMC onto cellulose resulting in thicknesses that were too
low for detection with stylus profilometry. The different substrates were then subjected to atomic
force microscopy (Figure 1). The high root-mean-square-RMS roughness (Rq = 4.3 nm) of the gold
substrate is caused by the cleaning procedure with piranha, a very harsh treatment that removes all of
the adventitious carbon that was adsorbed from the atmosphere [21]. The cellulosic and TMC substrate
display similar RMS roughness (Rq = ca. 2 nm) originating from homogeneous TMC adsorption,
thereby forming a thin layer on the cellulose film. The PS thin films show the lowest RMS roughness
(Rq = 0.6 nm). All of the substrates are very homogenous and free of any visible contamination
or pin-holes.
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Figure 1. Atomic force microscopy height images (3 × 3 μm2) of the different substrates and
corresponding RMS roughness (Rq). All images are 3 × 3 μm2 while Z scales are 50 nm for
cellulose, N,N,N-trimethyl chitosan chloride (TMC) and Au and 8 nm for polystyrene (PS) to visualize
surface features.

As mentioned above, the positively charged substrate was prepared by adsorption of TMC
onto cellulose thin films. Modification of cellulose substrates with TMC as an approach to control
nonspecific protein adsorption behavior (using BSA) was already reported earlier [22,23] and the
appropriate adsorption conditions for preparation of the cationic TMC substrates were adopted from
these studies. In this work, TMC adsorption was monitored by multi-parameter surface plasmon
resonance spectroscopy (MP-SPR) and zeta potential measurements (Figure 2). First, we observed
a steady equilibration (rinsing with buffer) signal with MP-SPR, associated with a negative zeta
potential (ca. −27 mV) for the pure cellulose film. Upon injection of the TMC solution, the SPR-angle
increased and the zeta potential changed to positive values indicating deposition of TMC on the
surface. Loosely bound material was clearly removed upon rinsing. However, the zeta potential of
the adsorbed TMC layer shifted when rinsed with buffer to higher values (from 35 mV to 38 mV),
which might be due to a change in conformation of the adsorbed layer. After adsorption, the MP-SPR
sensogram showed a change of SPR-angle of 0.05◦, which corresponds to an adsorbed amount of
0.6 ± 0.05 mg·m−2. For comparison, cationic starches with a similar charge density as TMC adsorbed
to a much higher extent (1.2 mg·m−2) as shown recently [24].

Figure 2. Adsorption of TMC on cellulose thin films. (a) Multi-parameter surface plasmon resonance
spectroscopy (MP-SPR) sensogram measured at 785 nm, (b) zeta potential measurements.

Compared to the other substrates used in this study, TMC is the only one featuring a positive
zeta potential. According to literature, the employed and cleaned gold surface displays a negative
zeta potential above pH 5 [25], and PS also exhibits negative surface charge (−20 to −30 mV close to
pH 7) [26]. The negative zeta potential for the cellulose thin films used in this study is supported by
values reported in the literature on cellulosic fibers (−13 mV to −17 mV at pH 4.7–7.2) [22].
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The surface free energies (SFE) of the substrates were calculated from static contact angle
measurements (Figure A3) and are presented in Figure A4. Cellulose and TMC surfaces both display
a hydrophilic character. Although TMC displays a higher zeta potential than cellulose, cellulose
shows higher SFE and larger polar contributions than TMC, which could be attributed to the different
conformation of the adsorbed polymer in the dry state during contact angle measurements compared
to the wet state in the zeta potential determination. PS exhibits, as expected, a hydrophobic surface
without any significant polar contribution to the SFE. The lowest SFE of the investigated substrates is
presented by the gold substrate. It is important to note, that the gold substrates were immediately used
after the cleaning procedure for the adsorption experiments and for the other characterization tests.
Thereby, it is guaranteed that the determined SFE is representative of all the samples in this work.

After proper characterization of the substrates, the adsorption behavior of the different proteins
was monitored by MP-SPR and the adsorbed amounts were calculated by the change in SPR-angle
(Figures 3 and 4). All of the examined proteins did adsorb to the least extent on the cellulose surface
and to the highest on PS. This can be attributed to the apolar nature of the PS substrate leading to
hydrophobic effects between protein and substrate. In general, hydrophobic effects in proteins are very
common and are influencing the folding of proteins in aqueous environments. In such environments,
the hydrophobic moieties are buried inside the protein minimizing their free energy. At hydrophobic
surfaces, rearrangements of the proteins can take place by exposing the hydrophobic moieties towards
that surface. This may even lead to denaturation of the protein, if the degree of interaction is very
high. It is widely accepted that this process is mainly governed by entropic contributions rather than
enthalpy, unless specific interactions come into play [27]. However, it should be noted here, that also
non-hydrophobic effects may contribute to entropy, such as changes in low energy vibrational states.

Figure 3. Comparison of adsorbed amount of Bovine Serum Albumin (BSA) and ConA calculated from
the change in SPR-angle for different substrates at two pH values.

There is less electrostatic repulsion between surface and protein in the case of PS than for cellulose,
still the hydrophobic effect overrules the electrostatic attractions as seen by comparison of PS and
TMC. At the investigated pH values, all of the proteins are negatively charged, because the pH values
are above the isoelectric points (IEPBSA = pH 4.7, IEPCon A = pH 4.5–5.5, IEPUEA-I = pH 4.8) [28,29].
Enhanced protein adsorption was observed when adsorbing proteins onto TMC modified cellulose
compared to pure cellulose. Since TMC is positively charged, more electrostatic attraction takes place,
whereas in the case of negatively charged cellulose, proteins are rather compelled at the investigated
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pH values [30]. The low protein adsorption on cellulose surfaces can be further rationalized by their
high water content (ca 60 wt.%). Proteins are highly hydrated molecules as well and any removal
of water will lead to a reduction in entropy. However, upon protein adsorption, water needs to be
removed from the protein in order to irreversibly adsorb on the surface. Since this is, as we stated
above, entropically unfavorable, cellulose surfaces (as well as nearly all highly swollen surfaces) are
rather resistant towards non-specific protein deposition and fouling [31].

In general, the highest extent of protein adsorption is reached at the pH value near the isoelectric
point, where the proteins exhibit a zero net charge. The balance of positive and negative charges leads
to reduced solubility at pH 5.5 for all three proteins investigated, whereas at pH 7.4 the proteins are
negatively charged, which increases solubility and causes smaller adsorbed amounts onto the surfaces.
This effect is highly pronounced for BSA on all the examined surfaces, except for the TMC substrate.
Since TMC is positively charged, it prefers the interaction with the negatively charged BSA at pH
7.4 rather than the more or less neutral BSA at pH 5.5. As for Con A, adsorption onto hydrophilic
substrates was extremely low; for cellulose at pH 5.5 it was not even detectable. UEA-I was only
investigated at pH 5.5 and showed the highest interaction capacity of all proteins and all pH values
with all types of surfaces (Figure 4). Another factor affecting solubility, and subsequently protein
deposition, is the aggregation of the proteins in solution, which may take place upon a change in pH
value. For ConA, the dimers present at a pH of 5.5 are transformed into tetramers in solution at a pH
value larger than 6 [32]. As a consequence, the solubility at the interface is reduced leading to larger
deposited amounts in the case of non-specific interaction, which is indeed the observation for the Au
and—to some extent—for the PS surfaces. For the latter, the additional complication is the rather large
amount of deposited ConA, corresponding to a multilayer. It is known that upon the growth of such
protein multilayers, at a certain point the surface reaches saturation and no more protein is adsorbed
beyond this limit.

Figure 4. Comparison of adsorbed amount of BSA and UEA-I calculated from the change in SPR-angle
for different substrates at pH 5.5.

The sensograms, as shown in Figure 5, give an insight into the adsorption behavior observed in
real-time and thereby allow for making statements on the kinetics. BSA adsorbs extremely fast (steep
slope and quickly reaching an equilibrium) at pH 7.4 onto PS and cellulose, whereas adsorption is rather
slow at pH 5.5. The interactions with PS and gold are strong since no material is removed upon rinsing.
Only minor adsorption of Con A is detectable on the cellulose and TMC surface. However, extremely
fast adsorption onto PS and gold is monitored indicating a high affinity to the substrates. At pH 7.4
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only small amounts detached during rinsing, whereas at pH 5.5 an overshoot effect occurs, which is in
the case of proteins usually explained by the so-called rollover model describing a reorientation of
end-on into side-on adsorbed proteins [33]. The same effect is observed for UEA-I adsorption onto PS.
Adsorption of UEA-I onto TMC and cellulose is very slow, not even reaching an equilibrium in the
observed timeframe.

Figure 5. Sensograms measured by MP-SPR at 785 nm for different proteins; (a) BSA, (b) Con A and
(c) Ulex Europaeus Agglutinin-I (UEA-I) at a pH value of 5.5 (left) and a pH value of 7.4 (right).

All of the surfaces were rinsed with water, dried and measured with atomic force microscopy
(AFM) directly after protein adsorption. The images (Figures 6 and 7) depict the adsorbed amount
obtained by MP-SPR. For some surfaces there is hardly any change in surface topography, because the
adsorbed amount was too low to be detected by AFM. In general, the more protein adsorbed on the
surfaces, the lower the roughness of the surfaces was. This is an indication for preferable adsorption
into valleys/pores of the substrates. However, for the extremely flat surface of PS (Rq = 0.6 nm), it is
vice versa meaning that the roughness increases upon protein deposition. There, the proteins form
island like features that fuse into a patch like morphology with increasing adsorbed amount before full
coverage is achieved [34]. This is represented best by comparing the AFM images of BSA adsorbed
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onto PS. At pH 5.5 we observe nearly full coverage with a roughness of 1.8 nm, whereas at pH 7.4
islands of BSA lead to a higher roughness (2.8 nm).

Figure 6. Atomic force microscopy height images of different substrates after protein adsorption at
pH 5.5. All images are 3 × 3 μm2 while Z scales were individually adapted as specified above the scale
bars in each row.

Figure 7. Atomic force microscopy height images of different substrates after protein adsorption at
pH 7.4. All images are 3 × 3 μm2 while Z scales were individually adapted as specified above the scale
bars in each row.
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4. Conclusions

The results of this adsorption study can be rationalized in the following way. The adsorption
behavior of the examined lectins is comparable to BSA in terms of affinity to substrates of different types.
The largest adsorbed amounts and fastest kinetics were observed on the PS surface indicating that
hydrophobic effects govern the attraction of the investigated proteins to the substrate, which in turn are
mostly driven by entropic contributions. The preferred adsorption onto gold is most likely enhanced
by interactions of the thiol groups of the proteins (e.g., methionin for ConA), because of the good
interaction capacity of sulfur and gold. The affinity to the hydrophilic substrates was exceptionally
low, even when positive charges were introduced by adsorbing TMC. In addition, both types of
polysaccharide layers are very prone to swelling (water contents up to 60 wt.%), which impedes
protein adsoprtion via entropy since some of the water must be removed from the system in order to
accomplish for protein deposition. Although Con A is a mannose/glucose binding lectin, which could
interact with the glucose residues from cellulose, no adsorption was detected, probably due to the
small number of available end groups of the cellulose.

In conclusion, the binding interactions of BSA, UEA-I and Con A are primarily based on
hydrophobic effects, therefore hydrophilic substrates, such as cellulose and TMC, compared to for
instance PS, offer huge advantages for the utilization in biosensor development. They are not only
stemming from renewable resources, but when used as a support material they are resistant to
non-specific protein adsorption thereby avoiding the introduction of blocking agents. As a consequence,
they are highly suitable to be used for a variety of lectin-based arrays. Future research will focus
on interactions of human milk oligosaccharide with specific lectins immobilized on polysaccharide
surfaces, which is an important topic concerning the health of breastfed new-born children.
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Appendix

Figure A1. ATR-IR spectra of a TMSC thin film before and after regeneration. Conversion to cellulose
upon HCl treatment is proven.
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Figure A2. Static water contact angles of a TMSC thin film before and after regeneration to cellulose.

Figure A3. Contact angles measured with water and diiodomethane of different substrates used in the
adsorption study. This data were used to calculate the surface free energies of the substrates by the
OWRK method.
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Figure A4. Surface free energies (SFE) and disperse (D) and polar (P) contributions to the SFE of
different substrates used in the adsorption study.
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Abstract: A commercial formulation of poly(tetrafluoroethylene) (PTFE) sheets were surface modified
by using non-thermal air at 40 kHz frequency (DC) and 13.56 MHz radiofrequency (RF) at different
durations and powers. In order to assess possible changes of PTFE surface properties, zeta
potential (ζ), isoelectric points (IEPs) determinations, contact angle measurements as well as
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) imaging were carried out
throughout the experimentation. The overall outcome indicated that ζ-potential and surface energy
progressively changed after each treatment, the IEP shifting to lower pH values and the implicit
differences, which are produced after each distinct treatment, giving new surface topographies and
chemistry. The present approach might serve as a feasible and promising method to alter the surface
properties of poly(tetrafluoroethylene).

Keywords: Poly(tetrafluoroethylene); Teflon; plasma treatment; zeta potential; surface energy; contact
angle measurement

1. Introduction

One straightforward strategy to modify certain surface properties without altering polymer
bulk properties is by using non-thermal plasma technologies, such as corona, dielectric barrier,
radiofrequency and microwave discharges. Furthermore, plasma treatment is a very versatile
technique, since various carrier gases may be employed, giving unique features to the treated
material [1–5]. Poly(tetrafluoroethylene) (PTFE), known commercially as Teflon® is a type of
fluorinated polymer formed by a succession of molecules of two fluorine atoms (F) and one of
carbon (C), its chemical structure is similar to polyethylene; instead of having carbon and hydrogen
atoms, the latter are replaced by fluorine atoms as shown in Figure 1.

Figure 1. Chemical structure of poly(tetrafluoroethylene) (PTFE).
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The strong cohesive force between fluorine and carbon makes poly(tetrafluoroethylene) an inert
and nonstick material. Except for other PTFE-like molecules, there is no other molecule that adheres
to it [6–8]. One of PTFE’s properties is thermal stability, since it is one of the most thermostable
plastic materials; for instance it does not show any decomposition above 250 ◦C, keeping most of
its properties. PTFE’s thermal conductivity coefficient does not change with temperature, and is
relatively high, and thus it is a good insulator. The mixture of PTFE with other materials like glass
fibers or carbon increases its thermal conductivity and its resistance to chemical agents. Regarding
resistance to atmospheric agents and light, it has been shown that PTFE specimens do not drastically
change their properties after being exposed to extreme environment conditions. This inert material
reacts only with fluorinated hydrocarbons and fluorinated oils at high temperatures (above 300 ◦C)
causing some swelling and dissolution, which may be reversible. The molecular configuration of
PTFE gives the surface a high anti-adhesion. Hence, PTFE surfaces are unwettable and are deemed
as a super hydrophobic material [9–13]. PTFE withstands elevated temperatures, and unlike typical
thermoplastics, its viscosity above the melting point is so high that PTFE may not be processed by
traditional methods, such as extrusion or injection molding. For this reason, PTFE components are
manufactured by means of special compression molding and sintering techniques to create blocks,
sheets and rods. Recently though, some modified PTFE materials may already be processed as
thermoplastics by using traditional techniques as well as electrospinning, which is one of the simplest
ways to produce the polymer fibers with nano-sized porous media that has a high surface area per
unit volume [14–17].

The aim of this contribution was to make a comprehensive assessment of the effect of air plasma
treatment on PTFE commercial sheets by using 40 kHz (DC) and 13.56 MHz (RF) plasma discharges at
different plasma duration and power inputs. This outcome is supported by surface probe techniques,
such as Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), zeta potential analysis
and contact angle measurements. The extensive and indispensable use of PTFE in our daily life
underlies the motivation of choosing this material as the target of this work.

2. Materials and Methods

2.1. Materials

Poly(tetrafluoroethylene) (PTFE) was obtained from Dow Chemical Company, (Midland,
MI, USA). Distilled-deionized water was retreated in a Simplicity UV® unit, Milipore S.A.S, Molsheim,
France, equipped with dual wavelength 185/254 nm UV lamp. The ultra-pure water was used
for all experiments and solutions with a water resistivity of 18.2 MΩ at 25 ◦C and total organic
carbon content lower than 5 ppb. Potassium chloride KCl 99%, sodium hydroxide NaOH 98%,
anhydrous ethylene glycol C2H6O2 99.8% and diiodomethane CH2I2 99% were purchased from
Sigma-Aldrich, (Saint Louis, Missouri) USA. Hydrochloric acid HCl 35% was obtained from Penta,
Prague, Czech Republic. The reactants were used as received without any further purification.

Both sides of 5 × 5 × 0.1 cm PTFE foils were exposed to non-thermal air plasma by using the
following plasma reactors: Pico (Diener electronic, Ebhausen, Germany) with a cylindrical chamber of
150-mm inner diameter Ø and 320 mm length operated at a frequency of 40 kHz, hereinafter (DC).
Pico (Diener electronic, Ebhausen, Germany) Ø 150 mm and 320 mm length operated at a frequency of
13.56 MHz, referred to as (RF). The power inputs were 10, 20 and 50 W. The treatment durations were 0,
1, 2, 5, 10 and 20 min respectively, and the pressure in every experiment was 40 Pa. Once the treatment
was completed, the specimens were withdrawn from the plasma reactor and immediately used for the
next experiments. The foils were stored in a vacuum desiccator (MERCI S.R.O, Brno, Czech Republic)
with stopcock, porcelain plate and cobalt chloride (CoCl2) (MERCI S.R.O, Brno, Czech Republic)
indicating silica gel (MERCI S.R.O, Brno, Czech Republic).
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2.2. Surface Wettability Assessment

Wettability of the samples was evaluated by contact angle measurement before and immediately
after each modification. The sessile drop method was employed for this purpose on a Surface Energy
Evaluation (SEE) system equipped with a CCD camera (Advex Instruments, Brno, Czech Republic).
Deionized water, ethylene glycol and diiodomethane were used as testing liquids at 22 ◦C and 60%
relative humidity. The droplets volume was set to 5 μL for all experiments. Every representative
contact angle value was an average of 10 independent measurements. The substrate surface free energy
was evaluated by using the acid-basic model.

2.3. Electrokinetic Analysis

The ζ-potential of the sample surfaces was determined by using a SurPASS electrokinetic analyzer
(Anton Paar GmbH, Graz, Austria) with a clamping rectangular measuring cell as the one shown in
Figure 2. Streaming current and streaming potential measurement methods for flat solid surfaces were
used (Anton Paar GmbH, Graz, Austria). The measurements were performed with 0.001M KCl as
an electrolyte solution. The pH range was within 2–6 and adjusted by adding either NaOH 0.05M or
HCl 0.05M.

Figure 2. Schematic representation of a clamping cell for the determination of ζ-potential.

2.4. Topographical Evaluation

The surface morphology was evaluated by using an Atomic Force Microscope (AFM) Solver
PRO (NT-MDT, Moscow, Russia). The surfaces were analyzed with standard Si cantilever with a
constant force of 10 N·m−1 and at resonance frequency of 170 kHz. In order to obtain a reliable result,
the average surface roughness was obtained from different spots of the samples. The Scanning Electron
Microscope (SEM) was carried out by using a Nova NanoSEM 450 (FEI, Brno, Czech Republic) with
Schottky field emission electron source operated at acceleration voltage ranging from 200 V to 30 kV
and low-vacuum SED (LVD) detector. A coating with a thin layer of gold was performed by a sputter
coater SC 7640 (Quorum Technologies, Lewes, UK).
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3. Results

3.1. Surface Energy Evaluation

In order to estimate the extent of plasma treatment at different treatment times and powers, the
PTFE specimens were assessed by contact angle measurements. Figures 3 and 4 depict the surface
energy variation with respect to the plasma duration of either DC or RF plasma treatments.

Figure 3. Surface energy of untreated and plasma-treated PTFE after using 40 kHz frequency (DC).

Figure 4. Comparison of the PTFE surface energy after radiofrequency (RF) plasma treatment with
different plasma durations and power inputs.

With regard to the surface energy and surface wettability assessments, the contact angles of water,
ethylene glycol and diiodomethane are listed in Table 1.

97



Materials 2018, 11, 2013

Table 1. Contact angles of PTFE samples after using DC and RF plasma treatments. The Lifshitz-Van
der Waals/acid-base (LW/AB) theory was employed to obtain the total surface energy.

Sample Contact Angle (◦) After DC Contact Angle (◦) After RF

Plasma Duration (min) Power Input (W) θw θe θd θw θe θd

0 0 108.9 90.7 75.2 108.9 90.7 75.2
1 10 85.0 69.7 68.2 83.1 70.4 57.4
1 20 81.9 68.3 62.6 88.1 74.2 70.3
1 50 77.6 62.6 60.6 75.2 69.0 51.8
2 10 82.0 70.4 68.9 83.1 76.1 63.5
2 20 78.7 69.7 67.2 81.7 74.6 62.6
2 50 81.4 66.8 62.1 82.5 67.3 65.1
5 10 74.2 66.8 66.9 86.9 78.6 65.7
5 20 81.9 69.1 61.8 83.0 62.7 66.4
5 50 80.0 63.1 59.8 78.7 68.1 63.7
10 10 81.5 61.4 66.8 87.6 78.4 61.9
10 20 81.4 71.8 65.8 81.0 67.3 67.7
10 50 88.6 70.1 70.0 75.7 67.2 63.3
20 10 80.9 63.4 70.5 83.6 73.6 62.2
20 20 77.6 69.3 67.1 78.8 67.1 63.3
20 50 78.5 73.5 67.2 81.8 59.8 59.9

3.2. Surface Charge Appraisal

The surface charge with respect to the plasma duration was appraised by electrokinetic analysis,
where the ζ-potential is an indicator for charge formation at the solid-liquid interface and the surface
charge is generated by the interaction of the solid surface with the electrolyte solution. Likewise,
the isoelectric points (IEPs) are defined as the pH at which a substance has a net charge of zero, or at
which it is at its minimum ionization. Figure 5 shows the trend of ζ-potential versus the pH and the
isoelectric points of untreated PTFE as well as the treated sample after 20 min 50W DC and RF. For this
experiment, only the longest durations and the highest power input were compared to untreated PTFE.

Figure 5. ζ-potential as a function of pH in aqueous solution of 0.001 M potassium chloride, and
Isoelectric points (IEPs) of untreated and treated PTFE films.
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3.3. Topographical Assessment

Concerning the topographical patterning, the scanning electron microscopy (SEM) images along
with the AFM ones of the examined specimens are presented in Figure 6. In addition, the connection
between exposure time, mass change and by extension surface roughness is shown in Figure 7.

Figure 6. 2D SEM and 3D AFM images of: (A) Untreated, (B) RF plasma treated, and (C) DC plasma
treated PTFE samples.

Figure 7. Effect of plasma treatment on the mass of the treated films.
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4. Discussion

Solid surfaces may be classified into two basic groups, hydrophilic (wettable with water and
high surface energy) and hydrophobic (not wettable with water and low surface energy). The contact
angles of the employed liquids on the studied surfaces diminished. For instance, the contact angle
of deionized water decreased within the range 74–88◦, which indeed indicates a surface wettability
change. The typical water contact angle value of poly(tetrafluoroethylene) (PTFE) is ≥105 and its
surface energy is typical 20 mJ/m2. The superhydrophobic character of PTFE plummeted after using air
plasma treatment, demonstrating the capability of plasma treatment for surface modification [18–20].
Oxygen-containing (as air) plasmas increase the surface energy and introduce polar (O-containing)
moieties. This phenomenon is a consequence of breaking bonds and free radicals formation that
once the samples are withdrawn from the plasma reactor trigger the reaction between atmospheric
oxygen and free radicals. The hydrophobic character of PTFE was altered making the specimens more
hydrophilic after each treatment [21,22].

PTFE has a relatively low surface energy and its total surface energy increased regardless of the
treatment. In the case of DC, the highest values correspond to the foils exposed to 20 min treatment
with a power input of 50 W; nevertheless, there is no drastic surface energy change if shorter plasma
durations are applied, and 1 min of treatment is enough for a cost-efficient surface modification [23–25].
This may be confirmed with the radiofrequency experiments, where it is evident that 1 min is sufficient
as the further treatment or power input merely had an effect on surface energy. This phenomenon
may be associated with chemical saturation after 1 min of plasma treatment. This is in agreement
with previous studies, where short plasma duration is a rather cost-effective treatment. It should
be noted that longer treatments might provoke thermal degradation that potentially damage the
previously obtained surface attributes [26–28]. The treatment efficiency is intrinsically connected with
experimental parameters of the plasma reactors; for example, pursuant to the plasma reactors’ supplier,
the kHz machines are more robust, provide more uniform treatments, and are more efficient than
any other commercial machines. The efficiency factor of 40-kHz frequency (DC) is 80%, whereas
13.56-MHz (RF) has the lowest efficiency factor of commercial plasma reactors, close to 50% [29,30].

As seen from the electrokinetic analysis, which was performed to evaluate the surface charge and
to determine the isoelectric points of the studied sample, all the plots have negative values, and these
negative charges increased after 20 min RF plasma treatment; conversely, the curve of 20 min RF shifted
towards higher pH values. PTFE treated under DC holds the most negative ζ-potential values, which
correspond to the highest surface charge. The untreated PTFE showed a value around pH 3.4, which
coincides with the IEP found in literature [31]. The studied samples had negative charges indicating
the presence of chemical groups which may be deprotonated. Poly(tetrafluoroethylene) is an inert
and stable polymer, and its backbone may not be deprotonated; therefore, it may be assumed that
new chemical groups were incorporated and strong monomer fragmentation occurred during the
plasma treatment. The new surface-functionalities may act as electron donors (Lewis-base), which may
explain why the curves drop to negative numbers [32].

With respect to the SEM images, both the untreated sample and the treated ones have wavy areas,
and all studied sheets possessed scratches. These anomalies may come from the processing line or
an inadequate storage. Nevertheless, the untreated film is relatively smoother and its morphology is
more uniform than the treated ones. These alterations may be observed in more detail with the Atomic
Force Microscopy (AFM) microphotographs, where the surface topography changes following the
PTFE films’ exposure to air plasma treatment are more visible. The treated samples depict relatively
rougher morphologies, with the sample treated under DC power being the roughest, with etched
features and irregularly shaped textures compared with the untreated film. This may be substantiated
in Figure 7, where the extent of plasma treatment was assessed with respect to the loss of weight.
It may be noticed that the increase of Δm is proportional to the plasma duration and the power input.
Hence, higher power input leads to greater weight loss. The foils treated for a longer period have
rougher surfaces and underwent higher loss of mass. In fact, the generated pattern on the plasma
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treated samples stems from the competition between ablation and functionalization. It has been seen
throughout this study that 1min under 40 kHz frequency is the most efficient in terms of surface
modification, and this information is in agreement with previous studies, where, as it was mentioned
above, the kHz machines are more robust, providing more uniform treatment, and are more efficient
than other machines [33].

5. Conclusions

We conclude that the non-thermal plasma sources used in this work are suitable for the surface
modification of poly(tetrafluoroethylene). The superhydrophobic character of PTFE is transformed
after air plasma treatment. Different treatment times and powers were employed, and as far as this
contribution is concerned, plasma treatment at 40 kHz is the most efficacious system and it is in
agreement with previous studies. Short duration plasmas are cost-efficient methods to enhance surface
properties without causing any negative impact on the treated samples. Surface charge and surface
energy have been succinctly characterized by surface probe techniques. All the results demonstrate
how the surface charge is gradually changed, and provide the moment that chemical saturation and
thermal degradation begin. Surface energy increases with increasing treatment time. Physical and
chemical changes are clearly manifested by the rise of surface charge after RF plasma treatment;
likewise, the isoelectric point of treated PTFE after DC plasma treatment is lower than the untreated
one. The microphotographs illustrate the surface morphology and the etching effects of the treatment,
which are corroborated by the Δmass of the treated specimens. This contribution underlines the use of
plasma treatment as a reliable tool for surface modification and functionalization.

Author Contributions: F.C. carried out all the experiments. J.L., P.H. and M.L. designed the experiments; make
the data collection and analysis. All authors approved the final manuscript.

Funding: The authors would like to express their sincere gratitude to the Czech Science Foundation
(project 17-10813S) for financial support.

Acknowledgments: The authors are grateful to Tomas Bata University in Zlín, Czech Republic (UTB) and the
École supérieure de chimie organique et minérale, Compiègne, France (ESCOM) for supporting us.

Conflicts of Interest: The authors declare that no conflict of interest.

References

1. Desmet, T.; Morent, R.; De Geyter, N.; Leys, C.; Schacht, E.; Dubruel, P. Nonthermal plasma technology as
a versatile strategy for polymeric biomaterials surface modification: A review. Biomacromolecules 2009, 10,
2351–2378. [CrossRef] [PubMed]

2. Morent, R.; De Geyter, N.; Desmet, T.; Dubruel, P.; Leys, C. Plasma Surface Modification of Biodegradable
Polymers: A Review. Plasma Process Polym. 2011, 8, 171–190. [CrossRef]

3. Puliyalil, H.; Recek, N.; Filipic, G.; Cekada, M.; Jerman, I.; Mozetic, M.; Thomas, S.; Cvelbar, U. Mechanisms
of hydrophobization of polymeric composites etched in CF4 plasma. Surf. Interface Anal. 2017, 49, 334–339.
[CrossRef]

4. Gotoh, K.; Shohbuke, E.; Ryu, G. Application of atmospheric pressure plasma polymerization for soil guard
finishing of textiles. Text. Res. J. 2018, 88, 1278–1289. [CrossRef]

5. Vesel, A.; Mozetic, M. New developments in surface functionalization of polymers using controlled plasma
treatments. J. Phys. D Appl. Phys. 2017, 50, 293001. [CrossRef]

6. Khedkar, J.; Negulescu, I.; Meletis, E.I. Sliding wear behavior of PTFE composites. Wear 2002, 252, 361–369.
[CrossRef]

7. Pricea, D.M.; Jarratt, M. Thermal conductivity of PTFE and PTFE composites. Thermochim. Acta 2002, 392,
231–236. [CrossRef]

8. Buerkle, M.; Asai, Y. Thermal conductance of Teflon and Polyethylene: Insight from an atomistic,
single-molecule level. Sci. Rep. 2017, 7, 41898. [CrossRef] [PubMed]

9. Suh, J.; Bae, D. Mechanical properties of poly(tetrafluoroethylene) composites reinforced with graphene
nanoplatelets by solid-state processing. Compos. Part 2016, 95, 317–323. [CrossRef]

101



Materials 2018, 11, 2013

10. Morent, R.; De Geyter, N.; Verschuren, J.; De Clerck, K.; Kiekens, P.; Leys, C. Non-thermal plasma treatment
of textiles. Surf. Coat. Technol. 2008, 202, 3427–3449. [CrossRef]

11. Svorcik, V.; Reznickova, A.; Kolska, Z.; Slepicka, P.; Hnatowicz, V. Variable surface properties of PTFE foils.
e-Polymers 2010, 133, 1–6.

12. Preocanin, T.; Selmani, A.; Lindqvist-Reis, P.; Heberling, F.; Kallaya, N.; Lutzenkirchen, J. Surface charge at
Teflon/aqueous solution of potassium chloride interfaces. Colloids Surf. A 2012, 412, 120–128. [CrossRef]

13. Zanini, S.; Barni, R.; Della Pergola, R.; Riccardi, C. Modification of the PTFE wettability by oxygen plasma
treatments: Influence of the operating parameters and investigation of the ageing behavior. J. Phys. D
Appl. Phys. 2014, 47, 325202. [CrossRef]

14. Kang, D.H.; Kang, H.W. Surface energy characteristics of zeolite embedded PVDF nanofiber films with
electrospinning process. Appl. Surf. Sci. 2016, 387, 82–88. [CrossRef]

15. Jia, J.; Kang, G.; Zou, T.; Li, M.; Zhou, M.; Cao, Y. Sintering process investigation during
polytetrafluoroethylene hollow fibre membrane fabrication by extrusion method. High Perform. Polym.
2017, 29, 1069–1082. [CrossRef]

16. Jurczuk, K.; Galeski, A.; Morawiec, J. Effect of poly(tetrafluoroethylene) nanofibers on foaming behavior of
linear and branched polypropylenes. Eur. Polym. J. 2017, 88, 171–182. [CrossRef]

17. Kang, D.H.; Kang, H.W. Advanced electrospinning using circle electrodes for freestanding PVDF nanofiber
film fabrication. Appl. Surf. Sci. 2018, 455, 251–257. [CrossRef]

18. Lopez-Garcia, J. Wettability analysis and water absorption studies of plasma active polymeric materials.
In Non-Thermal Plasma Technology for Polymeric Materials: Applications in Composites, Nanostructured Materials
and Bio-Medical Fields, 1st ed.; Thomas, S., Mozetic, M., Cvelbar, U., Spatenka, P., Praveen, K.M., Eds.; Elsevier:
Amsterdam, The Netherlands, 11 October 2018; Chapter 9. ISBN 978-018131527.

19. Bursikova, V.; Stahel, P.; Navratil, Z.; Bursik, J.; Janca, J. Surface Energy Evaluation of Plasma Treated Materials
by Contact Angle Measurement, 1st ed.; Masaryk University: Brno, Czech Republic, 1 January 2004; pp. 1–70.
ISBN 80-210-3563-3.

20. Garcia, J.L.; Asadinezhad, A.; Pachernik, J.; Lehocky, M.; Junkar, I.; Humpolicek, P.; Saha, P.; Valasek, P. Cell
proliferation of HaCaT keratinocytes on collagen films modified by argon plasma treatment. Molecules 2010,
15, 2845–2856. [CrossRef] [PubMed]

21. Garcia, J.L.; Pachernik, J.; Lehocky, M.; Junkar, I.; Humpolicek, P.; Saha, P. Enhanced keratinocyte cell
attachment to atelocollagen thin films through air and nitrogen plasma treatment. Prog. Colloid Polym. Sci.
2011, 138, 89–94. [CrossRef]

22. Recek, N.; Resnik, M.; Motaln, H.; Lah-Turnsek, T.; Augustine, R.; Kalarikkal, N.; Thomas, S.; Mozetic, M.
Cell Adhesion on Polycaprolactone Modified by Plasma Treatment. Int. J. Polym. Sci. 2016, 1, 1–9. [CrossRef]

23. Vesel, A. Modification of polystyrene with a highly reactive cold oxygen plasma. Surf. Coat. Technol. 2010,
205, 490–497. [CrossRef]

24. Vesel, A.; Mozetic, M. Surface modification and ageing of PMMA polymer by oxygen plasma treatment.
Vacuum 2012, 86, 634–637. [CrossRef]

25. Ozaltin, K.; Lehocky, M.; Humpolicek, P.; Pelkova, J.; Saha, P. A new route of fucoidan immobilization on
low density polyethylene and its blood compatibility and anticoagulation activity. Int. J. Mol. Sci. 2016,
17, 908. [CrossRef] [PubMed]

26. Asadinezhad, A.; Lehocky, M.; Saha, P.; Mozetic, M. Recent Progress in Surface Modification of Polyvinyl
Chloride. Materials 2012, 5, 2937–2959. [CrossRef]

27. Vesel, A.; Zaplotnik, R.; Modic, M.; Mozetic, M. Hemocompatibility properties of a polymer surface treated
in plasma containing sulfur. Surf. Interface Anal. 2016, 48, 601–605. [CrossRef]

28. Stoleru, E.; Zaharescu, T.; Hitruc, E.G.; Vesel, A.; Ioanid, E.G.; Coroaba, A.; Safrany, A.; Pricope, G.; Lungu, M.;
Schick, C.; et al. Lactoferrin-immobilized surfaces onto functionalized PLA assisted by the gamma-rays and
nitrogen plasma to create materials with multifunctional properties. ACS Appl. Mater. Interfaces 2016, 46,
31902–31915. [CrossRef] [PubMed]

29. Lopez-Garcia, J.; Primc, G.; Junkar, I.; Lehocky, M.; Mozetic, M. On the hydrophilicity and water resistance
effect of styrene-acrylonitrile copolymer treated by CF4 and O2 plasmas. Plasma Process. Polym. 2015, 12,
1075–1084. [CrossRef]

30. Lopez-Garcia, J.; Lehocky, M.; Humpolicek, P.; Novak, I. On the correlation of surface charge and energy in
non-thermal plasma-treated polyethylene. Surf. Interface Anal. 2014, 46, 625–629. [CrossRef]

102



Materials 2018, 11, 2013

31. Kolska, Z.; Makajova, Z.; Kolarova, K.; Kasalkova, N.; Trostova, S.; Reznickova, A.; Siegel, J.; Svorcik, V.
Electrokinetic Potential and Other Surface Properties of Polymer Foils and Their Modifications, 1st ed.; Yilmaz, F.,
Ed.; IntechOpen: London, UK, 23 January 2013; Chapter 8. [CrossRef]

32. Lopez-Garcia, J.; Bilek, F.; Lehocky, M.; Junkar, I.; Mozetic, M.; Sowe, M. Enhanced printability of
polyethylene through air plasma treatment. Vacuum 2013, 95, 43–49. [CrossRef]

33. Mozetic, M.; Ostrikov, K.; Ruzic, D.N.; Curreli, D.; Cvelbar, U.; Vesel, A.; Primc, G.; Leisch, M.; Jousten, K.;
Malyshev, O.B.; et al. Recent advances in vacuum sciences and applications. J. Phys. D Appl. Phys. 2014,
47, 153001. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

103



materials

Article

Reinforcement of Stearic Acid Treated Egg Shell
Particles in Epoxy Thermosets: Structural, Thermal,
and Mechanical Characterization

Ahmer Hussain Shah 1,2, Yuqi Zhang 1, Xiaodong Xu 1,*, Abdul Qadeer Dayo 1,3, Xiao Li 1,

Shuo Wang 1 and Wenbin Liu 1

1 Key Laboratory of Superlight Material and Surface Technology, Ministry of Education,
College of Materials Science and Chemical Engineering, Harbin Engineering University,
Harbin 150001, China; ahmer.shah@buitms.edu.pk (A.H.S.); zhangyuqi7@hrbeu.edu.cn (Y.Z.);
abdul.qadeer@buitms.edu.pk (A.Q.D.); shawn@hrbeu.edu.cn (X.L.); wangshuo123@hrbeu.edu.cn (S.W.);
liuwenbin@hrbeu.edu.cn (W.L.)

2 Department of Textile Engineering, Balochistan University of Information Technology,
Engineering and Management Sciences, Quetta 87300, Pakistan

3 Department of Chemical Engineering, Balochistan University of Information Technology,
Engineering and Management Sciences, Quetta 87300, Pakistan

* Correspondence: xuxiaodong@hrbeu.edu.cn; Tel.: +86-451-82568191

Received: 12 August 2018; Accepted: 20 September 2018; Published: 1 October 2018

Abstract: This work reports the modification of egg shell (ES) particles by using stearic acid
(SA) and their reinforcement in the epoxy matrix. The ES treatment via SA was optimized,
the optimum conditions for concentration, temperature, and time were found to be 2.5%, 85 ◦C,
and 50 min, respectively. The untreated ES (UES) and treated ES (TES) particles were characterized
by Fourier transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), X-ray
diffraction (XRD), scanning electron microscope (SEM), particle size distribution, and contact angle.
FTIR confirmed the chemical modification of SA on ES surface and DSC reflects an endothermic
peak at 240 ◦C. XRD reveal a decrease in crystal size and crystallinity, while contact angle increases
to 169◦ from 42◦. The SEM observations clearly reflect a distinct decrease and separation of small
domains of ES particles thus improving an increased surface area. Afterwards, the UES and TES
particles were reinforced in epoxy at 15 and 20 weight (wt.) % loading. The tensile tests confirmed a
22% increase in elongation as compared to pure epoxy due to the hydrogen bonding between TES
particles and matrix. The lowest brittleness was recorded for TES/epoxy composites on 20 wt %
loading. The TGA confirmed the improved thermal stabilities at 20 wt % loading of TES particles in
matrix, the improvements in T5%, T10%, and T20% values were recorded as 33, 26, and 21 ◦C higher
than the corresponding values for neat matrix. The TES/epoxy composites on 20 wt % showed 41%
increase in storage modulus as compared to the pristine epoxy, and cross-link density reaches to
2.71 × 10−3 from 1.29 × 10−3 mol/cm3 for neat matrix. The decline in tan δ height and improvement
in Tg were also observed. The best adhesion effectiveness was recorded for TES/epoxy composites.
This simple and economical modification technique can enhance the application of ES particles in
various polymeric coating and composites applications.

Keywords: egg shell; stearic acid; modification; particle characterization; epoxy composites; dynamic
mechanical analysis; adhesion effectiveness

1. Introduction

In the modern world, scientists and process industries are focusing on the use of biomaterials,
either as raw materials or as a phase reinforcement to improve the properties of material.

Materials 2018, 11, 1872; doi:10.3390/ma11101872 www.mdpi.com/journal/materials104
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Epoxies—having various structures depending on the hardener used—are cheap materials and widely
used in number of industries. Aliphatic and aromatic amine are commonly used hardeners for
epoxies curing, the aliphatic amine type hardeners are cheap and can cure epoxy at room temperature,
but their properties are lower as compared to the aromatic amine type hardeners. However, both
hardeners showed the similar behavior for brittleness, the high brittleness is considered as major
associated drawback [1]. The polymer structure has poor resistance to crack propagation and low
impact strength along with low thermal stability. One way to overcome the toughness of the thermosets
like epoxies is to reinforce a material either in fiber or particle forms both at macro and nano
levels [2–5]. The reinforcement phase physically interacts and/or chemically reacts with epoxy
or hardener depending on the treatment [6].

The egg shell (ES) is a bio-waste generated in enormous quantity, as eggs are part of daily meal
around the world, the chemical composition include 95% calcite embedded with an organic matrix [7].
China is in the first place for the production and consumption of eggs having 40% share in world
consumption [8]. Table 1 shows the composition of ES particles [9]. The ES particles have been used in
different applications after various treatments [10–15]. The carbonized ES particles (at 500 ◦C for 3 h)
reinforced metal matrix composites show increased tensile strength, hardness and fatigue strength on
12.5 wt % ES loading but toughness was reduced [16]. The micro size ES particles reinforced epoxy
composites showed a 72% improvement in toughness at 5 wt % ES loading reinforced composites.
However, on higher amount (>5 wt %) the toughness decreases and reaches to the pure material [17].
Reduction in toughness was the result of agglomeration of particles at higher loading amount. The nano
ES particles epoxy composites on 1 to 5 wt % ES were studied by Mohan and Kanny, the best results
for the tensile and impact strength were observed on 2 wt % ES reinforcement, while on higher loading
the decline was observed in the properties values due to serious agglomeration [18]. In the nano
composites, the aliphatic room temperature hardener was used and lower amount of ES was loaded,
but the results were much better than the micro size particle composite [16,17]. However, the associated
cost for the size decrease and heat treatment of particles are not in favor for commercial application.

Table 1. Chemical composition of ES particles [9].

Composition Amount (%)

Calcium carbonate 98.2
Magnesium ≈0.9

Phosphorous ≈0.9
Carbon, zinc, manganese, iron, and copper <0.1

As the particles size decreases, the particles agglomeration at higher loading increases.
The agglomeration can be avoided or reduced by effective surface treatment with suitable modifying
agents, which improve the dispersion of fillers in matrix [19]. The calcium carbonate (CC) is the major
component of ES particles, and an easy and effective surface modifications technique for calcium
carbonate by reacting with stearic acid (SA) is reported [20,21]. SA is a cheap organic acid having
hydrophilic head and oleophobic tail [22]. Several reports are reported for increased performance
of composites by reinforcing CC treated with SA. Lam et al. [23] reported that SA treatment of
CC improved the dispersion and adhesion of polypropylene/CC composites, which improved the
mechanical and thermal stability of composites. In another study by Osman et al. [24], it was found
that the amount necessary to gain high level of dispersion depends on the amount of SA coating.
Monolayer coating of CC particles achieves more beneficial effects as compared to bilayer formation,
if the amount of SA increases on surface. From literature analysis it is believed that SA treatment
of ES particles may be adopted as a good technique to improve reinforcing affects in composites.
At this stage, it is therefore necessary to optimize the process of ES treatment such that to prevent the
formation of bilayer on ES surface. We believe that this method can effectively modify the ES particles’
surface, and ultimate results of modification can enhance the reinforcement effects [25].
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In this work, we report a simple and economical modification method for the ES particles by using
stearic acid (SA), the treatment parameters were optimized. The efficacy of treatment was studied
by FTIR, XRD, DSC, SEM, and water contact angle. The untreated and SA treated ES particles were
reinforced in epoxy at higher loading i.e., 15 and 20 wt %, and their impacts on the tensile, thermal,
and thermomechanical properties were evaluated along with structural changes by FTIR analysis.

2. Materials and Methods

2.1. Materials

ES were purchased from the local food market at Harbin, China. Epoxy (diglycidylether
of bisphenol-A (DGEBA), E-51) having 184–195 g/eq EEW (epoxy equivalent weight),
triethylenetetramine (TETA), stearic acid (99%, molecular weight 284.48), and dimethylbenzene (xylene)
were procured from Sigma–Aldrich, Shanghai, China. Sodium hydroxide (NaOH) was purchased
from Sigma–Aldrich with a 99.99% purity grade. Ethanol and deionized water were used throughout
the study.

2.2. Treatment

The inner membrane of ES was manually separated; afterwards, shells were boiled in water for
30 min and overnight oven dried at 80 ◦C. The ES particles size was reduced by grinding in a home
grinder and particles passed 500 mesh were used in the study. Later, the impurities from particles
were removed by 30 min soaking in ethanol at 15:1 liquor ratio, ultrasonicated and stirred. After that,
ES particles (100 g) were dipped in a SA solution i.e., water 500 mL + 250 mL of 0.014 mol NaOH and
0–3% varied concentration of SA, mixture was stirred at 300 rpm at various temperatures (25 to 105 ◦C
at 20 ◦C ramp) and time periods (20 to 60 min at 10 min interval). The particles were separated and
overnight vacuum dried at 80 ◦C.

2.3. Process Optimization

The process optimization of modification of ES particles was carried out by studying four
parameters—i.e., sediment volume, oil-wet coefficient (Ow), active ratio % (Ad), and viscosity ratio
(VR). The procedures are defined below:

1. 1.0 g of ES sample was placed in a cylinder containing 30 mL of absolute ethanol with a stopper
at the top. The cylinder was shaken well up and down for 3 min and kept at room temperature
for 15 min. Settling volume Vset (mL/g) was calculated as per

Vset =
Vsed
m

(1)

where Vsed is the sediment volume in mL, m is the mass of sample in grams, and Vset is volume
per gram of sediment.

2. 0.2 g of the ES particles were taken and poured into a beaker containing 50 mL of deionized water.
A measured quantity of methanol (V) was added drop wise to make the surface particles setting
down. Oil-wet coefficient (Ow) was calculated by using the equation

Ow =
V

V + 50
× 100 (2)

3. Fixed amount of ES powder was placed in a separatory funnel to which 200 mL of water was
added and shaken manually for 1 min. The mixture was kept still for 20–30 min so that the
stratification of ES particles becomes obvious. After clear stratification of layers, the settled ES
particles were separated from the layered. The layered particles were carefully taken and kept at
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105 ◦C in vacuum oven to constant weight (≤0.1 mg). Active ratio (Ad) was calculated by the
equation [26].

Ad =
Mf

Mt
× 100 (3)

where Ad is the active ratio %, Mf is mass of floating part, and Mt is total mass of the sample.

4. 10% ES particles solution with distilled water was flowed through a viscometer at atmospheric
pressure and temperature, similar was repeated for pristine distilled water. The ratio of 10% ES
particles solution viscosity to pure water viscosity was taken as viscosity ratio (VR).

After the process optimization, following characterization methods were used to distinguish
between untreated egg shell (UES) and treated egg shell (TES) particles.

2.4. Composite Fabrication

50 g of E51 resin was taken in a glass beaker and heated at 80 ◦C; the 15 or 20 wt % of UES or TES
particles were added in the beaker and vigorously stirred at 300 rpm for 30 min by using a mechanical
mixer. Later, for the better dispersion of particles in resin, the mixture was ultrasonicated for 30 min,
and cooled down to room temperature. The stoichiometric amount of TETA hardener was added in
the mixture and stirred for further 10 min. The mixture was poured into the desired testing sample
dimension moulds. The samples were cured at room temperature for 24 h and post cured at 90 ◦C
for 2 h.

2.5. Measurements and Analyses

Fourier transform infrared (FTIR) spectrum analysis was applied to study the chemical structure
of UES and TES particles and epoxy composites by casting a thin film. A small amount of sample
powder was mixed with KBr and film was prepared and examined on PerkinElmer Spectrum 100
spectrometer (Waltham, MA, USA). The spectra were recorded at 4 cm−1 resolution in the range of
4000–400 cm−1.

X-ray diffraction (XRD) measurements were conducted on an X’Pert High Score PW3209
diffractometer for the investigation of crystal structure and other impurities. The tests were performed
at room temperature from 20◦ to 80◦ of 2θ. The measurements were further used to analyze UES and
TES crystal sizes by using Scherrer equation (Equation (4)). The samples were prepared by uniformly
spreading the powder on a quartz sample holder.

L =
K λ

β cos θ
(4)

where L is the crystallite size, λ is the wavelength of X-ray in nanometers (nm) which is taken as
monochromatized CuKα radiation = 0.154184 nm, K is crystallite shape constant (0.9), β is diffraction
peak profile at half maximum height in radians, and θ is the dominant peak of 2θ of material in radians.

Differential scanning calorimetry (DSC) measurements were performed on differential scanning
calorimeter model TA Q200, TA Instruments, New Castle, DE, USA, under 50 mL/min steady flow rate
of nitrogen. The 5.0 mg of sample was carefully weighed in a DSC sample pan at room temperature.
The experiments were conducted from 50 to 300 ◦C at 20 ◦C/min heating rate.

Morphology and surface characteristics were investigated via scanning electron microscope (SEM)
(CamScan SU 8010, Oxford Instruments, Oxford, UK) at 20 kV. The samples for SEM testing were
collected carefully and sealed in glass bottles. The SEM copper plate was covered by conductive resin
tape and particles/composites were distributed on the tape and gold coated.

Contact angle measurement of UES and TES particles was evaluated by sessile drop method.
A thin pallet of both the powders was made by compression and dropping water droplet on it. The test
was measured at 25 ◦C. The particle sizes were calculated on Malvern ZETASIZER nano series, UK,
by dispersing them in a water media at 25 ◦C temperature.
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Thermogravimetric analysis (TGA) was performed on TA Instruments Q50 at a heating rate of
20 ◦C/min from 40 to 800 ◦C under a constant (50 mL/min) nitrogen flow rate.

Tensile tests of the composites were performed on Universal Instron 4467, Instron, Norwood,
MA, USA, machine at a cross head speed of 2 mm/min and the load cell capacity of 30.0 kN as per
standard ASTM D-683. Dumbbell shape specimens were cast in a mold containing small amount of
silicon oil for easy removal of samples after cure. The working gauge length of specimen was 12 mm.
A total of five specimens were tested for each category and the average values are reported.

Thermomechanical properties of the composites were estimated under bending mode testing on a
dynamic mechanical analyzer (DMA) model Q800 from TA Instruments, USA. 30 × 10 × 2 mm3 polished
specimens were loaded in a single cantilever mode, and examined under a nitrogen atmosphere from 50
to 150 ◦C at 3 ◦C/min heating rate. The sinusoidal strain was applied with 1 Hz frequency by air.

3. Results

3.1. Optimization of SA Treatment

The effects of concentration of SA, treatment temperature, and time on the ES particles were
optimized by evaluating the sediment volume, oil-wet coefficient (Ow), active ratio % (Ad), and viscosity
ratio (VR). The results are summarized in Table 2.

Table 2. Process optimization of SA treatment of ES particles.

SA
Concentration (%)

Treatment
Temperature (◦C)

Treatment
Time (min)

Vset (mL/g) Ow (%) Ad (%) VR

0

70 40

0.590 0.223 2.3 32.1
1 0.699 0.242 65.4 1.71

1.5 0.892 0.310 85.7 1.68
2 0.990 0.473 94.1 1.64

2.5 1.186 0.456 96.3 1.58
3 1.201 0.468 96.2 1.59

2.5

25

40

0.317 0.295 92.3 1.72
45 0.332 0.285 94.2 1.63
65 0.425 0.305 96.1 1.60
85 0.428 0.468 96.3 1.58

105 0.425 0.451 96.2 1.59

2.5 85

20 0.291 0.447 91.9 1.67
30 0.376 0.452 92.1 1.63
40 0.428 0.468 95.9 1.58
50 1.178 0.472 96.3 1.58
60 1.189 0.450 96.2 1.57

Vset is an important parameter to measure the dispersion of particles in a liquid. If the particles
have good dispersion, they have large volume and will not aggregate and rate of settling will be
slow. On the contrary, if the powder has poor dispersion, the sedimentation rate will be faster with
lower volume. A direct relation was seen between Vset and optimized parameters—i.e., concentration,
temperature, and time. It is however sure that an equilibrium volume is reached after a certain time [27],
therefore the effect was seen for all process conditions at 15 min time interval. The porosity and surface
roughness change along with hydrophobicity of ES particles must have a direct influence on changing
the Ow value. In order to find out the effects of modification parameters, the increase of Ow value
reflects more attachment of SA on ES particles. While after reaching a certain quantity of concentration,
the high dipole–dipole interaction of molecules decreases the surface attachment because of higher
molecular motion which negatively influences the surface attachment. Surface treatment of ES particles
also changes the active ratio % in liquid. Ad was calculated to see the behavior of particles behavior
after modification. Due to the difference in surface tension, well treated, and modified ES floats
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while poorly interacted particles sink in water. It is reported that before the formation of bilayer on
surface, the particles have increasing trend of this ratio which becomes constant after reaching a certain
value [26]. The surface becomes hydrophobic as a result of increase in active ratio % due to uniform
arrangement of alkyl chains on ES surface. Similar hydrophobic behavior of the ES particles were
observed by He and coworkers during the preparation of super hydrophobic material from ES for the
oil/water separation [28]. Treatment of particles also affects the viscosity of liquid due to change of
surface energy and change of particles size. Well treated ES particles disperse well and hence reduce
the viscosity of the solution. The effect of different parameters also shows a difference in VR values but
the difference is small.

The optimized conditions from the obtained results were found to be a 2.5% concentration, 85 ◦C
treatment temperature, and 50 min treatment time. At these processing conditions, the TES particles
have highest Vset, Ow, Ad, and lowest VR values.

3.1.1. Structural Characteristics by FTIR

The chemical structure before and after treatment of ES particles was examined by FTIR analysis
as depicted in Figure 1. It can be seen that UES particles represent characteristic peaks at 1435, 875,
and 714 cm−1, representing the asymmetric stretch, out-of-plane bend and in-plane bending vibrations
of CO3

2− ion, respectively [29,30]. The absorption bands situated in between 3000 to 2500 cm−1 were
identified as organic matter and a broad absorption band at 3287 cm−1 was due to the stretching
vibration of structural H2O [31]. The peak positioned at 2505 cm−1 can be assigned to acidic hydrogen
group –OH stretching [32]. The carbonyl (C=O) stretching vibrations of SA can be observed in the
range of 1800 to 1700 cm−1. After treatment with SA, it is evident that asymmetric stretch peak
of CO3

2− almost vanishes and out-of-plane bend CO3
2− decreases in intensity to a greater extent,

indicating CO3
2− on the surface of UES particles react with SA. A clear peak is also observed at

1746 cm−1 for C=O stretching in TES which is absent in UES particles, representing the presence of SA
ion RCOO—. On the other hand, the stretch vibration of structural water of UES was broadened and
shifted from 3287 cm−1 to 3418 cm−1 in TES; which shows a considerable change of structural water in
TES particles. The peak of acidic hydrogen group (–OH) stretching also increases in TES which can
be attributed to chemical reaction of SA with ES particles. Based on these observations, the proposed
reaction is shown in Scheme 1.

Figure 1. FTIR spectra of UES and TES particles.
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Scheme 1. Chemical reaction of SA treatment of ES particles.

3.1.2. XRD

The XRD of UES and TES particles are illustrated as Figure 2. The UES particles exhibit
characteristic peaks at 2θ regions of 23, 29, and 35–48, which is consistent with the crystalline nature of
calcite of ES particles in the literature [33]. These peaks represent the high ordered crystalline phase
of calcite in ES particles. Comparing the XRD of UES and TES particles, we can easily find that the
characteristics diffraction peaks are at same positions, which confirmed that after modification new
phases were not generated. This represents that only TES surface was modified without affecting the
internal crystalline structure. However, it can be observed easily that the relative peaks intensities
decreased, which confirms the decrease of crystallinity after the SA treatment. The decrease of
crystallinity can be attributed to the covering of ES surface with SA modifier [34]. These XRD results
are in good agreement with FTIR results.

Figure 2. XRD of UES and TES particles.

The effects of SA treatment on the crystallite size were evaluated by using Scherrer equation
(Equation (4)) and shown in Table 3. The dominant peak plot was fitted according to Gaussian function.

Table 3. XRD crystallite size parameters of UES and TES particles.

Sample Dominant Peak 2θ cos θ (rad) Root Mean Square β L (nm)

UES 29.41 0.016888 0.979 0.17131 47.9
TES 29.46 0.016886 0.964 0.21113 38.9

We can easily observe the decrease in crystallite size after SA treatment, which suggests the
increased surface area for TES particles. The reason could be attributed to the removal of surface
impurities during the treatment, as SA removes the proteins and organic matter without affecting the

110



Materials 2018, 11, 1872

calcite phase. This is important observation for the TES particles application as a calcium carbonate
mineral in various drugs, medicated implants or polymers with improved absorption, dissolution,
flow ability, solubility, and bio-availability.

3.1.3. DSC

The DSC was employed for the detection of phase transformation of ES particles on heating; plots
are produced as Figure 3. For UES particles, few peaks around 60 to 150 ◦C were detected; these can be
related to free water and bio-impurities degradation. For TES particles, an obvious endothermic peak
was detected at 240 ◦C. The endothermic reactions occurred due to volatilization of the molecules,
whereas exothermic reaction occurred due to the formation of charring (solid residue) [35,36]. From this
analysis, it can be apparent that the surface of TES was modified by chemical bonding of SA to the
UES surface to a greater extent.

Figure 3. DSC curves of UES and TES particles.

3.1.4. Morphology

The SEM images of unwashed egg shell, UES, and TES particles at three different magnifications
were studied to evaluate the morphological changes on the treatment, SEM are shown as Figure 4.

The gummy net structure having an approximately 1 μm diameter confirms the appearance
of proteins, collagen, and sulfated polysaccharides materials in unwashed ES sample, Figure 4a–c,
and it is not possible to use unwashed ES as filler in polymer industry. After ethanol washing the UES
particles, Figure 4d–f, sufficient removal of proteins and impurities was observed, and gummy material
was removed to a good extent and definite irregular shaped particles were observed. On higher
magnification, Figure 4e,f, the effect of ethanol washing was clearly visible; however, the particles
were agglomerated in bunches even after washing. After the SA treatment, Figure 4g–i, the ES
particles agglomerates were dispersed and size was reduced to a greater extent. On high magnification
Figure 4h,i, the morphology clearly reflects the breaking of particles with improved edges which
means that SA removed the gummy texture and impurities to a greater extent and changed the surface
roughness. This improved roughness has a prime importance in TES use in polymers which improve
the adhesion of particles with matrix, and ultimately improve the properties of composites.
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Figure 4. Morphological images of unwashed (a–c), untreated (d–f), and treated (g–i) egg shell particles.

3.1.5. Contact Angle

The hydrophobic characteristics of the ES surface are measured by the contact angle in Figure 5.
Water dropping onto UES (Figure 5a) resulted in no firm shape, and water was distributed into the
pellet more quickly. The contact angle of water on UES particles was very small (42◦) representing
a hydrophilic nature of UES particles. The contact angle of TES particles was 169◦ (Figure 5b),
which indicates a very strong hydrophobic surface of the TES particles due to SA modification [37].

 

Figure 5. Contact angle of UES (a) and TES (b).

3.1.6. Particle Size and Distribution

The UES and TES particle sizes after dispersing them in water were calculated at 25 ◦C
temperature. The relative intensities were fitted by using the Guassian fit are shown in Figure 6
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and corresponding data is represented in Table 4. It is evident from the plot that UES particles have
broader distribution range (500 to 5000 nm) and larger mean particle size (1521 nm). In comparison
with UES particles, the TES particles have significantly narrower distribution after SA treatment.
The distribution range and mean particle size was recorded at 200–2000 nm and 683 nm, respectively.
It is evident from the produced particle size results that SA treatment removed the bio organic
impurities to a greater extent and reduces the particle size which is in good agreement with SEM
analysis. Moreover, the polydispersity index (PDI) calculated from the plot data also showed decline
in the values, which confirms the improved size distribution due to SA reaction on surface causing
uniform particle size.

Figure 6. Particles size distribution of UES and TES.

Table 4. Particle size and polydispersity index (PDI) of aqueous dispersion of UES and TES.

Sample Mean Particle Size (nm) PDI

UES 1521 0.43
TES 683 0.39

3.2. Effects of UES and TES on Epoxy Filled Composites

The epoxy/UES and epoxy/TES composites were prepared on 15 and 20 wt % loading of particles.
The effects of particles loading on the epoxy matrix were studied by evaluating the chemical structure,
thermomechanical, mechanical, and thermal properties.

3.2.1. FTIR

The chemical structure of UES and TES filled epoxy composites were examined by FTIR and
plotted as Figure 7.

113



Materials 2018, 11, 1872

Figure 7. The FTIR spectra of 15% UES and 15% TES filled epoxy composites.

It is important to highlight that there are two main parameters to describe the changes in the
chemical structure for UES and TES particles reinforced composites; i.e., shifting in wavelength and
intensity variation. The wavelength shift represents either hydrogenation or dehydrogenation if
shifted to lower or higher wavelength, respectively [38]. The intensity variation represents the bonds
formation or elimination [39]. The spectra of both composites represent characteristics peaks of epoxy.
The oxirane group peak located at 915 cm−1 corresponds to C–O stretching. The absence of this peak
represents that composites were completely cured at given curing conditions. The –OH stretching
vibrations are located in the region at 3675 to 3116 cm−1. As the reaction progresses, this region
between 3675 to 3116 cm−1 develops in the structure. The carbonyls stretch (C=O) due to ES particles
can be seen at 1710 cm−1 and (–OH) peak at 3414 cm−1 in UES composites. In TES composites (–OH),
the stretching peak is shifted to lower wave number 3334 cm−1 while no peak is detected for carbonyl
(C=O) stretch. The absence of carbonyl peak reflects the dissociation of formed surface carbonyls with
epoxy and is also reported [40]. The area of hydroxyl (–OH) region intensity is also broadened for TES
composites. This observation clearly reflects that TES particles are attached with increased hydrogen
bonding with epoxy due to greater functionality of TES particles. The proposed chemical structure is
shown in Scheme 2.

 

Scheme 2. Chemical structure of epoxy with TES particles.

3.2.2. Particles–Matrix Interaction

The interaction of UES and TES particles with epoxy matrix was examined by studying the
variation in storage modulus (E′), loss modulus (E”), and damping factor (tan δ) with respect to
temperature on a dynamic mechanical analysis (DMA). The plots for particles filled epoxy composites
are shown in Figure 8 and the values are tabulated in Table 5.

The study of E′, Figure 8A, shows that the E′ values steady fall along with temperature increase.
Two distinct regions, glassy and rubbery, were observed in all composites. In the glassy region, the
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high values of E′ are due to highly immobile, close and tightly packed matrix components. The UES
and TES particles filled composite has increased values of E′ values in comparison to neat epoxy
due to stiffer nature of particles. In the rubbery region, the 15 wt % UES particles filled composites
showed a little higher modulus value due to the interaction of protein contained by the UES particles
with epoxy, and they formed a chemically cross-link with epoxy [41]. The TES particles filled epoxy
composites showed higher stiffness (E′ at 50 ◦C) values, the stiffness for 15 and 20 wt % composite
were 23 and 25% higher than the neat matrix value, respectively. In addition to this, a distinct increase
in the rubbery region was also observed. This can be dedicated to the increased porosity, sufficient
removal of bio-organic impurities, and reduced TES particles size after SA treatment, along with the
chemical cross-linking of alkyl chains with epoxy. This behavior also confirms the improved cross-link
points of TES particles in epoxy. The cross-link density was calculated by following equation [42] and
values are already summarized in Table 5.

ρ = E′/3RT (5)

where E′ is the storage modulus in rubbery plateau (i.e., Tg + 30 ◦C), R is the universal gas constant
(8.314472 J/K mol), and T (K) is the temperature in a rubbery plateau.

Table 5. DMA data and effectiveness coefficient C of neat epoxy; UES and TES filled epoxy composite.

Sample

Storage
Modulus

(MPa)

Loss
Modulus
Peak (◦C)

tan δ
Peak Height

tan δ
Peak
(◦C)

Cross-Link
Density

(10−3 mol/cm3)

C

100 120 140

Pure 1822 99 0.94 111 1.29 - - -
15% UES 2051 98 0.78 109 2.14 0.97 0.63 0.55
15% TES 2254 101 0.58 113 2.63 0.73 0.49 0.42
20% UES 2325 97 0.60 110 1.51 0.95 0.62 0.54
20% TES 2578 101 0.44 114 2.71 0.69 0.31 0.25

  

 

Figure 8. Storage modulus (A), tan δ (B) and loss modulus (C) of pure epoxy, UES and TES filled
epoxy composites.

The TES particles filled composite exhibit higher number of cross-link density confirming the
improved stiffness of the composite. We can observe that, at 15 wt % UES loading the cross-link density
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of composite was improved than the neat epoxy, but on 20 wt % UES loading the cross-link density
value decreases to a greater extent, this shows agglomeration of particles in the composites. On the
other hand, the 20 wt % TES filled composites showed an increase cross-link density value which is in
consistent with E′ results.

The tan δ plot of pure epoxy, UES and TES particles filled epoxy composites with respect to
temperature are shown in Figure 8B. The neat epoxy showed increased tan δ height value as compared
to UES and TES particles filled composites; this represents the weak interfaces and frictional damping
behavior. The deformation energy is dissolute mostly at the interface of composite materials. If the
particle amount, geometry and matrix are identical, the tan δ value can be used to study the interfacial
properties of composites. The higher tan δ height means the composite has a tendency to dissipate more
energy—i.e., poor interfacial adhesion results in higher damping values. Moreover, the broadening
of tan δ is related to molecular relaxations at the interfacial region. The introduction of ES particles
reduces the height and increase the broadening of tan δ values, the composite showed increase of
molecular interaction and relaxations at the interfacial regions. The smallest and broadening damping
curves were observed for TES particles filled composites as compared to the UES particles filled
composites [43]. This confirmed that TES particles filled composites have higher load bearing capacity
than the UES particles filled composites. Moreover, a positive shift in loss modulus values to higher
temperature of TES filled composites composite also represents more energy retention in contrast
to UES filled composites and pure epoxy as shown in Figure 8C, which is in consistent with the
tan δ results.

The effectiveness coefficient (C) was also calculated to cross check the adhesion effectiveness of
particles and matrix in the composites. It is the ratio of composite storage modulus (E′) in glassy and
rubbery region in relation to the neat resin, and calculated by using the equation [44]

C =
E′

g/E′
r composite

E′g/E′r resin
(6)

Here E′ represents storage modulus, while subscripts g and r represent glassy and rubbery
regions, respectively.

The C for UES and TES particles filled composites was calculated at three different
temperatures—i.e., 100, 120, and 140 ◦C—and values are shown in Table 5. The glassy region of
composites and neat matrix was taken at 40 ◦C. The lower value of C represents more effectiveness
for particle–matrix adhesion [45]. From the calculated values for C, we can conclude that the TES
particles filled composite show lower values at all temperatures, which also cross verified the improved
particle–matrix adhesion for TES particles than the UES particles.

3.2.3. Tensile Properties

The tensile stress–strain behavior of epoxy filled particle composites is shown in Figure 9 and the
corresponding values are tabulated in Table 6.
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Figure 9. Tensile stress–strain curve of UES and TES filled epoxy composites on various compositions.

Table 6. Tensile and toughness values of composites.

Sample Tensile Strength (MPa) Elongation (%) Toughness 1 Brittleness (%Pa × 10−5)

Pure epoxy 74.91 ± 2.21 8.84 ± 0.15 405 ± 4.10 5.5
15% UES 68.31 ± 1.95 5.87 ± 0.09 211 ± 2.69 9.29
20% UES 66.44 ± 1.84 6.67 ± 0.11 207 ± 2.91 11.4
15% TES 67.97 ± 2.11 11.31 ± 0.18 575 ± 5.10 3.79
20% TES 63.12 ± 2.07 10.76 ± 0.12 491 ± 3.87 3.84

1 area under stress strain curve value calculated by integration.

The UES particles filled epoxy composites showed semi ductile behavior, while TES particles filled
epoxy composites showed increased ductility. It has been observed that on the macro size particles
reinforcement ultimate strength of the composites was lower than the neat matrix [46]. On the other
hand, the effective surface modification can change the behavior depending upon the bonding and
size alteration. The tensile strength values at 15 and 20 wt % were recorded as 68.31 ± 1.95 and
66.44 ± 1.84 MPa, respectively, while the elongation was recorded as 5.87 ± 0.09 and 6.67 ± 0.11% for
15 and 20 wt % UES particles loading, respectively, the values for neat epoxy were 74.91 ± 2.21 MPa
and 8.84 ± 0.15%. The highest elongation value (11.31 ± 0.18%) was recorded for 15 wt % TES
filled epoxy composite, on 20 wt % TES loading the value reduced and recorded as 10.76 ± 0.12%.
This enhancement in the elongation values can be explained by the reduced amount of protein and
increased carbonyl groups due to SA treatment, improved dispersion of TES particle, reduced crystal
size and increased hydrogen bonding as earlier discussed in FTIR. This employs the reduced brittleness
(B) of the epoxy composites, the B was calculated by using the equation [47].

B =
1

ε E′ (7)

Here ε is elongation at break and E′ is storage modulus by DMA. The calculated B values,
summarized in Table 6, shows that the loading of TES particles filled epoxy composites have very
lower brittleness as compared to UES particles filled epoxy composites and pure epoxy. These results
are consistent with the toughness value, which confirms that TES filled epoxy composites have
increased load bearing capacity with improved bending.
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3.2.4. TGA

Thermal stability of UES and TES particles filled epoxy composites, and neat epoxy were
evaluated in an inert atmosphere and illustrated as Figure 10. The calculated data for the degradation
temperatures, including T5%, T10%, and T20% weight loss temperatures, residual mass, and information
on the maximum degradation intensity from DTG curves for UES and TES particles filled epoxy
composites are summarized in Table 7.

Figure 10. TGA and DTG curves of UES and TES filled epoxy composites on various compositions.

The initial degradation temperature (values of T5%, T10%, and T20%) for 15 wt % UES particles
containing epoxy composites were much lower than the neat matrix; however, the 20 wt % UES
particles epoxy composites showed a slightly higher values, which may be due to the improved
cross links formed between proteins and epoxy as discussed in DMA section. These results are much
different than the reported literature due to the alkyl structure attached on the TES particles [18].
The UES particles only increases the char yield values for the composites which were much higher
than the neat matrix. However, the TES particles also increase the thermal stability of composites.
The TES particles filled epoxy composites also showed the improved initial degradation temperature
as the loading of TES particles increased. The DTG peak values for the TES/epoxy composites were
moved to higher temperature.

Table 7. TGA and DTG data of pure, UES and TES composites investigated under nitrogen atmosphere.

Sample T5% (◦C) T10% (◦C) T20% (◦C) Residual Mass (%) DTG (◦C; %/◦C)

Pure epoxy 337 359 379 10.4 394; 0.89
15% UES 321 337 353 20.5 356; 0.68
15% TES 361 375 390 17.1 403; 1.21
20% UES 342 357 372 50.8 372; 0.75
20% TES 370 385 400 44.7 405; 0.87
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4. Conclusions

In the present work, the ES particles surface was modified with SA. The process was optimized
on the basis of sediment volume, oil-wet coefficient, active ratio %, and viscosity ratio. The optimized
process conditions were 2.5% concentration, 85 ◦C temperature, and 50 min treatment time. Afterwards,
the UES and TES particles were characterized by conventional methods. The FTIR confirmed the
attachment of SA on the particles surface, no phase transformation of calcite phase and reduced
particle size were observed by XRD. The DSC showed the chemical bonding of SA to ES particles which
increases the hydrophobicity of TES particles by increasing the contact angle to 169◦. The morphological
studies confirmed the removal of bio-impurities and formation of small particles. Later, the UES and
TES particles were reinforced in the epoxy matrix at 15 and 20 wt %, and prepared composites were
tested for FTIR, DMA, TGA, and tensile properties. The TES particles filled composites showed
increased thermal stabilities, improved stiffness and higher Tg as compared to the neat matrix.
The toughness value from the tensile stress–strain plot showed a remarkable increase of 42 and 22%
for 15 and 20 wt % TES composites and elongation increase to 27 and 16%, respectively. Moreover, the
loading of TES also reduced the brittleness. The effectiveness of particle adhesion was also verified by
calculating effectiveness coefficient (C), the TES filled composites showed lowest C value in comparison
to the UES filled composites, which proved that the TES particles have increased particle–matrix
adhesion. The new simple and economical modification technique for the modification of ES
particles can be useful in the dispersion of ES particles in functional polymers, coating applications,
and various other high-performance polymers for improved performance characteristics of structure
at comparatively high loading levels.
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Abstract: To enhance the friction and wear performance of cemented carbide, textured microholes
were machined on micro Electron Discharge Machining (EDM) on the tool rake face, and Calcium
Fluoride (CaF2) powders were burnished into the microholes. The friction and wear characteristics of
the microhole-textured tool filled with CaF2 were investigated using sliding friction tests and dry
cutting tests. Results exhibited that the working temperature could affect the tribological performance
of the microhole-textured tool filled with CaF2 due to the temperature-sensitive nature of CaF2.
There is no obvious lubrication effect for the textured tool filled with CaF2 at room temperature,
while it was shown to be more effective in improving tribological property at a cutting speed of higher
than 100 m/min with a corresponding to cutting temperature of 450 ◦C. The possible mechanisms for
the microhole-textured tool filled with CaF2 were discussed and established.

Keywords: microhole-textured tool; CaF2; micro-EDM; tribological properties

1. Introduction

Due to the properties of high surface hardness, good thermal stability, outstanding chemical
inertness and excellent wear resistance, cemented carbide has been widely applied in engineering
applications [1,2], such as machining tools, engine components, mechanical seal parts and bearing
modules. However, without a cutting fluid during the cutting process, the carbide tool will be subjected
to more severe friction and wear, leading to the increase of the cutting temperature, abrasive wear
and adhesions, and hence the reduction of service life. Accordingly, considerable efforts have been
made to improve the cutting performance of carbide tools, i.e., optimal carbide geometries and
cutting parameters [1], cryogenic minimum quantity lubrication (MQL) [2], subzero treatment [3,4],
thermal treatment [5], and surface coatings such as TiN, TiCN, TiAlN, TiAlSiN and CrSiCN, etc. [6–13].
With superior hardness and chemical stability, the coated cutting tools have significantly promoted the
application of carbide inserts.

In recent years, surface textures on sliding surfaces have been utilized to enhance the friction and
wear performance, and have been applied in many fields such as bearing rings, engine cylinder blocks
and cutting tools [14–17]. The surface texturing is beneficial to entrap the wear debris, supply lubricant,
and enhance the load capacity with fluid lubrication [18–22], which may effectively reduce the friction
and wear of the sliding surface. The literature has increasingly been investigating the role of the
textured surface in cutting tools. Lei et al. [23] made an array of microholes on the tool surface to
carry out the lubrication, and cutting forces were found to be reduced by 10–30% in the turning of
hardened steel. Xiong et al. [24] machined surface texturing filled with molybdenum disulfide (MoS2)
on nickel based composite materials. The sliding tests against alumina balls were carried out with both
a textured surface and a non-textured surface. Results showed that the average coefficient of friction
and wear rate were decreased for the textured composite filled with MoS2 compared to that of the
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un-textured ones. Kawasegi et al. [25] showed that the texture by a femtosecond laser in the tool-chip
contacting zone improved the tribological characteristics owing to the reduction of friction and wear.
Deng et al. [26] made micro-textures with various arrays on the carbide tool surface, and MoS2 were
burnished into the texturing. Results exhibited that the cutting forces, cutting heat and the friction
coefficient for the tools with the micro-texture were significantly reduced compared with the smooth
ones, and textures with elliptical arrays were superior to those with perpendicular or parallel arrays.
They also reported that the textured carbide tools deposited with WS2 and TiAlN coatings effectively
improved the dry cutting capability [27–29].

However, the previous research on surface textures primarily focused on the combination of
sulfide additives like MoS2 and WS2. The sulfides start to oxidize as the operating temperature
reaches 450–550 ◦C, and gradually lose the function of lubrication in higher temperatures [30–34].
Compared with the sulfides, Calcium fluoride (CaF2) is a widely utilized solid lubricant at high
temperatures. The average friction coefficient of CaF2 decreases gradually with the increasing of
temperature from about 450 ◦C, and it still exhibits an excellent lubricating effect at a temperature of
1000 ◦C [34]. Then CaF2 solid lubricant can be used as an addition in the fabrication of ceramic material
to improve the friction characteristics. For example, the Al2O3/TiC based ceramic tool material with
the combinations of CaF2 powder possessed excellent lubricating performance especially in high-speed
turning, owing to elevated temperature [35,36]. Therefore, CaF2 was an effective and economical solid
lubricant to improve the tribological properties in cutting tools. However, there are few studies on the
wear resistance of the textured tool combined with CaF2 lubricants [37], and this area therefore still
needs a systematic and comprehensive study.

The aim of this paper is to present the friction behavior and wear mechanisms of the
microhole-textured carbide tool with a combination of micro-EDM and CaF2 lubricants at different
temperatures. Sliding tests at lower speeds and cutting tests at higher speeds were implemented using
the textured carbide tool and the conventional (untextured) one, while the coefficient of friction, cutting
forces, temperature, workpiece surface quality and tool wear was analyzed and compared. Based on
the test results, the tribological properties were studied and the corresponding possible reasons for
performance improvement were proposed. This study may provide a method of combining surface
texturing and CaF2 to expand the application of cemented carbide.

2. Experimental Procedures

2.1. Fabrication of the Microhole-Textured Tool Filled with CaF2

In this work, carbide insert (WC/TiC/Co) with the size of 16 mm × 16 mm × 4.5 mm was
utilized as the test sample. The physical mechanical performance and composition are listed in
Table 1. Microholes were then fabricated on the carbide surface using a micro-EDM system (DZW-10,
Lunan Machine Tool Co., Ltd., Tengzhou, China). The processing was accomplished with a capacitance
of 4.45 nF and voltage of 125 V. Figure 1 shows the scanning electron microscope (SEM) images
and corresponding dispersive X-ray (EDX) component analysis on the microholes. To store more
lubricants and catch more debris, the average diameter of the microhole was 150 ± 10 μm, the depth
was 200 ± 5 μm, and the distance between the micro-holes of the samples for sliding friction test
and for cutting tests was 350 μm and 300 μm, respectively. As shown in Figure 1f, the affected layer
of the microhole was just 2.5 ± 0.5 μm, which could ignore the influence of EDM on the substrate
mechanical properties. The EDX composition analysis was performed before and after fabrication of
the micro-EDM indicated in Figure 1d,e. The results obtained are given in Table 2. It indicated that the
oxygen and Cu elements were also detected alongside the elements of carbide substrate, and it was
clear that these two elements were created and attached to the surface of the microholes during the
EDM process.
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Table 1. Properties of the cemented carbide material.

Composition
(wt. %)

Density
(g/cm3)

Hardness
(GPa)

Flexural Strength
(MPa)

Young’s Modulus
(GPa)

Thermal Expansion
Coefficient (10−6/K)

Poisson’s
Ratio

WC + 15%TiC +
6%Co 11.5 15.5 1130.0 510 6.51 0.25

Figure 1. Micrographs of the microholes on the carbide surface: (a,b) a sample embedded without CaF2

for sliding friction test and for cutting test, (c) enlarged micrograph corresponding to the micro-hole
in (b,d,e) corresponding EDX composition analysis of point A and B in (c,f) enlarged micrograph
corresponding to the micro-hole in (c,g,h) sample embedded with CaF2 for the sliding wear test (SC1)
and for the cutting test (SCT1).

Table 2. Element compositions analysis of the cemented carbide before and after EDM.

Element Content Before EDM (wt. %) After EDM (wt. %)

C 11.41 20.97
O 0 10.6
Ti 5.57 5.31
Co 8.18 5.84
Cu 0 0.37
W 74.84 56.91

Total 100% 100%
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CaF2 powders with an average diameter of 40 nm were manually embedded into the microholes
to form microhole-textured tool with combination of CaF2. The micrograph of textured carbide filled
with CaF2 for sliding wear test (SC1) and for cutting tests (SCT1) are shown in Figure 1g,h.

2.2. Friction Tests

Sliding tests of the microhole-textured SC1 sample and conventional smooth one (SC2) were
executed using a ball-on-plate tribometer (UMT-2, CETR, Campbell, CA, USA). The schematic diagram
of the frictional tester and tribometer are shown in Figures 2a and 2b, respectively. The above sample
was a WC carbide ball with a hardness of HRA90 and a diameter of 9.5 mm. The sample below was a
WC/TiC/Co carbide sample. The sample below was in a fixed position, and the above ball did linear
reciprocal sliding against the counterpart. The tests were implemented with the following parameters:
Sliding velocity = 2–10 mm/s, normal force = 10–70 N, stroke sliding = 8 mm and sliding time = 15 min.
The worn regions of the specimen were tested using a scanning electron microscope (SEM) and an
energy dispersive X-ray (EDX).

Figure 2. (a) Schematic diagram of frictional tester; (b) The ball-on-plate tribometer.

2.3. Cutting Tests

Cutting experiments were implemented with a CA6140 turning machine (Syms, Shenyang, China)
including a conventional fixture with the following parameters: Clearance angle αo = 8◦, rake angle
γo = 8◦, side cutting edge angle kr = 45◦, inclination angle λs = 2◦. AISI 1045 quenched steel with a
surface hardness of HRC 36–42 was selected as machined material. Cutting tools were utilized with
the SCT1 tool and the conventional untextured one (SCT2), and cutting coolant was not applied during
the machining experiment. The processing conditions were shown as follows: Cut depth ap = 0.2 mm,
feed rate f = 0.1 mm/r, cutting speed v = 60–180 m/min, and cutting time 5 min. Each condition was
repeated three times.

Figure 3 presents the setup for the cutting experiment. Cutting forces were evaluated using a
KISTLER piezoelectric 9275A quartz dynamometer (Dijia, Chongqing, China). Cutting temperature
was measured using a TH5104R infrared thermography (TH5104R, NEC, Tokyo, Japan). The machining
quality of workpiece was obtained with a surface profilometer (TR200, SDCH Co., Ltd., Beijing,
China) and the sampling length for each test was about 10 mm. The average measurements of the
thrice-conducted tests were presented and compared. The micrographs of the worn carbides were
observed through SEM (INCA Penta FETXS, Oxford, UK), and the compositions on the corresponding
area were analyzed via EDX (D8 ADVANCE, Bruker, Karlsruhe, Germany).
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Figure 3. Experimental setup in dry cutting of hardened steel.

3. Results and Discussion

3.1. Friction Test and Surface Wear

Figures 4 and 5 exhibit the friction coefficient of the two kinds of samples in reciprocating sliding
wear tests at different sliding speeds and loads. It was evident that there was no marked difference
in the friction coefficient between the SC1 and SC2 samples during the test duration. The friction
coefficient of the SC2 sample stabilized at about 0.24–0.27, and the SC1 sample possessed a friction
coefficient of 0.23–0.26. The average friction coefficient decreased with the increase of the speed, and it
increased with the load.

Figure 4. Friction coefficient of the sliding couple at different speeds (load = 50 N).

Figure 5. Average friction coefficient of the sliding couple at different loads (speed = 7 mm/s).
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Figure 6 shows the SEM micrographs and EDX analysis on the worn track of SC2 sample after
15 min friction test. There was clear abrasive wear on the wear surface, which was characterized as
mechanical plowing and scratched appearance. The EDX composition analysis of point A Figure 6c
indicated that there were W, Ti and Co elements on the wear face.

Figure 6. SEM micrographs of the worn surface of the conventional SC2 sample after 15 min sliding
friction at the speed of 7 mm/s and load of 50 N: (a) SEM micrograph of the wear scar; (b) enlarge
micrograph corresponding to (a); (c) EDX composition analysis of point A in (b).

Figure 7 exhibits the surface topographies and composition analysis on the wearing area of
SC1 sample. No clear abrasive wear can be observed on the friction track between two micro-holes,
and large amounts of adhering materials were clearly observed on the sliding track. The EDX analysis
in Figure 7c confirmed that the adhesives were CaF2 powders, which indicated that CaF2 powders
were smeared and transferred to the sliding surface from the micro-holes by friction extrusion. Once
a thin layer of CaF2 was created on the surface, the sliding pairs were separated by the CaF2 film,
which was beneficial for reducing wear. As a result, the SC1 substrate surface exhibited smaller wear
than that of the SC2. However, CaF2 powder kept a brittle state at normal temperature [34], and it
acted as the abrasive particle in the process of friction, which led to a high coefficient of friction.

 

Figure 7. SEM micrographs and EDX composition analysis of the worn surface between two microholes
of the SC1 sample after 15 min sliding friction at the speed of 7 mm/s and load of 50 N: (a) SEM
micrograph of the wear scar; (b) enlarge micrograph corresponding to (a); (c) corresponding EDX
composition analysis of point A in (b).
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3.2. Cutting Performance

3.2.1. Cutting Forces

Figure 8 shows the values of three components of cutting force under different speeds with the
SCT1 and SCT2 in machining experiments. From the figure, the turning forces were mainly inversely
proportional to the variations of speed. Cutting speed was found to affect the changing rule of force
for the SCT1. At a cutting speed of lower than 100 m/min, the three cutting force components for the
SCT1 were decreased by about 10–15% compared to the SCT2; while at a cutting speed of higher than
100 m/min, the three cutting force components for the SCT1 were decreased by about 15–25%.

Figure 8. Cutting forces at different speeds with SCT1 and SCT2 in dry cutting of hardened steel (a)
main force Fz, (b) axial thrust force Fx, and (c) radial thrust force Fy (ap = 0.2 mm, f = 0.1 mm/r, cutting
time 5 min).

3.2.2. Cutting Temperature

The highest temperature of the chip near the cutting edge was determined by the infrared thermal
imaging system in the dry cutting of hardened steels. Figure 9 presents the machining heat energy
distribution of chip with SCT1 at turning velocity of 100 m/min, and the highest temperature was
about 450 ◦C under such conditions.

The variation temperatures of chip with cutting speed are plotted and shown in Figure 10. It was
clear that the temperature with the two tools rose with the turning speed increasing, and it exceeded
450 ◦C as cutting speed exceeded 100 m/min. The temperature of chip with SCT1 was reduced
apparently in comparison with that of the SCT2.

The experimental results also showed that cutting speed affected temperature variation of the
SCT1. The temperature of chip with the SCT1 was decreased by 5–10% with speeds lower than
100 m/min; while the cutting temperature was reduced by 10–20% with speeds higher than 100 m/min.
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Figure 9. Cutting temperature distribution of chip with SCT1 at speed of 100 m/min in dry cutting
hardened steels (ap = 0.2 mm, f = 0.1 mm/r).

Figure 10. Cutting temperature with SCT1 and SCT2 in dry cutting of hardened steel at different
cutting speeds (ap = 0.2 mm, f = 0.1 mm/r, cutting time 5 min).

3.2.3. Average Friction Coefficient on the Rake Face

The average coefficient of friction μ between the rake face and the chip can be expressed as the
formula below [38]:

μ = tan(β) = tan(γo + arctan(Fy/Fz)) (1)

where β is angle of friction, Fz is primary cutting force, Fy is radial thrust force and γo is front
rake angle.

Figure 11 presents the variation of the friction coefficient on the cutting tool rake face with
machining speed. As indicated in the figure, it could be considered that the SCT1 owned improved
surface lubricity on the rake face. Under same machining conditions, the average value of friction
coefficient for SCT1 was obviously smaller than that of SCT2 at a cutting speed of higher than
100 m/min; yet there was a relatively small decrease in friction coefficient at a speed of lower than
100 m/min.
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Figure 11. Friction coefficient at the tool-chip interface of SCT1 and SCT2 at different cutting speeds
(ap = 0.2 mm, f = 0.1 mm/r, cutting time 5 min).

3.2.4. Surface Roughness of Machined Workpiece

Figure 12 indicates the average roughness of the machining surface along with the change of
cutting speed. The surface roughness result was an average value of three measurements at different
positions. The surface roughness of two kinds of tools exhibited a declining trend with speed increases,
and the surface roughness value of SCT1 reduced slightly compared to the value of SCT2.

Figure 12. Surface roughness of machined workpiece with SCT1 and SCT2 at different cutting speeds
(ap = 0.2 mm, f = 0.1 mm/r).

3.2.5. Wear Properties

Figure 13 indicates the change of flank wear rate of two tested tools with machining speed. It was
evident that the wear of flank was increased with the enhancement of the cutting speed, and the value
of flank wear for the SCT1 was lower than the smooth SCT2. This suggests that the microhole-textured
tool filled with CaF2 was conducive to enhancing the wear resistance of the flank face, especially at
cutting speeds of higher than 100 m/min.
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Figure 13. Flank wear of SCT1 and SCT2 tool in dry cutting of hardened steel (ap = 0.2 mm, f = 0.1 mm/r,
cutting time 5 min).

To better evaluate the friction performance and wear mechanism of the tested tools, the wear
micrograph and surface component on the worn area for the SCT1 and SCT2 were investigated with
SEM and XRD, as indicated in Figures 14 and 15. From Figure 14, significant abrasive wear and
evident mechanical ploughs can be found at the flank face (Figure 14a) and rake face (Figure 14b,c)
of the SCT2, and clear adhesion material attached to the surface near the tool edge can be observed.
The corresponding EDX composition analysis (Figure 14d,e) showed that Fe element was also detected
in addition to the elements of WC/Ti/Co carbide tool substrate. This was clearly due to severe
friction and chip adhesion that took place on the tool face. The continuous chip friction, attachment
and detachment of chip to the tool surface may exacerbate the wear of the flank face, rake face and
cutting edge.

Figure 14. SEM micrographs and EDX component analysis of tool surface of SCT1 after 5 min dry
cutting at speed of 100 m/min: (a) Micrograph of the worn flank face; (b) SEM micrograph of the worn
rake face, (c) enlarge micrograph corresponding to (b,d,e) corresponding EDX component analysis of
point A and B in (b).
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Figure 15. SEM micrographs and EDX component analysis of SCT1surfac after 5 min dry cutting
at speed of 100 m/min: (a) Micrograph of worn flank face; (b) SEM micrograph of worn rake face,
(c) enlarge micrograph corresponding to (b,d–g) corresponding EDX component analysis of point A, B,
C and D in (b).

As shown in Figure 15, there were also many plows and types of adhering material, but the flank
wear, rake wear and edge wear of the SCT1 were mild in contrast to the SCT2. The corresponding
surface composition measurements on the wear face are shown in Figure 15d–g. It can be determined
that there were iron materials of workpiece in the microholes (Figure 15f) and on the tool face
(Figure 15d,e,g), and the CaF2 lubricants were dragged out from the microholes and applied on the tool
face in cutting process (Figure 15e,g). The results identified that a continuous and/or discontinuous
CaF2 lubricating layer had been produced on the friction track of the SCT1, which was conducive
to reducing the wear of cutting edge and tool surface. In addition, the microholes were beneficial to
entrap the wear debris and in doing so slow down abrasion and adhesion of the workpiece on the tool
face, and supply more CaF2 lubricants.

As shown in the figures above, it could be considered that the main wear mechanisms of rake face
for the samples were abrasive and adhesive wear, and abrasive wear was the main wear mechanism of
the flank face.

4. Discussion

The test results showed that the microhole-textured tool filled with CaF2 was ideal for the
enhancement of tribological performance. The mechanisms responsible for the improvement of
tribological properties of the SCT1 are discussed next.

4.1. Cutting Forces

During practical machining, the average frictional force Ff on tool rake face can be expressed
as [39]:

Ff = awlfτc = awlf(kτc + (1 − k)τf) (2)
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where Ff is frictional force on tool surface, τc is the average shear strength of tool surface, lf is the
superficial tool-chip contact length, aw is the width of cutting, k is the ratio of effective contact length
to superficial contact length, τc is the shear strength of the machined workpiece, and τf is the shear
strength of lubricating film on the tool surface.

Then, the three force components of similar oblique cutting shown in Figure 16 can be determined
as follows [40,41]:

Fz = Fr cos(β − γo) =
Ff

sin β
cos(β − γo) = awlf(kτc + (1 − k)τf)

(
sin γo +

cos γo

tan β

)
(3)

Fx = Fr sin(β − γo) cos(ψr + ψλ) = awlf(kτc + (1 − k)τf)

(
cos γo − sin γo

tan β

)
cos(ψr + ψλ) (4)

Fy = Fr sin(β − γo) sin(ψr + ψλ) = awlf(kτc + (1 − k)τf)

(
cos γo − sin γo

tan β

)
sin(ψr + ψλ) (5)

where Fx is the axial force, Fr is the cutting force component of the shear plane, ψr is the approach
angle, ψ is the shear angle, and ψλ is the angle of chip flow.
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Figure 16. Simplified model of oblique cutting.

Equations (2)–(5) demonstrate that the three cutting force components have a variation of
direct proportion with the average shear strength τc and tool–chip contact length lf. The thermal
expansion coefficient of CaF2 (18.38 × 10−6/K) is significantly larger than that of the tool substrate
(6.21 × 10−6/K). The CaF2 powders could be dragged out from the microholes because of high
cutting temperature and chip friction, and attach to the rake face unevenly. Then a continuous and/or
discontinuous CaF2 lubricating layer may form on the tool surface, which is consistent with the results
obtained in Figure 15. The sliding condition between chip and tool is converted from dry friction to
boundary friction. That is, the tool substrate endures the load, the fiction occurs on the lubricating
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film, and self-lubricity is achieved. The lubricating model of the SCT1 in machining process is shown
in Figure 17. Supposing that ratio k is 0.8, the ratio of contact length covered with CaF2 layer is about
0.2. Owing to the much smaller shear stress of CaF2, the average shear strength τc of the SCT1 will be
reduced by about 20 percent. Then the three cutting force components will be decreased by about 20%
based on Equations (3)–(5). At the same time, forming a CaF2 lubricating layer between tool-chip can
lead to a reduction of chip distortion and angle of friction [40], which is beneficial to a further decrease
of cutting forces. Thus, the formation of CaF2 lubricating layer on the tool surface can efficiently
decrease the cutting forces.

Furthermore, the microholes on the tool surface can reduce the tool-chip contact length lf as
indicated in Figure 17, and the effective contact length la can be calculated as:

la = lf − nd (6)

where d is the microhole diameter and n is the microhole quantity in the effective contact area.
As the initial length is 0.8 mm, and there are two microholes of 0.15 mm in diameter at the contact

area, the effective length la will change to 0.5 mm (Figure 16), and the three cutting force components
will be decreased by about 37.5% without loss in mechanical properties according to Equations (3)–(5),
due to the decrease of the tool-chip contact area.

l

Figure 17. Lubricating model of SCT1 tool in machining process: (a) cutting beginning; (b) CaF2 solid
lubricant piled out; (c) film forming.

4.2. Cutting Temperature

The heat produced in the metal machining process mainly consists of three components [40]:
The elastic-plastic deformation of chip on the shear plane, the friction between tool rake face and chip,
and the friction between tool flank face and processed surface of workpiece. As a rule, the friction of
tool flank has little influence and can be neglected, and the cutting heat can be simplified in calculation.
A schematic diagram of the cutting heat distribution is presented in Figure 18, and the average
temperature of cutting tool (θtt) and chip (θt) can be expressed as [40,41]:

θt = θs + θf = θ0 +
R1τs cos γo

c1ρ1(sin(2φ − γo) + sin γo)
+ 0.7524R2τc

√
k2vawlf
c2ρ2ξ

(7)

θtt = θs + θft = θ0 +
R1τs cos γo

c1ρ1(sin(2φ − γo) + sin γo)
+ 0.7524(1 − R2)τc

√
k2vawlf
c2ρ2ξ

(8)

where θs is shear plane temperature of the chip, θft and θf is the temperature increase of the cutting tool
and chip, respectively, caused by friction of the tool and chip, R1 is the proportion between the heat of
chip and the whole heat caused by chip deformation, c1 is heat capacity of the chip as the temperature
is (θ0 + θs)/2, ρ1 is the workpiece density,φ is the shearing angle, τs is the workpiece shear strength,
ξ is the chip deformation coefficient, θ0 is ambient temperature, R2 is the proportion between the heat
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of chip and the whole heat produced by severe tool-chip friction, k2 is thermal diffusivity coefficient of
chip as temperature is (2θs + θf)/2, c2 and ρ2 is the heat capacity and density of the chip respectively as
the temperature is (2θs + θf)/2.

According to Equations (7) and (8), the average cutting temperature of the cutting tool and chip
are both positively correlated with the shear strength τc and tool-chip contact length lf. Owing to the
reduced shear strength and contact area, the cutting temperature of the SCT1 goes down in comparison
with that of SCT2; meanwhile, from Lee and Shaffer shear angle formula [38], the decreased friction
angle β can bring about the increase of shear angle φ, which is also propitious for the decrease of chip
temperature on the shear plane. This is well consistent with the cutting temperature results shown in
Figure 10.

Furthermore, the CaF2 solid lubricant had a smaller thermal conductivity (9.17 W/(m·K))
compared to the carbide insert (33.47 W/(m·K)). Once a continuous and/or discontinuous CaF2

film is created on the carbide surface, the thin film could act as a thermal barrier to prevent the heat
transfer to the carbide substrate, which is propitious to further lower tool temperature and tool wear.

B 

A 

V
o

o

 
V 

VsV

Fz

F
-

-

F  

R1qs

q

ac 

Fs
R q

R2qr

l  

Figure 18. Schematic diagram of the heat distribution during cutting process.

4.3. Average Friction Coefficient at The Sliding Interface

The average friction coefficient between two elastic contact surfaces in sliding can be represented
as [39]:

μ = tan β =
Ff
P

=
τc Ar

σb Ar
=

τc

σb
=

kτc + (1 − k)τf
σb

(9)

where P is the normal load, Ar is the actual contact area, and σb is the compressive yield limit of tool
substrate materials.

It can be seen that a CaF2 lubricating layer attached to the tool surface conduces to lower friction
coefficient for the SCT1 by Equation (9); meanwhile, the microholes on the rake face by reasonable
design can supply more lubricant Figure 15e,g and entrap more wear debris of chip Figure 15c,
which are conducive to the reduction of friction coefficient. This was in accordance with the variation
of the friction coefficient obtained in Figure 11.

Service temperature had an obvious influence on the tribological performance of the
microhole-textured carbide filled with CaF2. This is because the CaF2 solid lubricant is a wonderful
lubricating material suitable for high temperatures, it can effectively carry out lubrication in the range
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of 450–700 ◦C, and still maintains good lubricating performance even at a temperature of 1000 ◦C [34].
However, if the working temperature drops below 400–450 ◦C, CaF2 begins to transit from ductile
to brittle mode, and the average coefficient of friction increases gradually for lower temperatures.
Therefore, the textured carbide embedded with CaF2 powders can more efficiently implement
lubrication at a higher cutting speed with corresponding to a higher temperature (Figures 8–15),
and result in improved cutting performance. But at a lower cutting speed, the textured carbide exhibits
a relatively poor lubricating performance, and even loses the lubricating effect at room temperature,
which has been confirmed by the sliding tests and cutting tests as shown in Figures 4–13.

Future investigations will be carried out on the lifetime of textured tools under different test
conditions (speed, load, temperature, etc.), and will seek to determine what is the cutting performance
without a lubricant supply after a long period of service.

5. Conclusions

The study presented the tribological properties of a microhole-textured carbide tool filled with
CaF2. The friction performance and antiwear mechanism of the textured carbide tool during sliding
friction tests and dry machining tests were investigated and studied. The main conclusions are
as follows:

1. There was no significant change in the friction coefficient of the conventional microhole-textured
carbide filled with CaF2 (SC1) and an conventional one (SC2) in sliding tests with WC ball.

2. Compared with the untextured carbide tool (SCT2), the microhole-textured carbide tool filled
with CaF2 (SCT1) was effective in promoting machining performance. The tool rake face revealed
adhesion and abrasive wear, and flank face indicated severe abrasive wear.

3. Service temperature was found to affect the tribological performance of the textured carbide,
which was probably due to the sensitivity of CaF2 solid lubricant to the cutting temperature.
At machining speeds higher than 100 m/min, corresponding to temperature of 450 ◦C,
the textured carbide improved the tribological performance compared to the untextured carbide;
while at machining speeds lower than 100 m/min, the tribological properties of the textured
carbide were only slightly improved in comparison with the smooth one, and it lost the lubrication
effect at room temperature.

4. The reasons of performance improvement for the textured tool were as follows: Owing to high
cutting heat and friction, CaF2 powders may be drawn out of the microhole textures, adhere
to the tool surface and create an uneven CaF2 layer on the rake face, which is propitious to
reducing cutting forces, cutting temperature, friction coefficient and tool wear. On the other
hand, the microhole textures at the tool face could lower the tool-chip contact length and entrap
workpiece debris, which is beneficial to increasing machining performance.
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Vavrečkova 275, 76001 Zlin, Czech Republic

* Correspondence: zraskova@cps.utb.cz; Tel.: +420-724-333-988

Received: 13 July 2018; Accepted: 13 August 2018; Published: 16 August 2018

Abstract: Stable antimicrobial nisin layers were prepared on the carrying medium-polyvinyl alcohol
(PVA) films, crosslinked by glutaric acid. Surface plasma dielectric coplanar surface barrier discharge
(DCSBD) modification of polyvinyl alcohol was used to improve the hydrophilic properties and to
provide better adhesion of biologically active peptide-nisin to the polymer. The surface modification
of films was studied in correlation to their cross-linking degree. Nisin was attached directly from the
salt solution of the commercial product. In order to achieve a stable layer, the initial nisin concentration
and the following release were investigated using chromatographic methods. The uniformity and
stability of the layers was evaluated by means of zeta potential measurements, and for the surface
changes of hydrophilic character, the water contact angle measurements were provided. The nisin
long-term stability on the PVA films was confirmed by tricine polyacrylamide gel electrophoresis
(SDS-PAGE) and by antimicrobial assay. It was found that PVA can serve as a suitable carrying
medium for nisin with tunable properties by plasma treatment and crosslinking degree.

Keywords: antimicrobial film; nisin; physical properties; plasma treatment polyvinyl alcohol;
surface characterization

1. Introduction

Antimicrobial surfaces and packaging have been receiving increasing attention over the last few
decades. Except antimicrobial properties, high levels of biodegradability and biocompatibility are
important attributes of polymer materials that are suitable for medical and pharmaceutical applications
and the cosmetic and food industries. The polymeric drug delivery systems with controlled release and
increased solubility of the drug are investigated. Drugs or antimicrobial agents can be incorporated
directly into polymers or they are attached via the side chains often with peptides [1–5].

Among environmentally favorable polymers, a synthetic biodegradable polyvinyl alcohol (PVA)
possessing excellent mechanical properties is one of the most important representatives. PVA became
attractive also due to its inherent hydrophilicity, large swelling capacity, low cost, and simplicity of
use. Its biodegradability in various microbial environments has been reported [6–10].

PVA provides many potential functional groups for the adhesion of antimicrobial and preserving
agents, among which the natural based ones are the most promising.

In particular, the proteins have been extensively investigated as a coating material. However,
the immobilization of proteins is often associated with their tendency to lose their biological
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activity [6,11–14]. The use of peptides offers a solution to this problem. The peptides can be obtained
as a part of protein after their digestion or as lantibiotics/bacteriocins [7–10]. Nisin is an amphiphilic
peptide (bacteriocin) with low molecular weight (approximately 3.4 kDa) that is an effective inhibitor
of Gram-positive bacterial strains [9,10,13–16], which are produced by lactic acid bacterial strain
Lactococcus lactis during the fermentation process. Nisin has been studied as a promising preserving
agent since the 1950s [17,18]. Moreover, nisin (and another bacteriocins) provide sufficient antimicrobial
activity against bacterial strains that are resistant to conventional drugs. The antitumor activity of
nisin is reported in several studies [19–21].

Antimicrobial properties of the films are based on peptide immobilization or incorporation and
release. For the bioactivity of film/foils, peptide stability is very important. Many types of physical
and chemical treatments have been employed to obtain uniform and stable surface treatment [18–22].
Atmospheric plasma surface activation can offer suitable functional groups for the binding of bioactive
substances [21,23,24]. In many studies, the suitability of Dielectric Coplanar Surface Barrier Discharge
(DCSBD) treatment was evaluated [25]. This discharge type was investigated with regard to industrial
use, and the importance of dielectric barrier discharges for material processing has been continually
increasing. This follows from the current trends in industrial applications, in which an effort to replace
low-pressure plasma processing by the atmospheric-pressure systems can be observed. This discharge
has been successfully used for polymer surface activation [24,26]. It operates in a non-thermal, uniform,
glow plasma regime. Its advantage is manifold symmetry; therefore, it can be used also for large area
surface modification [25,27]. Some studies have shown the significant effect of DCSBD on the selective
functionalization of polymers; however, the DCSBD treatment on biodegradable PVA based polymers
with regard to peptides adhesion on their surfaces, as well as on the peptide layer stability, was not
reported before. The main advantage of choosing air as the process gas is that it is naturally present
in the industrial production lines [26]. Contrary to other dielectric barrier discharges, the DCSBD is
capable of generating a macroscopically uniform plasma layer with high power density and energetic
efficiency when operated in air [27–29]. This enables fast and homogeneous in-line plasma treatment
of materials at high-speeds.

The methods for setting up antimicrobial polymeric surfaces are still in developmental stages,
and understanding the structure-function relationship of the material is important to the design and
control of delivery systems. Although the surface modification for peptide and protein adhesion as
well as the mechanism of adhesion were studied in many papers [30–44], the nisin stability, and thus
its long-term antimicrobial effect, was not sufficiently reported. Therefore, the objective of this study is
to evaluate the plasma treatment effect on the physico-chemical properties of PVA films as potential
transport system for nisin. Also, nisin stability, its release from the surface, and the antibacterial
properties of modified PVA films were investigated in correlation with crosslinking degree.

2. Materials and Methods

2.1. Materials

Polyvinyl alcohol (PVA, Mowiol 8-88), glutaric acid (GA), Polyethylene glycol (PEG) 2050,
phosphate-buffered saline (PBS, pH 4.5), methanol, lactose, trifluoroacetic acid (TFAA), trichloracetic
acid (TCA), formic acid, potassium chloride (KCl), ammonium bicarbonate (NH4HCO3), acrylamide,
N,N′-methylene bisacrylamide, Coomasie brilliant blue R250, glutaraldehyde, molecular weight (MW)
markers, nisin from lactococcus lactis standard (2.5%, balance sodium chloride and denatured milk
solids) and bovine serum albumin (BSA), and Tween 80 were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

Tryptone soya agar (TSA), Nutrient Broth, MRS broth, and Mueller-Hinton agar (MHA) were
obtained from HiMedia (Mumbai, India), bacterial strain Staphylococcus aureus CCM 4516 was
purchased from Czech Collection of Microorganisms (Masaryk University in Brno, Czech Republic).
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2.2. PVA Films Preparation

Prior to experiments, PVA films were prepared using solvent cast technique (10 wt. % of PVA,
at 85 ◦C) from aqueous/HCl (0.02 M) solution. Glutaric acid (GA) was used as the crosslinking agent
at different concentrations to obtain following crosslinking degrees: 0%, 5%, 10%, 20%, and 40% [3,45].

In most experiments, the PVA was prepared on microscopy glass (Fischer Sci, Pardubice, Czech
Republic diameter: 26 × 26 × 1.1 mm). However, for the purpose of long-time electrokinetic
measurement (titration curves), it was necessary to prepare PVA films on polyethylene (PE) foil
substrate that prevented the PVA foil twisting under high pressure of electrolyte. The PE matrix
was activated by 10 s plasma treatment [6,9,11] before the PVA dip-coating to improve the adhesion
and homogeneity.

2.3. PVA Activation and Nisin Application

It is well known [2,9,13,16] that adhesion of peptides/nisin on many polymers is rather
unsatisfactory, and so additional polymer activation step was carried out.

The PVA film surface was activated by two types of Dielectric Coplanar Surface Barrier Discharge
(DCSBD), RPS600 and RPS 40 systems (Roplass s.r.o., Brno, Czech Republic). DCSBD consists of
two comb-like electrodes printed on Al2O3 dielectric plate [15,25,26] in ambient air under the following
condition sets: (1) power generator 14 kHz, surface power density 2 W/cm2 (RPS 40) and (2) power
generator 25 kHz, power density 7 W/cm2 (RPS600). The treatment time was 10 s. The distance
between the sample surface and plasma layer was 0.3 mm. The process was carried out in the dynamic
regime to obtain homogeneous surface treatment.

On the surface of PVA films, 400 μL of commercial nisin solution was applied (nisin was dissolved
in phosphate saline solution, the pH value was set at 4.5, and the nisin concentration was 525 μg/mL).
It means that theoretical amount of nisin on the surface was 0.31 μg/mm2. The samples were incubated
for 20 min at room temperature, and then the surface was dried and shortly rinsed off by demineralized
sterilized water and dried again.

As the finishing step, all samples were plasma-treated for 10 s to improve stability and
sterility [19–21,23].

Just for comparison, a set of samples without the PVA plasma activation was prepared. They
proved weak adhesion, homogeneity, and stability, which made them generally not applicable.

2.4. Release and Stability Analysis of Nisin

Nisin layers behavior in water (water resistance) was tested via nisin release from the prepared
coatings that was carried out at preselected time intervals, while the PVA films were immersed
into physiological solution for 1 month. The nisin concentrations in the eluate were analysed by
reverse-phase HPLC using a C-18 column (5 μm, 4.6 × 250 mm, Waters) with pre-column Reprosil 100
C18 (5 μm, 50 × 4 mm, Watrex eluted with water/0.05% (v/v) TFA (eluent A) and acetonitrile/0.05%
(v/v) TFA (eluent B) (gradient: 0–5 min, 20% eluent A; 5–20 min from 20% eluent A, to 80% eluent A)
with UV detection at 220 nm. The injection volume was 25 μL, and the flow rate was of 0.6 ml/min.
The amount of nisin was calculated by means of a calibration curve, when calibration solutions were
prepared from 0.2 M filtered (the syringe filter with pore size 0.45 μm) solution.

The nisin release profile was tested also during long-term stability testing (90 days of storage in
conditioned chamber at 25 ◦C and relative humidity (RH) of 54% of films). Simultaneously, the stability
of released nisin was studied electrochemically using Tricine SDS-PAGE at 16% and 4% separating,
and stacking acrylamide gel containing 3% bis-acrylamide, proteins, and peptides were visualized by
staining solution: methanol/acetic acid/ water/Coomassie Blue G250 and by silver staining. After
electrophoresis, the bands from the electrophoregrams were cut, and, after spot destaining, the peptide
was extracted by 5% formic acid/acetonitrile (1:2) solution, and the nisin concentrations were analyzed
by means of UV-VIS spectrophotometry with ELISA reader at a wavelength of 595 nm.
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Besides, total nitrogen content eluted from the surface after films immersion (3 h into physiological
solution) was measured by TOC/TN analyzer (TNM-L, Shimadzu, autosampler ASI-L, Shimadzu
Corporation, Japan). Calibration curve was created using potassium nitrate solution in ultrapure water.

The results presented further are the average values from at least three measurements. Standard
deviation value was always up to 10% of average value.

2.5. Antimicrobial Assays

To study the long-term stability of nisin coatings, the as-prepared samples were stored in
conditioned chamber at 25 ◦C and relative humidity of 54%, while the measurements were performed
also by antimicrobial testing, initially with freshly made coatings and with the coatings after
their storage.

Ageing of these layers was monitored as a decrease of antibacterial activity of both released nisin
and nisin surface by means of two types of testing.

Nisin in water activity was determined by agar diffusion method [42,43] using Staphylococcus
aureus as the nisin sensitive microorganism. Nisin layers were immersed into demineralized sterile
water, and eluate was used for testing. An aliquot of bacterial culture (108 cfu/mL) was applied with
a sterile swab on the surface of the Mueller Hinton agar plate. The eluate (3 h into physiological
solution) from the nisin coated samples was transferred into the bored wells of 8 mm in diameter
(120 μl/well) and incubated at 35 ◦C for 24 h. Control samples were prepared as series of nisin
solutions in demineralized and sterilized water, starting with 25 μg/mL concentration, that was used
as supposed maximal nisin concentration on the surface. The antimicrobial activity was expressed
as a diameter of microbial growth inhibition zone (IZ) around the sample well after the incubation,
calculated as average of four independent measurements. Ageing effect, i.e., reduction of antibacterial
activity (RA) of released nisin with time, was calculated as ratio of IZ diameter after given time from
their preparation and IZ diameter of freshly prepared sample, following the Equation (1).

RA =

(
1 − IZt

IZ0

)
× 100 [%] (1)

in which IZt is the diameter of inhibition zone in mm related to nisin released from stored sample and
IZ0 is the diameter of inhibition zone in mm of nisin released from freshly prepared samples.

The antibacterial susceptibility testing of the nisin layer (surface) was covered by standards EN
ISO 22196 Measurement of antibacterial activity on plastics and other non-porous surfaces. The specimens of
untreated and treated blank material (without nisin) and untreated and treated material with nisin
coating were used to measure viable cells after incubation immediately after inoculation and after
incubation for 24 h. Prepared flat samples diameter was (25 ± 2) mm, and target concentration
was 6 × 105 cfu/mL. On the surface, 0.4 mL of test inoculum was pipetted; then, it was covered
with the sterile foil and gently pressed down. The Soybean casein digest broth with lecithin and
polyoxyethylene sorbitan monooleate (SCDLP) broth was used for washing of specimens.

For each test specimen, the number of viable bacteria recovered was determined in accordance
with Equation (2):

N =
(100 × C × D × V)

A
(2)

in which N is the number of viable bacteria recovered per cm2 per test specimen; C is the average plate
count for the duplicate plates; D is the dilution factor for the plates counted; V is the volume, in mL,
of SCDLP added to the specimen; and A is the surface area, in mm2, of the cover film

Antibacterial activity (bacteria reduction) was calculated as according to Equation (3)

R = Ut − At (3)

in which R is the antibacterial activity; Ut is the average of the common logarithm of the number of
viable bacteria, in cfu/cm2, recovered from the blank test specimens after 24 h; and At is the average of
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the common logarithm of the number of viable bacteria, in cfu/cm2, recovered from the treated test
specimens after 24 h.

2.6. Surface Characterization

2.6.1. Wettability and Surface Energy Analysis

Contact angle measurements of PVA films (nisin coated, uncoated, plasma treated and untreated)
were performed using Surface Energy Evaluation system (See System E, Advex instruments s.r.o., Brno,
Czech Republic). Demineralized water and diiodomethane were used as reference liquids. The analysis
of a drop (volume of each drop was 10 μL) on a film surface was done after 20 s in order to let the
drop stabilize its shape. Each sample was measured five times, mean contact angle was calculated,
and subsequently the solid, surface-free energy was determined. The total surface-free energies γtotal

were calculated according to Owens approach that assumes that total surface-free energy is a sum of
both dispersion and polar components, i.e., Lifschitz-van der Waals and electron acceptor/electron
donor [19,21,22]. The results presented further are the average values from at least five measurements.
Standard deviation value was always up to 10% of average value.

2.6.2. Elektrokinetic Characterization

Zeta potential of all samples was determined by SurPASS Instrument (Anton Paar-SurPass, Graz,
Austria). The SurPASS instrument is an electrokinetic analyzer utilized for the investigation of the
zeta-potential of macroscopic solids based on the streaming potential and/or the streaming current
method. For the sample analysis, the adjustable gap cell was used in contact with the 1 mmol/dm3

KCl electrolyte. All measurements were performed at laboratory temperature.
The samples with higher PVA crosslinking degree of 10%, 20%, and 40% were analyzed in pH

range of 4.5 to 9. The not-crosslinked and low crosslinked (PVA crosslinking degree 5%) samples
were not stable, so they could be analyzed only at one pH value. For each measurement, a pair of
identical samples (prepared on PE foils) was fixed on two opposite sample holders (with a cross
section of 20 × 10 mm2 and gap between them of 100 μm). The instrument employs Smoluchowski’s
equation [44] to determine the electrophoretic mobility of the particle and subsequently convert it in
the Zeta Potential (see Equation (4)).

ζ =
uσ

εε0

ΔV
Δp

(4)

in which μ is viscosity; σ conductivity; ε, ε0 permittivity; and linear fits to the pressure-voltage curve
give zeta potential.

2.6.3. XPS Analysis

The XPS measurements were done using the ESCALAB 250Xi (ThermoFisher Scientific, Waltham,
MA, USA) system equipped with 500 mm Rowland circle monochromator with microfocused Al Kα

X-Ray source. An X-ray beam with 200 W power (650 microns spot size) was used. The survey spectra
were acquired with pass energy of 50 eV and resolution of 1 eV. High-resolution scans were acquired
with pass energy of 20 eV and resolution of 0.1 eV. In order to compensate the charges on the surface,
an electron flood gun was used. Spectra were referenced to the hydrocarbon type C 1s component set
at a binding energy of 284.8 eV. The spectra calibration, processing, and fitting routines were done
using Avantage software (ThermoFisher Scientific, Waltham, MA, USA).
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3. Results

3.1. Stability Analysis of Nisin

As it is well known, nisin is very unstable in pure form, without any supplements as a stabilizer.
This fact can cause difficulties during the monitoring of its release and adhesion. For this reason,
the additional techniques were used to verify the nisin stability and nisin presence due to total nitrogen
content measurement.

Electrophoretic assay and subsequent peptide determination (according to Bradford
method) [40,41,45] were performed to evaluate nisin stability. The results from Bradford assay were
compared to the total nitrogen content (TN) measurement, and it was found that amount of nitrogen
corresponds to the nisin decomposition products—amino acids and shorter peptides—that are present
in the immersion solution.

Based on the release behavior, it was also estimated that nisin was attached to the surface.
The mean molar weight of the peptide mixture (from electrophoretic measurements) confirmed

that the stability of nisin attached to the PVA surface is dependent on the cross-linking degree and
on the presence or absence of the plasma treatment step. These results were also obtained from TN
measurements. Nisin molecule (C143H230N42O37S7) contains about 17% of nitrogen. Detected nitrogen
(correlated to blank) was much higher than it would be if it corresponded to stable nisin measured
by electrophoresis and HPLC (Table 1). This fact signifies that nisin undergoes decomposition, and
nitrogen comes from present amino acids. Thus, amount of nisin that could be attached to the PVA
surface was estimated from complementary methods. As it was confirmed later, by using antimicrobial
activity testing and zeta potential measurement, the most stable (ageing resistant) nisin layer was
observed at 20% PVA crosslinking. When 10% crosslinking was used, the nisin attachment (initial
amount of nisin at the surface) was maximal, but the stability was lower than in the case of 20%
crosslinking. On the surface of films with 40% crosslinking, the relative small amount of nisin was
attached, and also its instability was observed. However, the antimicrobial activity testing (see
Chapter 3.3.) of this film is still relatively high compared to estimated nisin concentration, which can
be attributed to glutaric acid (crosslinker) activity [39,45].

Table 1. Attached nisin content (Bradford assay from electrophoresis) and nitrogen content (TN) on the
PVA surface (PVA films were stored at 25 ◦C for 3 months, relative humidity 54%). Nisin content on
untreated PVA films was not measurable, and SD was higher than calculated value.

PVA/Nisin-Buffer Crosslinking
Degree (%)

Nisin Content (μg/mm2) TN (μg/mm2)

0 1.8 ± 0.5 0.7
5 3.6 ± 1.5 4.3
10 31.4 ± 1.5 13.2
20 28.2 ± 1.5 9.7
40 19.3 ± 1.3 6.8

3.2. Nisin Release

The nisin release profile was monitored, after its adhesion on the surface, in comparison to the
study [45], in which nisin release from PVA bulk was investigated.

The effect of PVA crosslinking degree on amount of nisin released and probably also adsorbed
on PVA substrate can be clearly recognized in the release study presented in Figure 1. It is evident
that crosslinking degree of PVA influences extent of nisin adsorption, as well as its release profile.
Untreated PVA films reveal only minimum nisin adsorption. Then, apparently, nisin is released
immediately after immersion in salt solution (it means after 1–24 h). It was found that nisin was
strongly attached at the films of 10% and 20% crosslinking degree. Nisin was released slowly in small
amounts. On the other hand, from the film with 0% or 5% crosslinking the whole attached amount of
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nisin was released immediately after immersion, as it was in the case of untreated films. Besides, PVA
with low crosslinking dissolved very fast. Pure PVA (without crosslinking) and also untreated PVA
films do not reach the corresponding nisin attachment. The highest nisin surface adsorption was found
for the samples with 20% of crosslinking degree. But for 40% crosslinking degree, the nisin adhesion is
unsatisfying. This could be explained by the change in physical properties of PVA. It was proved also
in some previous study that increasing the crosslinking degree leads to a significant decrease of the
solubility. Moreover, PVA with 20% of crosslinking degree exhibited more advantageous mechanical
properties for further applications [45]. Additionally, plasma treatment was not very effective in this
case. It means that more intensive initial introducing of crosslinking connections leads to apparent
change of material properties and formations of inhomogeneity on the surface that are caused by higher
inhomogeneity in the bulk, higher degree of crystallinity, inhomogeneous formation of crystalline
phase of glutaric acid.

 
(a) (b) 

Figure 1. Nisin release from the PVA films after immersion in physiological solution, analysed by
RP-HPLC: (a) cumulative concentration in μg/mm2 and (b) related to total released amount.

3.3. Antimicrobial Assays

Anti-staphylococcal effectivity of nisin-coated PVA film was evaluated by antimicrobial
susceptibility testing, with results shown in Figure 2a,b. Nisin in the PVA surface layer can be
active against Gram positive (G+) bacterial strain Staphylococcus aureus even after 90 days of storage.
However, nisin activity (and its ageing) is strongly dependent on the crosslinking degree (amount of
GA) and on presence or absence of the plasma treatment step. The amount of GA influences not only
bulk but also surface properties, and therefore the plasma treatment effectiveness. Only 35% reduction
of antimicrobial activity after 90 days was observed in the case of nisin-coated PVA samples with 20%
crosslinking degree, while almost 100% reduction of antimicrobial activity was observed in the case of
0% and 5% of crosslinking. It should be mentioned that synergic effect of the crosslinking agent, GA,
cannot be neglected. Mainly in the samples with 40% crosslinking degree, modest antibacterial activity
of GA in the systems has been found. However, this factor does not represent significant contribution
to antibacterial activity of the PVA/GA/nisin samples [17,45]. Therefore, nisin is be supposed to be
the principal antibacterial agent against G+ bacterial strains in the studied systems.

To compare it to HPLC analysis (Figure 1b), testing of released nisin was also performed by MHA
diffusion testing, which is dependent on migration rate of antimicrobial agent and on its stability
(Figure 2a). Antibacterial activity of released nisin from films that was stored at specific conditions for
90 days was determined according to inhibition zones of nisin in immersion solution.

Antimicrobial properties of PVA films depend on the amount of nisin that is attached to the
PVA film and also on the nisin release from the PVA surface so the main aim should be to ensure
maximal initial activity (surface concentration) of nisin and its stability in the layer. As was shown in
antimicrobial testing, the crosslinking degree has an important influence on nisin adhesion.
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It was not possible to calculate exact amount of nisin attached on the surface, but this amount can
be estimated from the amount that is released from the surface.

(a) (b) 

Figure 2. Antibacterial activity change of PVA films with attached nisin after 90 days of storage (a) after
immersion in water solution for 3 h and (b) by ISO 22196 against Staphylococcus aureus (CCM 4516).

Nisin layers were tested as promising natural coating with anti-staphylococcal activity [6,9,11,17,18],
and it was proved that even in combination with PVA surface, it can improve the antimicrobial activity
of biocompatible films. Nevertheless, the key role lies in the plasma treatment, as was confirmed for
other polymer materials in literature [16,19,22,29]. This corresponds also to our finding, when plasma
treatment of our samples led to obtaining an effective layer with suitable nisin adhesion.

3.4. Wettability and Surface Energy Analysis

As it is shown in Figure 3, the PVA plasma treatment using the 2 W/cm2 or 7 W/cm2 power
density resulted in essentially the same wettability. Nevertheless, the 7 W/cm2 was finally chosen
for the rest of experiments, since it was found that a decrease in water contact angle (WCA) of
plasma-treated PVA films was sufficient for PVA wettability sustainment (WCA decrease is higher
than 50% of the initial value).

Initial concentration of nisin (that was measured during nisin release) corresponded to nisin
adhesion on PVA films, and it is in agreement with WCA measurements (Figure 4). The hydrophilic
character (wettability) of PVA films significantly increased after the plasma treatment (see Figures 3
and 4). The γAB component of surface-free energy increases with plasma treatment, which indicates
the presence of polar groups (attached via covalent bonds). Furthermore, the total surface energy
increases, which enables nisin adhesion. With nisin immobilization on the surface, the γLW increases,
thus the van der Waals interactions predominate. The different trend (WCA increase) with nisin
adhesion demonstrates increase of contact angle, suggesting the hydrophobic nisin groups’ attendance.
While non-crosslinked PVA films and films with low crosslinking degree up to 5% show only slightly
decreased wettability in comparison with untreated PVA films, samples with higher crosslinking
degree (10 and 20%) show significant increase in WCA. This increase can be also caused by the surface
roughness. With further increasing of crosslinking degree, the steep decrease of WCA was observed.
This phenomenon can be explained by lower presence of free hydrophilic groups (OH, COO–) on the
PVA surface, as was also confirmed by the previous study [45]. Maximal WCA of 84◦ was obtained
for PVA with 20% of crosslinking. This can be attributed to protein surface adhesion when nisin was
bonded to PVA substrate. It also reveals the optimal PVA crosslinking degree for the protein efficient
surface immobilization. These results are in agreement with those in Sections 3.1 and 3.2.
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Figure 3. The water contact angle dependence as a function of PVA crosslinking degree; plasma
treatment time was 10 s. Nisin was attached from PBS buffer.

(a) 

(b) 

(c) 

Figure 4. Surface-free energy evaluation for (a) untreated, (b) plasma-treated PVA films, and (c) films
with attached nisin.
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3.5. Electrokinetic Characterization

The stability study of coatings can be carried out, too, in correlation with the electrokinetic
measurements. The surface charge on material is related to affinity-associated interactions. It can
control degree of biomolecular affinity on a polymer surface [43,46–50]. Zeta potential is used for
characterization of natural and synthetic polymers and in investigation of their hydrophilicity, which
is important for their interactions with biomolecules, dyes, surfactants, etc. [30,31,42,44,50]. It is also
important for research of modified surfaces (such as membranes, filters) or polymers modified by a
plasma treatment or by plasma chemical coatings [32,50]. Water soluble polymers interact according
to their functional group. Zeta potential of biodegradable polymer surface is not often evaluated in
literature. In this paper, zeta potential, combined with pH of liquid phase, was used to characterize
electrostatic interactions between the polymer surface and the immobilized bioactive peptide.

The zeta-potential measurement provides complementary information to WCA and surface-free
energy evaluation. Results for zeta potential of treated and untreated films, and for the films with
attached nisin, are shown in Figure 5. As it was expected, the zeta potential value increased after
the plasma treatment (shift to more negative values). This behavior suggests that the surface is not
stable; thus, it is susceptible to nisin attachment. Zeta potential of PVA films without nisin presents
negative values in all cases. Lower (more negative) values were recorded in the case of the crosslinked
PVA, mainly with higher content of glutaric acid (higher crosslinking degree). As zeta potential values
are included inside the domain ± 30 mV, it means that the stability of measured surface is reduced;
it means that the zeta potential measurements indicate the possibility of nisin adhesion. Surface charge
becomes positive or less negative after nisin adhesion on PVA. Even the zeta potential values are
dependent also on the surface roughness; it is clear that plasma-treated PVA show less negative zeta
potential. Thus, it is confirmed that plasma treatment enhances the potential of nisin adsorption.
In samples with nisin content, the shift to higher values was observed, reaching 5 mV at pH 4.5 in
case of 20% of crosslinking degree. Moreover, as can be seen in Figure 5, the titration curve for PVA
with 20% crosslinking shows the shift to the value close to zero at pH of 8 (pH of nisin is 8.3–8.5).
All these findings signify the higher nisin adsorption and stability. The titration curves show the film
high instability when the nisin is bonded, especially in the case of film with 10% of crosslinking.

Figure 5. Zeta potential of treated PVA films with different crosslinking degree with and without
adsorbed nisin as a function of pH values. Titration was performed by using 0.05 M NaOH.
Non-crosslinked films and films with crosslinking up to 5% were not measured due to their low
resistance to electrolyte.

3.6. XPS Analysis

Nisin attachment chemistry was estimated by XPS measurements. Surface composition of
untreated and plasma treated samples is presented in Table 2. PVA films’ ability to adsorb nisin
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after plasma treatment was investigated by analyzing changes in O and C peaks on the treated and
untreated PVA films (PVA without crosslinking agent was used). The strong increase of O peak was
observed on the surface of plasma treated samples (see Table 2).

Table 2. XPS elemental analysis of PVA samples.

PVA + 0% GA C (at %) O (at %)

untreated 68 32
treated 2 W/cm2, 10 s 38 45
treated 7 W/cm2, 10 s 30 51

The peak fitting routines were done in order to evaluate the changes in the bond structure and,
therefore, explain the observed changes after plasma treatment. The high resolution C 1s peak was
fitted with 6 principal components: C–C/C–H (binding energy at 284.7 eV), C–N (285.6 eV), C–O
(286,3 eV), N–C–O (287.6 eV), C=O (288.1 eV), and O–C=O (289.2), as it is shown in Figure 6. The results
of the fits are presented in Table 3.

As it was mentioned above, a significant decrease in WCA was observed after the plasma
treatment. Hydrophilic character of PVA surface was achieved, because characteristic polar functional
groups (mainly COO– groups) were introduced onto the PVA surface by the plasma treatment [10,13]
(see Figure 6 and Table 3).

Table 3. Areas of C1s components.

Bonds (%) Untreated Treated, 7 W/cm2 Treated with Nisin

C–C/C–H 41 31 21
C–N 34 36 19
C–O 13 15 47
C=O 12 2 2

N–C=O 0 5 11
O–C=O 0 11 0

The C1s peak fitting of plasma-treated samples shows O–C=O arising that can be attributed to the
polar functional group formation. After nisin attachment, also C=O, C–O vs. C–C bonds presence was
evaluated. Results (Table 3) show decrease of C–O and C–H bonds and appearance of N–C=O and
O–C=O after nisin adhesion, while after final plasma treatment, the C–O and N–C=O bonds presence
is higher. This can be caused by nisin attachment. On the other hand, the O–C=O are not present.

(a) (b) 

Figure 6. C1s high resolution peak fitting of (a) untreated PVA (0% crosslinking) and (b) plasma treated
PVA (0% crosslinking).
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4. Conclusions

Combination of coplanar Surface Barrier Discharge activation and cross-linking using
environmentally friendly glutaric acid was applied to PVA to study its potential use as a carrier
system for nisin adhesion. It was found that both mentioned factors have a crucial effect on the extent
of nisin surface attachment and its release kinetics.

It was proved that crosslinking degree of polyvinyl alcohol plays an important role mainly in the
range of 10–20%, which was evaluated as optimal for preparation of relatively water-stable peptide
coatings that can sustain also the antibacterial properties with potential applicability in the medical
field. According to the zeta potential measurement, the adhesion proceeded at acidic pH value,
and surface inhomogeneity was observed, mainly in the case of 10% of crosslinking. This suggests that
besides the bulk, also the surface properties of the polymer materials must be carefully controlled to
achieve acceptable results.

Based on the results, DCSBD plasma treatment of PVA using 20% crosslinking with glutaric
acid and nisin adhesion represents a novel and promising method for the design of biomaterials
characterized by tunable stability and diffusion of bioactive compounds.
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41. Wiśniewski, J.R.; Gaugaz, F.Z. Fast and Sensitive Total Protein and Peptide Assays for Proteomic Analysis.
Anal. Chem. 2015, 87, 4110–4116. [CrossRef] [PubMed]

42. Dorgan, K.M.; Wooderchak, W.L.; Wynn, D.P.; Karschner, E.L.; Alfaro, J.F.; Cui, Y.; Zhou, Z.S.;
Hevel, J.M. An enzyme-coupled continuous spectrophotometric assay for S-adenosylmethionine-dependent
methyltransferases. Anal. Biochem. 2006, 350, 249–255. [CrossRef] [PubMed]

43. Miyake, N.; Miura, T.; Sato, T.; Yoshinari, M. Effect of zeta potentials on bovine serum albumin adsorption
on crown composite resin surfaces in vitro. J. Biomed. Sci. Eng. 2013, 6, 273–276. [CrossRef]

44. Sze, A.; Erickson, D.; Ren, L.; Li, D. Zeta-potential measurement using the Smoluchowski equation and
the slope of the current–time relationship in electroosmotic flow. J. Colloid Interface Sci. 2003, 261, 402–410.
[CrossRef]

45. Habalikova, M.; Holcapkova, P.; Suly, P.; Sedlarik, V. Immobilization of bacteriocin nisin into a poly(vinyl
alcohol) cross-linked with non-toxic dicarboxylic acid. J. Appl. Polym. Sci. 2016, 133, 43674. [CrossRef]

46. Song, Y.W.; Shan, D.Y.; Han, E.H. High corrosion resistance of electroless composite plat- ing coatings on
AZ91D magnesium alloys. Electrochim. Acta 2008, 53, 2135–2143. [CrossRef]

47. Belgacem, M.N.; Gandini, A. The surface modification of cellulose fibres for use as reinforcing elements in
composite materials. Compos. Interfaces 2005, 12, 41–75. [CrossRef]

48. Cho, D.; Lee, S.; Frey, M.W. Characterizing zeta potential of functional nanofibers in a microfluidic device. J.
Colloid Interface Sci. 2012, 372, 252–260. [CrossRef] [PubMed]

49. Salgın, S.; Salgın, U.; Bahadır, S. Zeta Potentials and Isoelectric points of biomolecules: The effects of ion
types and ionic strengths. Int. J. Electrochem. Sci. 2012, 7, 12404–12414.

50. Balcão, V.M.; Costa, C.I.; Matos, C.M.; Moutinho, C.G.; Amorim, M.; Pintado, M.E.; Gomes, A.P.; Vila, M.M.;
Teixeira, J.A. Nanoencapsulation of bovine lactoferrin for food and biopharmaceutical applications. Food
Hydrocoll. 2013, 32, 425–431. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

152



materials

Article

Increase in Strength and Fretting Resistance of Alloy
718 Using the Surface Modification Process

Auezhan Amanov 1,*, Rakhmatjon Umarov 1 and Tileubay Amanov 2

1 Department of Mechanical Engineering, Sun Moon University, Asan 31460, Korea; umarov92@inbox.ru
2 Institute of Mechanics and Seismic Stability of Structures, Academy of Sciences,

Tashkent 100125, Uzbekistan; amanov43@mail.ru
* Correspondence: avaz2662@sunmoon.ac.kr; Tel.: +82-41-530-2892

Received: 9 July 2018; Accepted: 3 August 2018; Published: 6 August 2018

Abstract: This work comparatively investigated the strength (hardness, yield strength, dynamic
elastic modulus, and surface residual stress), fretting failure, and corrosion resistance of the
as-received and treated Ni-based superalloy Alloy 718. The goal of the current research is to improve
the hardness, fretting wear, and corrosion resistances of Alloy 718 through the ultrasonic nanocrystal
surface modification (UNSM) process with the aim of extending the lifespan of aircraft and nuclear
components made of Alloy 718. The experimental results revealed that the surface hardness increased
by about 32%, the fretting wear resistance increased by about 14%, and the corrosion resistance
increased by about 18% after UNSM process. In addition, the UNSM process induced a tremendous
high compressive surface residual stress of about −1324 MPa that led to an increase in yield strength
and dynamic Young’s modulus by about 14 and 9%, respectively. Grain size refinement up to ~50 nm
after the UNSM process is found to be responsible for the increase in surface hardness as well.
The depth of the effective layer generated by the UNSM process was about 20 μm. It was concluded
that the UNSM process played a vital role in increasing the strength and enhancing the corrosion and
fretting resistances of Alloy 718.

Keywords: Alloy 718; surface hardness; surface residual stress; grain size; fretting failure; corrosion

1. Introduction

Alloy 718 is mainly used in aerospace and nuclear applications in the range of operating
temperature of 650–675 ◦C because of relatively excellent mechanical properties, fusion weldability,
good, excellent oxidation resistance, corrosion resistance, and creep at elevated temperatures [1].
However, the relatively poor fretting wear resistance of Alloy 718 may restrict its use without any
surface engineering [2]. Alloy 718 usually exhibits poor wear resistance, resulting in shortening the
service life of components owing to the relatively low hardness in spite of its excellent properties
such as corrosion, erosion, oxidation, etc. [3]. One of the main issues in the aerospace and nuclear
industries is fretting damage, which can be derived from oscillating motion, and it may lead to high
nominal stress between two fretting bodies, resulting in high wear or even fatigue limit [4]. Alloy 718
can be hardened by the presence of precipitation of γ′ (Ni3(Al,Ti)) and γ” (Ni3Nb) phases within a
(face centered cubic) FCC structure. The latter phase can be transferred into Ni3Nb—δ one at such
a high temperature, where a softening can take place [5]. Also, δ phase (Ni3Nb) is a vital phase,
which precipitated in the range of 750~1020 ◦C [6,7]. In general, in Alloy 718, the precipitation of
δ phase does not provide any strengthening mechanism, but it controls the microstructure [8]. It is
well established that Alloy 718 can be directly used for various structural applications with no heat
treatment thanks to the standard precipitation treatment leading to an increase in strength [9,10].
Lin et al. have reported earlier that a high amount of δ phase significantly decreased the strength and
plasticity of Alloy 718 [7]. On the other hand, the balanced amount of δ phase may serve to alter the
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microstructure in terms of grain size refinement and dislocation impediment that led to an increase in
strength [11]. However, the enhancement in strength of Alloy 718 by the presence of δ phase was not
good enough to be used in real applications. Moreover, it is well known that the strength of Alloy 718
can be also substantially improved by various heat treatment processes. For instance, Chlebus et al.
have investigated the heat treatment response to the microstructure and mechanical properties of
Alloy 718 produced by additive manufacturing process [12]. In total, four series of heat treatments
were performed at various annealing temperatures. It was found that the highest hardness of Alloy
increased from 312 to 461 HV. Another study also claimed that the mechanical properties of Alloy 718
can be increased by annealing and hot isostatic pressing (HIP) + annealing processes, resulting in an
increase in hardness by about 10 and 31%, respectively [13]. Raghavan et al. have also investigated the
effect of heat treatment on mechanical properties of Alloy 718 [14]. The results revealed that increase in
homogenization temperature coarsened the grain size that led to softening, but the strength increased
remarkably after ageing treatment due to the precipitation hardening of Alloy 718.

In this regard, a number of investigations have been performed to increase the strength of Alloy
718 [15–17]. For instance, Zheng et al. have studied the influence of carbon (C) content on control in
strength of Alloy 718 [18]. It was found that the amount of precipitation was reduced, and the grain
size of carbide was refined with decreasing C content, leading to an increase in strength. Liu et al.
have tried to control the mechanical properties of Alloy 718 using the electromagnetic stirring [EMS]
process [19]. Interestingly, a tensile strength of Alloy 718 subjected to EMS process was found to be
higher in comparison with that of the unprocessed Alloy 718 because of the increased surface hardness
and induced compressive residual stress. In addition, Farber et al. have found the relationship between
the mechanical properties and microstructure of four different combinations of Alloy 718: solution and
ageing heat treatment, heat treatment along with hot isostatic pressing, heat treatment along with shot
peening, and heat treatment together with hot isostatic pressing and shot peening. The results showed
that even though the heat treated specimen exhibited better results in terms of surface hardness,
the specimen subjected to heat treatment and hot isostatic pressing revealed similar results in terms of
tensile strength and ductility, in which the surface hardness was found to be much lower compared to
that of the heat treated one [8]. Surface modification methods such as shot peening and laser shock
peening have also been widely used to increase the mechanical properties of Alloy 718. For example,
Chamanfar et al. have used a shot peening process to increase the mechanical properties of Alloy
718 [20]. Gill et al. have analyzed the effect of laser shock peening on the hardness and residual
stress [21]. Both surface modification methods increased the mechanical properties due to the severe
plastic deformation of the surface as a result of inducing high strain and the transformation of tensile
residual stress into compressive one.

In this current paper, Alloy 718 was treated by a relatively new ultrasonic nanocrystalline
surface modification (UNSM) process to achieve high strength and excellent resistances to fretting
and corrosion simultaneously. The main goal of the current research is to evaluate the impact of
UNSM process in terms of surface roughness, surface hardness, surface residual stress, grain size,
etc., on the increase in strength, fretting wear, and corrosion resistance that lead to an increase in
lifespan of various components and parts made of Alloy 718 in both aerospace and nuclear industries.
The effective depth of UNSM process was confirmed by cross-sectional observation. The impact of the
UNSM process on the surface hardness and tensile behavior was obtained using hardness and tension
tests, while the corrosion resistance was studied using the potentiodynamic polarization test method.
Finally, the level of fretting failure was investigated by fretting wear tester under dry conditions.

2. Materials and Methods

2.1. Material

In this study, a number of wrought specimens made of solution-annealed Alloy 718 were used.
The specimens were melted at VDM Metals (USA/FP), precipitation heat treated at 720 ◦C, and then
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air cooled. The grain size of specimens determined in accordance with a standard [22]. ASTM-E-112-13.
The mechanical properties and chemical composition of Alloy 718 provided by the supplier are listed
in Tables 1 and 2, respectively. Before and after UNSM process, all the specimens were washed in
acetone ((CH3)2CO) for 5 min. Then, the optimized UNSM parameters listed in Table 3 were selected
to be applied to Alloy 718. Detailed information about the UNSM process and its parameters are
available elsewhere [23,24].

Table 1. Mechanical properties of Alloy 718.

Tensile Strength,
MPa

Yield Strength,
MPa

Elastic Modulus,
GPa

Shear Modulus,
GPa

Poisson’s Ratio
Elongation,

%

1150 950 211 77.2 0.294 25

Table 2. Chemical composition of Alloy 718 in wt %.

Fe Cr C Ti Mn Si Ni S P Mo Nb Al

17.62 18.84 0.024 0.95 0.02 0.06 53.64 0.002 0.003 3.08 5.23 0.53

Table 3. UNSM process parameters.

Frequency,
kHz

Amplitude,
μm

Speed,
mm/min

Load,
N

Feed-Rate,
μm

Ball Diameter,
mm

Ball Material

20 50 2000 50 70 2.38 WC

2.2. Characterization

Before measuring the surface roughness and surface hardness, the specimens were ultrasonically
cleaned in distilled water (H2O) for 10 min to keep the surface clean. The average surface roughness
(Ra) of the specimens was obtained using a surface profilometer (SJ-210, Mitutoyo, Kawasaki, Japan)
with a scanning length 4 mm at a scan rate of 10 mm/min. The surface hardness was measured at a
load of 300 gf for 10 s by micro-Vickers hardness tester (MVK E3, Mitutoyo, Japan). The indent points
were randomly selected at a distance of 300 μm away from each other. The indent size was about
40–45 μm. The surface roughness and surface hardness measurements were repeated three times
to give a good statistical representation of the results. To observe the difference in microstructure,
the specimens were embedded on resin, and the conductive resin used to embed the metal sample
was produced by press. The top surface of the specimens was mechanically polished using a silicon
carbide (SiC) sandpaper with a grit in the range of 400 to 2000. The specimens were electrolytically
etched in standard nital etchant solution (15% nitric acid and 85% ethanol) at 6 V for 10 s using
an electropolisher-etcher (ElectroMetTM4, Buehler, Lake Bluff, IL, USA) to reveal the change in
microstructure after UNSM process.

The mechanical properties were obtained using a tensile tester (Zwick/Roell Z010, Borchen,
Germany) with increasing load from 0 to 10 kN at a loading rate of 5 mm/min. The dimensions
of the tensile specimen are shown in Figure 1. The dynamic elastic modulus was measured with
respect to temperature in the range of 100 to 400 ◦C by a resonant frequency. The temperature was
controlled using an induction heating system with a medium frequency of 100 Hz. Tensile and dynamic
Young’s modulus tests were also repeated at least three times. Detailed information on measurement
of dynamic Young’s modulus is available elsewhere [25].
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Figure 1. A schematic view of a tensile test specimen.

The fretting wear resistance was assessed by an Optimol SRV IV (Munich, Germany) tester at
room temperature under dry conditions against SAE 52100 bearing steel ball with a diameter of 10 mm.
The fretting wear test conditions are listed in Table 4.

Table 4. Fretting wear test conditions.

Frequency,
Hz

Displacement Amplitude,
μm

Normal Load,
N

Test Duration,
min

Hertzian Contact Stress,
GPa

30 50 50 60 1.06

The corrosion resistance was evaluated by a potentiodynamic polarization tester (Solartron SI
1287, Gainesville, GA, USA) with three electrodes as a saturated calomel electrode (SCE), and platinum
mesh, and specimen as reference. At a scanrate of 1 mV/s with a scan range of −0.5 V to +1.5 V in
3.5% NaCl solution corrosion resistance of as-received and UNSM-treated specimens was measured at
room temperature. The exposed area of the specimen was 105.6 mm2.

X-ray diffraction (XRD) pattern using a sin2ψ method with a scanning speed 1/min and surface
residual stress were obtained by an X-ray diffractometer (Bruker D8 Advance, Karlsruhe, Germany).
The measurement area was 300 μm in diameter, and the penetration depth was 500 μm. The fretting
wear rate was calculated using a fretting wear scar profile obtained by a laser scanning microscopy
(VK-X100 Series, Keyence, Osaka, Japan). The effective depth of UNSM process was observed by
field-emission (FE)-SEM images. It needs to be mentioned here that all the experimental tests and
measurements were repeated three times to give a good statistical representation of the results.

3. Results and Discussion

3.1. Surface Roughness and Hardness

The surface roughness profile and surface hardness of the as-received and UNSM-treated
specimens are shown in Figure 2. In fretting conditions, it is essential to have a rough surface; therefore,
the average surface roughness (Ra) of the UNSM-treated specimen was intentionally modified to
be in the range from 0.25 to 0.32 μm by creating high peaks and valleys, as illustrated in Figure 2a.
It has previously been reported that a rougher surface can better avoid the initiation of fretting
failure in comparison with the smoother one [26]. Meanwhile, it is important to mention that the
UNSM process is also used as a surface smoothing process that achieves a very smooth surface with a
surface roughness Ra of several nanometers [27]. In addition to surface roughness, the performance
of the UNSM process on the surface hardness, which is an indication of resistance to deformation,
was also evaluated as illustrated in Figure 2b. Obviously, the UNSM-treated specimen exhibited a
higher surface hardness of 456 HV in comparison with the as-received one of 314 HV. The Hall-Petch

156



Materials 2018, 11, 1366

expression explains the enhanced surface hardness of the UNSM-treated specimen, in which the
surface hardness can be controlled by refining the coarse grain size [28]. It is well established that
the UNSM process generates a nanocrystal layer up to a certain depth from the top surface, along
with refined nano-grain size down to ~50 nm [29]. Moreover, an increase in surface hardness may be
attributed to the work hardening by UNSM process as a result of the generated surface and subsurface
severe plastic deformation (SPD). Alloy 718 can be also hardened by the presence of precipitation of γ′

(Ni3(Al,Ti)) and γ′′ (Ni3Nb) phases. The refined nano-grain size as a function of depth from the surface
of Alloy 718 was reported previously, in which the finest grain of the top surface was about 30 nm [30].

Figure 2. Surface roughness profile (a) and hardness (b) of the as-received and UNSM-treated specimens.

3.2. Tensile and Dynamic Elastic Modulus

The mechanical properties of the as-received and UNSM-treated specimens were evaluated by a
tensile test, whereas the typical stress-strain curves are plotted in Figure 3a. It is clear that there is no
significant difference in ultimate tensile strength (UTS) after the UNSM process, but the yield strength
(YS) increased by about 14%. Unfortunately, the UNSM process lost the ductility of the as-received
specimen by about 20%. The relationship between strength vs. ductility of engineering materials is
still an important issue in Materials Science. Lu has suggested that a gradient nanostructured material
can improve both the strength and ductility compared to the nanostructured one [31]. Hence, it is
suggested to generate a gradient nanocrystal structure using the UNSM process, which may lead to a
further increase in both the strength and ductility [32]. Metallic materials are ductile, and they have
a relatively lower strength but a relatively higher toughness or energy to failure because of greater
ductility/post yield deformation. Therefore, a gradient nanostructured Alloy 718 is needed to control
the strength vs. ductility. In addition, dynamic elastic modulus, which is the ratio of stress to strain
under vibratory conditions, as a function of temperature of the specimens, is presented in Figure 3b.
The results showed that the dynamic elastic moduli of the as-received and UNSM-treated specimens
were 187.24 and 199.79 GPa at a temperature of 100 ◦C, respectively. By increasing the temperature,
the dynamic elastic modulus of the UNSM-treated specimen was higher throughout the range of
temperatures compared to the as-received one, in which the amount of increase was reduced at higher
temperature, as depicted in Figure 3b.
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Figure 3. Stress-strain curve (a) and elastic modulus (b) change of the as-received and UNSM-treated
specimens.

3.3. Surface Residual Stress and XRD Pattern

Figure 4a presents the surface residual stress measurement results obtained from the as-received
and UNSM-treated specimens. The surface residual stress of the as-received specimen was found to
be 0.178 GPa, which changed after the UNSM process to a value of about −1.324 GPa. One of the
main influential factors in the ductility and fatigue of Alloy 718 is the compressive surface residual
stress owing to detain crack initiation and propagation [33]. An XRD was utilized to analyze the
grain size, micro-strain, and phase transformation alteration of the as-received and UNSM-treated
specimens. In Figure 4b, it can be seen clearly that the intensity of both diffraction peaks of <200> and
<220> reduced significantly, whereas the full width at half maximum (FWHM) widened after UNSM
process. The FWHM of the primary <200> peak was found to be 0.49 and 0.61 for the as-received and
UNSM-treated specimens, respectively. The grain size refinement played an important role in reducing
the intensity and increasing the FWHM value, and also in increasing the dislocation density [34].

Figure 4. The surface residual stress measurement results (a) and XRD patterns (b) of the as-received
and UNSM-treated specimens.

3.4. Cross-Sectional Observation by SEM

The cross-sectional SEM images of the as-received and UNSM-treated specimens are presented
in Figure 5. It is obvious that the plastically deformed top surface with a thickness about 10 μm
of the specimen after the UNSM process can be observed in Figure 5b. It can be also seen that the
deformation occurred along the UNSM treatment direction, as indicated by yellow arrow. In general,

158



Materials 2018, 11, 1366

once a material is subjected to SPD process, an increase in grain boundaries and refinement in grain
size take place. It has been reported earlier that the UNSM process was able to refine grain size up to
~50 nm [29]. Several mechanisms of strengthening of Alloy 718 are available in the literature, in which
grain size refinement is one of the possible mechanisms with which to increase strength [35]. It is
announced earlier that the refined grain size using SPD methods less than 10 nm was found to be
detrimental [36]. Also, slip or dislocation may occur along the grain boundary during SPD, in which
the increased grain boundaries may block dislocation motion due to the orientations of neighboring
grains. Hence, a nano-grained material has much higher hardness compared to coarse grained one
because of the higher number of grain boundaries in nano-grained materials.

Figure 5. Cross-sectional SEM images of the as-received (a) and UNSM-treated (b) specimens.

3.5. Friction Coefficient and Fretting Wear Resistance

The friction coefficient as a function of fretting time of the specimens is shown in Figure 6a,
in which the friction coefficient increased drastically at the start point of the test and then reduced
gradually for the first 10–14 min, and it got stabilized throughout the testing time. In other words,
the average friction coefficient of the as-received specimen reduced from 0.88 to 0.72, corresponding to
18% after the UNSM process. A high friction coefficient of the specimens at the start point of the test is
attributed to the initial asperity contact that increases contact pressure significantly, since only a small
number of asperities came into contact at the interface. Moreover, Figure 6b shows the evaluation of the
fretting wear resistance based on the fretting wear scar profiles. It was revealed that the UNSM process
reduced the fretting wear resistance significantly. The main reason for the reduction in the friction
coefficient of the UNSM-treated specimen is the initial surface roughness, which reduced the true
contact area between the surfaces of the specimen and the ball. It is worth mentioning here that high
peaks and valley of rough surface may serve as additional space at the contact interface for wear debris
formed during fretting oscillation. The improvement in wear resistance of the specimen subjected to
UNSM process is due to the hardening and alteration of coarse grained structure into nano-grained
one. Recently, the role of the UNSM process on the control of friction and fretting wear resistance
of Inconel 690 alloy at 25 and 80 ◦C was reported in our previous publication [19]. It was reported
that the friction behavior and fretting wear resistance of the UNSM-treated specimens were improved
at both temperatures compared to the as-received ones. Another application of UNSM process on
AlCrN coating with the aim of increasing the fretting resistance was reported earlier [37]. Interestingly,
the UNSM process was capable of reducing the friction coefficient, which led to an enhanced fretting
wear resistance.

The fretting wear scars formed on the surface of the specimens were characterized by SEM as
presented in Figure 7a,b. It was found based on the SEM images that the diameter of fretting wear
scar of the as-received and UNSM-treated specimens was about 1.202 and 1.048 mm in diameter,
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respectively. Besides the diameter of fretting wear scar, it is of interest to investigate the chemistry and
wear mechanisms of fretting wear as well. Figure 7c,d presents the chemical mapping of the fretting
wear scar. Basically, as presented in Figure 7e,f, the fretting wear scar was covered with Fe, which was
transferred from the counterface. The EDS spectroscopy revealed that Ni composition in the fretting
wear scar on the UNSM-treated specimen was found to be smaller than the as-received one as shown
in Figure 7g,h due to the high amount of Fe transferred from the counter ball. Hence, the application
of UNSM process was beneficial to controlling the friction behavior and the fretting wear resistance.

Figure 6. Friction coefficient (a) and fretting wear resistance (b) of the as-received and UNSM-treated
specimens.

Figure 7. Cont.
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Figure 7. SEM images of the fretting wear scar formed on the surface of the as-received (a) and
UNSM-treated (b) specimens. The composition mapping image of the fretting wear scar on the
surface of the as-received (c) and UNSM-treated (d) specimens. Distribution of Fe (e,f), and Ni (g,h)
over the fretting wear scar formed on the surface of the as-received (a) and UNSM-treated (b)
specimens, respectively.

3.6. Corrosion Resistance

Electrochemical tests were performed to explore the effect of the UNSM process on the corrosion
resistance of Alloy 718. The comparison of Tafel curves for the as-received and UNSM-treated
specimens in 3.5% NaCl solution is presented in Figure 8. The corrosion potential and breakdown
of Alloy 718 are −0.45 and 0.90 VSCE, respectively. Clearly, it can be seen that the curves are divided
into three zones as indicated by arrows. After UNSM process, the corrosion potential increased (Ecorr),
and the corrosion current density (icorr) decreased in comparison with the as-received specimen, as
shown in Figure 8. It is evident that the corrosion potential (Ecorr) after the UNSM process shifted to a
noble direction, while the corrosion current density (icorr) shifted to the left side, corresponding to a
higher resistance to corrosion compared than the as-received one. More negative corrosion potential
and high corrosion current are indicative of lower resistance to corrosion. In other words, the smaller
values of the corrosion current density indicate higher corrosion resistance, and the more positive the
values of the corrosion potential are, the higher is the corrosion resistance [38]. Identified transpassive
zone of the as-received specimen, as shown in Figure 8, could be probably due to anodic reaction.

The values of electrochemical test results are listed in Table 5. It was found that the corrosion
potential and current density of the UNSM-treated specimen improved due to the inception of a
dissolution on the anode, and galvanic coupling of cathodic and anodic area was sped up on the
UNSM-treated specimen. The magnitude of corrosion potential is not the only property evaluating
the corrosion resistance of Alloy 718. In general, the specimens with negative potential tend to have
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a lower resistance to corrosion. However, accelerated passivation inhibited the cathodic reaction,
in which the motion of potential to negative corrosion takes place. No significant difference in χ2

(chi-square) deviation was found, as shown in Table 5, in which the low values of the associated χ2

indicate that the circuit was able to fit the experimental data accurately. In other words, the small
values of chi-square indicates a better fit. The obtained results imply that the corrosion resistance
of the UNSM-treated specimen increased compared to the as-received one. Lee et al. have studied
the influence of shot peening and UNSM processes on the corrosion resistance of AISI304 stainless
steel [39]. It was revealed that the UNSM-treated specimen with a smoother surface showed better
corrosion resistance in comparison with the as-received and shot peened specimens. However, Hou et
al. systematically investigated the influence of UNSM process on the corrosion behavior of AZ31B
Mg alloy [40]. No improvement in corrosion behavior after UNSM process was found due to the
increase in dislocation density induced by UNSM process. Reduction in surface roughness and change
in microstructure after UNSM process can play an important role in increasing and decreasing the
corrosion resistance. Hence, it is worth mentioning here that a rough surface roughness was prepared
intentionally by UNSM process to improve the fretting wear resistance so that a rough surface could
increase the corrosion resistance. Furthermore, Miyamoto overviewed the corrosion behavior of
nano-grained materials using SDP methods and reported that there are some contradictory results [41].
Most of the reviewed papers reported that the refined grain size may increase the corrosion resistance
following Ralston’s rule [42].

Figure 8. Potentiodynamic polarization curves of the as-received and UNSM-treated specimens.

Table 5. Electrochemical test results derived from polarization curves in 3.5% NaCl solution.

Specimens Ecorr, V Icorr, A/cm2 χ2

As-received −0.48244 2.2734 × 10−6 8.439
UNSM-treated −0.40361 1.1227 × 10−6 9.864

4. Conclusions

The influence of UNSM process on the strength; hardness; tensile strength; dynamic elastic
modulus; and surface residual stress, fretting, and corrosion resistances was investigated. It was
found that the average surface roughness and the surface hardness were increased by about 58%
and 27%, respectively. XRD diffraction pattern intensity and FWHM were reduced and broadened
after the UNSM process, resulting in grain size refinement and generating a high surface compressive
residual stress. Both the friction coefficient and the fretting wear were improved after the UNSM
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process. The corrosion resistance was also increased slightly after UNSM process. It was learned
that an optimization of the UNSM process parameters is in need to further increase the resistance to
corrosion. Accordingly, it can be summarized that the UNSM process played a vital role in increasing
the strength, corrosion, and fretting resistances of Alloy 718 that are beneficial to extending the service
lifespan of aircraft and nuclear components.
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Abstract: Polyethylene granules of diameter 2 mm were treated with a low-pressure weakly ionized
air plasma created in a metallic chamber by a pulsed microwave discharge of pulse duration
180 μs and duty cycle 70%. Optical emission spectroscopy showed rich bands of neutral nitrogen
molecules and weak O-atom transitions, but the emission from N atoms was below the detection
limit. The density of O atoms in the plasma above the samples was measured with a cobalt catalytic
probe and exhibited a broad peak at the pressure of 80 Pa, where it was about 2.3 × 1021 m−3.
The samples were characterized by X-ray photoelectron spectroscopy. Survey spectra showed oxygen
on the surface, while the nitrogen concentration remained below the detection limit for all conditions.
The high-resolution C1s peaks revealed formation of various functional groups rather independently
from treatment parameters. The results were explained by extensive dissociation of oxygen molecules
in the gaseous plasma and negligible flux of N atoms on the polymer surface.

Keywords: polyethylene granules; low-pressure MW air plasma; optical emission spectroscopy; XPS;
laser cobalt catalytic probe

1. Introduction

Surface properties of polymers are often inadequate, so they have to be modified prior
to further treatment. A widely used technique for tailoring the surface properties of polymers
is a brief exposure to non-equilibrium gaseous plasma. A recent survey indicates a variety of
treatment conditions, and different authors reported results that are not always in agreement [1].
A possible reason for such discrepancies is the application of polymers in various forms and various
grades. Recently, it was explained in detail that fibrous polymers might interact differently with
gaseous plasma compared to interaction with flat materials, such as foils, due to the enormous
surface-to-mass ratio [2]. Although numerous studies have been published in past decades, the exact
mechanisms are still not well understood, so the interaction of plasma particles with polymer
surfaces remains a hot topic [3]. A commonly used polymer is polyethylene, which comes in
different forms and different grades. Recently, Orendač et al. studied the modification of high-density
polyethylene (HDPE) foils by argon plasma to create allyl and polyenyl radicals or dangling bonds [4].
Vartiainen et al. [5] applied gaseous plasma for the activation of low-density polyethylene, prior to
coating it with a thin film of cellulose nanofibrils to make an effective barrier against oxygen
and mineral oil residues. Zhao et al. [6] treated polypropylene fibrous membranes with weakly
ionized plasma to activate the surface for better adhesion of a coating prepared by grafting with
vinylimidazole acidic ionic liquids. Hu et al. treated a polyethylene surface with CO2 plasma
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for carbene insertion [7]. Ozaltin et al. [8] used plasma pretreatment of low-density polyethylene
(LDPE) before grafting of polymer brush of N-allylmethylamine, which acted as an antibacterial
coating. Muzammil et al. [9] used a pulsed plasma technique for the deposition of hydrophobic
coatings on low-density polyethylene. Van Vrekhem et al. [10] used an atmospheric pressure plasma
jet for the treatment of ultrahigh-density polyethylene in order to improve the biological response
of shoulder implants, and found improved adhesion to bone cement and an enhanced osteoblast
proliferation. Lindner et al. [11] used a high-impedance corona discharge in air for the treatment
of various polymers and laminates, and the best results in terms of laminate bond strength were
obtained for low-density polyethylene. Popelka et al. [12] used corona discharge to enhance the
surface hydrophilicity of composites prepared from linear low-density polyethylene and graphene
nanoplatelets in order to develop materials suitable for electromagnetic interference shielding
applications. The same group also applied the same discharge to obtain a significant increase
in peel resistance in the linear low-density polyethylene/aluminum laminate [13]. This literature
survey highlights important achievements reported in papers published only in 2018. Much work on
polyethylene in different forms has been done in previous years using low-pressure microwave plasma:
from the functionalization of low-density polypropylene with nitrogen plasma [14] and studies on the
wetting properties of LDPE and polyethylene terephthalate (PET) [15] to the enhanced printability of
polyethylene (PE) treated by air plasma [16]. Besides PE granules and foils, work has been also done
on powders [17–19]. The complete survey is beyond the scope of this paper, but a general conclusion
is that sometimes even a brief treatment of polyethylene causes improved surface wettability, which
is a consequence of polar functional groups that appear on the surface upon plasma treatment.
Usually, the surface is rich in oxygen-containing functional groups such as hydroxyl, carbonyl, and
carboxyl/ester, even though the plasma was not generated in pure oxygen, but rather air, carbon
dioxide, or even argon. The richness of oxygen-containing groups is usually explained by an excellent
affinity of oxygen towards plasma-modified polymer surface. The authors used polymers in different
forms, including foils and fibrous materials, but little work has been performed on the treatment of
granules, which are the raw materials for synthesizing a variety of plastics. This paper reports on the
surface modification of polyethylene granules treated with air plasma sustained in a chamber suitable
for semi-industrial applications.

2. Materials and Methods

Samples of commercial polyethylene granules were treated in a plasma reactor (SurfaceTreat
LA400, SurfaceTreat, a.s., Turnov, Czech Republic) suitable for the treatment of polymers on
a semi-industrial scale. The PE granules were purchased from Sigma-Aldrich. The system’s schematic
is shown in Figure 1. The discharge chamber of dimensions approx. 40 cm × 40 cm × 40 cm was
made from aluminum. The native oxide layer forms on the aluminum surface, leading to rather inert
properties against different plasmas of molecular gases, since the coefficient for heterogeneous surface
recombination is low for various atoms [20]. The chamber had the volume of about 60 L and was
pumped with a Roots pump backed by a two-stage rotary pump through a high efficiency particulate
air (HEPA) filter, a butterfly valve, and bellows. The discharge chamber was equipped with a system
for the gas inlet: an adjustable flow controller that allowed flows of up to 2 standard liters per minute.
Two Microwave (MW) source was placed on the top flange of the plasma system. The source was
forced-air cooled. The rest of the experimental system was kept at room temperature. Gaseous plasma
of high luminosity was concentrated to the region a few centimeters thick next to the upper flange
where the microwave source was mounted. The radiation was less intensive and rather homogeneous
in the rest of the discharge chamber. Pressure inside the chamber was measured with a Pirani gauge
calibrated for dry air. The pressure was adjusted by changing the gas flow through the flow controller,
which was also calibrated for dry air, and/or by changing the tilt of the butterfly valve.
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Figure 1. The schematic diagram of the vacuum of the small plasma reactor. 1—discharge chamber,
2—narrow tube with butterfly valve, 3—two-meter long bellows with diameter of 40 mm, 4—trap for
fine powder, 5—Roots pump, 6—two-stage oil rotary pump, 7—Pirani vacuum gauge, 8—optical fiber
with lens and spectrometer, 9—catalytic probe, 10—gas feeding flow measurement system, 11—air
inlet valve, and 12—sample holder.

Plasma was characterized by optical emission spectroscopy (OES) and with a catalytic probe.
An optical fibre was fixed to a window on a flange and connected to an optical spectrometer. We used
an Avantes AvaSpec 3648 spectrometer (Avantes, Apeldoorn, The Netherlands). The device is based on
the AvaBench 75 symmetrical Czerny Turner design, with a 3648-pixel charge-coupled device (CCD)
detector and focal length of 75 mm. The range of measurable wavelengths is from 200 nm to 1100 nm,
and the wavelength resolution is 0.5 nm. The spectrometer has a USB 2.0 interface, enabling high
sampling rates of up to 270 spectra per second. It has a signal-to-noise ratio of 350:1. Integration time is
adjustable from 10 μs to 10 min. At integration times of below 3.7 ms, the spectrometer itself performs
internal averaging of spectra before transmitting them through the USB interface.

A catalytic probe for measuring the O-atom density was mounted at a flange and stretched
10 cm inside the discharge chamber in order to reveal the atom density away from the walls,
where heterogeneous surface recombination might have influenced the probe signal. We used
a professional laser-heated fiber-optics catalytic probe supplied by Plasmadis (Plasmadis Ltd.,
Ljubljana, Slovenia). The probe employed a catalytic tip made from pure cobalt with an oxide layer
on the surface. The probe was sensitive to O atoms, but not to any N atoms that might be created in
the gaseous plasma. For completeness of this paper, we shortly describe the main features as follows.
The probe is made from a small catalytic tip, which is mounted onto an optical fibre. The other side
of the fibre is connected to an electronic unit, which consists of an infrared (IR) radiation detector
(for measuring tip temperature) and a laser (for heating the tip to elevated temperature). The electronic
unit controls the laser power so that the tip temperature is held constant, irrespective from experimental
conditions; in particular, the exothermic reactions that are likely to occur upon immersion of the probe
tip into gaseous plasma. The flux of reactive plasma species onto the probe tip is then calculated from
the difference in the laser power between plasma on and off conditions. After evacuation of the plasma
reactor and before turning on the discharge, the catalytic tip was heated to a constant temperature
(750 K, in this case) by the laser. When the discharge was turned on, the laser power dropped due to
the extensive heterogeneous surface recombination of O atoms to parent molecules, and the electronic
unit displayed the corresponding O-atom density in the vicinity of the tip. The details of the probe
construction are described elsewhere [21]. The probe allows for rather precise measurements of the
O-atom density, with the time resolution of less than a second and the start-up time of a few seconds.
The absolute accuracy was about 20% and the relative accuracy about 3%, provided that the gas
pressure does not change during the measurements.
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Samples were placed onto a sample holder mounted at the bottom of the experimental system,
as shown in Figure 1. The sample holder was in a form of a cup of diameter 20 cm and height 7 cm.
A device for continuous mixing of granules upon plasma treatment was mounted onto the bottom
of the cup. The granules filled the cup up to the level of about 1 cm from the bottom of the cup.
A rather large diameter of granules (2 mm) allowed for efficient mixing, which in turn, allowed for
the rather uniform treatment of the entire surface area of all the granules within a reasonable time.
The treatment time was 1 min. The samples were commercially available polyethylene granules of
diameter 2 mm. After evacuation of the discharge tube to the ultimate pressure, air was introduced
into the discharge chamber through the flow controller upon continuous pumping so that a desired
pressure was established. Different flow rates were adopted for this experiment. After the treatment,
the plasma effects were studied by X-ray photoelectron spectroscopy (XPS).

We used a high-resolution instrument with monochromatized X-rays and a hemispherical
electron analyzer (model TFA XPS Physical Electronics, Chanhassen, MN, USA), which employs
monochromatic Al Kα1,2 radiation at 1486.6 eV for excitation of the surface over an area of about
400 μm2. Take-off angle was set at 45◦. XPS survey-scan spectra were acquired at a pass-energy of
187 eV using an energy step of 0.4 eV. The high-resolution C1s spectra were acquired at a pass-energy
of 23.5 eV using an energy step of 0.1 eV. The main C1s peak was fixed to a value of 284.8 eV for
charge compensation. The XPS spectra were analysed using MultiPak v8.1c software (Ulvac-Phi Inc.,
Kanagawa, Japan, 2006) from Physical Electronics.

The morphology of granules was determined by an atomic force microscope. We used the
instrument made by Solver PRO, NT-MDT, Moscow, Russia, which was operating in a tapping
mode. The samples were scanned with a standard Si cantilever with a force constant of 22 N/m and at
a resonance frequency of 325 kHz. The imaging was done on a 5 μm × 5 μm area of the samples.

3. Results and Discussion

Figure 2 represents a typical spectrum of radiation arising from air plasma. The spectrum is
rich in molecular bands. In the range of short wavelengths (roughly from 300 to 400 nm), there is a
band corresponding to transitions between the C3Πu to B3Πg electronic states of a neutral nitrogen
molecule. This radiation is not suppressed by any quantum rule, so it appears in a very short time
after the state has been excited due to an electron impact. The potential energy of the upper state
C3Πu (ground vibrational level) is about 11 eV. Theoretically, the C3Πu state can be created from the
ground state of the nitrogen molecule (x1Σ+

g). However, due to the large excitation energy of 11 eV, it
is more likely that this state is created at an inelastic collision of an electron with a nitrogen molecule
in a metastable state, most probably A3Σ+

u, which has a radiative lifetime of 0.9 s [22].

Figure 2. Optical emission spectrum of air plasma at the pressure of 80 Pa.
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The spectral range from about 500 to 900 nm is rich in another set of bands, arising from
the relaxation of the B3Πg to A3Σ+

u states. Numerous spectral features indicate rich population
of vibrational states of both upper and lower electronic states. In fact, the most extensive “line”
(broadened by rotational population) corresponds to the transition from the sixth vibrational level of
the B3Πg electronic state to the third vibrational level of the A3Σ+

u state. The excitation energy of the
ground vibrational level of the B3Πg state is just over 7 eV: about one-third of the excitation energy of
the C3Πu state. Also, the excitation cross section is large [23], so the intensity of the radiation arising
from the B3Πg to A3Σ+

u transitions is predominant in the spectrum shown in Figure 2.
Radiative transitions of atomic lines are barely visible, except from the oxygen line at 845 nm.

The major oxygen line should be at 777 nm, but it overlaps with the nitrogen band in the spectrum,
which was acquired by a rather low-esolution spectrometer. The excitation level of the O atoms
radiating at 845 nm is about 11 eV: almost the same as the C3Πu level of the nitrogen molecules.
The reason for poor radiation from O atoms as compared to the C3Πu to B3Πg system is a smaller
excitation cross section [24], rather than any difference in excitation energies, so the spectrum shown
in Figure 2 only qualitatively shows the presence of neutral oxygen atoms in the plasma reactor.
No radiation from excited N atoms is observed in Figure 2, although some N lines are positioned in
the range of wavelengths not occupied by N2 transitions.

The optical spectra were measured at different experimental conditions. The behavior of selected
spectral features versus pressure at fully open butterfly valve (no pressure difference before or after
the valve) is presented in Figure 3. The scale on the y-axis is logarithmic. The intensity of transitions
within neutral nitrogen molecules (from the C3Πu state at 337 nm and from the B3Πg state at 679 nm)
slowly decreases with decreasing pressure in the low-pressure range, while the intensity of positively
charged molecular ions at 391 nm increases. This can be explained by a lower density of molecules
and thus less frequent electron collisions; therefore, the electron temperature is somehow larger at
lower pressures. This effect, however, is not pronounced, indicating that the plasma parameters do
not change much with changing pressure. The atomic hydrogen line (Hβ of the Balmer series) also
increases with decreasing pressure for the same reasons. The emission from the neutral O atoms at
845 nm remains almost intact in the entire range of pressures.

Figure 3. Intensity of selected spectral features versus pressure (p) in the discharge chamber.

Figure 4 represents the variation of the spectral intensities versus gas flow at a constant pressure of
80 Pa. These set of experiments was performed by simultaneous change of the flow rate and opening of
the butterfly valve. Figure 4 clearly shows that the flow rate does not influence the plasma parameters
as long as the pressure remains constant. The resident time of gas inside the discharge chamber is
obviously long enough that steady parameters are obtained irrespective of the gas drift through the
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discharge chamber. The optical spectra therefore indicate rather small variations of plasma parameters
with pressure and almost constant parameters versus the flow rate, which make the system suitable
for highly repeatable treatments of any samples mounted into the discharge chamber.

Figure 4. Intensity of selected spectral features versus air flow rate at the pressure of 80 Pa.

The absolute value of the O-atom density was measured with a catalytic probe. A typical probe
signal versus time at constant discharge parameters is shown in Figure 5. As mentioned earlier,
the start-up time of the commercial probe is several seconds. The probe shows rather constant
O-atom density about half a minute after turning on the discharge, but a maximum is observed
about 15 s after plasma ignition. The maximum is often explained by the presence of water vapor in
the system; specifically, the fresh polymer granules contain some water, which is released from the
surface upon plasma treatment. The water molecules are dissociated upon collisions with energetic
gaseous species and contribute to the probe signal. The amount of adsorbed water is limited, and the
vapor is continuously pumped away from the discharge chamber, so after about 30 s of plasma
treatment, this contribution to the probe signal is marginal as compared to O atoms arising from the
dissociation of oxygen molecules. A slow decrease in the O-atom density is observed for prolonged
treatments and this could be due to thermal effects. It was already explained that the probability for
heterogeneous surface recombination of atoms on surfaces of material facing plasma increases with
increasing surface temperature [20]. The effect becomes important in the case of fibrous materials
of poor thermal conductivity [25] and rather detrimental if more aggressive plasma is applied [26].
However, in our case, it remains marginal even for prolonged plasma treatment since in our case,
the highly luminous (and thus reactive) plasma is concentrated to the region next to the MW sources,
which are about 30 cm away from the sample holder.

The catalytic probe allowed for rather precise measurements of the O-atom density in our system.
The reactor was loaded with PE granules and evacuated to ultimate pressure, and then air was
introduced and the atom density was measured. This procedure was repeated six times in order to
test and confirm repeatability. Figure 6 shows the density versus pressure at different duty cycles.
As expected, the atom density is the highest at large duty cycles and decreases monotonously with
decreasing cycles. At 10%, it is about four times smaller than at 100% or 80%. The best condition in
terms of high atom density and energy efficiency is therefore at the duty cycle of about 70%.
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Figure 5. The behavior of O-atom density versus time (t) at 80 Pa and duty cycle 70%.

Figure 6. The O-atom density in air plasma at 80 Pa versus MW generator duty cycle.

The O-atom density versus the pressure inside the discharge chamber is shown in Figure 7.
One can observe a broad maximum: the atom density hardly changes in a range of pressures between
30 and 80 Pa. The absolute value is just over 2 × 1021 m−3, which is typical for plasma created in pure
oxygen or a mixture of oxygen and argon [27–29]. The high density of O atoms in our weakly ionized
plasma created in air can be attributed to differences in the excitation energies of oxygen and nitrogen
molecules. As already mentioned, the first electronically excited level of a nitrogen molecule is A3Σ+

u

at the potential energy of just over 6 eV. This state is the metastable state of a long radiative lifetime [22].
The dissociation energy of the oxygen molecule is somewhat lower at 5.2 eV. The quenching of the
nitrogen metastable state by dissociative collision with an oxygen molecule is therefore energetically
feasible. Furthermore, oxygen molecules exhibit two metastable electronic states at the potential
energies of roughly 1 and 2 eV. The first metastable state, a1Δg, has a lifetime of almost an hour, so it is
very stable at low pressure, at which the channels for relaxation are limited. Furthermore, according
to Ionnin et al. [24], the cross section for excitation of the second state (b1Σ+

g) from the metastable
a1Δg state is rather large, even for electrons of kinetic energy 1 eV, and it peaks at a few eV, which is
a typical electron temperature in low-pressure plasma [30]. Therefore, there are numerous channels
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for the dissociation of oxygen molecules in weakly ionized air plasma, which explains a rather high
density of O atoms, as shown in Figure 7.

Figure 7. The O-atom density versus pressure at duty cycle 70%.

Samples of polyethylene granules were treated in air plasma and characterized by XPS soon
after the treatment in order to limit any ageing effects. Specifically, the activation is not permanent,
but hydrophobic recovery has been reported for numerous polymers with polar oxygen-rich functional
groups on the surface [31]. Figure 8 shows survey spectra for an untreated sample and a sample
treated for a minute at the pressure of 80 Pa, where the O-atom density was just over 2 × 1021 m−3

(see Figure 7). The survey spectrum for an untreated polyethylene shows only the carbon peak
(which is sound with the polymer composition) and traces of oxygen. After the treatment, another
peak appeared, indicating the incorporation of oxygen and an O-to-C ratio of 0.17.
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Figure 8. XPS survey spectra for an untreated and treated sample.

Interestingly enough, no nitrogen peak is observed in Figure 8. Samples were treated at different
pressures, and the survey spectra were practically identical to those of Figure 8. The absence of nitrogen
on the polymer surface is attributed to a higher affinity for reactions with O atoms and also to the
shortage of nitrogen atoms in the plasma reactor. As revealed from Figure 2, plasma cannot be rich in
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N atoms, because no peak is observed. The very low concentration of N atoms as compared to O atoms
can be explained by numerous reasons. The first one is the high dissociation energy of N2 molecules,
which is about 10 eV (twice that of the value for oxygen molecules). The plasma electrons are therefore
unlike to dissociate a nitrogen molecule in the ground electronic state, even if vibrationally excited.
Nitrogen atoms could be created by dissociation of the metastable nitrogen molecule in the A3Σ+

u

electronic state. This state is the final state of the neutral molecule emission bands observed in Figure 2.
Furthermore, the A3Σ+

u electronic state is also well populated with vibrational states, since many
radiative transitions occur to higher vibrational levels [32]. On the other hand, this electronically
excited state is quenched by reactions with other plasma species as explained above, thus its density is
probably much lower than the O-atom density in our plasma reactor. In fact, Ricard et al. [33] measured
the density of the A3Σ+

u electronic state in a similar plasma system and observed values of the order
of 1017 m−3, which is four orders of magnitude smaller than the O-atom density in our experimental
setup. The density of N atoms is therefore orders of magnitude smaller than the density of O atoms,
which together with other considerations, explains the absence of an N peak in Figure 8.

Both untreated and plasma treated samples were characterized by atomic force microscopy (AFM).
A typical image is shown in Figure 9. Images were obtained at various spots on a granule and they
differed significantly. The as-produced granules were therefore of rich morphology. After plasma
treatment, no significant deviation was observed, but it should be stressed again that the granules
were already rough before the treatment, so any change in topography that could be a result of plasma
treatment was difficult to detect.

Figure 9. Three-dimensional atomic force microscopy (AFM) image of a 5 μm × 5 μm area of an
untreated granule.

Figure 10 represents the high-resolution C1s peak of the photoelectron spectrum for an untreated
polyethylene sample. The peak is almost perfectly symmetrical, indicating no functionalization of the
polymer surface with groups that cause asymmetrical peaks. After treatment with air plasma, the peak
becomes asymmetrical due to surface oxidation. The C1s peak for a treated polymer sample is shown
in Figure 11. Since Figure 8 shows negligible (if any) concentration of other elements, it is feasible to
deconvolute the peak in Figure 11 with oxygen-containing functional groups. The best fit was obtained
using only hydroxyl, carbonyl, and carboxyl/ester groups. The subpeaks corresponding to these
functional groups are shown in Figure 11. The result was quantified using the software package and
revealed the following concentrations of groups: C–C 88.5%, C–O 5.4%, C=O 2.6%, and O=C–O 3.5%.
The fit is almost perfect at the high-energy tail, indicating that carboxyl/ether groups are those of the
highest energy shift. Some authors have also observed a carbonate peak on plasma-treated polymers,
but such functional groups obviously have not appeared on polyethylene in our case [34–39].
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Figure 10. High-resolution C1s spectrum for an untreated sample.

Figure 11. High-resolution C1s spectrum for a treated sample.

Our results for activation of polyethylene granules are similar to those for the same material,
but of different morphology. Lopez-Santo [15] employed a remote MW source for the treatment of
originally smooth PE, but using an argon–oxygen gas mixture, and observed the same O/C ratio (0.2)
as we did in the case of the granules. Abou Rich et al. [40] employed Ar/O2 and HeO2 mixtures using
a completely different discharge (plasma torches) and observed the much higher O/C ratio of 0.36,
irrespective from the gas mixture. Pandiyaraj et al. [41] used a simple direct current (DC) discharge
in different gases and observed the highest O/C ratio using air: it was up to twice as high as in the
case of pure oxygen plasma. Bílek et al. [42] observed a much lower O/C ratio after treatment of
PE in air plasma, but provided no details about the discharge system. Sanchis [43] and Vesel [44]
used radiofrequency discharges to functionalize polyethylene in oxygen plasma and observed quick
saturation of the PE surface with oxygen groups. The O/C ratio depended on the coupling of the
radiofrequency generator: higher values were observed for electrodeless coupling using a coil than for
standard capacitive coupling with electrodes inside the discharge chamber. In contrary to the above
works, Borcia et al. [45] obtained a O/C ratio as high as 0.68, but they used an atmospheric pressure
discharge in air, which may not be suitable for the uniform treatment of large quantities of PE granules.
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4. Conclusions

Thorough characterization of the reactor employing a pulsed microwave discharge for sustaining
plasma in a metallic chamber revealed interesting properties, which are extremely suitable for the
functionalization of polyethylene granules. The plasma parameters do not depend much on the
pressure in the discharge chamber and are practically independent from the flow of gas through the
reactor. The O-atom density exhibited a broad maximum in the range of pressures between about
30 Pa and 80 Pa, so the surface functionalization with polar oxygen-rich functional groups can be
accomplished in a highly reproducible manner even if the pressure slightly varies from batch to
batch. The absolute value of the O-atom density is about 2 × 1021 m−3, which assures for rapid
functionalization of the polypropylene granules. The XPS spectra revealed a negligible concentration
of nitrogen on the polymer surface, which was explained by a small density of N atoms in the
plasma reactor as well as preferential interaction with O atoms. The plasma treatment resulted in
functionalization with hydroxyl, carbonyl, and carboxyl/ester groups.
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Abstract: Visual inspection through image processing of welding and shot-peened surfaces is necessary
to overcome equipment limitations, avoid measurement errors, and accelerate processing to gain certain
surface properties such as surface roughness. Therefore, it is important to design an algorithm to
quantify surface properties, which enables us to overcome the aforementioned limitations. In this study,
a proposed systematic algorithm is utilized to generate and compare the surface roughness of Tungsten
Inert Gas (TIG) welded aluminum 6061-T6 alloy treated by two levels of shot-peening, high-intensity
and low-intensity. This project is industrial in nature, and the proposed solution was originally requested
by local industry to overcome equipment capabilities and limitations. In particular, surface roughness
measurements are usually only possible on flat surfaces but not on other areas treated by shot-peening
after welding, as in the heat-affected zone and weld beads. Therefore, those critical areas are outside of
the measurement limitations. Using the proposed technique, the surface roughness measurements were
possible to obtain for weld beads, high-intensity and low-intensity shot-peened surfaces. In addition,
a 3D surface topography was generated and dimple size distributions were calculated for the three tested
scenarios: control sample (TIG-welded only), high-intensity shot-peened, and low-intensity shot-peened
TIG-welded Al6065-T6 samples. Finally, cross-sectional hardness profiles were measured for the three
scenarios; in all scenarios, lower hardness measurements were obtained compared to the base metal
alloy in the heat-affected zone and in the weld beads even after shot-peening treatments.

Keywords: materials characterization; shot-peening; image processing; TIG welding; aluminum 6061-T6

1. Introduction

In the past two decades, owing to the good mechanical properties, i.e., high strength to weight
ratio, good thermal and electrical conductivity, aluminum and its alloys have been used in versatile
engineering applications such as marine vessels, automobiles, railway cars, and aircraft [1–5].

Aluminum is strengthened through precipitation hardening (for instant the 6000 aluminum
series) due to the presence of silicon and magnesium alloying elements (0.3–15 wt % Si and Mg).
The addition of those alloying elements resulted in further developments of Aluminum characteristics,
which include good formability, corrosion resistance, and weldability [6]. Aluminum 6061 has been
widely used in aerospace applications, especially with the T6 tempered solution-heat-treated and
artificially aged status [7,8].
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Of the different welding techniques, Tungsten Inert Gas (TIG) welding, an arc welding process
that uses a non-consumable electrode, has gained more attention in welding aerospace alloys, i.e.,
Al6061-T6. TIG welding quality was considered to be the most effective technique not only because
of the high strength but also due to the cleanliness of the resulting weld bead with minimal defects
produced [9].

One of aluminum’s drawbacks is the low wear resistance; furthermore, welded aluminum
alloys are usually characterized by sever metallurgical changes within the heat-affected zone
and grain coarsening in the adjacent base metal alloy [9–11]. Therefore, a surface treatment
process is required to maintain the good mechanical characteristics of aluminum alloys. Moreover,
because of the different performance and surface property requirements of aluminum and its alloys,
different surface treatments could be done including surface mechanical attrition treatment [12–14],
ultrasonic shot-peening [15,16], laser shot-peening [17–20], and air-blast shot-peening [19,21,22].
Among them, air-blast shot-peening has received increased attention. This process is a cold-working
surface treatment, where a large amount of small spherical particles (called shots) are bombarded onto
a metallic surface at high velocity [23–25].

In shot-peening, only a very thin surface layer is affected by the impact of shots, which produce
tensile plastic strain, resulting in favorable compressive residual stresses. Those residual stresses
are approximately equal to the process-induced stress and could be estimated and calculated
analytically [25]. However, shot-peening must be optimized for specific materials and specific
conditions, i.e., welded material; otherwise, it may have undesirable results such as surface
contamination, reduction in strength, and surface crack formation [26–28].

Recently, many researchers have investigated the effect of different shot-peening techniques on
the weldment’s characteristics [16,17,29,30]. Yang et al. studied the shot-peening effects on dovetail
specimens’ joints of Ti-6Al-4V fretting fatigue behavior. It was reported that shot-peening altered
the crack initiation mechanisms and enhanced the fretting fatigue performance for the titanium
alloy [31]. Dissimilar TIG-welded joints of magnesium and titanium alloys were also subjected
to high-energy shot-peening and the microstructure and mechanical properties in terms of tensile
strength were evaluated by Chuan Xu et al. [32]. Surface defect elimination, strengthening by grain
refinement, and strain hardening were a result of subjecting Mg/Ti welded joints to high-energy
shot-peening. Furthermore, the tensile strength of Mg/Ti TIG-welded samples was increased by 24.5%
to 241 MPa [32].

Different researchers have been utilizing different image processing techniques and real-time
measurements. The main focus was to capture the properties and characteristics of weldments and to
anticipate the quality of weld beads during live welding processes [33–38]; however, the authors are
not aware of any report on the application of image processing in the detection of surface properties of
welded and shot-peened alloys. The image processing techniques have been utilized to characterize
different material properties [39–46]. For example, external welding defects have been widely inspected
by vision-based and image processing techniques [41,43,47].

In this work, we present experimental results from a post-TIG-welded shot-peened Al6061-T6 alloy
with such an analysis approach. Image processing algorithms have been utilized to extract information
from the acquired images of the samples after surface processing to evaluate the surface roughness
parameters. Using the proposed technique, it is expected to accelerate obtaining the characterization of
the surface properties of the welded samples compared to traditional destructive testing. This may also
enhance the detection reliability and overcome the traditional measurement limitations of weldment
characteristics. The novel contribution of this research work is the development of an image processing
technique that can measure the crater/dimple size of the post-weld shot-peened Al 6061-T6 alloy.
Furthermore, we reconstruct the 3D weld surface morphology accurately and reliably for monitoring
and evaluating post-process surface properties to be utilized in industrial applications.
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2. Methodology

2.1. Materials, Properties, and Testing Specimens

The materials used in this study are aluminum alloy Al 6061-T6 supplied by Jordan Airmotive
Company-JALCO from ALCOA Inc., Davenport, IA, USA. Raw materials were provided in sheet metal
format with chemical composition as in Table 1.

Table 1. Chemical composition of aluminum alloy Al 6061-T6.

Chemical Composition (wt %)

Si Fe Cu Mg Mn Ti Zn Cr Al
0.8 0.7 0.4 1.2 0.15 0.15 0.25 0.35 Rem.

This solution and precipitation heat-treated lightly oil coiled sheet aluminum alloy was produced
according to aerospace materials specifications AMS4027N (ASTM B209-14). Rectangular specimens of
10 cm × 20 cm and 8 mm thickness were cut and then butt form welded according to AWS17.1 standard
using filler wire of AMS4191. The TIG welding was carried out under 99.99% pure argon shielding gas
and 72 amps AC welding current. In addition to the control sample (only TIG-welded, see Figure 1),
two other sets of TIG-welded samples were prepared for shot-peening. The welded samples
were subjected to two shot-peening scenarios after the welding: high-intensity and low-intensity
shot-peening. The controlled shot-peening treatment was performed on the Al6061-T6 alloy by means
of an E-S-1580 Pangborn-controlled shot-peening machine.

Figure 1. Geometry of TIG-welded Al6061-T6 specimen and schematic of testing specimens showing
welding and surface roughness measurement direction.

The low-intensity shot-peening (6.94 N) was produced by bombarding glass shot beads. The glass
shot beads were aerospace controlled level (OMAT 1/239 glass beads) with a grit number ranging
from 150 to 300/RR and the size of glass beads ranged from 150 to 300 microns. This conforms to
Rolls Royce CSS8 issue 5 styker orthopedics MS00097 issue 4, under a nozzle pressure of 50 Psi with
a 3/8-inch nozzle size hole and a 5.5-inch nozzle distance. The low-intensity shot-peening lasted for
5.25 min, and the peening coverage was 100%, as confirmed by an optical magnifier (see Figure 2).

181



Materials 2018, 11, 771

Figure 2. Geometry of Al6061-T6 low-intensity shot-peened, TIG-welded specimen.

As for the high-intensity shot-peening (5.35 A2), it was produced by bombarding steel shot beads.
The steel shot beads were aerospace controlled level, spherically condition wire cut with 0.014-inch
size (SCCW-0.014-inch) under nozzle pressure of 100 Psi with 3/8-inch nozzle size hole and 4-inch
nozzle distance. The high-intensity shot-peening lasted for 3 min, and the peening coverage was 100%,
as confirmed by an optical magnifier (see Figure 3).

Figure 3. Geometry of Al6061-T6 high-intensity shot-peened, TIG-welded specimen.

At both intensities, the Almen gauge #2 model TSP-3 Rev. B were used with different Almen
strips to achieve the required intensities by subjecting the strips to peening at different table speeds
until the required saturation point (intensity) was achieved.

2.2. Characterization

Vickers hardness measurements were performed on shot-peened treated samples at both intensities
along with the control samples. Measurements were performed according to ASTM E384-11ε1 standard
on a Tru-Blue united hardness tester (Tru-Blue U/10 version F13, San Diego, CA, USA) by applying
a 10 kg load for 15 s dwell time. Four measurement sets were taken on the cross section of the mounted
samples, 1 mm away from the shot-peened surface (see Figure 4).
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Figure 4. Micro-hardness measurement profile.

Surface roughness (Ra) SJ-210 Mitutoyo Japan tester (Mitutoyo, Kawasaki City, Japan) was used
according to ISO11562 standard, where measurements were taken parallel to the weld bead’s in the
base metal alloy region only. Roughness on the weld-line and on the heat-affected zone was very
rough and out of device measurement capabilities. The roughness readings’ sampling length was
8 mm and the evaluation length was 40 mm at a constant reading speed of 0.5 mm/s (see Figure 1).
The microstructure and tensile specimens obtained from those samples were kept for further analysis
in stage 2 of this project.

2.3. Image Processing

An optical microscope was used to capture 8-bit intensity Tagged Image File Format (TIFF) images
at a resolution of 2067 pixels per millimeter. Three regions of interest (ROI) were identified, A, B, and C,
with an area of 0.8 mm2. The microscope (Zeiss Discovery V20) (Carl Zeiss MicroImaging GmbH,
Göttingen, Germany) was equipped with an LED ring-light around the microscope lens, and a digital
camera (AxioCam ERc 5s) (Carl Zeiss MicroImaging GmbH, Göttingen, Germany) configured for
95× magnification. Then equivalent surface topography images were generated in which the light areas
are shown as mountains and the dark areas as valleys. These images approximate the real topography.
The goal is to compute optical metrics from the magnified surface texture image, for various material
properties including hardness, roughness, and dimple size distribution. Hence, for comparative analysis,
images were taken from identical regions A, B, and C as shown in Figures 1–3.

3. Results and Discussion

The image processing steps are summarized in the block diagram shown in Figure 5. The acquired
color images are cropped to represent a square of 0.8 mm2 for all regions of interest. The region
of interest (ROI) image is then converted to an 8-bit grayscale image where an intensity value
of 0 represents black, and 255 represents white. The image is then blurred to produce smoother
intensity histograms, i.e., more natural intensity level distribution, where all intensities are present.
From there, it is possible to produce line profiles and approximate 3D topography images for qualitative
comparisons. In addition, further processing produces optical roughness and hardness metrics that
correlate with the measured data produced using specialized laboratory tools such as SJ-210 Mitutoyo
for surface roughness and Tru-Blue U/10 for hardness. Lastly, a matched filter process on the 2D image
produces dimple size distribution plots that can be used qualitatively to compare the roughness of
imaged sample regions. More details about these steps are presented in the example shown in Figure 6.
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Figure 5. Image processing algorithm for analysis.

Figure 6. Example of a low-intensity shot-peened metal, of size 0.8 mm2, i.e., 1653 × 1653 pixels.

Mostly, pixel-intensity image processing techniques are applied on the obtained microscope
images to analyze various surface properties. The analysis starts by applying a slight blur to the
image to enhance the intensity histogram detail. The blurring filter used a 15 × 15 Gaussian mask for
convolution. The effect of blurring on the intensity histogram is shown in Figure 7. It can be seen that
in the smoothed image histogram, the pre-blur histogram has empty intensity bins, which is attributed
to the TIFF image format compression artifact. With the blurred image histogram, it is possible to
choose intensity-level cutoffs to classify pixels as being of dark or medium intensity.
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Figure 7. Intensity histograms of a low-intensity shot-peened sample: (a) before blurring; (b) after blurring.

In order to investigate the samples’ surface, it is helpful to generate an optical line profile of the
ROI along with the average intensity on that line. Such a profile, shown in Figure 8, approximates
the line topography, where high-intensity pixels represent elevated points and low-intensity pixels
represent low elevation points. This shows the pixel intensities of a horizontal line through the center
of the ROI, i.e., the center row of the example image in Figure 6. Similarly, an optical approximation of
the 3D topography can be generated and used for qualitative analysis. This is shown in Figure 9 for
the same example in the image presented in Figure 6.

Figure 8. Optical intensity line profile of the center horizontal line in the example image. The average
intensity level is depicted as a line.

Figure 9. Optical approximation of the 3D topography of the example image of size 0.8 mm2.
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The optical line profile is used to calculate roughness metrics to overcome the measurement
limitations using laboratory instruments. This imaging approach has the advantage of calculating
the roughness metrics as an average of all line profiles in the ROI, i.e., all horizontal lines starting
at the top and ending at the bottom, of which there are J = 1653. In order to define the equations
for this procedure, the first step is to describe the optical roughness profile as containing I ordered,
equally spaced points along the trace, and defining yi as the vertical distance from the mean line to
the ith data point. Height is assumed to be positive in the up direction, away from the bulk material.
The following equations define the roughness metrics, Roughness Average Ra, Max Peak Height PpK,
and Max Valley Depth PvK:

Ra =
1
J

J

∑
j=1
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1
I

I

∑
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∣∣yij
∣∣) (1)
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1
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(
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[
yij

])
(2)
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1
J

J

∑
j=1

(
min

[
yij

])
, (3)

where j is the image row index, i.e., the current line profile number, and yij is the vertical distance from
the mean profile intensity of the pixel at row j and column i.

The final metric values are represented as a percentage of the 8-bit intensity range from 0 to 255
as follows:

Final Ra = (Ra / 255) ×100 (4)

Final PpK = (PpK / 255) ×100 (5)

Final PvK = (PvK / 255) ×100. (6)

Figure 10 shows these metric values across ROI row number j. These intermediate plots illustrate
the variability of the metrics over line profiles from top to bottom. The final metrics are averages of
this data and deliver roughness estimates across the whole ROI rather than a few selected lines as in
the case of laboratory equipment measurements.
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Figure 10. Optical roughness metrics versus ROI row number for the example image shown in Figure 6.
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To validate the method of optically obtaining roughness measurements, three samples were chosen:
A welded sample without shot-peening; a welded, low-intensity shot-peened sample; and a welded,
high-intensity shot-peened sample. The ROIs for these samples are shown in Figure 11, and three regions
for each sample are defined as in Figure 2. These regions are A (Base metal alloy), B (the heat affected
zone), and C (the weld beads). Figures 12–16 are all based on these selected samples’ ROIs.

Figure 11. Grayscale images of three samples with three regions each.
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Figure 12. Line profile (center row) for three samples with three regions each. Length = 0.8 mm.
Intensity is 0 for black and 255 for white pixels.

As for Figures 11 and 12, they show that the welded sample (top row) is the least rough.
The heat-affected zone, Bweld, of this sample contains microcracks that can be attributed to the
temperature gradient and difference between the high-temperature left side and low-temperature right
side, and the uneven cooling after welding. Hence, a post-weld shot-peening treatment is necessary
for the crack closures. It is also evident that the sample that was shot-peened with high intensity
(bottom row in the figures) is the roughest. This is plausible since the high-intensity shot-peening
was performed with small steel balls, while the low-intensity shot-peening utilized ground glass balls.
To study the roughness across zones A, B, and C, Figures 11 and 12 must be viewed column-wise.
It can be concluded that the heat-affected zone (region B) has the least roughness compared to the
weld bead (region C) and the unaffected area (region A); shot-peening did not change the relative
roughness. In addition, low-intensity shot-peening closes microcracks, as can be seen by comparing
the top two images in the center column of Figure 11. High-intensity shot-peening not only closes the
microcracks, but also introduces major surface deformations.

Figure 13 shows the optical approximations of the 3D surface topographies in the samples of
Figure 11. This qualitative view may confirm that the heat-affected zones (the center column of the
figures) have the least roughness relative to the other two regions. The last two rows also show the
indentations (or dimples) resulting from the shot-peening process.
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Figure 13. Surface topography images for three samples with three regions each, Image size = 0.8 mm2.

Further image analysis was performed to find the distribution of dimple size in each of the
shot-peened ROIs. These results are shown in Figure 14. The number of dimples was counted
for a size range from 20 to 150 micrometers. This was achieved by running a matched filter with
a variable-diameter disk as a filter mask. The analysis shows that the low-intensity shot-peened ROIs
(top row) do not contain dimples larger than 100 micrometers, whereas the high-intensity shot-peened
samples do. Within the sample, using row-wise inspection, it is evident that the heat-affected zones in
BWeld+Low and BWeld+High have the most dimples of 100-micrometer size.

190



Materials 2018, 11, 771

Figure 14. Dimple size distribution for two shot-peened samples with high and low intensity and three
regions each.

The roughness was calculated for the samples shown in Figure 11 using the metrics defined in
Equations (4) through (6), and plotted in Figure 15. It is evident that the shot-peening process increases
the roughness of the surface. Our proposed algorithm was capable of capturing and quantifying surface
roughness parameters Ra, PpK and PvK. The overlapping observed in the errors bars in Figure 15 shows
that our optical metrics can detect the roughness caused by shot-peening; however, they are only
marginally suitable for differentiating roughness caused between high- and low-intensity shot-peening.

Figure 15. Cont.
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Figure 15. Optical roughness metrics (in %) for three samples in the three ROIs shown in Figure 11. (a) Ra;
(b) PpK; (c) PvK.

The high-intensity shot-peened ROIs are the roughest, which corresponds with the qualitative
observations explained previously. The results also confirm that the heat-affected zones are the
least rough compared to the shot-peened weld bead and unaffected zone. It is also evident that the
weld-beads zone responded similarly for both high- and low-intensity shot-peening. In other words,
the surface of the weld beads does not change significantly.

This was attributed to the higher hardness of the weld beads zone (region A) compared to the
heat-affected zone (region B), which made it less affected by the shot-peening intensity after a certain
level. Hence, it is concluded that a measurement of sub-surface hardness is necessary, as shown in
Figure 16. It was observed that the surface roughness profile somehow mimics the hardness profile
for both high- and low-intensity shot-peened samples, where the W shape was observed. This was
attributed to the higher hardness region, which corresponded to higher hardness values; as a result,
it is less affected by shot-peening surface treatments.
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Figure 16. Hardness profile measurements for welded and shot-peened samples for the three regions
of interest in Figure 11.

4. Conclusions

In this paper, we have described an image processing algorithm to measure the surface
roughness in TIG-welded aluminum 6065-T6 alloy. Using the proposed technique, it was possible
to measure the surface roughness of the weld beads, heat-affected zone, and base metal alloy for
control samples (TIG-welded only), as well as for high- and low-intensity shot-peened, TIG-welded
samples. Furthermore, 3D topography images were generated in a simple manner and used for
qualitative analysis. Furthermore, the experimental results showed that dimple size and distribution
measurements are possible for shot-peened samples. Optical line profiles were used to calculate
roughness metrics to overcome the limitations of measurement equipment in the irregular weld
bead area. The final metrics calculated were the averages of the whole region of interest (ROI) data,
such that it covers all line profiles and delivers roughness estimates across the whole ROI rather
than just a few selected lines, as is the case of laboratory measurements. Also, a blurring filter was
used with a 15 × 15 Gaussian mask for convolution and it showed a smoothed image histogram,
in which it is evident that the pre-blur histogram has empty intensity bins, which is attributed to the
TIFF image format compression artifact compared to blurred ones. Hardness profiles showed that
for all tested scenarios of welded only, high- and low-intensity shot-peened samples, softening was
observed in the region of weld beads and heat-affected zones compared to base metal alloy. In addition,
the heat-affected zone has the least hardness in general, and high-intensity shot-peening is harder
than low intensity. Lastly, the presented optical roughness metrics are able to differentiate between
shot-peened and untreated alloy surfaces as the metric averages do not lie with the variances of each
other. However, this is not the case for high-intensity versus low-intensity shot-peening roughness
measurement. Here, only qualitative conclusions are possible because the metric averages lie within
the variances of each other.
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Abstract: Microstructural evolution and wear performance of Tantalum (Ta) treated by ultrasonic
nanocrystalline surface modification (UNSM) at 25 and 1000 ◦C were reported. The UNSM treatment
modified a surface along with subsurface layer with a thickness in the range of 20 to 150 μm, which
depends on the UNSM treatment temperature, via the surface severe plastic deformation (S2PD)
method. The cross-sectional microstructure of the specimens was observed by electron backscattered
diffraction (EBSD) in order to confirm the microstructural alteration in terms of effective depth and
refined grain size. The surface hardness measurement results, including depth profile, revealed that
the hardness of the UNSM-treated specimens at both temperatures was increased in comparison with
those of the untreated ones. The increase in UNSM treatment temperature led to a further increase
in hardness. Moreover, both the UNSM-treated specimens with an increased hardness resulted in
a higher resistance to wear in comparison with those of the untreated ones under dry conditions.
The increase in hardness and induced compressive residual stress that depend on the formation of
severe plastically deformed layer with the refined nano-grains are responsible for the enhancement
in wear resistance. The findings of this study may be implemented in response to various industries
that are related to strength improvement and wear enhancement issues of Ta.

Keywords: tantalum; hardness; gradient nanostructured layer; grain size; residual stress; dry
wear behavior

1. Introduction

Tantalum (Ta) is a rare, refractable, malleable, and lustrous metal, which is widely used in
various industries, in particular, aerospace, electronic devices, and nuclear applications, owing to its
high ductility at temperatures below 150 ◦C, good forging, and chemical and physical properties [1].
Especially, Ta exhibits a superior corrosion resistance due to a natural protective layer created by oxides
of Ta on its surface [2]. The chemical inertness of Ta makes it an ideal substance for equipment and a
substitute for platinum (Pt) [3]. Ta is a highly bioinert metal to manufacture biomedical components,
such as hip, knee joints, and other orthopaedic implants because it is not harmed by bodily fluids and
also does not irritate the flesh of the implant. The elasticity of Ta helps to avoid stress shielding of hip
and knee replacements as well [4]. Ta is also a candidate material to be used in prostheses instead
of Ti in the near future. In spite of the facts that Ta is a highly corrosion resistant, chemically inert,
etc., but its main advantages are low strength, low wear resistance, and low fatigue strength, which
may prevent its successful potential applications in a wide variety energy and fatigue ranges, starting
from biomedical through chemical process equipment. The realization of components made of Ta
suited for harsh and high-temperature conditions is a challenge since it is problematic to control the
required mechanical properties and the fatigue strength of Ta in aerospace applications, such as gas
turbines or engines where the temperature rises up to 650 ◦C [5]. In general, a usage of Pt is a possible
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option due to its high chemical inertness and high temperature stability, where Ta can be substituted
for more expensive Pt, but it is not considerable from the economic and commercial point of view.
Therefore, an increase in strength and wear performance, and also an extension in service life of Ta are
in high demand.

One of the easy and possible ways to control the wear performance of metallic materials by
increasing its strength is controlling its microstructure, in particular, producing nano-grains with grain
boundaries of mostly high angle misorientation via surface severe plastic deformation (S2PD), which
is a cold-forging process [6,7]. A wide range of S2PD processes, such as shot peening (SP) [8], surface
mechanical attrition treatment (SMAT) [9], surface rolling treatment (SRT) [10], and ultrasonic shot
peening (USP) [11], and severe plastic deformation (SPD) processes, such as equal channel angular
processing (ECAP) [12] and high-pressure torsion (HPT) [13] were developed in the past. These
processes develop a severe deformation and high strain, which cause the creation of gradient micro-
and sub-micrometer grains, whose size is gradually increasing with the depth and finally reaches the
actual initial size of matrix and coarse grains in a certain of depth [10,13]. As a consequence, sufficient
S2PD and SPD processes result in the apparent modification in microstructure in terms of highly
misoriented nano-sized grains. The mechanism behind the nanocrystallization and grain refinement
via S2PD and SPD processes lies shear bands associated with the dynamic recrystallization (DRX) [14].
The results of S2PD and SPD processes, such as microstructural state alteration, are strongly responsible
for the subsequent increase in mechanical properties of metallic materials, which in turn has a direct
correlation to the wear performance of metallic materials [6]. S2PD and SPD processes are capable of
increasing the hardness, yield strength, and elastic strain featuring tendency to saturation, but it is not
beneficial in terms of ductility [15]. Generally, nano-sized grains have some benefits in comparison
with the coarse grains, not only in terms of strength of a material, but also superplastic deep drawing.

A wide range of metallic materials such as aluminum [6], titanium [7,9,12], stainless steel [8],
Inconel [11], etc. were subjected to S2PD and SPD processes to achieve a refined nano-grained
and nanocrystalline structure in the past, but only a few limited studies concerning the application
of those processes to Ta can be found in the literature. For example, Huang et al. studied the
effects of HPT on microstructure and the hardness of pure Ta [16]. It was found that the grain size
was refined significantly due to the increase in hardness, but some coarse grains appeared with
increasing the numbers of rotations. Mathaudhu et al. produced a fine grained Ta via multi-pass
equal channel angular extrusion (ECAE) process [17]. It was concluded that the refined nano-grains
with the size of 100–400 nm was found to be beneficial for Nb3Sn superconductor. Another study
by Mathaudhu et al. on grain size refinement of Ta by ECAE process has attracted wide attention in
view of a variety of findings [18]. It was found that ECAE process refined grains at ε = 2.3, which is
more important than initial grain size to occur a recrystallization. Moreover, Zhang et al. reported the
possibility of generating a nanostructured Ta with a grain size of 20 nm via sliding friction treatment
(SFT) [19]. Nevertheless, there are no systematic investigations on the mechanical properties and wear
performance of Ta treated by ultrasonic nanocrystalline surface modification (UNSM) technique [20].
A precision control of UNSM technique is a key advantage to produce a gradient nanostructured
material over other SPD and S2PD processes. The UNSM treatment used to be applied for various
metallic materials, ceramics, Si wafer, various coatings to improve the friction behavior, wear and
corrosion resistance, and fatigue strength through the presence of nanostructured surface layer with
the refined nano-sized grains [21–25]. Furthermore, a high-temperature UNSM treatment along
with local heat treatment (LHT) was developed and recently patented, where the UNSM treatment
temperature can be reached up to 1400 ◦C. Interestingly, so far it was discovered that the hardness and
wear performance of Ti-6Al-4V alloy was improved via UNSM treatment at a high temperature [26].
However, the hardness can be continuously increased with temperature, where a softening may
occur as well. For example, a softening occurred in Ni-based superalloy (Inconel 690 alloy) when the
high-temperature UNSM treatment was performed at 700 ◦C [27]. Moreover, the highest hardness
of α-Ta treated by high-temperature UNSM treatment was found at 800 ◦C [20]. It is therefore of
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interest to further increase the high-temperature UNSM treatment temperature up to 1000 ◦C, and to
investigate its effects on the grain size refinement, hardness, and wear resistance of Ta since the increase
or decrease in hardness and also grain size refinement or grain growth depend on the nature of a
material. In this regard, the main purpose of the investigation is to provide systematic experimental
results on the grain size refinement, hardness, and wear performance of Ta that is treated by UNSM
treatment at room temperature (RT) and high temperature (HT) of 1000 ◦C. It is strongly believed,
according to the results, that the role of a high-temperature UNSM in Ta-related applications, such as
aerospace, nuclear, electrical, etc., will be significantly important.

2. Materials and Methods

2.1. Specimen Preparation

Refractory Ta is rarely used since alloying makes other metals brittle, with an exception of steel,
in which case it increases the ductility and strength. In this study, the specimens with dimensions of
20 × 5 mm2 was prepared from bulk Ta with a hardness of 195 ± 6 HV (after cold working). Important
properties of Ta are shown in Table 1.

Table 1. Mechanical and physical properties of Tantalum (Ta).

UTS, MPa Yield Strength, MPa Elastic Modulus, GPa Poisson’s Ratio Density, g/cm3 Elongation, %

900 170 186 0.35 16.6 5

2.2. Ultrasonic Nanocrystal Surface Modification (UNSM) and Local Heat Treatment (LHT)

The UNSM parameters that are shown in Table 2 were selected to treat the specimens at RT and HT
(1000 ◦C) temperatures. At HT, the specimens were heated up with a halogen-based high-temperature
heating system, where the actual temperature was measured using a portable pyrometer. More detailed
information about the UNSM technique, including high-temperature heating setting of LHT, can be
found in our previous publications [26,27]. Following the UNSM treatment, both of the disk specimens
were mounted in bakelite and were polished with sand papers down to 2400 grit, and then a colloidal
solution was used with a powder of 1 μm in diameter to achieve a mirror-like surface. Afterwards,
the disk specimens were electrolytically etched in H2O, H2SO4, HF with a couple of drops of H2O2

solution at 5 V for 30 s using an electropolisher-etcher (ElectroMetTM4, Buehler, Uzwil, Switzerland) to
reveal the microstructural features, such as grains, grain boundaries, etc.

Table 2. Ultrasonic nanocrystalline surface modification (UNSM) parameters at room temperature (RT)
and high temperature (HT) (1000 ◦C).

Frequency,
kHz

Amplitude,
μm

Static Load,
N

Speed, mm
ε

Tip Material
Tip Diameter,

mm
Interval,

μm

20 40 30 2000 WC 2.38 70

2.3. Wear Behavior in Dry Conditions

A commercially available ball-on-disk tribometer (Anton Paar, Graz, Austria) was used to evaluate
the wear performance of Ta that came into contact with a steel ball under the test conditions, as shown
in Table 3. Each test was replicated three times. The surface roughness (Ra < 0.08 μm) of the specimens
was considered to be nearly close to escape from the influence of surface roughness on the wear
performance under dry conditions.
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Table 3. Wear test conditions under dry conditions.

Applied Normal
Load, N

Reciprocating
Speed, cm/s

Sliding Distance,
m

Temperature,
◦C

Contact Stress,
GPa

10 2.51 30 25 0.82

2.4. Characterizations

The surface hardness of the specimens was measured using a micro-Vickers hardness tester
(MVK E3, Mitutoyo, Takatsui, Japan) at a load of 300 gf for dwell time of 10 s, while the nanoindentation
was performed using a depth sensing tester (MTS, Nanoindenter XP, Eden Prairie, MN, USA), with a
diamond Berkovich indenter at a frequency of 45 Hz, strain rate of 0.05 s−1 with a maximum load of
100 mN. The average surface roughness (Ra) and cross-sectional wear track profiles to quantify the
wear rate were measured using a portable two-dimensional surface profilometer (SJ-210, Mitutoyo,
Japan). X-ray diffraction (XRD) was performed with a CuKα radiation (k = 1.5418 Å) at a wavelength
of 1.54, a tube current of 40 mA, and a voltage of 30 kV using a sin2ψ method over the range of
20–130◦, with a scanning speed of 1◦/min using a Bruker D8 Advance X-ray diffractometer to measure
the residual stress and to identify phases before and after UNSM treatment. The dimension of the
specimen was 10 × 10 × 3 mm3. The residual stress was also measured by using an indentation
method that was based on the nanoindentation results. The obtained residual stress measurement data
with a huge error bar represent the average of three measurements. A gradient nanostructured surface
layer was observed using an electron backscatter diffraction (EBSD: Oxford Instruments HKL Nordlys
Max, Abingdon, UK) installed into a scanning electron microscopy (SEM: JEOL 6610LV, Tokyo, Japan)
at an accelerating voltage of 20 kV with a large beam current of 10 nA. Surface microstructure and
wear tracks, and the chemical composition were characterized by SEM, along with energy-dispersive
X-ray spectroscopy (EDX: EDAX/AMETEK, Mahwah, NJ, USA).

3. Results and Discussion

3.1. Microstructural Evolution by EBSD

Cross-sectional Inverse Pole Figure (IPF) maps of the specimens obtained using an electron
backscattered diffraction (EBSD) are shown Figure 1. The untreated specimen, as shown in Figure 1a,
presents a homogenous microstructure with equiaxed grains at the topmost surface in the range
of 10–30 μm in diameter. Obviously, it was observed that the UNSM treatment at RT generated
a gradient nanostructured surface layer, as shown in Figure 1b. In addition, an effective depth of
UNSM treatment at RT was found to be about 35–40 μm, while some refined grains are also randomly
visible in a depth of about 100 μm between the elongated coarse grains with further increasing the
depth beyond the actual effective depth of UNSM treatment at RT. This irregular deformation may be
attributed to the inhomogeneous of a large amount of plastic deformation that was introduced during
UNSM treatment. Figure 1c shows the IPF color map of the specimen LHT at 1000 ◦C without UNSM
treatment. It can be seen that some elongated coarse grains at the top surface were refined remarkably,
which may be a result of machining and mechanical polishing. Figure 1d shows the IPF color map of
the specimen LHT at 1000 ◦C with UNSM treatment. The modification in microstructure with depth
can be further extended by performing an LHT with UNSM treatment at 1000 ◦C in comparison with
the UNSM-treated specimen at RT. The effective depth was found to be deeper than ~150 μm, which
is about five times deeper than that of the UNSM at RT specimen. Interestingly, elongated coarse
grained was refined due to the results of heat treatment, but both grain size refinement and extension
in effective depth occurred by performing an LHT with UNSM treatment at 1000 ◦C (see Figure 1c).
Moreover, it was observed that a lamellar structure with low-angle grain boundaries (LAGB) is visible
(see Figure 1b,d)). It is worth mentioning here that no banded structures, such as deformation and
shear, were observed in the untreated and LHT at 1000 ◦C without UNSM treatment specimens.
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Microbands are visible feature in the both UNSM-treated at RT and HT specimens, as shown by the
dashed lines in Figure 1b,d. These banded structure produced by UNSM treatment is an important
factor in high stacking fault energy (SFE) metallic materials subjected to deformation [28]. In general,
α-Ta has needle-shape morphology, while β-Ta has a spherical-shaped one [1]. As shown in Figure 1,
the elongated shape of needle-shape grains of α-Ta was changed into the spherical-shaped grains,
owing to ultrasonic-based strikes at a frequency of 20 kHz.

  
(a) (b) (c) (d) 

Figure 1. Cross-sectional electron backscatter diffraction (EBSD) Inverse Pole Figure (IPF) maps of the
untreated (a), UNSM-treated at RT (b) and local heat treatment (LHT) without (c) and with (d) UNSM
treatment at 1000 ◦C specimens.

The grain size distributions with area fraction of the specimens are presented in Figure 2. The grain
size distribution of the untreated specimen (see Figure 2a) shows that the grains in the range of
5–60 μm are distributed uniformly, while the UNSM treatment at RT was capable of producing
a gradient nanostructure layer with a high fraction (~18.8%) of (sub) grains with a size less than
0.1 μm at the topmost surface, which is deliberately increased, as shown in Figure 2b. The fraction
of grains of the specimen treated by solely LHT treatment (without UNSM treatment) was found
to be higher in comparison with the untreated specimen, as presented in Figure 2c. The grain
fraction was increased significantly by high-temperature UNSM treatment at 1000 ◦C, as shown
in Figure 2d and also the slope (angle) of a gradient nanostructure was higher in comparison with
the UNSM-treated specimen at RT. Gradient nanostructured materials have a number of advantages
over the homogeneous nanostructured materials in terms of mechanical properties, especially ductility.
For example, Lu has discovered the possibility of making a balance between the strength and ductility
of materials by producing a gradient nanostructured material [29]. Kang et al. have also demonstrated
the features and importance of a gradient nanostructured material that is produced by high pressure
torsion (HPT) [13]. It was concluded that the gradient nanostructured material had a significant higher
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strength with no loss in ductility in comparison with the nanostructured material. Yin et al. have
also produced a gradient nanostructure surface layer on Cu by SMAT, pointing out that a gradient
nanostructure can exhibit superior strength-ductility synergy [30]. Recently, Wang et al. reported the
possibility of generating a gradient nanostructured surface layer in Cu with a grain size of 85 nm via
rotationally accelerated shot peening (RASP) [31]. This newly developed RASP technology may apply
much higher impact energy in comparison with the conventional SP process. Yang et al. investigated
the role of volume fraction of gradient nanostructures Cu that is produced by SMAT at cryogenic
temperature [32]. It was found that the gradient nanostructure exhibited a great correlation between
strength and ductility. Wu et al. combined gradient nanostructure with transformation-induced
plasticity that is produced by SMAT to synthesized gradient nanostructure in austenitic 304 stainless
steel [33]. As a result, a gradient nanostructured layer provided a good correlation between strength
and ductility. Therefore, it is now desirable to produce a gradient nanostructured material with a thick
layer as much as possible as the homogeneous nanostructured material due to the lack of ductility.
Moreover, AlMangour and Yang improved the mechanical properties of 17-4 steel that was fabricated
by direct metal laser sintering (DMLS), which is a type of additive manufacturing (AM), through grain
size refinement by means of SP [34]. It was reported that severe plastically deformed layer along with
grain size refinement by SP led to an increase in mechanical properties.

(a) (b) 

(c) (d) 

Figure 2. Histogram of the grain size distribution of the untreated (a), UNSM-treated at RT (b) and
LHT without (c) and with (d) UNSM treatment at 1000 ◦C specimens representing the presence of
gradient nanostructured surface layer.

3.2. Residual Stress and XRD Pattern

A comparison in residual stress of the specimens measured at φ0◦ and φ90◦ is presented in
Figure 3a. It is apparent that the untreated and heat up without UNSM treatment specimens exhibited
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a tensile residual stress, while the UNSM treatment at both RT and HT induced a great compressive
residual stress. The value of the compressive residual stress of the UNSM-treated at RT specimens
that were measured both perpendicular and along orthogonal directions was about −600 MPa, which
was reached a greater −1200 and −1375 MPa by using an LHT with UNSM treatment at 1000 ◦C,
respectively. Consequently, the compressive residual stress of both the UNSM-treated at RT and HT
specimens that were measured along orthogonal direction of φ90◦ had a higher compressive residual
stress in comparison with the compressive residual stress measured along orthogonal direction of
φ0◦. This difference is due to the different number of strikes. It is well established that the induced
compressive residual stress is the most crucial property, which determines the strength and fatigue
lifespan of a material [35,36]. It was also reported earlier that SP and USP processes induces high
compressive residual stress in the surface layer thanks to the severe plastically deformed layer [11,34].

(a) (b) 

Figure 3. Variation in surface residual stress (a) and X-ray diffraction (XRD) pattern (b) of the untreated,
UNSM-treated at RT and LHT without and with UNSM treatment at 1000 ◦C specimens.

XRD patterns of the specimens are presented in Figure 3b. The relative intensities of all the
diffraction peaks of the untreated specimen were reduced significantly after UNSM treatment at RT.
By treating the specimen by LHT without UNSM treatment at HT led to a negligible reduction in
intensity in comparison with the untreated specimen, but a substantial reduction in intensity was
found for the specimen by LHT with UNSM treatment at HT, which is lower in comparison with
the UNSM-treated specimen at RT. Post-polishing process of the specimens treated by LHT with and
without UNSM treatment at HT was responsible for the absence of any diffraction peaks of the oxide
particles on the surface. The high-temperature UNSM treatment, regardless the treatment temperature,
may result in the formation of thick oxide layer, which is responsible for the deteriorated mechanical
properties [26]. In addition, new diffraction β diffraction peaks {101}, {400} and {410} are detected
after LHT with UNSM treatment at HT (see the inset in Figure 3b), which means that the phase
transformation occurred from α → β. Beta Ta is a metastable phase that is transformed from α Ta
when it heated up to 900 ◦C [37]. The α phase is tend to have excellent corrosion, thermal ductility
properties, while the β Ta provides additional hardenability, therefore the newly appeared β phases
are expected to beneficially affect the strength, wear performance, and fatigue strength.

A comparison in relative intensity, full width at half maximum (FWHM) and d spacing with
respect to diffraction angle of the specimens is presented in Figure 4. It is clear that the relative
intensity of the primary alpha peak {110} diffracted at an angle of 38.7 was about 25,000, 5000, 16,700,
and 4900 for the UNSM-treated at RT, and LHT with and without UNSM treatment at HT specimens,
respectively. Other secondary {200}, {211}, {220}, {310}, {222}, and {321} peaks also reduced remarkably
by UNSM treatment both at RT and HT, where they were not visible in Figure 4, while those peaks
were reduced as well after LHT without UNSM treatment. In addition, it is noticeable from Figure 4

203



Materials 2018, 11, 452

that the FWHM of the UNSM-treated specimens at both RT and HT got broadening in comparison
with the untreated specimen, where the FWHM was increased with increasing the diffraction angle.
The highest FWHM of the UNSM-treated specimens at both RT and HT was found to be about 2.5◦ at
a diffraction angle of 108◦, as shown in Figure 4b,d. From this, it is clear that the FWHM depends on
the relative intensity of the peaks, where the lower relative intensity the higher FWHM. As shown
in Figure 4, no significant difference in d spacing of the specimens was found, which is related to
the change of diffraction peak position through Bragg’s law [38], where it was gradually reduced
with increasing the diffraction angle because when the UNSM treatment applied load is removed,
the d spacing returned to normal position unless a compressive residual stress induced by UNSM
treatment controls the original strain. It is worth mentioning here that the changes, such as strain,
work hardening, etc. of the UNSM treatment at both RT and HT specimens can be estimated by
quantitatively analyzing the broadening in FWHM and reduction in relative intensity of diffraction
peaks [39]. Top surface grain size of the specimens quantified based on the Scherer equation was in
consistent with the cross-sectional EBSD IPF maps, where the refinement of coarse grains into (sub)
grains is clearly seen in Figure 1b,d, where the refined (sub) grain size by UNSM treatment at RT
was further refined with increasing the temperature, leading to the highest fraction (~23.8%) of sub
(grains) at the top surface. Apparently, it is expected to achieve more grain size refinement towards
ultrafine grain (UFG) scale with a high-angle grain boundaries (HAGB) by increasing the temperature
of UNSM treatment, which can be reached up to 1400 ◦C so far. In order to confirm the presence of UFG
scale at the top surface since the EBSD method does not allow due to the resolution, some advanced
quantitative surface analysis by transmission electron microscopy (TEM) is in need to determine the
exact nano-sized grain.

 
(a) 

 
(b) 

Figure 4. Cont.
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(c)

(d) 

Figure 4. Variation in intensity, full width at half maximum (FWHM) and spacing of the untreated (a),
UNSM-treated at RT (b) and LHT without (c) and with (d) UNSM treatment at 1000 ◦C specimens.

Furthermore, the diffraction peaks of the UNSM-treated specimens at both RT and HT shifted
to a lower diffraction angle (see Figure 5), which is an indicator of the induced compressive residual
stress [40], while on the contrary, the diffraction peak of the LHT without UNSM treatment at 1000 ◦C
specimen shifted to a higher diffraction angle. The presence of uniform compressive strain that was
derived during grain size refinement process is responsible for the diffraction peak shift to a lower
angle [41], while the diffraction peak shift to a higher angle is responsible for the tensile stress [42]. It is
well established that the internal stresses, planar faults (stacking faults or twinning) are responsible for
the changes in relative diffraction peaks (intensity, FWHM, and shift) of the metallic materials that are
subjected to both S2PD and SPD processes [43,44].
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Figure 5. Comparison in intensity peak {110} shift to lower and higher angles of the untreated,
UNSM-treated at RT, LHT without and with UNSM treatment specimens.

3.3. Microhardness and Nanoindentation

A comparison in surface hardness of the specimens is shown in Figure 6. The UNSM treatment
at RT led to an increase in hardness by about 20% in comparison with the untreated one. In turn,
the hardness was further increased from 193 to 511 HV by heating up the specimen up to 1000 ◦C, which
is corresponding to a 62% increase in comparison with the untreated one. The untreated specimen
that was treated by the combination of an LHT with UNSM treatment was able to further increase the
surface hardness by about 16%, 58%, and 70% in comparison with the LHT specimen without UNSM,
UNSM-treated at RT, and untreated ones, respectively. The increase in surface hardness by UNSM
treatment at both RT and HT is associated with the grain size refinement, which may be explained well
by the Hall-Petch relationship, where the grain size is a key factor, in other words, the smallest grain
size the highest hardness [45], while the increase in hardness by LHT is related to the movement of
atoms from their original position [46]. However, Chokshi et al. have reported a negative slope, where
the hardness or strength of a material start dropping with reducing the grain size less than 10 nm due
to the grain boundary sliding [47]. Therefore, it is always desirable to refine the grain size bigger than
that critical value.

 

Figure 6. Comparison in surface hardness of the untreated, UNSM-treated at RT and LHT without and
with UNSM treatment at 1000 ◦C specimens.
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Load and depth of penetration curve of the specimens that was obtained by nanoindentation
method is depicted in Figure 7. The UNSM-treated at RT specimen had a shallower depth of penetration
in comparison with the untreated specimen under the same load of 100 mN. The depth of penetration
occurred on the surface of the LHT without UNSM specimen at HT got shallowed at the same load in
comparison with both the untreated and UNSM-treated at RT specimens due to the higher surface
hardness, as shown in Figure 6. It was noticed that the UNSM-treated at HT specimen exhibited two
times shallower penetration depth in comparison with the untreated one. The increase in hardness by
UNSM treatment at both RT and HT thanks to the generation of a gradient nanostructured surface
layer and a relatively high dislocation density [13,19,30,48]. Estimation of residual stress is made by
various measurement methods, such as XRD, ultrasonic, neutron diffraction, strain curve, magnetic,
hole drilling, and Raman spectroscopy as well [49], but these methods have some drawbacks in
terms of spatial resolution, data accuracy, and reliability. Zhu et al. discovered a new method
to measure the residual stress by the nanoindentation method [50]. The inset in Figure 7 shows
the magnified loading curves of the specimen at the onset of the indentation. According to the
conclusion of the study [51], the UNSM-treated at RT and LHT with UNSM treatment at HT specimens
exhibited a compressive residual stress since both of these specimens required a higher load to be
indented in comparison with the untreated and LHT without UNSM treatment at HT specimens, as
shown in Figure 7. In turn, the LHT with UNSM treatment at HT specimen required larger load in
comparison with the UNSM-treated at RT because of the higher induced compressive residual stress,
as shown in Figure 3. In order to validate the results of residual stress that was measured by XRD and
nanoindentation methods, a newly proposed nanoindentation method [51,52], which was adopted
based on the difference between the contact areas of the specimens, was used using the following
equations [51]:
for tensile residual stress

σr = H(1 − A0/A) (1)

for compressive residual stress

σr = H
(

1 − A0

A

)
/ f (2)

where A and A0 are the indentation contact area of the specimens with tensile and compressive residual
stress (σr), respectively. H is the material hardness. f = sin α is a geometric factor, where α is related to
the indentation angle of the indenter. For a Berkovich indenter, α = 24.7◦ and f = 0.418.

 

Figure 7. Comparison in load-displacement curve of the untreated, UNSM-treated at RT and LHT
without and with UNSM treatment at 1000 ◦C specimens.
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After obtaining a contact area of the specimens with tensile and compressive residual stresses,
the tensile residual stress of the untreated and LHT without UNSM treatment at HT, and the
UNSM-treated at RT and HT specimens was calculated by Equations (1) and (2), respectively. It was
found that the calculated tensile residual stress of the untreated and LHT without UNSM treatment
at HT was 24.6 ± 9 and 9.4 ± 3 MPa, while the tensile residual stress that was measured by the
XRD method was 20.47 ± 7 and 6.54 ± 2 MPa, respectively. The calculated compressive residual
stress of the UNSM-treated at RT and HT specimens was −636.26±86 and −1284.71 ± 114 MPa,
while the compressive residual stress that was measured by XRD method was −607.44 ± 82 and
−1228 ± 59 MPa, respectively. It is apparent from the residual stress results that were obtained by
the nanoindentation method are in good consistence with the residual stress results obtained by XRD
method ensuring a standard deviation in the range of about 10–14%. It is worth mentioning here
that the residual stress of Au/TiW bilayer was estimated by deflection of double clamped beams,
where the beam deflection was corrected by the indent penetration [53]. This method can also be
adopted to Ta as well. As a consequence, the residual stress measurement results of the specimens by
nanoindentation method are applicable to predict the induced compressive residual stress by UNSM
treatment. Additionally, it is important to mention here that this method can be adopted only to
materials that create a pile-up around the indent after nanoindentation. The cross-sectional profile of
the residual indent on the surface of the UNSM-treated at RT specimen is shown in Figure 8, where
the pile up around the indent after nanoindentation is clearly observed. Hence, the calculated tensile
and compressive residual stress results by nanoindentation method in this study were found to be
absolutely accurate and reliable.

Figure 8. Cross-sectional profile of the residual indent on the surface of the UNSM-treated at RT specimen.

3.4. Friction and Wear Performance

Friction of metallic materials is usually relatively high under dry conditions due to the frictional
mating contact inducing plastic deformation in relative motion, leading to a mating surface roughening
and progressive wear, delamination, or even fatigue. In this regard, the friction of metallic materials
is a crucial property to improve the performance, reliability, and efficiency of metallic materials
contacts in various industries. Figure 9 shows the variation in friction coefficient of the specimens as a
function of sliding distance. The friction coefficient of the specimens was increased drastically at the
beginning of the test, but the friction coefficient of the LHT with UNSM treatment at HT specimen
increased gradually. All of the specimens demonstrated running-in, transition, and steady-state periods,
as partially shown each periods in Figure 9. Obviously, the untreated specimen had the highest friction
coefficient among other specimens with a friction coefficient of 0.72 during running-in period, which
reduced gradually till the friction coefficient of 0.58 in transition period, and then approached a
stabilization in friction coefficient of 0.44 in the steady-state period. The friction coefficient of the
UNSM-treated at RT specimen was also increased drastically at the beginning of the test, and then
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continued to increase to a friction coefficient of 0.62 during the running-in period and then reduced
rapidly till the friction coefficient of 0.52 in transition period and then finally approached a stabilization
in friction coefficient of 0.44 in steady-state period. The UNSM treatment was found to be beneficial
in running-in and transition periods, but not in steady-state one, which is attributed to the lack of
change in initial surface integrity of the UNSM-treated at RT specimen under dry conditions, where
the effectiveness of UNSM treatment can be easily lost under severe plastic deformation. It has been
reported earlier that the UNSM treatment reduced the friction coefficient of metallic materials under
both oil-lubricated and dry conditions, due to the features of UNSM treatment, such as improvement
in surface integrity, grain size refinement, the presence of micro-dimples on the surface, etc. [21,22,51].
On the contrary, Chen et al. have pointed out that refining the grain size of metallic materials cannot
reduce the friction coefficient under dry conditions even though its‘ hardness may be increased
significantly [52]. Fortunately, UNSM treatment not only increases the hardness of metallic materials,
but it also reduces the surface roughness and creates a bunch of dimples (dint) that can behave as traps
for wear particles under both oil-lubricated and dry conditions [51,54]. In case of the LHT without
UNSM at HT specimen, the friction coefficient exhibited absolutely the same friction coefficient trend
with the untreated and UNSM-treated at RT specimens, where the friction coefficient was about 0.51
in steady-state period, which was increased continuously throughout the friction test with relatively
high fluctuation (see Figure 9). The continuous rise in friction coefficient is due to the generated wear
particles or debris derived from roughened surface, due to repeated sliding under dry conditions.
Interestingly, in the case of the LHT with UNSM at HT specimen, the friction coefficient slowly
increased first to the highest friction coefficient of 0.59, and then reduced again to a value of 0.42,
and finally approached stabilization in a friction coefficient of 0.39, which reduced slightly throughout
the friction test. In addition, a shift in transition periods can be observed where the running-in and
transition periods were found to be shortened by LHT with UNSM at HT, while a steady-state period
achieved faster than other specimens, as shown in Figure 9.

Figure 9. Comparison in friction coefficient with respect to sliding distance of the untreated,
UNSM-treated at RT and LHT without and with UNSM treatment at 1000 ◦C specimens.

The wear resistance of the specimens showing the rate how fast or slow wear occurred is shown
in Figure 10, where the wear rate of the UNSM-treated at RT specimen was increased remarkably by
about 18–20% in comparison with the untreated specimen. The corresponding wear resistance of the
LHT without UNSM at HT specimen increased substantially in comparison with those specimens
due to the increase in hardness, as shown in Figure 6. In turn, the corresponding wear resistance
of the LHT with UNSM at HT specimen was further increased by an additional 36% in comparison
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with the LHT without UNSM at HT specimen. Overall, the corresponding wear rate of untreated
specimen can be decreased by over 90% by the application of thermal-mechanical UNSM treatment at
HT of 1000 ◦C. Wear resistance of a material and its hardness, compressive residual stress, and grain
size have a linear correlation. The enhancement in wear resistance of the UNSM-treated specimen
was attributed to the presence of gradient nanostructured surface layer, along with refined coarse
grains into nano-sized grains, induced compressive residual stress, increased surface, and subsurface
hardness. Furthermore, the wear resistance of the LHT with UNSM at HT specimen was further
enhanced by increasing the UNSM treatment temperature up to 1000 ◦C in comparison with that of
the UNSM-treated specimen. It was found that the combination of LHT with UNSM at HT of 1000 ◦C
was able to produce a thicker gradient nanostructured surface layer, higher and deeper compressive
residual stress, and also higher surface hardness and deeper subsurface hardness in comparison
with that of the UNSM-treated specimen at RT. The development of LHT with UNSM treatment
successfully demonstrated the possibility of further improvement in wear resistance of Ti-6Al-4V
alloy by increasing the hardness, compressive residual stress, refining grain size in comparison with
the UNSM-treated specimen at RT [26]. Moreover, it has been reported in our previous study that a
gradient nanostructured surface layer with a thickness of about 60 μm was produced in Ti-6Al-4V by
UNSM treatment at RT, while LHT with UNSM at HT of 800 ◦C was able to increase the thickness of
nanostructured surface layer by up to about 100 μm [39].

Figure 10. Comparison in wear rate of the untreated, UNSM-treated at RT and LHT without and with
UNSM treatment at 1000 ◦C specimens.

The presence of gradient nanostructured surface layer was found to be responsible not only for the
increase in wear resistance but also improvement in frictional behavior of the LHT with UNSM at HT
specimen. In addition, in order to shed light on the friction and wear behavior, the surface morphology
and the roughening after sliding distance of 30 m under dry conditions of the UNSM-treated at RT
and LHT with UNSM at HT specimens are investigated as shown in Figure 11. It can be seen that
the worn out deep scars and damages parallel to sliding direction were formed on the surface of the
UNSM-treated at RT specimen that roughened the contact interface significantly without any cracks in
comparison with the LHT with UNSM at HT specimen due to its high hardness. The average surface
roughness inside the wear track of the UNSM-treated at RT and LHT with UNSM at HT specimens
increased to 2.4 and 1.8 μm from its initial surface roughness of 0.08 μm. It means that the resistance
against the sliding-induced surface roughening of the LHT with UNSM at HT specimen remained
greater in comparison with the UNSM-treated at RT one, which is also owing to the presence of
gradient nanostructured surface layer [54]. Moreover, the change in chemistry after wear test of the
UNSM-treated at RT and LHT with UNSM at HT specimens is shown in Figure 12. It was found that
the oxidative wear also played a crucial role in controlling the frictional behavior, where the amount of
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formed oxide-rich tribolayer was much more on the surface of the LHT with UNSM at HT specimen,
as presented in the inset of Figure 12. Consequently, a newly developed thermo-mechanical UNSM
treatment gives an opportunity to produce a gradient nanostructured surface layer with a thickness
of several hundreds in microns, where the refined grain size is increased gradually at an incremental
angle of about 30◦, as shown in Figure 2d. Many researchers mentioned the advantages of gradient
nanostructured surface layer over the nanostructured surface layer in terms of mechanical and thermal
stabilities, and also strain localization [13,29,54].

(a) (b)

Oxide-rich layer 
Oxide-rich layer 

Figure 11. Scanning electron microscopy (SEM) images of the wear track generated on the surface of
the UNSM-treated at RT (a) and LHT with UNSM treatment at HT of 1000 ◦C (b) specimens.

(a) 

(b) 

Figure 12. EDX (energy-dispersive X-ray spectroscopy) of the wear track generated on the surface of
the UNSM-treated at RT (a) and LHT with UNSM treatment at HT of 1000 ◦C; (b) specimens.
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4. Conclusions

In the current investigation, the effects of UNSM treatment with and without LHT at RT and HT
(1000 ◦C) on the microstructure, hardness, and wear resistance of Ta were systematically investigated.
The hardness of the UNSM-treated specimens at RT and HT (1000 ◦C) increased by about 20 and
62% in comparison with the untreated one. The LHT with UNSM at HT (1000 ◦C) was capable of
inducing a greater compressive residual stress (~1400 MPa) at the surface layer in comparison with
the UNSM-treated at RT and LHT without UNSM at HT. It was confirmed by cross-sectional EBSD
observations that the combination of LHT with UNSM treatment at HT (1000 ◦C) produced a stable
gradient nanostructured surface layer, with a thickness of several tens of microns, which led to an
increase in wear resistance and a reduction in friction behavior of Ta. In general, the possibility of
producing a stable gradient nanostructured layer by controlling the UNSM treatment temperature is
significant and would find any potential applications of Ta in various industries.
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Abstract: This investigation was focused on the influence of long-living neutral reactive oxygen
species on the physico-chemical properties of acryl-coated polypropylene foils for food packaging.
Reactive species were formed by passing molecular oxygen through a microwave discharge and
leaking it to a processing chamber of a volume of 30 L, which was pumped by a rotary pump.
The density of neutral O-atoms in the chamber was tuned by adjustment of both the effective
pumping speed and the oxygen leak rate. The O-atom density was measured with a catalytic probe
and was between 3 × 1018 and 5 × 1019 m−3. Commercial foils of biaxially oriented polypropylene
(BOPP) coated with acrylic/ poly(vinylidene chloride) (AcPVDC) were mounted in the chamber and
treated at room temperature by O atoms at various conditions, with the fluence between 1 × 1021

and 3 × 1024 m−2. The evolution of the surface wettability versus the fluence was determined by
water contact angle (WCA) measurements, the formation of functional groups by X-ray photoelectron
spectroscopy (XPS), and the morphology by atomic force microscopy (AFM). The WCA dropped
from the initial 75◦ to approximately 40◦ after the fluence of a few 1022 m−2 and remained unchanged
thereafter, except for fluences above 1024 m−2, where the WCA dropped to approximately 30◦. XPS
and AFM results allowed for drawing correlations between the wettability, surface composition,
and morphology.

Keywords: plasma surface modification; polymer polypropylene; neutral oxygen atom density;
initial surface functionalization; food packaging; wettability

1. Introduction

Today, food technology is constantly evolving in response to different challenges. The changes
in consumer demands and the necessity for the production of safe and high-quality foods are
responsible for the innovation and improvement of already established food processes. In this
sense, the introduction of new technologies could lead to a reduction of the processing time or
an improvement in operating conditions, thereby decreasing both environmental and financial
costs. Plasma treatments cause several chemical and physical changes on the plasma-polymer
interface, which improve the surface properties [1–6]. Plasma-induced effects on the polymer
surface are nowadays exploited in surface functionalization of the packaging polymers for promoting
adhesion or sometimes anti-adhesion [7], enhanced printability [8], sealability [9], assuring anti-mist
properties, improving the polymer’s resistance to mechanical failure [1], and adhesion of antibacterial
coatings [10–14].
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Polypropylene (PP) is an important commercial polymer which is often used for producing
package films [15], because of its low cost and good thermal stability. Extruded PP film is amorphous,
while the crystallization can be achieved by two-way stretching (monoaxially or biaxially orientated
films) at elevated temperatures. Biaxial orientation (BO) slightly improves the silky structure of the film
and significantly reduces turbidity, enhancing the barrier properties and flexural toughness at a low
temperature. Biaxially oriented polypropylene (BOPP) film is often coated with an additional polymer
layer to improve its mechanical properties or barrier properties against gases and moisture. If BOPP is
used for food packaging applications, it is often coated with an acrylic layer or poly(vinylidene chloride)
(PVDC). Acrylic coating (Ac) is durable, flexible, and resistant to degradation caused by ultraviolet
rays [16]. If the PP foil is coated with a PVDC layer, this topcoat enhances PP barrier properties against
water vapor and gases. Excellent protective properties of this layer make PP foil suitable for the
packaging of confectionery products which require barrier protection from moisture [17].

As mentioned above, plasma can improve surface properties of polymers such as wettability
and surface functionalization, and consequently also adhesion properties. This may be important
for coating the food-packaging foils with antibacterial layers [18]. Many authors have investigated
treatment of a pure PP foil rather than industrial-grade foils, which are often covered with an ultra-thin
film of a protective coating. A reason for this might be unknown details regarding the composition and
structure of the coating, let alone the method applied for deposition of the coating. Pandirayaj et al. [19]
used a low pressure weakly ionized plasma created by a DC glow discharge to improve the wettability
of the PP foil. The water contact angle dropped from the original value of 98◦ down to 58◦ upon
treatment for 10 min. Similar results were reported by Choi et al. [20], who obtained 60◦ in low-pressure
oxygen DC plasma. Additionally, Morent et al. [21] obtained a water contact angle of 60◦, although
he used an extremely weak plasma at the discharge power of solely 1.4 W and moderate pressure of
5 kPa. A dielectric barrier discharge (DBD) was applied. Leroux et al. [22] obtained the contact angle
of 64◦ using plasma created in air at atmospheric pressure by classical DBD and a treatment speed
of 2 m/min. Lower water contact angles were observed by some other authors. Aguiar et al. [23]
achieved a water contact angle of 40◦ (initially 110◦) on PP surface treated in oxygen plasma at
700 W and 6.7 Pa. Vishnuvarthanan et al. [24] observed that the contact angle depended on the
discharge power (7.2–29.6 W) and treatment time (0–300 s). The lowest water contact angle was ~44◦;
however, the initial angle was just 74.5◦, which indicates that the initial surface was probably already
contaminated with surface impurities. Mirabedini et al. [25] obtained a minimal contact angle of 34.4◦

in RF oxygen plasma at 50 W and 0.35 × 105 Pa. However, Wanke et al. [26] managed to achieve
only 24◦ (initially 98◦) at 15 min of treatment. Unlike other authors, who observed a decreasing
water contact angle with increasing treatment time until reaching saturation, he observed that at long
treatment times (after 15 min of treatment), the contact angle increased to 53◦. The reason that some
authors obtained such low contact angles can be associated with polymer overtreatment leading to
the formation of low-molecular weight fragments (LMWOM) because of polymer degradation [27].
The main papers and key results are summarized in Table 1.

Although oxygen plasma treatment causes beneficial effects such as improved wettability, it also
causes other modifications of the surface and sub-surface layer which may not be tolerated. Oxygen
plasma is rich in different reactive species and represents a source of ultraviolet (UV) radiation.
The reactive gaseous species that interact with a polymer sample include positively charged molecular
and atomic ions, neutral atoms in the ground and metastable states, and neutral molecules in both “a”
and “b” metastable states and ozone. The major UV radiation occurs at the wavelength of 130 nm due
to the transition from a highly excited 2s22p3(4S◦)3s3S◦ state to the ground state (2s22p4 3P). The photon
energy for this transition is 9.52 eV. The penetration depth of such UV radiation in a polymer material
is around a micrometer [28]. The energetic photons cause bond scission and thus modification of
the polymer properties well below its surface. Furthermore, there is always some water vapor in a
low-pressure plasma reactor. The vapor is the major constitute of the residual atmosphere and is also
formed due to chemical etching of the polymer upon oxygen plasma treatment. The water molecules
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dissociate under plasma conditions and the resulting OH and H radicals are excited upon inelastic
collisions with energetic electrons. The excited states de-excite to the corresponding ground states by
ration in the UV range: Lyman hydrogen series in the vacuum UV range and OH band of bandhead
at 309 nm. All this radiation causes bond scission in the polymer film of a thickness of the order of
several μm. The reactive species interact with dangling bonds on the polymer surface, causing the
formation of LMWOM that are often volatile. Therefore, rather extensive etching is observed upon
the treatment of a polymer material with oxygen plasma [29]. In fact, precise measurements of the
oxidation rate for the same polymer exposed to oxygen plasma and only neutral O-atoms at the same
O-atom flux on the sample surface showed a two orders of magnitude higher etching rate for the
case where synergistic effects of radiation and reactive species were effective [30,31]. Such synergies
should therefore be avoided if functionalization of the polymer surface with oxygen functional groups
is the goal.

The aim of this research was to examine the effect of surface oxidation of commercial PP foils
used for food packaging. Such foils are covered with a very thin acrylic coating. Unlike other authors,
neutral reactive particles from late afterglow were used instead of gaseous plasma, because glowing
plasma always causes the etching of polymers and the acrylic coating could have been removed
by direct exposure to oxygen plasma [30]. Furthermore, in afterglow, a density of oxygen species
interacting with the polymer can also be precisely determined. This allowed determination of the
minimal oxygen atom fluence necessary for saturation of the surface with polar functional groups and
thus optimal wettability at a minimal treatment time.
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2. Materials and Methods

2.1. Materials

Biaxially oriented polypropylene (PP) films (Bicor 32MB777, ExxonMobil, Antwerp, Belgium)
were used in the experiments. One side of the film had an acrylic acid coating and the other side was
coated with a thin film of poly(vinylidene chloride) (PVDC), which means that plasma interacted with
the coating and not with the PP substrate. Only the acrylic side was treated with plasma. The thickness
of the foil was 32 μm.

2.2. Plasma Afterglow Treatment

The polymer foil was cut into pieces of 2 × 2 cm2 and treated with reactive neutral oxygen species
created in the center of the processing chamber. Oxygen species which were created in the surfatron
plasma were passed through the narrow glass tube to the processing chamber. The experimental
system is shown schematically in Figure 1. The processing chamber was a pyrex cylinder with a
diameter of 33 cm and a length of 40 cm. The chamber was pumped with a two-stage oil rotary pump
of a nominal pumping speed of 40 m3·h−1 and ultimate pressure well below 1 Pa. A zeolite trap was
used to prevent back-diffusion of the oil vapor. The pump was mounted on the flange at the bottom of
the processing chamber via bellows of a large conductivity at the pressure of 20 Pa and above, and a
manually adjustable shutter valve which allowed for suppressing the effective pumping speed in a
gradual manner from the maximal speed (40 m3·h–1) down to zero. The upper flange of the Pyrex tube
was equipped with a pressure gauge, a discharge tube, and a movable catalytic probe which was used
for O-atom density measurements [36]. Oxygen of commercial purity 99.99% was leaked continuously
in the discharge tube through a manually adjusted leak valve. A standard quartz tube with an inner
diameter of 6 mm was used. The pressure was measured with an absolute gauge (baratron) calibrated
for the pressure range 0.1–100 Pa. A microwave cavity of approximately 5 cm in length was mounted
onto the discharge tube and connected to the microwave power supply. The configuration allowed
for sustaining the gaseous plasma in the surfatron mode inside the discharge tube. The microwave
power was set to 200 W. Continuous leakage of oxygen on one side and pumping of the processing
chamber on the other side allowed for a drift of gas through the discharge into the processing chamber.
Molecular oxygen from the flask partially ionized, dissociated, and excited in the plasma within the
microwave cavity. Charged particles quickly neutralized and excited species relaxed on the way
between the gaseous plasma and the processing chamber. Therefore, the only highly reactive oxygen
species left for treatment of the polymer samples was neutral O atoms. The density of O atoms above
the surface of the polymer samples was measured with a calibrated catalytic probe. The probe consists
of a catalytic tip which is heated in the plasma because of the recombination of O atoms to O2 molecules
on the surface of the catalyst [36]. The temperature of the catalyst is measured by a thermocouple.
The heating rate of the probe is proportional to the flux of oxygen atoms. The O-atom density (n) was
calculated from the probe temperature derivate using the following equation [37]:

n =
8 · m · cp

v · WD · γ · A
·
(

dT
dt

)
(1)

where m is the mass of the probe tip, cp is its specific heat capacity, WD is the dissociation energy of
an oxygen molecule, γ is the recombination coefficient for O atoms on the catalyst surface, A is the
area of the catalyst, and dT/dt is the time derivative of the probe temperature just after turning off the
discharge. More details regarding the O-atom density calculation are explained in the works [36,37].
We have used cobalt as the catalyst. This material is particularly suitable for the detection of atomic
oxygen at a low density. The lower detection limit of the probe was approximately 2 × 1018 at a
pressure above 10 Pa, whereas the upper at 1022 m−3.

The experiments presented here were performed at the pressure of 20 Pa. At these conditions,
the O-atom density in the system was 5.3 × 1019 m–3 when the shutter valve was fully open
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(the effective pumping speed was equal to the nominal pumping speed of the vacuum pump).
By adjusting the shutter and leak valves simultaneously, it was possible to keep the pressure in
the processing chamber constant but the O-atom density variable: less opened valves caused a lower
atom density because the drift velocity of the gas through the discharge chamber was suppressed by
closing valves. A detailed description of this effect was reported elsewhere [38]. Four adjustments
of the O-atom density in the vicinity of the samples were chosen: 5.3 × 1019, 2.9 × 1019, 1.0 × 1019,
8.7 × 1018, and 3×1018 m−3. The corresponding fluxes of O-atoms onto the sample surface were
calculated as:

j =
1
4

nv (2)

where n is the measured density of oxygen atoms and v is an average thermal velocity of O atoms at
room temperature (v = 630 m·s–1). The fluence of O atoms to the surface of the sample was calculated
as j × t, where j is the flux of oxygen atoms to the surface and t is the treatment time. Various treatment
times were used for modification of the sample’s surface. Such an experimental setup allowed for the
treatment of samples in a broad range of fluences from 5 × 1021 to 3 × 1024 m−2—almost three orders
of magnitude.

Figure 1. Experimental plasma system used for treating polymer samples.

2.3. X-ray Photoelectron Spectroscopy (XPS) Characterization

Chemical composition of the samples was determined with an XPS instrument model TFA XPS
(Physical Electronics, Ismaning, Germany) from Physical Electronics. Analyses were performed 15 min
after the plasma treatment. Monochromatic Al Kα1,2 radiation at 1486.6 eV was used for sample
excitation. Photoelectrons were detected at an angle of 45◦ with respect to the normal of the sample
surface. XPS survey spectra were measured at a pass-energy of 187 eV using an energy step of 0.4 eV.
High-resolution spectra of carbon C1s were measured at a pass-energy of 23.5 eV using an energy
step of 0.1 eV. Because the samples are insulators, an electron gun was used for the additional charge
compensation. The spectra were analyzed using MultiPak v8.1c software (Ulvac-Phi Inc., Kanagawa,
Japan, 2006) from Physical Electronics.

2.4. Atomic Force Microscopy (AFM) Measurements

The surface morphology of the samples was analyzed with an AFM (Solver PRO, NT-MDT,
Moscow, Russia). Images were recorded in a tapping mode using ATEC-NC-20 tips (Nano And More
GmbH, Germany). A resonance frequency of the tip and the force constant were 210–490 kHz and
12–110 Nm−1, respectively. An average surface roughness of the samples (Ra) was determined by
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using the program Spip 5.1.3 (Image Metrology A/S). The average surface roughness was calculated
from the images taken over an area of 5 × 5 μm2.

2.5. Contact Angle Measurements

Changes of the surface wettability of the plasma-treated samples were determined immediately
after the plasma treatment. An instrument by See System (Advex Instruments, Brno, Czech Republic)
was used. A demineralized water droplet of a volume of 3 μL was applied to the surface.
The measured contact angles were analyzed by the software supplied by the producer. For each
sample, three measurements were taken to minimize the statistical error.

3. Results and Discussion

Figure 2 illustrates the variation of the water contact angle of the acrylic coating versus the
fluence of oxygen atoms. As mentioned earlier, the treatment was performed at several different
densities of O atoms in the vicinity of the sample and at various treatment times. It seems that
the water contact angle only depends on the fluence and not on the O-atom density because all
measured points in Figure 2 follow the same curve. The contact angle at first decreases rapidly with
the increasing fluence, but later the decrease becomes less and less rapid until the water contact angle
becomes constant at approximately 40◦. The particular measured points in Figure 2 are somehow
scattered; however, the trend is obvious: no knee is observed in the curve which is only plotted for
eye guidance. The contact angle becomes constant (approximately 40◦) after the fluence of a few
1022 m–2 is used. Further exposure to O-atoms does not influence the wettability of this particular
material. The exemptions are both measured points at very large fluences where the contact angles
are approximately 30◦. A feasible explanation for this effect will be presented and discussed later in
this paper.

Figure 2. Variation of the water contact angle of the plasma-treated acryl-coated PP with the fluence of
oxygen atoms. The different colors represent experiments with different O-atom densities.

Figure 3 represents the required treatment time for the fluences of 1 × 1022 and 1 × 1023 m–2.
From this figure, one can conclude that the required treatment time for receiving the fluence of
1 × 1022 m–2 is only 6 ms at the atom density of 1 × 1022 m–3, which is typical for the extremely
reactive oxygen plasma [39]. Such a short treatment time is achievable only when using pulsed
discharges. Unfortunately, this experimental setup does not allow for verification of the calculated
values presented in Figure 3. Furthermore, in practice, such small treatment times are not very suitable,
because the treated surface may be contaminated with impurities. This means that at such a short
treatment time, plasma radicals interact with the contaminants rather than with a pure polymer surface.
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Figure 3. Recommended treatment times for achieving good wettability (~40◦) of the acryl-coated
polypropylene foils at two O-atom fluences.

Figure 4 shows the variation of oxygen concentration and the O/C ratio on the polymer surface
as determined by XPS. The oxygen concentration of the untreated sample was approximately 18 at
%. The rather high concentration of oxygen in the surface film as detected by XPS (several nm thick)
arises from the acrylic coating. After the treatment, the oxygen concentration on the surface increased.
The increase is at first rapid but then less pronounced; however, the x-axis in Figure 4 is plotted in the
logarithmic scale and therefore the measured points appear in a line. The oxygen concentration thus
increases as a logarithm of the fluence. It is interesting that the oxygen concentration keeps increasing
after the fluence that corresponds to the saturation of the wettability. Numerous explanations can be
stated for this observation. A trivial one is that already approximately 30 at % of oxygen is enough for
the optimal wettability. The second possibility is that the surface (which influences the wettability)
is already saturated with the polar functional groups at a moderate fluence and oxidation of the
sub-surface layers occurs at higher fluences. Yet another explanation could be the formation of oxides
on the surface—this effect will be discussed later.

Figure 4. Variation of the oxygen concentration and the O/C ratio on the acryl-coated PP polymer
surface with the O-atom fluence.

The high-resolution spectra of the carbon C1s peak for selected samples are presented in Figure 5.
The spectra are normalized to the height of the main peak at 285 eV. The deconvolution of selected
spectra is presented in Figure 6. The untreated sample (Figure 6a) contains three peaks: the main one
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at 285 eV corresponding to C–C, C–H bonds, and two small peaks at 286.5 and 289 eV corresponding
to C–O and O=C–O groups, respectively. The spectrum in Figure 6a supports the information that
the original sample has the acrylic coating. Figure 6b,c show an example of deconvolution of the
sample treated at short (low oxygen fluence) and long (high oxygen fluence) treatment times. It can be
observed that the intensity of C–O and O=C–O groups increased, especially for longer treatment times.
It is difficult to judge about the formation of additional peaks corresponding to functional groups like
C=O; however, if such groups develop upon treatment with the O atoms, their concentration on the
polymer surface is much lower than the concentration of C–O and O=C–O groups. Figure 5 shows a
gradual increase of the polar functional groups versus the fluence of the O-atoms, thus it is in good
agreement with Figure 4. The increase is not equal for C–O and O=C–O groups, though. This can be
seen from Figure 7, which shows the concentration of the functional groups versus the O-atom fluence.
The highly polar O=C–O group increases somehow more intensively than the C–O group and actually
prevails at the highest fluence. Interesting enough, this observation is not sound with the wettability
presented in Figure 2. Namely, on the basis of the results presented in Figure 7, one would expect a
monotonous decrease of the water contact angle with the increasing O-atom fluence. As mentioned
above, this phenomenon could be related to surface saturation with the polar functional groups already
at moderate fluences, and to oxidation of the sub-surface layers at higher fluences, or to the formation
of Si oxides (discussed later).

Figure 5. Comparison of high-resolution XPS carbon C 1s spectra of the acryl-coated PP polymer.
The parameter is the O-atom fluence.

Figure 6. An example of fitting of XPS spectra: (a) untreated sample; (b) sample treated with a low
O-atom fluence; and (c) sample treated with a high O-atom fluence.
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Figure 7. Variation of the concentration of various oxygen functional groups versus oxygen fluence.
Concentrations were determined by fitting C 1s XPS spectra.

Another observation about the surface composition is worth stressing and discussing. Figure 8
represents survey XPS spectra for selected samples. Apart from carbon and oxygen, one can observe
tiny peaks at binding energies of approximately 102 and 153 eV. The peaks correspond to silicon
levels of Si 2p and Si 2s, respectively. The peaks are easily overlooked for the untreated sample
(lowest curve in Figure 8), but become more pronounced after the sample has received a large fluence
(upper curve). Detailed spectrum in the range 88–188 eV is shown in the insert of Figure 8. Doubtlessly,
silicon is presented in the as-received sample and its concentration as detected by XPS increases with
the increasing O-atom fluence. Figure 9 represents the concentration of Si in the surface of selected
samples. Although the initial concentration is at the limit of this experimental technique, the trend
is well justified. The origin of Si in the untreated sample is known to polymer scientists: i.e., silicon
is often added to polymers as an anti-block or slipping agent in order to improve their performance.
When the polymers are exposed to oxygen atoms, etching occurs. The effect has been elaborated
elsewhere [40]. The oxygen atoms at first cause surface functionalization, but as the polymer surface
becomes saturated with the O-rich functional groups, they form unstable molecular fragments which
desorb from the surface. The polymer is thus slowly etched, leaving on the surface compounds that do
not form volatile oxides. The effect is sometimes called plasma ashing [41]. Here, the acryl coating is
slowly degraded and thus etched, leaving oxidized silicon nanoparticles on the surface. This effect
explains the increase of Si concentration versus the O-atom fluence presented in Figure 9. It may or
may not be a coincidence that the Si concentration (Figure 9) starts rising as the sample wettability
becomes stable (Figure 2).

The virtual discrepancy between Figures 2 and 4 can be attributed to the appearance of silicon on
the polymer surface. As explained above, the wettability (Figure 2) assumes a rather constant value
after the fluence of about 3 × 1022 m−2, but the concentration of oxygen on the polymer surface still
increases (Figure 4). Taking into account the measured values of Si (Figure 9) and assuming that silicon
is in the form of oxide (SiO2), one can replot Figure 4 by considering that a part of oxygen is bonded to
silicon, i.e., subtracting 2 × [Si] oxygen from the curves. The new plot of O concentration and the O/C
ratio by considering this effect is plotted in Figure 10. The behavior of the curve for oxygen in Figure 10
is now almost sound with the observations presented in Figure 2. Namely, the oxygen concentration
as determined from XPS results also approaches a constant value for large fluences. Unfortunately, the
saturation in Figure 10 does not appear at the same fluence as in Figure 2.

The role of silicon dioxide on the sample wettability is worth discussing. Figure 2 represents
numerous measured data that fit the curve well, but the two points at the highest fluences definitely
do not fit the general behavior. The decrease of the WCA for the highest fluences could be explained
by oxidized silica nanoparticles on the sample surface, because well activated silicon oxide (treated by
oxygen plasma) is hydrophilic [42]. The hydrophilicity is, however, lost soon after the plasma treatment
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because of the adsorption of organic impurities. That is one of the reasons why wettability tests were
performed just after the treatment of samples with the O-atoms; however, hydrophobic recovery
cannot be excluded completely.

Figure 8. Selected XPS survey spectra of the untreated (lowest curve) and treated polymer at a low
fluence of 0.4 × 1022 m–2 (middle) and at a high fluence of 82 × 1022 m–2 (upper curve).

Figure 9. Silicon concentration versus O-atom fluence.

[O]-[O]SiO2

Figure 10. Variation of the oxygen concentration and the O/C ratio on the acryl-coated PP polymer
surface with the O-atom fluence for the case when oxygen bonded to silicon is subtracted.
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In view of the upper discussion, let us also discuss the AFM images of selected samples.
The images are shown in Figure 11. The images were taken over the area of 5 × 5 μm2. The untreated
sample (Figure 11a) exhibits small un-evenly distributed particles of virtually the same lateral size
protruding from the surface. The typical lateral dimension of the particles is almost 100 nm and the
height as determined by AFM is several 10 nm. The origin of these particles is probably polymer
additives containing silicon. According to the XPS results (Figure 9), the density of the particles fits the
concentration of silicon on the surface of the untreated sample. Figure 11b is the image of the sample
after receiving a small O-atom fluence. According to the upper results and discussion, the fluence
received by this sample was too small to cause any detectable polymer etching. The image actually
does not differ significantly from Figure 11a. Also, the surface roughness of the sample shown in
Figure 11b did not change much (from the initial 5.8 nm it increased to 5.9 nm). One can qualitatively
conclude that the concentration of the particles protruding from the sample surface is similar in
Figure 11a,b, which is sound with the observations presented in Figure 9.

The AFM images in Figure 11c,d vary significantly from Figure 11a,b. The particles protruding
from the surface are now much denser, which could be a consequence of the polymer etching.
Moreover, the surface roughness increased to 6.8 nm. From Figure 11, one can therefore assume
that the surface is enriched with silica nanoparticles, which has been proposed on the basis of the XPS
results presented in Figure 9.

Figure 11. AFM images (5 × 5 μm2) of selected samples: untreated (a) and treated at various fluences:
(b) 0.1 × 1022 m–2; (c) 82 × 1022 m–2; and (d) 247 × 1022 m–2.

In Figure 12, AFM topographic and phase images of the untreated sample and of one the selected
treated sample recorded at a higher magnification of 2 × 2 μm2 are shown. The phase signal depends
on the viscoelastic properties of the materials; therefore, the signal variation between the soft polymer
surface and stiff silica particles can be observed. Figure 12 clearly shows a big difference in the variation
of the phase signal for the treated sample in comparison to the untreated one. Many black spots with a
big phase shift are observed on the treated sample, which confirms our conclusions about the presence
of silica particles.
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Figure 12. AFM topography (2 × 2 μm2) and phase images of selected samples: (a) topography of the
untreated sample; (b) phase image of the untreated sample; (c) topography of the sample treated with
a fluence of 82 × 1022 m–2; and (d) phase image of the sample treated with a fluence of 82 × 1022 m–2.

4. Conclusions

An early stage of activation of commercial acrylic coated polypropylene foils for food packaging
has been elaborated. The results clearly show that the maximum achievable surface wettability is
already obtained at a rather low fluence of O-atoms of the order of a few 1022 m–3. This information is
particularly useful for users who want to activate the material without losing the acrylic surface film.
Namely, larger fluences (in practice it means prolonged treatment time) has little or no effect on the
surface wettability but causes etching of the thin acrylic film and thus loss of the functional properties
of such foils. As stated in the introduction to this paper, the acrylic coating protects the polypropylene
foil from external influences, and should therefore remain on the PP foil after accomplishing the
activation procedure.
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Abstract: In the aluminum die casting process, erosion, corrosion, soldering, and die sticking have a
significant influence on tool life and product quality. A number of coatings such as TiN, CrN, and
(Cr,Al)N deposited by physical vapor deposition (PVD) have been employed to act as protective
coatings due to their high hardness and chemical stability. In this study, the wear performance of two
nanocomposite AlTiN and AlCrN coatings with different structures were evaluated. These coatings
were deposited on aluminum die casting mold tool substrates (AISI H13 hot work steel) by PVD
using pulsed cathodic arc evaporation, equipped with three lateral arc-rotating cathodes (LARC) and
one central rotating cathode (CERC). The research was performed in two stages: in the first stage,
the outlined coatings were characterized regarding their chemical composition, morphology, and
structure using glow discharge optical emission spectroscopy (GDOES), scanning electron microscopy
(SEM), and X-ray diffraction (XRD), respectively. Surface morphology and mechanical properties were
evaluated by atomic force microscopy (AFM) and nanoindentation. The coating adhesion was studied
using Mersedes test and scratch testing. During the second stage, industrial tests were carried out for
coated die casting molds. In parallel, tribological tests were also performed in order to determine if a
correlation between laboratory and industrial tests can be drawn. All of the results were compared
with a benchmark monolayer AlCrN coating. The data obtained show that the best performance
was achieved for the AlCrN/Si3N4 nanocomposite coating that displays an optimum combination of
hardness, adhesion, soldering behavior, oxidation resistance, and stress state. These characteristics
are essential for improving the die mold service life. Therefore, this coating emerges as a novelty to
be used to protect aluminum die casting molds.

Keywords: PVD nanocomposite coatings; aluminum die casting; tool life; tribological performance

1. Introduction

Aluminum is a widely used material in the automotive industry. The use of special aluminum
alloys as materials to manufacture components and automotive parts allows for the construction
of light-weight components that lead to an overall weight reduction, and thus, to reduced fuel
consumption [1]. These aluminum alloys are commonly cast using the high pressure die casting
(HPDC) process, which is one of the most efficient methods for the production of complex shape
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castings in today’s manufacturing industry [2]. For that reason, recent research in this field has focused
to improve tool life of aluminum die casting molds.

During the casting of aluminum alloys, the cyclic process leads to thermocyclic loads on the tool
surface from T = 90 ◦C at cooling up to T = 600 ◦C at die casting. In this way, the tools are exposed to
erosion, corrosion, soldering, or die sticking due to the frequent contact between the tool surface and the
casting alloy. Any one of these phenomena can result in damage to the die and poor surface quality of
the casting, as well as a notable decrease in the productivity and efficiency of the casting operation [3].

In order to protect die casting molds, hard coatings deposited by physical vapor deposition (PVD),
such as TiN, CrN, (Cr,Al)N, Ti(C,N), Ti(B,N), or (Ti,Al)(C,N) [4–6] have been employed to act as a
physical barrier to the die casting molding to prevent the erosion and soldering of aluminum and
improve the resistance against thermal cracking [7]. Previous studies show that TiN presented good
corrosion and erosion wear resistance [4–6]. However, this coating is not a good solution for HPDC
due to its low oxidation temperature [4]. TiAlN and TiSiN coatings exhibit good mechanical properties
and also exhibit a better oxidation resistance up to 700 ◦C, however, their adhesion under substrate is
reduced, which leads to sudden failures [8] during service. Thus, novel solutions need to be studied
in order to reduce the intensity of frictional interaction between the tool surface and the aluminum
casting alloy and reduce wear of the molds.

The coatings previously studied do not show properties good enough to solve the problems
outlined above. Therefore, the development of advanced PVD hard coatings, such as nanocomposites,
which are designed to resist under severe mechanical and thermal stress conditions emerge as possible
solutions to drastically reduce outlined problems. This family of coatings has a nano-crystalline
structure that results in high mechanical and functional properties. The coatings of such structure
are able to maintain a low friction coefficient (self-lubricating coatings) in extreme environments,
combined with high hardness to improve the mechanical resistance [9,10]. Furthermore, the adhesion
strength for nanocomposite coating at the interface between the coating and substrate is improved
in comparison to regular coatings, and it can guarantee desirable surface properties, as well as long
durability of the tool [11].

When considering the different characteristics of the nanocomposite coatings during service, the
goal of this paper is to present the nanocomposite (AlTiN/Si3N4 and AlCrN/Si3N4) coatings that
have been deposited by PVD as novel coatings for the aluminum die casting process. To demonstrate
suitability, studies of the mechanical properties and tribological performance have been investigated
in both laboratory and industrial tests. The results that were obtained in terms of tribological and wear
performance were compared with a monolayer AlCrN, which is the coating currently used in industry.

2. Materials and Methods

Coatings were deposited onto (AISI H13) hot worked tool steel substrate (48 ± 1 HRC) using a
physical vapor deposition (PVD) process. The chemical composition of AISI H13 was provided by the
supplier, and it is presented in Table 1.

Table 1. Chemical composition of AISI H13 used as die cast mold substrate.

Element/Amount C Cr Mo Mn Si V Fe

wt % 0.49 4.99 1.3 0.4 0.97 0.93 Balance

One set of samples (die casting mold, core pins, and blocks) were used for each coating. Figure 1
shows the samples that were used for coating characterization and tool life tests.

The PVD nanocomposites (AlTiN/Si3N4 and AlCrN/Si3N4), and AlCrN coatings were deposited
on the samples by means of cathodic arc evaporation in a Platit π411 industrial deposition unit,
equipped with three lateral arc-rotating cathodes (LARC) and one central rotating cathode (CERC).
Plansee, AG—Germany produced all of the targets that were employed in this work. The target that was
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used for AlCrN coating contained Al/Cr (Al60:Cr40 at %). The deposition process was carried out at a
temperature of 500 ◦C in a 99.999% pure nitrogen atmosphere at a pressure of 4 Pa and a bias voltage of
−40 V. To produce nanocomposite coatings (AlTiN/Si3N4 and AlCrN/Si3N4), targets containing pure
metals (Cr, Ti) and the AlSi (88:12 at %) were employed. The coatings were deposited at a temperature
of 480 ◦C, and two different gases, argon and nitrogen (both 99.999% pure), were used. The pressure
of the process was about 3.5 to 4 Pa and the bias voltage of −40 V. During the process, evaporated
metals and metal alloys enter the plasma state to combine with the ionized process gas (nitrogen)
and eventually condense on the substrate surface, as part of ceramic compounds. Amorphous and
micro-nanocrystalline structures and layers are developed with optimized thermodynamic and kinetic
conditions. Spinoidal decomposition allows for building TiN and CrN nanocrystalline structures
dispersed in a Si3N4 amorphous matrix, with a typical crystallite size of about 10 nm [12].

Figure 1. Set of coated samples (a) General view from the coated mold; (b) cavity details; (c) core pins;
and (d) H13 blocks used for coating characterization studies.

The roughness of the substrate and coating surfaces were determined by atomic force microscopy
(AFM) equipped with a scanning probe (Shimadzu SPM 9500 J3, Kyoto, Japan). A single crystal silicon
with a long rectangular cantilever was used as a scanning probe. The tips are pyramidal shaped, with
a nominal radius of 10 nm with a spring constant of 0.5 N/m. The scanning mode was configured as
contact, with a scanning rate of 1 Hz and high resolution. A region with the size of 30 μm × 30 μm
was selected for the characterization of the coated surface samples. The images that were produced
were processed to remove background signals, and to extract results such as surface roughness (Ra)
and topographic profiles.

The cross-sections of the coatings were inspected with a field emission gun microscope Supra
55VP by Zeiss (Oberkochen, Germany), equipped with energy-dispersive X-ray spectroscopy (EDS)
Quantax XFlash 6/30 by Bruker (Berlin, Germany). The elemental compositions of the nanocomposite
coatings were determined by glow discharge optical emission spectroscopy (GDOES) GDS-850A by
Leco (Saint Joseph, MI, USA). Five points were analyzed for each sample that was coated, and the
average result was taken. The phases of the coatings and residual stress were characterized using
X-ray diffraction XDR 7000 by Shimadzu (Kyoto, Japan) with 0.5◦ grazing angle, scanning range from
30◦ to 70◦, the angle of incidence of 0.02◦, and scanning speed of 1◦/min.

Hardness (H) and elastic modulus (E) of the coatings were measured using a G200 XP-MTS Nano
Indenter System (Agilent, Boston, MA, USA) equipped with a Berkovich Indenter. To determine the
Hardness (H) and elastic modulus (E), the load of 400 mN was applied through 25 indentations that
were arranged in a matrix of 5 × 5. To obtain a reliable mean value and standard deviation, at least
six points were tested for each sample. Table 2 shows mechanical properties, residual stress, and the
thickness of the coatings that were investigated in this work.
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Table 2. Mechanical properties, residual stress, and thickness of the coatings.

Coatings
H—Hardness

(GPa)
E—Reduced Elastic

Modulus (GPa)
H/E Ratio H3/E2 Ratio

Residual
Stress (GPa)

Thickness
(μm)

AlCrN 27 ± 3 360 ± 25 0.0750 0.151 4 3.2
AlTiN/Si3N4 39 ± 3 400 ± 25 0.0975 0.370 4.8 2.8
AlCrN/Si3N4 44 ± 3 430 ± 25 0.0102 0.460 5.2 2.3

Indentation adhesion tests evaluated the quality of the adhesion between the coating and substrate.
These tests were carried out on the Wilson instruments Rockwell hardness tester (Buehler, Norwood,
UK) at an indentation load of 1471 N (150 kgf) was performed to assess the quality of the coatings.
The test procedure followed the VDI 3198 (1991) standard [13]. In addition, a CSM Instruments
Revetest Scratch Tester (Anton-Paar, Buch, Switzerland) equipped with a diamond cone (radius of
200 μm, cone angle of 120◦) was employed to determine the adhesion of the coatings on the H13 blocks.
A progressive normal load, ranging from 1 to 200 N, was applied over a length of 3 mm. An average
of three scratch tests was carried out for each coating.

Tribological tests were performed on a pin-on-disk CSM Tribometer (Anton-Paar, Buch, Switzerland)
to determine the friction behavior of the coatings at different ranges of temperature. The tests were
performed at room and elevated temperature (200, 400 and 600 ◦C) with a constant load of 20 N on the
pin (WC ball was used as a pin), the sliding speed of 0.2 m/s and slide distance of 300 m. The pin-on-disk
experiments were repeated at least three times for each temperature to check the reproducibility of the
test results. Based on that, the scatter of the friction coefficient values was found to be approximately 5%.
The three-dimensional surface profile and depth of the friction zone was assessed using a non-contact
Optical Surface Profilometer Zygo-6000 Series (ZYGO, Middlefield, OH, USA).

To evaluate the performance of the coatings, coated mold and core pins were tested during
the industrial process using an industrial pressure die casting of the Aluminum alloy AlSi12Cu3.
The casting conditions and the spraying of the lubricating compound were not changed from the
standard procedures. The melt temperature in the holding furnace was maintained at 680 ◦C throughout
the experiments. The die gate velocity was 60 m/s, and a final intensification pressure of approximately
65 MPa was applied. The tool life results were measured in terms of parts and hours of production.
After the operation, the cores were examined using SEM microscopy (ZEISS, Oberkochen, Germany).

3. Results and Discussion

3.1. Coatings Characterizations

The morphology of the surfaces was evaluated by Atomic Force Microscopy (AFM). The substrate
and coatings’ roughness values obtained in three-dimensional (3D) and two-dimensional (2D) models
are presented in Figure 2.

As it is shown, coatings present higher roughness values compared to the substrate, which can be
confirmed through of surface topographies analyzed by AFM (Figure 2a). As a final result after the
coating deposition process, the lowest surface roughness Ra was observed in AlCrN/Si3N4 coating
(Table 3), and then, confirmed by AFM images (Figure 2b). A summary of the average and standard
deviation values of the surface roughness are presented in Table 3.

Table 3. The surface roughness of the coatings.

Coatings Surface Roughness—Ra (μm)

Uncoated 0.88 ± 0.02
AlCrN 1.59 ± 0.02

AlTiN/Si3N4 1.43 ± 0.02
AlCrN/Si3N4 1.38 ± 0.02
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Figure 2. Atomic force microscope images of surface topography. (a) uncoated sample; (b) AlCrN/Si3N4

physical vapor deposition (PVD) nanocomposite coating; (c) AlTiN/Si3N4 PVD nanocomposite coating
and (d) AlCrN PVD Coating.
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From the data presented in Figure 2 and Table 3, we can confirm an increase in surface roughness
compared to the uncoated state. Nanocomposite hard coatings with increased AlSi deposited by PVD
using the Lateral Rotating Cathode (LARC) system allows for obtaining an increase of Ra surface
roughness if compared to the substrate. This is due to the lower melting point of the evaporated
material during cathodic arc deposition [14]. Increasing cathode current leads to the emission of a
higher quantity of particles with a bigger volume and size. As a final result, it is expected that the
amount of cathode material would rise with a lower melting point, which would then lead to an
increase in the surface roughness [14]. Even though a quick increasing in Ra has been seen, the cathodic
arc evaporation process using LARC technology is able to produce very smooth surface roughness
when compared to conventional cathodic arc evaporation process [15]. However, in this way, one
realizes that nanocomposite coatings present low roughness than AlCrN coating.

Figure 3 shows SEM cross-section images for H13 blocks coated with AlCrN, AlTiN/Si3N4, and
AlCrN/Si3N4. The coatings present a compact structure, without any visible delaminations or defects.

Coating (a)—AlCrN (b)—AlTiN/Si3N4 (c)—AlCrN/Si3N4

Element Atomic % Atomic % Atomic %

Al K 31.6 20.5 27.3
Cr K 18.1 - 22.7
Ti K - 16 -
Si K - 3.5 3.9
N K 50.3 60 51.1

Figure 3. Scanning electron microscopy (SEM) images of coatings cross-section and glow discharge
optical emission spectroscopy (GDOES) results for coating chemical composition, (a) AlCrN PVD
Coating; (b) AlTiN/Si3N4 PVD nanocomposite; and (c) AlCrN/Si3N4 PVD nanocomposite coating.

A dense and uniform structure characterizes the morphology of the fracture of coatings studied
(Figure 3). AlCrN and AlTiN/Si3N4 coatings present a columnar structure, while AlCrN/Si3N4

coating, a randomized, the nearly flawless structure can be observed. Furthermore, the interface of
AlCrN/Si3N4 and the H13 substrate shows no irregularities. However, for AlCrN/Si3N4 coating,
it is apparent that, especially in the lower part of the PVD layer, a slight orientation in the growth
direction is existent. Furthermore, the coating gets finer with a decreasing orientation and becoming
an amorphous structure as dropless. This observation is supported by the presence of higher content
of Silicon at the structure. The GDOES results for the chemical composition of the coatings are shown
in Figure 3, as well. The results indicate that the amount of Al content (at %) for AlCrN/Si3N4

nanocomposite coatings is higher than for AlTiN/Si3N4. This higher Al content can increase the
hardness and the temperature oxidation resistance [16], and may partly explain the better performance
for coated die casting.

Figure 4 shows the XRD patterns of the AlCrN and nanocomposite (AlCrN/Si3N4, AlTiN/Si3N4)
coatings that are deposited over AISI H13 block samples. The patterns clearly show the characteristic
peaks of Face Center Cubic (FCC) structure with (111), (200), (220) for all of the coatings.
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Figure 4. X-ray diffraction (XRD) patterns for coatings deposited under H13.

This FCC metastable solid solution can be obtained in the PVD coating under non-equilibrium
conditions of the coating synthesis [17]. In contrast, with the presence of Si for nanocomposite
coatings, the diffractograms show that the coatings exhibit a structure with multiple orientations
of crystal planes, corresponding to (111), (200), and (220). This result indicates the presence of an
amorphous phase of Si3N4 that is formed during the PVD process deposition on either AlCrSiN or
AlTiSiN coatings [17]. Kao et al. [18] using the XRD technique, also provided evidence for the same
structure for AlCrSiN and AlTiSiN coating system. According to them, with the presence of Si content,
the peaks exhibited a broadening and weakening trend as a whole, which indicated the formation
of a fine-grained structure and the decrease of crystalline size; this was due to the incorporation
of amorphous Si3N4 in the coatings. At the same time, the development of the crystal phase was
disturbed by the amorphous Si3N4, causing the nitride grains to grow discontinuously and forming a
general nitride mix of aluminum and chromium, or aluminum and titanium, which could effectively
affect the property of coating [19,20].

3.2. Coatings Mechanical Properties

Table 2 is showing the mechanical properties of the coatings studied in this work. The hardness
(H) and reduced elastic modulus (E) were determined by nanoindentation. The results show that,
with the presence of Si content, both hardness and reduced elastic modulus of coating increase
slightly. The highest values for hardness and reduced elastic modulus were reached by AlCrN/Si3N4

nanocomposite coating. This improvement was also observed for AlTiN/Si3N4 nanocomposite
coatings. The hardness difference of the nanocomposite coatings is related to the different Si contents
(Figure 3), which may result from different hardening mechanisms. The presence of Si can lead to
the formation of a solid solution hardening (Figure 4), created by the dissolving Si and Al atoms in
CrN or TiN (in the case of AlCrN/Si3N4–AlTiN/Si3N4) [21,22]. This process will result in a lattice
distortion due to having a different atom radius. The amorphous Si3N4 is thin and envelops CrN or
TiN grains, and the interfaces between different phases can hinder dislocation formation or movement,
which will lead to a super hard effect. However, it does not mean that a large volume of Si is beneficial
for the coatings. For instance, residual stress for AlCrN/Si3N4 is higher than other coatings that are
studied in this work. If the amount of amorphous Si3N4 matrix increases too much, then the percent of
interface area exceeds a certain optimum value, and the phase grain separation and the blocking effect
of grain boundaries are limited, which results in high residual stresses [23].
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Also, from the H and E values, the toughness of the coatings was evaluated in terms of the relation
between H/E and H3/E2 ratios. The values that were calculated are listed in Table 2. This relation
results in the ability of a material to resist crack initiation and propagation; the toughness is reflected
in the resistance against elastic strain to failure (H/E) and the resistance against plastic deformation
(H3/E2). In this case, the H/E and H3/E2 ratios of AlCrN/Si3N4 were approximately 0.0102 and
0.460 GPa, respectively. This indicates that AlCrN/Si3N4 coating exhibited the best elastic strain to
failure parameter and presents the higher resistance to plastic deformation. This could be confirmed
throughout Rockwell adhesion tests done at load of 150 kgf. According to the results presented
Figure 5, for all of coatings studied, radial cracks were found around the indentation margin without
the presence of peeling.

Figure 5. SEM micrographs after Rockwell C indentations with a load of 150 kgf on different coated
surfaces (a) AlCrN; (b) AlTiN/Si3N4; and (c) AlCrN/Si3N4.

Based on VDI guideline 3198 the compound adhesion can be evaluated to adhesion class HF
1 for all samples. This indicates a good adhesion strength of the coatings. However, AlCrN/Si3N4

presents only very small (almost invisible) cracks around the indentation margin in comparison with
other coatings (Figure 5c). This shows that this coating has a better adhesion strength. As it is known,
the adhesion strength between the coating and substrate is a critical property in wear-resistance for
coatings. If a failure of the coating occurs during operation, then the coating’s capabilities can be
greatly reduced, and it can cause severe abrasive wear on the friction system. Therefore, in order
to measure this noticeable improvement for the adhesion strength, a scratch test was employed for
each sample.

Figure 6 presents the SEM images of scratch tracks for the different coatings that were studied
in this paper. From these results, it is possible to see only minor delamination that is found on the
scratch track (Figure 6b), demonstrating that AlCrN/Si3N4 coating has high adhesion strength with the
substrate. This can be related to the elastic recovery behavior that takes place in front of the indenter
path, which is caused by the compressive stresses that are generated by the indenter and the inability
of the coating to deform plastically. This failure mode was observed in LC2 for AlCrN/Si3N4 with
the highest load (125 N), among the three coating system, indicating, therefore, the highest adhesive
strength. Obviously, delamination is also formed in the scratch track for AlCrN and AlTiN/Si3N4

coatings. For these coatings, the load measured in LC2 was 100 N and 92 N, respectively, which
proves that the coatings have weaker adhesion strength. Therefore, AlCrN/Si3N4 is a coating with
a higher level of adhesion force, shows a combination of excellent toughness and adhesion strength.
These characteristics are essential for improving the die mold service life.
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Figure 6. SEM micrographs after scratch test of the coated studied and the Critical load measured at
the three stages LC1—First Critical Load (Cohesive Failure); LC2—Second Critical Load (Adhesion
Failure) and LC3—Third Critical Load (Substrate Exposure): (a) AlCrN; (b) AlTiN/Si3N4; and,
(c) AlCrN/Si3N4.

3.3. Tribological Properties

The coefficient of friction (COF) vs. temperature data for the coatings in contact with WC ball pin
is shown in Figure 7a.

 

Figure 7. (a) Friction coefficient of the coatings at different temperatures; (b) Volume wear measured
on the top of the surface after pin on disc test and (c) three-dimensional (3D) and two-dimensional (2D)
profilometer images of the wear track profiles measured on the samples tested at high temperature
(600 ◦C).
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The coefficient of friction of the AlCrN/Si3N4 nanocomposite coating is noticeably lower when
compared to the other coatings, especially at elevated temperatures within the range of 600 ◦C. All of
the coatings present the characteristics to improve lubricity under elevated temperatures, which can
be explained by the presence of oxides that are generated at high temperatures, which tend to reduce
the friction conditions at the surface [24]. Also, the COF of both nanocomposite coatings gradually
decreases in all stages studied. This behavior is related to the presence of the Si content in the coatings
(Figure 3). Similar observation of a decrease in the COF as the Si content increased was also widely
reported in other Al-Ti-Si-N based nanocomposite systems [25]. Lower friction might result in longer
tool life. To support this hypothesis, soon after the pin-on-disk tests, the overall volume wear that
was removed for the coatings was calculated and the results confirm that less friction, in the case of
AlCrN/Si3N4, resulted in much less intensive wear when compared to the other coatings that were
studied (Figure 7b). The analysis of the wear volume also revealed a higher wear volume of the
AlCrN coating than the nanocomposite coatings for all the different temperatures. Figure 7c shows the
corresponding wear tracks at 600 ◦C for all coatings. The surfaces presented grooves along the sliding
direction, indicating that adhesive wear is the prevailing wear mechanism.

A way to explain the improvement at frictions conditions for AlCrN/Si3N4 coating is evaluating
the presence of oxides in EDS analysis. This analysis has been done on the wear tracks for AlCrN/Si3N4

coating. The results that are presented in Figure 8 (a and b) revealed the presence of elements such
as Si, Cr, Al, and O, showing a possible formation of the Al2O3 phase. This oxide is considered a
thermal barrier and lubricant layer, and may improve the friction conditions at the work surface.
This is a result of the high temperature that is inherent to the process, which causes the appearance
of a thin film amorphous structure of the top layer. As shown in Figure 7a, the friction conditions of
nanocomposite AlCrN/Si3N4 tend to reduce at high temperature. Therefore, these results show that,
due to the lubricant characteristic and elevated hardness, AlCrN/Si3N4 nanocomposite coating has
excellent wear performance and can contribute to the better wear life of the mold.

a

a

a

a

a

a

a

Figure 8. (a) EDS spectrum of the drawn line over the track for AlCrN/Si3N4 coated sample tested at
600 ◦C and (b) spectrum lines.
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3.4. Mold’s Tool Life

The behavior of PVD coatings was studied during industrial applications. The tests were done
under usual production conditions. For that, the end of the life was determined by obtaining pieces
that were free of defects, in other words, the period of time that the machinery could run without
stopping for maintenance of the die cast mold. The results of these tests showed that nanocomposite
coatings could be used as a novelty in this segment, and that results in an increase of the lifetime
significantly in comparison with AlCrN coating (Figure 9). Consequently, the molds coated with
AlCrN/Si3N4 represent a tool life increase of approximately 92% in comparison to the AlCrN coating.
This confirms that tool life progress is caused by an improvement of mechanical properties of these
coatings (Table 2) within a range of operating temperatures.

Figure 9. Number of parts produced by high pressure die casting (HPDC) until quality insufficient
be achieved.

Figure 10 shows SEM images of the top surface of the coated molds and the cross-section of
the core pins after the tests. The pins coated with AlCrN suffered severe adhesion and cracking
(Figure 10a,b). The microcrack, especially, is caused by the thermal fatigue due to the alternate
heating and cooling over the die surface during die casting. Therefore, the die surface tends to be in
compression during heating and tension during cooling of the die. This results in thermal cracking on
the die surface, which degrades part of the surface finish and ultimately leads to die failure. For the
nanocomposite coatings, the main wear problems during continuous die-casting were not microcracks,
but erosion and sticking of the molten aluminum due to the regular flow during the casting process.
For AlTiN/Si3N4, areas of the coating were detached by erosion (Figure 10c,d). Adhesion and erosion
phenomena were particularly reduced for the AlCrN/Si3N4 (Figure 10e,f).
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(b) 

(c) 

(a) 

(e) 

(d) 

(f) 

Figure 10. SEM Images of the mold’s surface topography (a,c,d) and core pins cross section (b,d,f) after
the HPDC tests. AlCrN/Si3N4 (a,b); AlTiN/Si3N4 (c,d) and AlCrN (e,f).

3.5. Results Outline

The use of conventional coatings, such as TiN, CrN, (Cr,Al)N, employed in aluminum die cast
molds has been showed a limited performance during operation at temperatures range of 400 ◦C to
600 ◦C. Requirements of higher operating temperatures up to 1200 ◦C have led to the development of
more complex nanocomposite nitride coatings such as AlTiN and AlCrSiN. Nanocomposite coatings
consist of a hard crystalline phase (e.g., AlTiN, AlCrN grains) that is embedded in an amorphous
matrix (a-Si3N4, a-C) with Si being present either in the form of a solid solution or as a separate a-Si3N4

matrix/phase in which nanocrystalline AlTiN or AlCrN phase is embedded, forming consequently
nc-AlTiN/a-Si3N4 or nc-AlCrN/a-Si3N4. Due to their unique nanostructural design, nanocomposite
coatings exhibit increased hardness levels of >40 GPa and strongly improved thermal stability at
temperatures of up to 1200 ◦C [26,27]. Therefore, the wear resistance during their operation is known
to be governed by the composition of some functional and mechanical properties for instance adhesion,
hardness, hot hardness, residual stress level, and other mechanical properties.

In this way, it was shown experimentally that nano-composite coatings, in particular,
AlCrN/Si3N4 coating demonstrated the best performance. This is an optimum combination of hardness,
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stress state adhesion, oxidation resistance and soldering behavior. The higher adhesion resistance
of AlCrN/Si3N4 is a result of the combination of the microstructure of the CrAlSiN coatings, which
was composed of (Cr,Al)N crystallites combined with the amorphous Si3N4 phase [28]. It leads to the
better performance during the die casting process.

This coating also exhibited low friction characteristics at 600 ◦C in relation the other coatings
studied. The high hardness of nanocomposite coatings at elevated temperature leads to a reduction of
seizure intensity at the tool/workpiece interface that is caused by plastic deformation of the surface
layers. The application of AlCrN/Si3N4 also leads to an increase in the lifetime of aluminum die-casting
dies through reduction of erosion, corrosion, and soldering processes, and due to an increase of the
thermal fatigue limit. Moreover, the molds are generally subjected to a series of operational stresses
during die casting. These are mainly thermal stresses, resulting from thermal cycling of the material
each time the mold is filled. Based on the results that were obtained in this work, we propose that the
nanocomposite coatings that are deposited by LERC technology are very well suited for large and
heavy dies with a complex shape, providing a uniform coating thickness and homogeneity.

4. Conclusions

AlCrN/Si3N4 nanocomposite PVD coating showed an optimum combination of hardness,
adhesion, soldering behavior, oxidation resistance, and stress state. These characteristics are essential
for improving the die mold service life.

Due to the presence of nanocrystals of AlCrN dispersed in an amorphous matrix of Si3N4, this
coating showed the ability to resist severe mechanical and thermal stress conditions. It provides an
efficient stress barrier, preventing crack propagation that is caused by dynamic pressing. As a final
result, the application of nano-composite coating increases the lifespan by approximately three times
as compared to the benchmark AlCrN coating. The surface damage due to wear for this coating
was minimal.

Therefore, according to the goal of this paper and considering the experimental results,
nano-composite AlCrN/Si3N4 PVD coating deposited by pulsed cathodic arc evaporation equipped
with lateral and central arc-rotating cathodes has been proposed as a suitable novel solution for surface
engineering of aluminum die casting molds. The results showed that this coating exhibited advantages
in terms of wear and tribological performance.
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Abstract: The fluorination of the polymer polyethylene terephthalate in plasma created from SF6 or
CF4 gas at various pressures was investigated. The surface was analysed by X-ray photoelectron
spectroscopy and water contact angle measurements, whereas the plasma was characterized by
optical emission spectroscopy. The extent of the polymer surface fluorination was dependent on the
pressure. Up to a threshold pressure, the amount of fluorine on the polymer surface and the surface
hydrophobicity were similar, which was explained by the full dissociation of the SF6 and CF4 gases,
leading to high concentrations of fluorine radicals in the plasma and thus causing the saturation of
the polymer surface with fluorine functional groups. Above the threshold pressure, the amount of
fluorine on the polymer surface significantly decreased, whereas the oxygen concentration increased,
leading to the formation of the hydrophilic surface. This effect, which was more pronounced for the
SF6 plasma, was explained by the electronegativity of both gases.

Keywords: sulphur hexafluoride (SF6) plasma; tetrafluoromethane (CF4) plasma; polymer
polyethylene terephthalate (PET); surface modification; functionalization and wettability; optical
emission spectroscopy (OES); electronegativity

1. Introduction

Fluorine-containing plasmas are often used for the surface hydrophobization of polymer
materials [1–8] and for dry-etching in the semiconducting industry [9–12]. In the latter, the addition of
oxygen is used to enhance the etching rate [11]. If no oxygen is added, etching of the surface could
be done by using substrate biasing. However, high ion energies can cause sample graphitization [10].
When fluorine plasmas are used to enhance the surface hydrophobicity, two effects can be obtained,
namely, functionalization or deposition (polymerization of fluorocarbons), depending on the F/C
ratio [13,14]. If the F/C ratio is high (F/C > 3), there is no polymerization, whereas if the F/C ratio is
low (F/C ≤ 2), fluorocarbons will polymerize on the surface. Thus, gases such as CF4, SF6 and C2F6

do not cause polymerization [14,15] unless CH4 is added to change the F/C ratio [16]. CF4 is therefore
often used for polymer surface modification to introduce nonpolar functional groups. SF6 is rarely used,
and therefore, literature is scarce. SF6 plasma has been used to treat polyethylene terephthalate PET
(fabric [1], fibres [7] or film [5]), cotton fibres [7], polypropylene (PP) [3,4], polyethylene (PE) [5],
polyvinyl chloride (PVC) [5] and polymethyl methacrylate [2]. The authors reported increased
hydrophobicity; however, different authors reported different stabilities of the hydrophobic surface.
Selli et al. found that repeated SF6 treatment caused more stable hydrophobicity [7]. Walton et al.
found a negligible ageing effect after one year for the sample treated for the longest treatment time
of 60 s, but this was not the case for the samples treated for shorter times [6]. Mrad et al. observed
the ageing of PET, whereas PVC was stable even 210 days after treatment [5]. Polyethylene was quite
stable as well, because the contact angle did not change in the first 40 days of ageing, whereas later
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it slightly decreased. Here, it is worth mentioning that all authors observed fluorine at the surface
treated in SF6 plasma; however, few authors observed sulphur because of grafting of SFx species on
the treated surface, which were very sensitive to ablation [8,17].

There have also been some reports in the literature on using O2 plasma followed by SF6.
Mangindaan et al. prepared gradient PP surfaces with wettability between 20◦ and 135◦ by applying an
O2 pretreatment followed by SF6 plasma treatment under a specially designed mask with an open end
and a closed end, which allowed the diffusion of reactive fluorine species [3,4]. The highest fluorine
content of 44 at % was found at the open end, and only 3 at % was found at the close end of the mask.
In contrast, the oxygen concentration was approximately 11 and 30 at % at the open and closed ends,
respectively. The sulphur content was very small at approximately 0.4 at %. The authors also studied
the adhesion of fibroblast cells and found that the number of cells decreased from the hydrophobic
surface at the open end to the hydrophilic surface at the closed end. Consecutive O2 and SF6 plasma
treatments were also applied by Bi et al. for treatment of Parylene-C to obtain a superhydrophobic
surface [18]. Oxygen plasma treatment time was varied, whereas the treatment time in the SF6 plasma
was kept constant. The hydrophobicity increased with increasing pretreatment time in the O2 plasma
until saturation was achieved with a contact angle of 169◦. The obtained superhydrophobic surface
was a result of the increased surface nanoroughness induced by O2 plasma treatment, followed by
surface fluorination with SF6 plasma treatment.

In this paper, we investigated and compared the SF6 and CF4 plasma created at various pressures
on the surface modification of PET polymer films.

2. Materials and Methods

2.1. Plasma Treatment

A semi-crystalline PET polymer with a thickness of 0.250 mm was obtained from Goodfellow
(Goodfellow Cambridge Ltd., Huntingdon, England). It was cut into small samples of 1 × 1 cm2.
The samples were treated in a plasma system, as shown in Figure 1. The plasma was created in a Pyrex
discharge tube with a length of 80 cm and a diameter of 4 cm. A coil with 6 turns was placed in
the centre of the tube. The coil was connected to a radiofrequency RF generator (13.56 MHz) via
a matching network. The generator nominal power was fixed to 200 W. The discharge chamber was
pumped with a rotary pump with a nominal pumping speed of 80 m3·h−1. The base pressure was
1 Pa. Sulphur hexafluoride (SF6) or tetrafluoromethane (CF4) gas (supplied by Messer, Messer Group
GmbH, Bad Soden, Germany) was leaked into the plasma chamber, and the gas purity was 99.998 and
99.995, respectively. Samples of the PET polymer were placed in the middle of the coil and treated by
plasma at various gas pressures. The lowest pressure was set at 10 Pa, whereas the maximum pressure
was determined as a pressure at which it was still possible to ignite the plasma. For the SF6 plasma,
the highest pressure was 200 Pa, whereas for the CF4 plasma, it was 500 Pa. The treatment time was
kept constant at 40 s.

Figure 1. Schematic diagram of the plasma system for sample treatment.
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2.2. Plasma Characterization

The plasma was characterized using optical emission spectroscopy (OES). OES measurements
were performed in a quartz tube with a 16-bit Avantes AvaSpec 3648 fibre optic spectrometer
(Avantes Inc., Louisville, CO, USA). A nominal spectral resolution was 0.8 nm, and the spectra
were recorded in the range from 200 to 1100 nm. A combined deuterium-tungsten reference light
source was used to determine the spectral response of the spectrometer. The measured OES spectra
were calibrated with this spectral response.

2.3. Surface Characterization

Approximately 20 min after plasma treatment, the surface composition of the samples was
analysed by X-ray photoelectron spectroscopy (XPS). An XPS instrument model TFA XPS from Physical
Electronics (Munich, Germany) was used. The samples were excited using monochromatic Al Kα1,2

radiation at 1486.6 eV. Photoelectrons were detected at an angle of 45◦ with respect to the normal of the
sample surface. XPS survey spectra were measured at a pass-energy of 187 eV using an energy step of
0.4 eV. High-resolution C 1s spectra were measured at a pass-energy of 23.5 eV using an energy step of
0.1 eV. An additional electron gun was used for the surface charge compensation. All spectra were
referenced to the main C 1s peak with a position set to 284.8 eV. The measured spectra were evaluated
using MultiPak v8.1c software (Ulvac-Phi, Inc., Kanagawa, Japan, 2006) from Physical Electronics.

The surface wettability was measured 5 min after plasma treatment by a See System (Advex
Instruments, Brno, Czech Republic). Contact angles (WCA) were determined with a demineralized
water droplet of a volume of 3 μL. Three measurements were taken to minimize the statistical error.

The surface roughness and morphology were analysed by atomic force microscopy (AFM) using
a Solver PRO (NT-MDT, Moscow, Russia) in tapping mode. The surface roughness, Ra, was measured
over an area of 5 μm × 5 μm.

3. Results and Discussion

Figure 2a shows the variation of the XPS surface composition of the PET polymer treated in SF6

plasma versus pressure. The values for the atomic concentration at a pressure of 0 Pa correspond to
an untreated sample. The measured values for the untreated sample, i.e., 25 at % oxygen and 75 at %
carbon, are close to the theoretical values for pure polyethylene terephthalate. These values are altered
upon plasma treatment, as demonstrated in Figure 2a.

 

Figure 2. Surface composition of the PET samples treated at various pressures, as determined by XPS:
(a) treated in SF6 plasma and (b) treated in CF4 plasma. Two different regions regarding the surface
composition are observed at low/high pressures. The values of the atom concentration at a pressure of
0 Pa correspond to the untreated sample.

As expected, fluorine appeared on the surface, and its concentration was dependent upon the
pressure in the discharge chamber during the plasma treatment of the polymer sample. Two regions
can be distinguished. The first one appeared at pressures up to approximately 130 Pa, where the surface
composition was relatively constant and was independent of the pressure. However, at pressures
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higher than 130 Pa, a drastic (and rather abrupt) modification of the surface composition occurred.
Hereinafter, a pressure of 130 Pa is considered the threshold pressure. In the first region, below the
threshold pressure, plasma treatment resulted in intensive fluorination of the polymer because a high
fluorine content of approximately 46 at % was found. Furthermore, the oxygen concentration decreased
from the initial 26 to 10 at %. In the second region, above the threshold pressure, the fluorine
concentration on the polymer surface dropped to only ~16 at %, whereas the oxygen concentration
increased to almost 30 at %. Another important difference in both regions was the presence of a minor
concentration of other elements. In addition to carbon and oxygen, which were already present in the
original polymer, only fluorine was found in the first region. However, in the second region, a minor
concentration of sulphur from SFx radicals was found as well (<1 at %). A detailed reason for this
transition will be explained later in the text. It is correlated with the concentration of F atoms in the
plasma, which was lower after the threshold pressure; therefore, surface fluorination was less efficient.
Furthermore, all vacuum systems contain water vapour, which dissociates to O and OH radicals
that compete with F atoms and cause oxidation. For this reason, a higher oxygen concentration was
found above the threshold pressure. This phenomenon, whereby oxidation may occur when treating
materials in F-containing plasmas, has been observed before and was published in [19].

The significant change in the surface concentration of F and O before and after the threshold
pressure is also observed in the high-resolution carbon C 1s spectra shown in Figure 3. The samples
treated at pressures below the threshold pressure were rich in CF3 and CF2 as well as CF functional
groups (see Figure 4 also), whereas the sample treated at pressures higher than the threshold pressure
had only some CF groups and an insignificant number of CF2 functional groups in the surface film
probed by the photoelectrons. This result is shown in more detail in Figure 4, where an example of
a detailed curve deconvolution of the C 1s spectra showing peak assignment is presented. The C 1s
peak was fitted with five components positioned at the binding energies of 284.8 eV assigned to C–C,
286.5 eV assigned to C–O and C–CF, 289 eV assigned to O–C=O and CF, 291.3 eV to CF2 and 293 eV to
CF3 [20,21].

When treating the polymer in CF4 plasma (Figure 2b), a similar behaviour was observed as when
treated in SF6 plasma. However, the transition between the regions of high and low fluorine content
was not very sharp (it appeared approximately at a threshold pressure of 200 Pa) and was less intense
(the fluorine concentration dropped to only 30 at %, and oxygen increased to almost 23 at %). In the first
region below the threshold pressure, there was no significant difference in the fluorine concentration
on the sample treated in CF4 or SF6 plasma, (Figure 2a,b, respectively). Figure 5 shows a comparison
of selected carbon peaks for the samples treated in CF4 and SF6 plasma at 100 Pa (low-pressure region).
We see only minor differences in the intensity of the various fluorine functional groups of CF, CF2,
and CF3 and the presence of OCF3 at ~295 eV for the sample treated in CF4 plasma.
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Figure 3. Comparison of high-resolution spectra C 1s of samples treated at various SF6 pressures.
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Figure 4. Deconvolution of C 1s spectra: (a) below and (b) above the threshold pressure.
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Figure 5. Comparison of selected high-resolution C 1s spectra of the untreated PET sample and the
plasma-treated samples in the first region, below the threshold pressure.

Plasma treatment changed the surface hydrophobicity of the samples. The water contact angle
increased from the initial 76◦ to approximately 106◦ regardless of using the CF4 or SF6 plasma as long
as the pressure was low enough (below the threshold). The value of 106◦ is typical for hydrophobic
materials with a smooth surface [22]. The variation of the contact angle with pressure is interesting,
as shown in Figure 6a. We can see that after the threshold pressure, when a decrease in fluorine and
an increase in the oxygen concentration were observed (Figure 2a), the water contact angle significantly
decreased to approximately 35◦. The surface lost its hydrophobic character and became hydrophilic
because of a lack of nonpolar fluorine functional groups and the presence of more polar oxygen groups.
Interestingly, the water contact angle for PET treated at high pressure in SF6 plasma was much lower
than that for the untreated polymer, which was 76◦. Measurements of the surface roughness by AFM
showed only a slight increase in the roughness from 1.2 nm measured for the untreated sample to
2.3 and 2.6 nm measured for the samples treated in SF6 and CF4 plasma, respectively. Therefore,
only a minor influence of the surface roughness on the contact angles was observed, and the major
reason for modified wettability is thus chemical modification of the surface. Figure 6b also shows the
results for the CF4 plasma. Similar to the results obtained for SF6 plasma treatment, we observed that,
after the threshold pressure, the contact angle decreased. However, the decrease was less pronounced,
which is correlated with a lower oxygen content in comparison to the sample treated in SF6 plasma
(Figure 2).
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Figure 6. Water contact angles for the samples treated in: (a) SF6 plasma and (b) CF4 plasma at
various pressures.

To explain such unusual behaviour of the surface composition and surface wettability with the
pressure, we performed OES characterization of the plasma. OES spectra are shown in Figure 7.
Figure 7a shows the spectra measured at low pressures (before the threshold pressure), while Figure 7b
shows the spectra measured above the threshold pressure.

Figure 7. OES spectra of SF6 plasma at various pressures: (a) below the threshold pressure and
(b) above the threshold pressure.

At low pressures, intensive atomic F lines in addition to bands corresponding to the N2 molecule
are observed (Figure 7a). One exception is the spectrum measured at the lowest pressure 10 Pa, where
bands corresponding to the S2 molecule are observed as well. The appearance of the S2 molecules can
only be explained by the almost full dissociation of SF6 and the subsequent recombination to sulphur
dimers. The presence of nitrogen, which is known to be a strong emitter, was explained as an impurity
present in the original gas according to the manufacturer’s specifications. At high pressures (Figure 7b),
the situation was different because the intensity of the F lines decreased. The variation in the F emission
intensity with pressure is plotted in Figure 8. Figure 8 is in excellent agreement with Figure 2; at low
pressures, where the emission intensity of F is high, the concentration of fluorine on the polymer surface
is high. Whereas at higher pressures, when the OES intensity of F decreased, the XPS concentration of
fluorine decreased.

This phenomenon deserves further discussion. In SF6 plasma, SFx dissociates according to [23,24]:

SFx + e− → SFx−1 + F + e−,
x = 1–6, WD = 9.6 eV

(1)

The extent of dissociation and thus the concentration of radicals such as SF5, SF4, SF3, SF2, SF,
S and F depends on the electron density and temperature, which in turn depends on the pressure.
According to Kokkoris et al., a loss of SFx and F species on the reactor walls is also important for
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the production and consumption of neutral plasma species [23]. The F atoms tend to associate with
F2 molecules either by heterogeneous surface recombination or in the gas-phase—the probability of
gas-phase loss increases as a square of the pressure, because three-body collisions are necessary.

Figure 8. OES intensity of the F emission line at 703 nm versus SF6 pressure.

SF6 gas is also known to be a highly electronegative gas, which means that it has a strong tendency
to acquire free electrons, thus forming negative ions: e− + SF6 → SF−

6 [24,25]. At low pressures,
the electron temperature is high, thus causing a strong dissociation of SF6 and, thus, the occurrence of
a high density of F atoms in the plasma. The F atoms diffuse and eventually reach the polymer surface
where they interact chemically and cause at least partial substitution of oxygen in the surface film of
the PET polymer. The exact interaction mechanism is still unknown, but a high fluence of F atoms
onto the surface of the polymer will guarantee the substitution of almost all oxygen in the PET surface
by fluorine. The curves in Figure 3 obtained at 30 and 100 Pa confirm this simplified explanation.

At high pressures, however, the electron density and temperature decrease; therefore,
the dissociation of SF6, which has a relatively high dissociation energy of WD = 9.6 eV, is less
effective [24]. Furthermore, the loss of F atoms due to the gas phase reactions becomes important.
Electrons are also lost by the attachment to SF6 molecules. The lack of electrons capable of SF6

dissociation caused the density of the fluorine atoms in the plasma to decrease significantly at
elevated pressure.

Similar conclusions can be drawn for SF6 plasma as for CF4 plasma. However, CF4 is as strongly
electronegative as SF6; therefore, this effect is not very pronounced. For the CF4 plasma, F atomic lines
are observed in the OES spectra at low pressures up to the threshold pressure (Figure 9a). The CF3

continuum is not observed below the threshold pressure (200 Pa), where it is barely noticeable.

Figure 9. OES spectra of CF4 plasma at various pressures: (a) below the threshold pressure and (b)
above the threshold pressure.
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Therefore, we can expect good dissociation of CF4 at low pressures according to [26]:

CFx + e− → CFx−1 + F + e−,
x = 2–4, WD = 12.5 eV

(2)

The intensity of the F line decreased with increasing pressure. Furthermore, a continuum
corresponding to CF3 appeared at high pressures (Figure 9b). The appearance of the CF3 continuum
coincided with a decrease in the F intensity. Figure 10 represents the radiation intensity arising from the
F atoms and the CF3 radicals. At elevated pressure, the radiation from the F-atoms became marginal,
indicating qualitatively that the dissociation of multiple CF4 molecules was scarce. Comparing
Figures 2 and 10, we can again conclude that at high pressures, the electron temperature and density
was so low that it was insufficient to cause substantial dissociation of CF4, and thus, the substitution of
oxygen with fluorine on the PET polymer upon plasma treatment was poor.

Figure 10. OES intensity of the F emission line at 703 nm and the CF3 band at 580 nm versus
CF4 pressure.

4. Conclusions

Fluorination of the polymer surface in SF6 and CF4 plasma was investigated. Plasma was created
at various pressures. It was observed that at low pressures up to the threshold pressure, the XPS
concentration of fluorine on the polymer surface was high (~46 at %) regardless of the gas used. After
the threshold pressure, a sudden decrease in the fluorine concentration was observed, which was more
pronounced for the SF6 plasma. Simultaneously, the concentration of oxygen increased. Therefore,
the surface changed from hydrophobic to hydrophilic. The threshold pressure for the SF6 plasma
was ~130 Pa, whereas for the CF4 plasma it was slightly higher at ~200 Pa. This effect was explained
by the electronegativity of both gases, especially SF6. At low pressures up to the threshold pressure,
electrons can cause the full dissociation of gas molecules in plasma giving rise to a high concentration
of fluorine radicals, which are responsible for surface fluorination. Because the density of fluorine
in the plasma was high, the surface was fully saturated with the fluorine functional groups. At high
pressures, the electron density and temperature decreased. Furthermore, they were also lost by electron
attachment; therefore, the gas dissociation was weak, thus causing poor surface reactions.
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Abstract: Cardiovascular diseases are one of the main causes of mortality in the modern world.
Scientist all around the world are trying to improve medical treatment, but the success of the treatment
significantly depends on the stage of disease progression. In the last phase of disease, the treatment is
possible only by implantation of artificial graft. Most commonly used materials for artificial grafts are
polymer materials. Despite different industrial procedures for graft fabrication, their properties are
still not optimal. Grafts with small diameters (<6 mm) are the most problematic, because the platelets
are more likely to re-adhere. This causes thrombus formation. Recent findings indicate that platelet
adhesion is primarily influenced by blood plasma proteins that adsorb to the surface immediately
after contact of a synthetic material with blood. Fibrinogen is a key blood protein responsible for the
mechanisms of activation, adhesion and aggregation of platelets. Plasma treatment is considered
as one of the promising methods for improving hemocompatibility of synthetic materials. Another
method is endothelialization of materials with Human Umbilical Vein Endothelial cells, thus forming
a uniform layer of endothelial cells on the surface. Extensive literature review led to the conclusion
that in this area, despite numerous studies there are no available standardized methods for testing
the hemocompatibility of biomaterials. In this review paper, the most promising methods to gain
biocompatibility of synthetic materials are reported; several hypotheses to explain the improvement
in hemocompatibility of plasma treated polymer surfaces are proposed.

Keywords: biomaterial; polymer; plasma; functionalization; surface properties; thrombosis;
hemocompatibility; endothealization; vascular graft; biocompatibility; endothelial cells

1. Introduction

In the developed world, cardiovascular diseases are the most frequent cause of morbidity and
mortality of the population, and represent one of the greatest health problems. In Europe alone,
the cost of treating patients with these diseases is over 200 billion euros a year. In the first place is
atherosclerosis, which causes the internal walls of the vessels to constrict, which means the blood
can no longer run freely through the veins, and therefore its flow slows down. Treatment of such
diseases is possible with a vascular stent, or by replacing a damaged vessel with a synthetic vascular
implant. Approximately 500 surgeries per year are performed per million inhabitants, in which the
damaged vein is replaced by a vascular implant (artificial blood vessel). This number is still growing
every year. Both treatment options are commonly used, but in the long term, the recovery of patients
with vascular stent and, in particular, artificial blood vessel, is still unsatisfactory. About 10% of
patients with artificial vessels experience post-operative complications, mainly due to inflammatory
reactions, infections and aneurysms. In such cases, it is necessary to replace the artificial vessel with an
autologous vein, which further increases the cost of treatment [1].

Therefore, for the treatment of highly calcified vascular constrictions, a surgical procedure is
necessary, where by inserting a synthetic vascular implant, a bypass to restore the blood flow is
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made. The materials used in cardiovascular applications for prosthetic heart valves, catheters, heart
assist devices, hemodialysers, synthetic vascular implants and stents have to meet the requirements
for biocompatibility/hemocompatibility and should also have appropriate mechanical properties,
in particular the flexibility and ease of surgical implantation [2,3]. Today, the following polymers are
used for this purpose; polyamids, polyolefin, polyesters, polyuretans, polyethylene terephthalate and
polytetrafluoroethylene [4]. All these materials have been used for synthetic vascular prosthesis for
many years, but, unfortunately, they do not offer sufficient hemocompatibility, especially when used
for replacement of veins of smaller diameters (<6 mm). The main reason for this is that the probability
of thrombosis occurrence is even greater in the narrower part of the veins. On the wall of the artificial
vein, there is a non-specific binding of plasma proteins, which also affects the platelet binding and is
one of the main causes of thrombosis [5]. Lack of endothealization is another main cause of thrombosis.

Biological response to biomaterials is very complex and still poorly known. Since the surface
of the biomaterials is the one that enables the first interaction with the body, the properties of the
surface of the biomaterials are of key importance for an appropriate biological response. For years,
the most suitable materials were inert materials that do not react with the body and do not allow the
integration of biomaterials with the body. Today, the opinion is that biocompatible materials that are
in contact with blood should enable interaction with the body and prevent infections, inflammatory
reactions, blood clotting and other related reactions. For hemocompatible materials, it is particularly
important that the surface has anti-thrombogenic properties that prevent the occurrence of thrombosis.
Thrombosis begins with the binding of plasma proteins to the surface of the biomaterial and is
strongly dependent on the physical and chemical properties of the surface of the biomaterial. Clinical
studies showed that poly-L-lactic acid (PLLA) stent, which was the first absorbable stent implanted in
humans, had low complication rates for thrombosis and thus very high hemocompatibilty. Another
clinical study also showed that metallic base stent, coated with poly-D,L-lactide, used to carry the
antiproliferative drug everolimus, lacked stent thrombosis and even ensured total vascular function
restoration [6,7]. However, stents used in elder patients resulted in significantly higher target vessel
failure rates compared with younger patients. Moreover, with increasing age, revascularization
rates were also higher. In addition, there was no difference in stent thrombosis [8]. In the past
two decades, the experimental and clinical studies have grown significantly, but there is a still need
to develop materials that mimic the properties of natural cardiac tissues, i.e., composite materials.
Furthermore, novel surface modifications should also be evolved to develop better biocompatible
cardiac biomaterials.

In order to improve the properties of materials that are in contact with blood, various methods
of surface treatment are used. In general, these methods are divided into mechanical and chemical.
Mechanical methods of treatment are not particularly interesting because they often cause damage and
changes in the other properties of the material that we want to avoid. Chemical processing methods are
further divided into wet chemical methods, which include treatments with various chemical reagents
in aqueous or other liquid media, and gaseous treatments, including plasma treatments, ion beam
treatments, electron jets, photon jets (lasers), X-ray and other energy rays. To improve biocompatible
properties, antithrombotic deposits are often used, such as heparin, albumin, or chitosan. In addition
to this kind of application, the pre-treatment of artificial vessels with attachment of endothelial cells
is also used to improve the properties. Covering the prosthetic implants in vitro with endothelial
cells was first suggested by Heering et al. [9], although many polymer surfaces are not optimal for
cell adhesion as such, unless modified. Nevertheless, all these methods have a limited degree of
success [10–13]. One of the methods for improving the biocompatibility of materials is the use of
gaseous plasma, which has many advantages over other methods. Before processing, samples do
not need any special pre-treatment; procedures are quick and environmentally friendly. Plasma can
also modify surface charge, roughness and polymer crystallinity, which has an important influence
on cell adhesion [14,15]. For surface modifications, many different types of plasma can be applied,
depending on requirements and the particular application. Depending on the gas used (e.g., oxygen,
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nitrogen, CF4), specific functional groups are formed on the surface and it can be either hydrophobic
or hydrophilic [16–19].

2. Biomaterials

Biomaterials are materials that are either natural or synthetic and are used to regulate, supplement
or replace the function of a tissue in the human body [20]. Their role is to replace or restore the
function of an injured or degenerate tissue or organ. They are helpful to treat, improve performance
or correct abnormalities, which all improve the quality of the patient’s life. Biomaterials used in the
manufacture of medical devices are metals, ceramics, composites and polymers. Metals are relatively
strong, flexible and fairly resistant to wear. Their disadvantage is poor biocompatibility, corrosion
and excessive strength compared to tissue and elimination of metal ions, which can eventually lead
to allergic reactions. Ceramics are more compatible than metals and are more resistant to corrosion.
Poor properties are fragility, demanding production and low mechanical durability and flexibility.
Polymers are the most useful materials, since they are easy to manufacture and are available in various
compositions and forms, such as, for example, gels, fibers, films, and solids. Polymers are widely used
in many industries such as electronics, the automotive industry, the food industry, and nowadays
their usefulness has gained great importance in the field of medical science. Polymers most commonly
used for these purposes are polyurethane, silicone, polytetrafluoroethylene (PTFE), polyethylene (PE),
polymethyl methacrylate (PMMA), polyethylene terephthalate, etc. The production of these materials
is usually relatively simple, quick and cost effective. In addition, their physical and chemical properties
are usually good, however, they are often too flexible and too weak to meet mechanical requirements
for certain applications [21,22].

2.1. Artificial Vascular Grafts

In parallel with advances in vascular surgery, development and production of vascular implants
were also carried out. Various substitutes are available for the replacement of a damaged or unusable
blood vessel, which may either be biological or synthetic. Natural blood vessels inside the human body
are arterial or venous and can be categorized as autologous, allograft and xenographic. Becouse of
these differences in the size and anatomy of blood vessels it is not certain they will match between the
donor and recipient host. Synthetic vascular implants are used as arterial supplements. The industry
strives to produce materials with properties that are identical or, to the extent possible, similar to the
real veins. In the synthesis, it is therefore necessary to consider certain criteria. The artificial vessels
produced must be sterile and must not contain toxic substances. In addition, production processes
must comply with strict regulations in this field. Production must be cost-effective. The artificial
vessels must be flexible and elastic, but with time they must not lose their flexibility. During the
post-implantation period, the expansion of the vessel must not exceed 15% of the internal diameter.
Within five years of transplantation, a frequency of 2% for anastomotic aneurysms should be acceptable.
In the same period, the infections were reported to occur in only 3% of cases. Depending on the size of
the artificial vein, they are divided into veins with a large diameter (d > 6 mm), with a middle diameter
(d = 4–6 mm) and veins with small diameters (d < 4 mm) [23,24].

The most commonly used materials for the synthetic artificial artifacts are PET-Dacron and
PTFE. Dacron is a multifilament polymer, which is formed into artificial vessels with various knitting
methods. In the first mode, the fibers are wrapped in a simple pattern, in which they are grouped
together and arranged to each other. In the second mode, fiber sets are closely interconnected in
the whales. Such structures are relatively strong and almost unmanageable, strongly reducing
the likelihood extension and stretching after integration. The tightness between the fibers and,
consequently, the porosity of the material can vary during the production process [25]. Due to high
permeability, plaited artificial vessels are impregnated with albumin or collagen [26,27]. The treated
surfaces of the veins were further improved by chemical treatment with glutaraldehyde, formaldehyde,
polyethylene glycol or heparin [28]. Despite the various properties, the artificial vessels are still
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not optimal. Dacron and polytetrafluoroethylene cores have many positive properties, but smaller
diameters are still problematic. High hydrophobicity of the surface limits the endothelization of the
surface. After integration in the organism, infections continue to occur. The greatest problem is the
thrombogenicity of the surface, as in many cases patients experience thrombosis, which continues to
occur [29,30].

2.2. Biocompatibility of Synthetic Materials

The use of synthetic materials in medicine has been growing steadily since the 1940s when they
were actually applied in practice. Millions of such products are used each year. Despite all the advances
and more than 50 years of research in this field, we still did not create a material that would meet
all the requirements and, after application in the human body, be completely without any negative
response—in this case materials would be completely biocompatible. Biocompatibility is defined
as the ability of a material to induce an appropriate response in a specific application in host [13].
Hemolytic, toxicological and immune responses in the case of materials that come into contact with
blood are no longer as problematic. For these materials, the main problem is thrombogenic reactions
and the possibility of bleeding after implantation. There are many examples of clinical complications
of cardiovascular devices. Thus, complete blockage of stents is reported already within a few weeks
after implantation, acute thromboses in vessels of middle-diameter, embolisms in catheters and heart
valves, complications of coronary artery bypass, etc. [4]. These problems occur despite therapy with
drugs that prevent blood coagulation and the formation of clots. There are more hypotheses as to why
despite all the knowledge and the long-term effort, we still do not have a fully compatible surface.
One says that it is not possible to produce the industrial surface, which has the same characteristics as
the natural one. Natural blood vessels have a layer of endothelial cells which is constantly renewed
and thus produces antithrombotic substances, such as, for example, prostacyclin. It is produced in
response to the conditions in the blood and is constantly changing. Another antithrombotic substance
produced is glycocalyx molecules, which are in contact with the vascular endothelial cells of the blood
vessels and due to their composition represent the antithrombotic surface. There are many attempts
to imitate the natural blood vessel condition as closely as possible, but for now none are successful.
Another hypothesis concerns the knowledge of blood and the processes that are associated with platelet
activation and coagulation, but this is also very complex and still not fully understood. Platelets’
membranes contain over 100 different oligosaccharide and protein receptors, which are important for
transmitting signals between environmental factors and platelets. It is known that when the synthetic
material is in contact with blood, it first comes in contact with the protein and the formation of a protein
film [31]. Recently, a lot of attention is paid to this subject, but there are controversial opinions in the
literature about whether platelet activation depends more on the amount of blood plasma protein
adsorbed on the surface or on the final layer of the protein conformation [32]. Another problem is that
there are no standardized methods that could determine the biocompatibility of materials. Research is
mostly performed on individual blood components, under different conditions, which are difficult to
compare with each other. For all the ongoing research in this field, there are many materials that are
potentially better than those used up to now, but there is still a long way to their application, as they
have to be tested and obtain the necessary documentation, which is consequently connected with high
costs [33–36].

2.3. Factors That Influence the Biocompatibility of Biomaterials

The biocompatibility of the material is largely influenced by the surface properties of the material.
The first few atomic layers of the material surface present the biointerface between the cells and
biomaterials. Surface characteristics also trigger biological response after contact with the tissue
and, ultimately, the success of the transplant or a medical device made of such material depends on
it [37]. There are numerous conditions, which overlap and determine the biocompatibility. These are
not only the mechanical and chemical characteristics of the material, but also place of application,
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individual host reaction, immune system as well as physical condition of the patient. According
to Ikada, chemical and physical characteristics of the surface, which are responsible for biological
response at the interface, are of the greatest importance. In the literature, there are various opinions
about which surface properties are crucial for optimal biological response [38–41]. The most frequently
investigated properties are the chemical composition of the surface, the topography and the wettability
of the surface. The known effects on hemocompatibility as well as on cell response are presented below.

2.3.1. Impact of Plasma Treatment on the Hemo- and Biocompatibility of Synthetic Materials

Plasma modifies the surface morphology and increases surface roughness of PET. It was shown
that such surface modification has a significant effect on platelet adhesion and activation. Even a
short exposure of PET surface to highly non-equilibrium plasma reduced adhesion and activation
of platelets mainly through oxygen surface functionalization. However effects of plasma treatment
diminish with time and many oxygen functional groups are lost from the surface within 3 h of aging [42].
Plasma treatment also has an influence on the biological response, as all plasma treated surfaces exhibit
improved proliferation of fibroblast and endothelia cells. The number of adherent platelets practically
did not change after nitrogen plasma treatment, however, a much lower number of adherent platelets
was observed on oxygen plasma treated surfaces [43]. Cvelbar et al. [44] studied the fabrication of micro-
and nanostructure poly(ethylene terephthalate) (PET) polymer surfaces used for synthetic vascular
grafts and their hemocompatible response to plasma-treated surfaces. The surface modification of PET
polymer was performed using radio frequency (RF) weakly ionized and highly dissociated oxygen or
nitrogen plasma to enable the improved proliferation of endothelial cells. Results indicate that surface
treatment with both oxygen and nitrogen plasma improved the proliferation of endothelial cells, which
increased with treatment time by 15 to 30%. This phenomenon was explained by the creation of
new functional groups and the modification of surface morphology, which promotes the adhesion
of endothelial cells. Numerous studies have proved that plasma treatment significantly improves
biocompatible properties of polymer materials [17,45–50]. In their study, Jaganjac et al. [49] proved
that oxygen rich coating after plasma treatment promotes binding of proteins and endothelialization
of polyethylene terephthalate polymer. In another study it was shown that cells prefer to adhere on
moderate hydrophobic polymer surfaces, rather than on hydrophilic or super-hydrophilic ones. Recek
et al. [47] showed improved proliferation on oxygen plasma treated polystyrene. On the other hand,
Garcia et al. [40] described greatly improved cell proliferation of HaCaT keratinocytes on collagen
films modified by argon plasma treatment. There are countless papers in the literature describing the
improvement of hemo- and biocompatibility of synthetic polymer materials using plasma treatment.
Only a few were presented in this paragraph, proving that plasma really is a good method to improve
polymer properties for biomedical applications.

2.3.2. The Effect of the Surface Chemical Composition on the Hemocompatibility of Biomaterials and
on Cell Response

The chemical composition of the surface is one of the key characteristics when designing the
hemocompatible materials from which medical devices are made. There are various ways in which we
can control the surface with specific chemistry and functional groups, such as, for example, hydroxyl,
methyl, sulphate, carboxyl, amino group etc. [51,52]. Their purpose is to improve the immobilization
of various biomolecules such as proteins, enzymes and so on to improve the cellular response.
Cell interaction with the surface of biomaterial is never direct, because the surface is previously covered
with water molecules and proteins absorbed from biological fluids (see Figure 1). Initially cells respond
to this adsorbed protein layer, rather than to the surface itself [53]. Cell adhesion is conducted in several
phases: an early phase where short-term events take place, like physico-chemical linkage between
cells and material, and a later signal transduction phase, involving biomolecules like extracellular
matrix (ECM) proteins, cell membrane and cell skeleton proteins, regulating the gene expression [54].
These phases are illustrated in Figure 1. Firstly, when the biomaterial is in contact with cells in vitro or

261



Materials 2019, 12, 240

when they come in contact with an implant surface in vivo, the proteins either from culture medium
or biological fluids adsorb and form the protein layer on the surface. After that, cells attach on the
surface covered by proteins, spread and express cytoskeleton proteins and integrins, which help them
firmly adhere to the surface. Thirdly, the proteins connect, and cytoskeleton reorganizes to adapt the
surface morphology and actively spread on the substrate. Finally, at the interface with the material,
cells synthesize ECM proteins, securing their shape stability and cell-matrix-substrate interfaces [55,56].
Cell adhesion differs on cell phenotype, that is why mechanisms of adhesion of blood cells are different
from mechanism of cells from connective tissues, like fibroblast, osteoblasts, or cells originated from
endothelia and epithelia, like endothelial vascular cell or keratinocytes. Cells from connective tissues
use mostly integrins in cell-ECM interactions, whereas epithelial and endothelial cells can adhere with
both adhesion molecules.

Figure 1. Kinetics and phases of cell adhesion.

The results of many studies have not yet led to the solution of what an ideal surface should be.
Grunkemeier et al. [12] reported that increased oxygen groups reduced the activation of coagulation.
Likewise, a higher proportion of these groups should also affect the reduction in the amount of bound
fibrinogen and, according to their results, also the reduction in the number of bound platelets [57].
The same authors also reported that coagulation was reduced when methyl groups on the surface
increased. Tengvall and colleagues [58] came to the same conclusions. One way to introduce new
functional groups on the surface is plasma treatment, where different surface functionalities can be
achieved with different types of plasma. Wang et al. [59] treated the PET polymer surface with
acetylene plasma, thereby increasing the carbon content of the surface. Such films at different
atomic percentages acted inhibitory at adhesion and activation of platelets. A significant reduction in
contact activation of platelets was observed in the treatment of polyurethane with nitric plasma [60].
On the other hand, improvement was not observed in hemocompatibility after treatment with oxygen
and argon plasma. Better cell adhesion and proliferation was observed on oxygen plasma treated
PET and polystyrene (PS) samples, while samples treated in CF4 or nitrogen plasma did not show
significant improvement [45–48]. Jaganjac et al. [49] found that oxygen functional groups on PET
treated by plasma, stimulated endothelial cell growth and proliferation by 25%, compared to control,
plasma untreated samples, suggesting the possible use of oxygen plasma treatment to enhance
endothelialization of synthetic vascular grafts.

2.3.3. The Influence of the Topography on the Hemocompatibility of Biomaterials and on
Cell Response

In the production of biomaterials, it is important to take into account the impact of the structure of
the material on the biological response. Natural vessels have of course the best biocompatibility, so it
is necessary to know their structure, which consists of several layers. The first layer inside the vessel
consists of endothelial cells that connect with the basal lamina. Its main building blocks are collagen,
proteoglycans and glycoproteins such as fibronectin and laminin. They follow the layers of elastic
fibers and smooth muscle cells that shrink under the control of a sympathetic nervous system. The back
or the outer layer builds connective tissue. The surface of the inner side of the vessel is not smooth,
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but it is made up of micrometer corrugated grooves running in the direction of the blood stream.
At the top of the individual protrusions, there are nano projections. Significance of the influence
of the topography on biological response has been brought to the attention of many researchers,
all seeking to create structures that will achieve the highest degree of hemocompatibility. There are
many physical and chemical methods or combinations of both to achieve nanostructure, either by
deposition of the material or by etching it. The most commonly used methods are: photolithography,
colloidal lithography, laser etching, metal oxidation, nanophase ceramics production, supramolecular
aggregation, surface coating with carbon nanotubes, nanowires, nanocomposites and, last but not
least, plasma techniques such as plasma chemical infiltration, ion implantation, plasma sputtering,
etc. [61–63]. Fan and co-workers [64] created structures with grooves of about 500 nm in width and
about 100 nm in height, and 100 nm × 4 nm in size on the surface of polydimethylsiloxane (PDMS)
using self-assembled layers and lithography. For comparison, unmodified, smooth PDMS surface,
surface with ditches and surface with only nano-extensions were used as control. Platelet adhesion
analyses have shown that only on the surface containing both grooves and protrusions was the number
of bound platelets significantly reduced. Until recently, it was established that the increase in roughness
of the surface due to the greater surface area available for platelet binding also increases the level of
thrombogenicity. In the literature, the most commonly used term for characterization of the surface
is roughness, but it is important to be aware of the fact that it does not tell us much about the actual
topography, but only gives the average roughness of the surface. To explain the observed hemostatic
response, we proposed few hypotheses in this review. One of the hypotheses says that hemostatic
response is based on significant reduction of contact area between polymer and platelets due to high
roughness of plasma treated polymer samples. According to Chen and colleagues [62], the roughness
values that are crucial for platelet binding are roughly divided into three groups. The first group
includes areas with a roughness of more than 2 μm, which is about the size of the platelets. The second
group are surfaces with a roughness less than 2 μm, where the correct design of the structures can
reduce the contact area of platelets and, consequently, the platelet adhesion, since they can be fixed
only at the top of the structures as shown in Figure 2.

(a) (b) 

Figure 2. Nanostructured topography of the surface, that attracts (a) and repels (b) adhesion of platelets.

The third group includes roughness greater than 50 nm, where the surface structures are much
smaller than pseudopods. These are smooth surfaces that do not play a role in platelets adhesion.
In such cases, other factors are likely to be involved in reducing thrombogenicity, among which are
binding and conformation of plasma proteins, in particular fibrinogen and albumin. According to
other authors, when performing structuring of the surface is important to take into account the entire
dimension of the surface (height, width and distances between individual structures) [65–67]. It was
shown in many studies that cells respond to surface topography and align themselves along defined
surface features, e.g. ridges or grooves [68]. However, cell behavior on the nano-topography is still
unknown so far. In the review of Curtis and Wilkinson on topological control of cells, they correlated
the topological parameters with biological parameters, such as short- and long term adhesion and
proliferation [69]. In several studies [69–71] it was demonstrated that the best adhesion of human bone
cells was on less organized rough surfaces. Dalby et al. [71] developed surfaces with 120 nm diameter
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nanopits and demonstrated stimulation of human mesenchymal stem cells on such surfaces. In 1997,
Curtis and Wilkinskon [68] described that cells reacted to discontinuities on the surface, with a radius
of a certain length. It is related to the cell mechanism of mechano-sensitivity which is related to
integrin mediated cell-matrix adhesion [72]. There have been different hypotheses on how cells sense
the morphological discontinuities on the surface. One hypothesis is about the thermodynamics and
extra-cellular matrix protein adsorption [73], another is about discontinuities acting as the energy
barrier, where the size of energy barrier depends on both the geometry and surface chemistry [74].
Stevenson and Donald [75] have been investigating the attachment of cells on the different micro-meter
scale substrates. They observed that the attachment of cells is dependent on the ridge spacing. At the
ridge spacing between ~10–20 μm, the cells were able to attach and bridge between the neighbor ridges.
At the moderate spacing, from ~30–50 μm cells attach to a single ridge or groove and at the largest
spacing ≥50 μm cells connect between a ridge and a groove. From these results they proposed both
a critical length and a critical slope angle of the ridge-groove surface morphology. Cells adjust their
shape according to morphology, which causes reorganization of attachment and cytoskeleton structures
(see Figure 3). Similarly, Berry et al. [76] described that cells were sensitive to the changed morphology,
especially in the radius of curvature of pits. Thery et al. [77] have noticed that cells can memorize and
recognize the adhesive substrates and in this way reorganize attachment and cytoskeleton structures.
Hallab at al. [78] demonstrated that for cellular adhesion and proliferation, even more important factor
is surface free energy of polymers. Other groups demonstrated that short term cells adhesion on metal
substrates coated with gold-palladium is more dependent on surface chemistry, whereas the long-term
adhesion is more dependent on surface roughness [70,79–82]. Ponsonnet at al. [83,84] also observed
high impact of surface energy of titanium and titanium alloys on cell proliferation.

Figure 3. Illustration of the reorganization of cell actin skeleton structures, shape and attachment
according to surface morphology.

2.3.4. The Effect of Wettability on the Hemocompatibility of Biomaterials and on Cell Response

Wettability is one of the important properties of the surface and has a major impact on the
biological response. The second hypothesis is explained below and is based on preferential adhesion of
water molecules from blood to the polar functional groups on the polymer surface. When we talk about
the wettability of the surface, this is most often associated with the adsorption of proteins. In general,
hydrophobic surfaces are considered to be much more susceptible to protein binding than hydrophilic,
due to the strong hydrophobic reactions resulting from the contact of the protein with the surface,
which results in reflective forces due to strongly bound water molecules. In addition to the amount
of bound proteins, wettability also affects the conformation of bound proteins. Because contact of
artificial material with blood leads to immediate contact with proteins, this is consequently important
for the binding and activation of platelets and hence for the hemocompatibility of the material. Blood
cells adhere with membrane adhesion proteins cadherins and selectines, which are involved in cell-cell
interactions, and integrins which are involved in cell-material interaction [85–87].

Xu and Siedlecki [88] treated polyethylene with gaseous plasma and created different wettability
of the surfaces. The influence of such surfaces on the binding of proteins was checked by binding of
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three blood plasma proteins. For all three proteins, fibrinogen, bovine serum albumin, and Human
Factor XII, critical values were found to be at the water drop between 60◦ and 65◦, where adhesion
increased at these values. By measuring the force with AFM tip, it was also found that the binding forces
change over time, which suggests that after binding of proteins to the surface, their conformational
changes occur. Similar results were also obtained on the polyurethane polymer, where the increased
binding of fibrinogen was also observed at angles greater than 65◦. The conformation was monitored by
the binding of monoclonal antibodies, and it was found that it varies with different surface wettability,
depending on the ability of binding antibodies to different binding sites on the fibrinogen molecule [89].
The binding of molecules to surfaces should be a time-dependent process, which is supposed to be
carried out on several levels. The first molecules which come into contact with the surface are water
molecules, which also react with the surface according to its properties. Water molecules create a layer
on the surface from which the binding of other molecules depends and diffuse later because of their
size to the surface. If there is a mixture of different proteins in the solution, their binding depends
on both size and their properties. Over time, their exchange can occur, as dynamic confocal changes
and reorientation can affect the binding power and consequently the activity of the protein [66,88].
Due to the redistribution of amino acids, the availability of receptor binding sites may also change,
which could also affect platelet adhesion. The influence of surface wettability on platelet binding is
also the subject of numerous studies. In 2002, Spijker and colleagues [90] studied adhesion and platelet
activation on polyethylene, in which gaseous-plasma produced a gradient of hydrophobicity and
concluded that binding was greater on hydrophilic surfaces, and their activation was greater on more
hydrophobic surfaces. Vogler and colleagues [91] in 1995 came to the same conclusion. Rodrigues and
co-workers [57], Lee et al. [92] and Sperling and colleagues [52] came to the exact opposite conclusion.
They listed the largest number of both bounded and activated forms of platelets on hydrophilic
surfaces. Cell attachment was investigated by Yanagisawa and Wakamatsu [93]. They observed that
cell attachment rate and cell spreading were higher on substrates with a water contact angle below 60◦

and that attachment decreased dramatically for more hydrophobic surfaces, whatever the time after
inoculation. For the oblast cells, no correlation between wettability of the material and cell attachment
and proliferation was found [94]. On the other hand, Lee et al. demonstrated that endothelial
cells [95] or neural cells [96] adhesion was more increased on moderately hydrophilic surfaces, than
on the superhydrophilic or hydrophobic surfaces. In 2004, it was demonstrated by Lime et al. [97]
that hydrophilic substrates are better for human fetal osteoblast adhesion and proliferation than
hydrophobic ones. Interesting, surface energy had no effect on cell differentiation.

Despite the fact that the wettability of the surface is likely to play an important role in the
hemocompatibility of materials, it is difficult to derive clear conclusions from the contradictory results,
which could explain the role of wettability. One of the reasons is definitely the complexity of the
processes that take place in the blood. Individual impacts cannot be considered separately. Such a
multivariable system should be taken as a whole and take into account the interaction between the
individual impacts.

3. Biomaterial-Blood Interactions

When biomaterial comes in contact with the biological system, activation of the intrinsic pathway
at the blood/biomaterial interface starts. There are many studies examining blood biocompatibility
and the most important parameters for characterization are the number of adhered platelets and their
activation [98]. Platelets are the smallest blood fragments with a diameter of 1 μm to 3 μm, without
nucleous. In the blood of an adult, they are 2–3 × 108 per mL. In the bloodstream, they are present in
inactive form. In the event of endothelial vein damage or when activating the coagulation cascade,
the platelet shape is activated and changed. Initially, it was established that platelets are important only
in stopping bleeding, but now it is known that in addition to these very important functions, they also
play an important role in other physiological and pathological processes of hemostasis, inflammatory
reactions, tumor metastases, and defense mechanisms [99].
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Figure 4 represents the artificial PET polymer material in contact with blood. The surface of
original material (as manufactured at the factory) is fully covered with platelets (Figure 4a). However,
when PET is treated with oxygen plasma, there are only few platelets adhered on the surface of
material (Figure 4b). When the body is in a contact with artificial biomaterial, platelets tend to adhere
similar like in the case of an external injury. This is the reason why materials, which show strong
platelet adhesion or provoke an increase in platelet adhesion, are considered as thrombogenic [100].
If the blood leucocytes decrease at the same time, this is a sign of a “cellular immunoresponse” of the
body towards the biomaterial. Material is considered as clinically biocompatible when it does not
provoke any damage of blood cells or any structural change of plasma proteins when in contact with
the blood [101]. Human blood plasma contains over 300 different proteins that differ in structure and
function: proteins involved in coagulation and fibrinolysis, complementary system proteins, immune
system proteins, enzymes, inhibitors, lipoproteins, hormones, cytokines and growth factors, proteins
that are important for transport and others [102].

 
(a) 

 
(b) 

Figure 4. Platelet adhesion on untreated (a) and oxygen plasma treated (b) poly(ethylene terephthalate
(PET) polymer. Incubation was performed with shaking at 250 RPM.

To explain hemostatic response, third hypothesis is based on different conformations and
orientations of adsorbed plasma proteins. If proteins adsorb on the surface and blood cells adhere
on the surface of material, the contact of the biomaterial with blood leads to clot formation [103–105].
Activation of the coagulation system at the blood-biomaterial interface drives sequence of reactions.
Proteins compete to adhere to the biomaterial surface and this determines the pathway and adhesion
of platelets. Having the exact knowledge of the material surface and the conformation of the adsorbed
proteins, prediction about the interactions between the biomaterial surface and the absorbed proteins
can be made. These interactions are determined both by the nature of the polymer surface and by the
nature of protein parts in contact with the surface (hydrophilic/hydrophobic, charged/uncharged,
polar/non-polar etc.) [106–108]. It is commonly accepted that a decrease in surface roughness increases
the compatibility of material [109]. Surface tension of a material is one of the most important factors
on protein adsorption. Andrade et al. [110] suggest that smaller interfacial energies between blood
and polymer surface results in better blood compatibility. Contrary, Bair et al. [111] claims that
higher surface tension, between 20–25 mN/m gives better hemocompatibility. On the other hand,
Ratner et al. [112] prove good blood compatibility on the surfaces with the moderate relationship
between their hydrophilic/hydrophobic properties. Carboxylate, sulfate or sulfonate groups on
the surface may act as antithrombotic agents, as a result of repulsive electric forces between plasma
proteins and platelets [113]. Norde has shown that protein adsorption increases if concentration of ionic
groups in the protein and in the polymer surface decreases [114]. The relation between the electrical
conductivity of biomaterials and blood biocompatibility is described by Bruck [115]. In addition, there
are studies on the influence of the streaming potential on blood coagulation [114,116].
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Hemostasis is the body’s response to vascular damage and bleeding. It involves a complex set
of events and biochemical reactions that lead to the formation of a blood clot which consequently
prevents bleeding. At the beginning of the 20th century, Morawitz combined all the insights into his
classic coagulation theory, which he divided into two groups. In the first, in the presence of calcium
ions and thrombokinase, the conversion of prothrombin into thrombin occurs. In the second step, the
resulting thrombin converts fibrinogen into fibrin. His theory touched the basics of coagulation, but
it had several drawbacks. One of them was that it did not take into account the specific function of
platelets, which was later described by Bürker. Fibrinogen is a large, complex bar shaped glycoprotein.
It consists of three pairs of Aα, Bβ and γ polypeptide chains, which are interconnected with 29 disulfide
bonds. At both ends, globular domains are interconnected with α-helices and bind calcium ions, which
are important for maintaining the structure and function of fibrinogen. In blood plasma, it is usually
present at a concentration of about 2.5 g/L. Fibrinogen is important for the preservation of hemostasis
and platelet aggregation [57,102]. This protein also plays an essential role in binding to synthetic
materials and thus has an important impact on the hemocompatibility of the material. In addition,
similar to protein fibrinogen, albumin is also important in binding to the surfaces of synthetic materials,
helping to maintain the surface antithrombotic [102]. Human serum albumin is the most abundant
protein in human blood plasma. It is synthesized in the liver and is present in all body fluids. It consists
of a single chain containing three interconnected domains. It has binding sites for various molecules
like water, ions, fatty acids, hormones, bilirubin, synthetic medicines and many others. It is present
in blood plasma at concentrations of 35–50 g/L. Because of its abundance and high binding capacity,
albumin is the main transport protein that regulates and maintains osmotic pressure in the blood.
Competitive adsorption of the protein albumin and fibrinogen is very complex and has been widely
investigated. Albumin inhibits and fibrinogen activates the adhesion of platelets; in the case of
hydrophobic surfaces, fibrinogen is mostly absorbed, while in the case of hydrogels, absorption of
albumin is dominant [117,118]. The stationary state, which corresponds to an irreversible protein
adsorption, is reached after longer contact time. The adsorbed protein films show time-dependent
conformational changes, like desorption or protein exchange and are described by the Langmuir
isotherms [119–121].

Research in this field has led to many different theories and numerous terminologies. Much
progress was made when the International Commission introduced a common name for coagulation
factors, which have since been designated with Roman numerals [122]. Understanding the processes
of coagulation, which is established at the present time, is a result of years of research, but still there
are numerous questions waiting for answers [123,124].

4. Methods for Improving the Biocompatibility of Synthetic Materials

Nevertheless, their chemical structure, hydrophilicity, roughness, crystallinity and conductivity
are not suitable for certain applications and need to be modified [11]. A number of methods are
available to improve biocompatibility of biomaterials. The most promising method is coverage of
synthetic surfaces with a monolayer of human endothelial cells, since this closely imitates biological
conditions. In natural blood vessel, a monocellular film of endothelial cells covers the interior of a
vessel, which is in contact with blood and has an important function in blood compatibility [125].
Another common method is chemical surface modification, by including specific functional groups on
the surface. These methods are relatively invasive and may also result in harmful chemical products
that may lead to irregular surface etching on one hand and may be harmful to the environment on
the other. Modification of a material with surface functionalization can also be achieved by ozone
oxidation or gamma radiation and UV radiation, but these methods do not achieve a lasting effect,
and there is also a high probability of polymer degradation [126]. Most of these disadvantages can
be replaced by plasma treatment, which proved to be a very promising method for optimization of
surface properties of synthetic materials [127–129].
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4.1. Plasma Treatment of Polymers

Plasma treatment is an environmentally friendly method that enables easy and fast modification
of the surface of polymers, whereas the polymer bulk properties remain unchanged. Plasma treatment
causes formation of new functional groups on the surface, increase of surface energy, increase or
decrease of hydrophobicity and hydrophilicity, change of morphology and roughness, and increase or
decrease of polymer crystallinity. It also removes poorly bound layers and impurities. The reactions
occurring during plasma treatment can be divided into several groups. Surface reactions as a
result of plasma changes create functional groups between atoms present in gas and surface atoms
and molecules. Such reactions can be achieved with oxygen, nitrogen and NO2 plasma. With
plasma, thin films from organic monomers, such as CH4, C2H6, C2F4 to C3F6, can also be formed.
Such polymerizations involve reactions between atoms in gas and on the surface of polymer and
reactions between surface molecules. Plasma can produce volatile products from the surface of
polymers by chemical reactions or by physical etching, thus removing unwanted material from
the surface. Oxygen plasma is used to remove organic impurities such as oligomers, antioxidants,
by-products released from molds and other microorganisms. Oxygen and fluorine plasmas are
commonly used for etching of polymers [128,130,131]. Oxygen and mixtures of oxygen plasma are
also widely used for treating materials, which are used in biomedical applications [47,49,67,129].

The main products generated during treatment in non-thermal plasma are electrons, ions, excited
particles, radicals, as well as UV radiation. These products are mainly free radicals, unsaturated
organic components, cross-links between polymer macromolecules, degradation products of polymer
chains and gas products. The effects of electrons and UV radiation cause the R–H and C–C bonds to
break, which can be represented by the following reactions [128]:

RH → R• + H, RH → R•
1 + R•

2 (1)

The direct formation of unsaturated organic compounds with double bonds on the surface of
polymers describes the following reaction:

RH → R1 − CH = CH − R2 (2)

In the secondary reactions of atomic hydrogen through various mechanisms, molecular hydrogen
is usually formed, including recombination and transfer of hydrogen to polymeric molecules. These
reactions describe the following equation:

H + H → H2 , H + RH → R• + H2 (3)

In addition to recombination, in organic material atomic hydrogen may also form a double bond
with an organic radical:

H + R• → R1 − CH = CH − R2 (4)

During the treatment of polymers with non-thermal oxygen plasma, free organic radicals form on
the surface and react with molecular oxygen in the gas phase form, resulting in the formation of active
peroxide radicals [128,132,133]. This process describes the following equation:

R• + O2 → R − O − O (5)

These RO2 peroxide radicals can trigger various other chemical reactions. The simplest processes
involving RO2 radicals are reactions where various peroxide components are formed on the surface of
the polymer and can be simplified by Equations (6) and (7). Due to the low energy of electrons and
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ions in plasma and the high excitation coefficient of UV radiation, these peroxides on the surface are
formed in a thin layer [134,135].

R − O − O− + RH → R − O − O − H + R• (6)

R − O − O− + RH → R − O − O − R1 + R•
2 (7)

In addition to the formation of new functional groups on the surface of polymers, the plasma
treatment also produces an effect called etching. Etching can be explained by two mechanisms:
chemical etching and physical etching, which occurs due to ion bombardment. Chemical etching
results in surface reactions, which makes the surface part of the polymers to fumigate. The major
molecules that usually participate in these reactions are oxygen atoms, ozone, fluorine atoms and
electronically excited oxygen molecules. Both processes take place during plasma treatment, so it is
difficult to separate them from each other. Nevertheless, by changing the conditions and characteristics
of plasma, we can regulate the relationship between the two processes. In addition to the processing
conditions, the polymer etching rate depends also on the type of gas used. In the case of PET polymer
treated with different plasmas at different power levels (25, 50 and 100 W) and frequency of 13.56 MHz,
it was found that the etching was linearly dependent on the power [136]. The highest degree of etching
occurred in oxygen plasma. In addition, etching also depends on the type of polymer, its chemical
composition and the crystallinity of the material [135].

4.1.1. Aging of Plasma-Treated Materials

The stability of the plasma treated surface is a very important feature, especially if materials
are not used immediately after plasma treatment. Plasma treated biomaterials, used in medicine,
where materials come in contact with the living tissue, stability is very important. After plasma
treatment, the surface of polymers tends to return to its original state, what is called ageing. Many
researchers studied the so-called aging of various materials that were treated with different types
of plasmas. Aging depends on both the type of plasma and the treated material. Experiments on
polydimethylsiloxane, which was treated in nitrogen, oxygen, argon and NH3 plasmas and aged on
air and in the buffer solution confirmed, that the surface returned back to initial, hydrophobic state
after one month [137]. Wilson and colleagues [60] treated the surface of PTFE polymers with the same
types of plasma and were aged under the same conditions. From their studies it was concluded that
aging was present under both storage conditions and that the effect was more noticeable in aging in
the buffer. For both samples, aging after one month stabilized, but the condition did not return to
the initial state. On the other hand, the hydrophobicity of the polysulphonic membranes remained
unchanged even after three months after treatment with CO2 plasma [138]. Modic et al. [42] studied
aging of PET polymer treated in oxygen plasma and exposed to different environmental conditions
(see Figure 5). After plasma treatment, the contact angle dropped from original 73◦ to 10◦. The first set
of treated samples was left at room temperature; the second set was stored in the refrigerator at 4 ◦C
and the third set was put in phosphate buffer solution (PBS). Aging of all samples were monitored
for two weeks. Results showed that samples stored at room temperature and those stored in the
refrigerator had the same relative slow aging; the contact angle changed from original 21◦ to 30◦; again
ageing in PBS turned out to be much faster. Already after 3 h contact angle increased from 10◦ after
plasma treatment, to ~30◦. The effect of ageing in all environmental conditions was observed for the
first three days; later on the contact angle does not change significantly (Figure 5).

There are four proposed mechanisms of ageing:

• Reorientation and relocation of polar groups from the surface of the polymer into the bulk of the
material due to thermodynamic relaxation,

• Diffusion of low molecular weight oligomers from the interior to the surface and products that
are formed during plasma treatment on the surface of polymers,
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• Reactions of free radicals and other active species and groups formed during treatment, with each
other and with the environment in which the polymer is located.

The aging of hydrocarbon materials treated in oxygen plasma is mainly due to the reorientation
and transfer of polar peroxide groups into the interior of the polymer. If the same polymers are treated
with nitrogen plasma, aging results from reactions of nitrogenous surface groups with the environment
after plasma treatment [135].

 

Figure 5. Effect of different aging conditions on the wettability of surface of PET polymer treated in
oxygen plasma glow for 30 s.

5. Conclusions and Future Perspectives

Plasma treatment is one of the most favorable methods for treatment of synthetic materials and it
greatly improves the hemocompatible properties of polymers. Systematic measurements on whole
human blood of healthy volunteers have confirmed the hypothesis that the rate of hemocompatibility
monotonically increases with increasing hydrophilicity and surface roughness. Biocompatibility
depends on the success rate of surface endothealization, which is strongly correlated with surface
properties, i.e., surface wettability, topography and chemistry. According to studies, cells prefer to
adhere to moderate hydrophilic surfaces at micrometer scale. Furthermore, oxygen functional groups
on the surface proved to stimulate cell adhesion and proliferation.

Based on extensive experimental results, three possible hypotheses to explain the observed
hemostatic response were proposed in this review. The first hypothesis is based on preferential
adhesion of water molecules from blood to the polar functional groups on the polymer surface.
The second one is based on different conformations and orientations of adsorbed plasma proteins,
and the third hypothesis is based on the significant reduction of contact area between polymer
and platelets due to high roughness of plasma treated polymer samples. Because of extreme
complexity of interactions between whole blood and polymer surface, it is not possible to declare
which hypothesis is the most suitable. Results indicate that a combination of different physical and
chemical processes can lead to a biological response of material used for fabrication of artificial grafts
and other cardiovascular implants.
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Abstract: Porous silicon has been utilized within a wide spectrum of industries, as well as being
used in basic research for engineering and biomedical fields. Recently, surface modification methods
have been constantly coming under the spotlight, mostly in regard to maximizing its purpose of
use. Within this review, we will introduce porous silicon, the experimentation preparatory methods,
the properties of the surface of porous silicon, and both more conventional as well as newly developed
surface modification methods that have assisted in attempting to overcome the many drawbacks
we see in the existing methods. The main aim of this review is to highlight and give useful insight
into improving the properties of porous silicon, and create a focused description of the surface
modification methods.

Keywords: surface modification; porous silicon; silicon surface; carbonization; oxidation

1. Introduction

Porous silicon (abbreviated as pSi) is a silicon formulation that has introduced nanopores in its
microstructure. Porous silicon was discovered in the mid-1950s, and its unique physical, chemical,
optical, and biological properties allowed us to develop new disciplines [1].

Porous silicon can be generated by electrochemical etching of crystalline silicon in hydrofluoric
acid (HF) containing aqueous or non-aqueous electrolytes [2]. Silicon (Si) elements in Si wafer can be
dissolved out to a hexafluorosilane (SiF6

2−) ion in the electrochemical etching stage, with each wafer
generating a different pore diameter; p-type Si wafer (micropores, <2 nm), p+/p++/n+-type Si wafer
(mesopores, 2–50 nm), and n+-type Si wafer (macropores, >50 nm) [1]. So far, various types of pSi
materials have been reported, including pSi chip, pSi film, and pSi micro- and nano-particles (Figure 1).
The porosity, pore size, pore pattern, and particle size can be controlled by the fabrication parameters;
HF concentration, current density, electrolyte composition, and wafer (dopant type, dopant density,
crystallographic orientation) [3]. As compared to anodization and sonication processes, recently a new
concept in electroless etching of Si powder has been reported that is an easily scalable process for the
generation of pSi particles [4].

The pSi materials have been widely used in various industries and basic science. Due to
a significant amount of research and the discovery of quantum confinement effects, photoluminescence,
and photonic crystal properties of pSi [5–9], the focus has mostly been on creating optoelectronic
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materials [10,11], displays [12,13], sensors [14–16], and bio-imaging materials [17,18]. Recently, the pSi
micro- and nano-particles have been applied to drug delivery systems and controlled release systems,
by using the biodegradation property of pSi [18–22]. One such approach, “drug loading in the pore
and surface functionalization of pSi materials with disease targeting moiety”, was one of the biggest
leaps in the field of drug delivery systems. In addition, the nanostructured pSi material is a promising
anode material for high-performance lithium-ion batteries [23,24]. With proper surface modification,
pSi materials have shown the suppression of pulverization, low volume expansion, and a long-term
cycling stability in the lithiation and delithiation stages as next-generation lithium-ion batteries.

Figure 1. Schematic illustration for the preparation of porous silicon by electrochemical etching and
ultrasonication. A porous silicon layer is generated on the surface of the silicon wafer using electro
chemical etching, and the layer can be separated from the wafer using lift-off etch. Porous silicon
micro- and nano-particles can be prepared using ultrasonication fracturing. The surface of the resulting
porous silicon is covered mainly with silicon-hydrogen (Si–H) and partly with silicon-oxygen (Si–OH,
Si–O–Si).

As we described above, the surface modification of pSi materials is imperative to improve the
properties of pSi and its usage. Essentially, freshly etched pSi has silicon hydrides (Si–H) on the
surface and residual oxides or fluorides are removed by the HF electrolyte (Figure 1). The reactive
silicon hydrides on the large surface of pSi is susceptible to slow oxidation in humid air [25,26]. In
the field of optoelectronics or battery application, the oxidized pSi could degrade performance of
materials. However, the oxidized pSi is necessary in the development of sensors, photoluminescent
bio-imaging materials, and drug-delivery systems. Accordingly, surface modification is the most
important component in terms of the use of pSi materials.

In this review, we have summarized the conventional surface modification methods, newly
reported surface modification methods, and our perspectives.

2. Conventional Surface Modification Methods

We categorized the well-known and typical surface modification methods into three categories:
(i) hydrosilylation & carbonization, (ii) oxidation, and (iii) hydrolytic condensation.

2.1. Hydrosilylation & Carbonization

Over the last several decades, various attempts have been made at stabilizing the surface of
porous silicon in order to improve its suitability for various applications [27–31]. Among them,
the silicon-carbon (Si–C) bond formation yielded a very stable surface of pSi due to the low
electronegativity of carbon, which possesses greater kinetic stability in comparison to silicon-oxygen
(Si–O) [32]. The most ubiquitous reaction to make the Si–C bond from hydrogen-terminated pSi (Si–H)
is hydrosilylation. Silicon hydride (Si–H) moiety can react with unsaturated carbon (alkene or alkyne)
and bonds to one end of the hydrocarbon reagent (Figure 2) [33].

278



Materials 2018, 11, 2557

In the reported methods, the hydrosilylation reaction is achieved through thermal (heat), photon
(light), catalyst, and microwave energy (Figure 2a). The thermal and light-induced hydrosilylation
provides a means to place a wide variety of functional groups on a pSi surface that allow further surface
functionalization, including carboxylic acid. The first hydrosilylation methods were demonstrated
by Buriak and co-workers in early 1999, and elaborated by Boukherroub, Chazalviel, Lockwood, and
many others afterwards [1,32–35].

Figure 2. Surface chemistry for native porous silicon (pSi, Si–H). (a) Hydrosilylation with
unsaturated carbon containing reagents. (b) Electrochemical grafting with halide containing reagents.
(c) Carbonization with acetylene. (d) Water contact angle of native pSi and its surface chemistry product.
R = simple aliphatic chain, functional group containing aliphatic chain.

At a similar time, Sailor and Salonen reported electrochemical reduction of organohalides and
thermally-induced carbonization approaches using acetylene for the surface grafting of native pSi
surfaces (Si–H) (Figure 2b,c) [36–38]. The electrochemical reduction method allows surface grafting
with a methyl group, which is impossible to achieve through typical thermally induced hydrosilylation.
The reaction of pSi with gas phase acetylene generates many derivatives of Si–C bonds on the surface
of pSi that is stable in aqueous media. In the water contact angle measurement, typical hydrosilylation
with simple aliphatic chains and an electrochemical reaction with methylhalide gives a contact angle
of around 100–120◦ and a hydrophobic surface, but the carbonization reaction gives lower contact
angle values at around 53–80◦, which might vary depending on the reaction temperature, due to the
undesired Si–O bond formation (Figure 2d).

The important points of hydrosilylation and carbonization reactions on the native silicon hydride
terminal of the pSi surface can be summarized as: (i) maintaining porous structure, (ii) enhancing the
stability of the pSi surface, (iii) making further functionalization possible, and (iv) expanding the scope
of application.

2.2. Oxidation

The oxide-layer formation on the surface of pSi is also important to functionalize the materials.
The hydrophobic property of native pSi became hydrophilic after the surface oxidation. This
formulation can be used for bio-related applications such as biosensors, drug delivery systems,
and photoluminescence bio-imaging. Generally, silicon-hydride (Si–H) and silicon-silicon (Si–Si)
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bonds on the surface of silicon materials can be broken with the presence of an oxidant and generates
the oxide layer; hydrated silicon oxide (Si–OH) and silicon oxide (Si–O–Si) [39].

As an easy and facile method, gas-phase oxidants such as air (including oxygen) and ozone (O3)
have been widely used for the oxidation of pSi (Figure 3a,b) [25,40]. At room temperature (25 ◦C),
a fairly thin oxide layer (Si–O–Si) grows over the course of several months in the presence of oxygen.
At temperatures below 200 ◦C, pSi generates more hydroxy species silicon oxide layers on the surface.
Oxidation at 900 ◦C is sufficient to completely convert the pSi to silicon oxide, which has no crystallinity
of silicon, although the transformation depends on the type of pSi. Interestingly, ozone oxidation at
a room temperature of 25 ◦C gives a more hydrated silicon oxide than the thermal oxidation procedure
below 200 ◦C.

Figure 3. Surface oxidation of native porous silicon (pSi, Si–H). (a) Oxidation with a gas-phase oxidant,
O2, in different temperatures. (b) Ozone (O3) oxidation. (c) Oxidation in aqueous media (H2O) with
an oxidant (borate or nitrate). (d) Oxidation by organic oxidant (DMSO). (e) Water contact angle of
native pSi and its surface oxidized product.

Solution based oxidation of pSi is also widely used due to the facile operation and controllable
oxidation states. In aqueous solutions, a silicon atom on the pSi surface can make a 5-coordinate
intermediate with water molecules (H2O) and its cascade condensation, giving a Si–O–Si and
hydroxylated Si–OH oxide layer (Figure 3c) [41]. The oxidation rate and thickness of the oxide
layer also can be boosted or regulated in the presence of an additional oxidant, such as borate [42] or
nitrate [43]. Similarly, organic solvents can also be used. Dimethyl sulfoxide (DMSO) can also oxidize
the surface of pSi in a mild way and generate the Si–O–Si layer on the surface [44]. The Deuterium
tracer study revealed that DMSO tended to break the Si–Si rather than Si–H bond (Figure 3d).

In terms of bonding energy, the Si–Si bond is weaker than the Si–H bond, so the mild oxidant
(DMSO, pyridine, etc.) [45] and thermal condition (25 ◦C) tends to break the Si–Si bond, and generate
a Si–O–Si layer on the surface. Conversely, relatively reactive oxidants (O3, borate, nitrate, etc.) and
harsh conditions (>100 ◦C) tend to break both the Si–Si and Si–H and generate Si–O–Si and Si–OH.
The generation of an oxide layer on the pSi surface can be monitored by the water contact angle
measurement, and all oxidation products show hydrophilic properties below a 20◦ angle (Figure 3e).

The important point to consider about the oxidation of the native pSi surface can be summarized
as: (i) enhancing hydrophilicity utilizing its bio-related work, (ii) improving functionalization as
much as possible, (iii) enhancing quantum confinement effects on the surface, and (iv) enhancing the
generation of the reactive Si–O intermediate to improve modification.
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2.3. Hydrolytic Condensation

The oxidized pSi is a good platform for further surface modification. The hydrolytic condensation
with organotrialkoxysilane reagents generates new Si–O–Si bonds on the surface in a protic solvent,
such as ethanol at mild temperatures (25 ◦C) (Figure 4a) [46]. This simple silanol chemistry is
well-known and widely used within bio-related works, such as biomolecule conjugation, PEGylation
(polyethylene glycol attachment reaction), and controlled degradation of pSi materials in bio-fluid [17,
18,47–49]. In tests, there are two standard coupling reagents; (i) 3-aminopropyltriethoxy-silane (APTES,
X = NH2 in Figure 4b) [50,51], and (ii) 3-mercaptopropyltriethoxy-silane (MPTES, X = SH in Figure 4b).
The hydrolytic condensation product with APTES gives primary amine terminals on the surface of pSi,
and this amine moiety can be chemically conjugated using proteins, DNA, antibodies, drugs, and many
other molecules, via amide coupling with carboxylic acid or N-hydroxysuccinimide esters (Method
A) [52,53]. In a similar way, the hydrolytic condensation product with MPTES gives a thiol terminal
on the surface of pSi, and it can be conjugated with substrates via a thiol-ene reaction (also known
as alkene hydrothiolation) with maleimide (Method B) [54]. Both chemistries show sufficiently high
yields of reaction for most of the oxidized pSi materials. Recently, further functionalization of oxidized
pSi using metal-free bioorthogonal click chemistry was applied for the peptide conjugation [55,56].

Figure 4. Surface modification of oxidized pSi. (a) Hydrolytic condensation with silanol reagents.
(b) Further functionalization of hydrolytic condensation products via amide coupling (Method A) and
thiol-ene addition (Method B). A box in Figure (b) indicates the surface functionality of hydrolytic
condensation with APTES or MPTES on the oxidized pSi.

3. Recently Developed Surface Modification Methods

In the previous chapter, we summarized the existing surface modification methods for pSi
materials. Although the known methods show superior surface modification abilities, the practical
applications in industry and basic sciences have met difficulties for many reasons.

As an example, the thermally induced hydrosilylation of native pSi typically required high
heat (>200 ◦C), a very specific light with sufficiently high power, an air-sensitive catalyst, such as
rhodium complex (known as Wilkinson’s catalyst), and special instruments. This kind of experiment
could be conducted by an expert in an inert atmosphere like a nitrogen glovebox with home-built
instruments. Occasionally, the resulting pSi material showed low efficiency of surface conversion
and non-uniformed morphology. Surface modification by oxidation and hydrolytic condensation also
came with problems, such as a loss of pSi during modification, long reaction times (> 12 h), undesired
cross-linking of pSi, and low efficiency because of generation of the by-product. To overcome these
issues, new surface modification methods have been developed recently, such as (i) thermally induced
dehydrocoupling, (ii) ring-opening click chemistry, and (iii) calcium- or magnesium-silicate formation.
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This chapter has summarized the key points of these recent advances in surface modification of
pSi materials.

3.1. Thermally Induced Dehydrocoupling

The hydrosilylation reaction of the native pSi material, with alkene of alkyne moieties on the
organic reagent, requires an exclusion of oxidants including air, moisture, and water in order to avoid
production of an undesired silicon oxide. An alternative method is dehydrogenative coupling with
a trihydridosilane reagent (H3Si-R, R = aliphatic, aromatic) (Method A, Figure 5a) [57]. However,
this dehydrogenative coupling method requires transition metal catalysts in order to effect the
transformation, and the highly reactive catalysts can lead to an oxidative side reaction. Very recently,
Kim and co-workers reported the non-catalytic dehydrocoupling reaction can proceed under mild
thermal conditions on the pSi surface (Method B, Figure 5b) [58,59]. The first investigation was
successfully carried out with the pSi film and an octadecysilane, H3Si(CH2)17CH3 (abbreviated as
H3Si-C18). The pSi film was heated at 80 ◦C for 1–24 hours, in the presence of a neat silane reagent.
Infrared spectrum analysis of native the pSi film and reaction product (pSi-Si(C18)) displayed bands
associated with pSi-H and an organosilane reagent (Figure 6a). A strong Si lattice mode at 515 cm−1

was observed in the Raman spectrum of pSi-H and pSi-Si(C18), which indicated a retained crystallinity
of pSi after the reaction (Figure 6b). The preservation of an open pore structure was observed by
scanning electron microscope (SEM) images (Figure 6c). The superhydrophobic surface property was
observed in the water contact angle measurement (>150◦) after rinsing with HF (Figure 6d), and it
suggests that this reaction occurred between the Si element on the pSi and the Si element on the reagent,
not through the oxidized pSi surface.

Figure 5. Thermally induced dehydrocoupling of the native pSi surface (Si–H) with trihydridosilane
reagents (H3Si-CH2-R, marked in blue). (a) Dehydrocoupling by catalyst or light (Method A) and
mild heat (Method B). Inset figure: water contact angle of reaction product. (b) Summary of reaction
products of pSi with various trihydridosilane reagents.
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Figure 6. Cont.

 

Figure 6. Characterization of a thermally induced dehydrocoupling reaction product of pSi with
octadecysilane (H3Si-C18). (a) Attenuated total reflectance Fourier-transform infrared (ATR-FTIR)
spectra of the reagent (H3Si-C18) and products (pSi-Si-C18). (b) Raman spectra obtained before
(As-etched pSi) and after reaction (HF rinsed pSi-Si-C18). (c) Scanning electron microscope (SEM)
images of pSi before (As-etched pSi) and after reaction (HF rinsed pSi-Si-C18) (plan view). (d) Water
contact angle image and illustration of the surface after reaction. Reproduced with permission from [58].
Copyright 2016 Wiley-VCH.

The thermally induced dehydrocoupling reaction with a trihydridosilane reagent shows
remarkable tolerance to oxidants such as air and water. The reaction of pSi with a mixture of water
and octadecysilane in open air conditions shows an adverse effect, and a grafting reaction. They also
followed the effect of surface modification on the intrinsic photoluminescence quantum-confined pSi
material. For this study, n-type pSi silicon film was prepared by electrochemical etching under UV
light irradiation. Interestingly, the preserved photoluminescence was monitored after the reaction,
and the product maintained their emissions for a long time (> 9 days) within the aerated water whilst
immersed. They also demonstrated dehydrocoupling reactions with various trihydridosilane reagents
and tested their suitability for further organic functionalization reaction. Many functional groups
such as bromide, azide, primary amine, propargyl, and perfluorocarbon were able to be introduced
onto the surface of the resulting productions. Further conjugation chemistry and electrostatic drug
loading demonstrations were successfully carried out with a primary amine-terminal production
toward fluorescein isothiocyanate and negatively charged drugs (ciprofloxacin in this study).
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3.2. Ring-opening Click Chemistry

Driven by the desire for functionalization and stabilization of the pSi surface, the reactive Si-H
surface often converted to Si–O moiety. As we described in the previous chapter, oxidized pSi surfaces
can be functionalized by the grafting of organotrialkoxysilanes via a hydrolytic condensation reaction.
Despite their utility, the critical limitations, such as undesired cross-linking, which results in an overly
thick coating or clogging of the pore of pSi, long reaction times, and low coupling efficiency give many
drawbacks to the practical applications of pSi [1,60].

In 2016, Kim and co-workers developed a facile surface modification method of oxidized pSi
via ring-opening click chemistry, using 5-membered heterocyclic compounds containing Si–S or Si–N
bonds within the ring (Figure 7) [61].

Figure 7. Ring-opening click chemistry of oxidized pSi surface (Si–OH) with cyclic-silane reagent.
(a) Reaction mechanism. DCM: dicholoromethane. R1 = OMe, Me. R2 = H, Me. X = S, N.
(b) Cyclic-silane reagents. (c,d) Further functionalization of ring-opening click chemistry products
(pink and olive) via amide coupling with succinic anhydride (purple) and tandem coupling with
epoxy containing reagent (red). DMTSCP: 2,2-dimethoxy-1-thia-2-silacyclopentane. BADMSCP:
N-n-butyl-aza-2,2-dimethoxy-silacyclopentane. DMDASCP: 2,2-dimethoxy-1,6-diaza-2-silacyclooctane.
MATMSCP: N-methyl-aza-2,2,4-trimethyl-silacyclopentane.

The name of the reaction originated from simple click chemistry that showed a lack of by-product
with a high yield and wide scope of applicability. The hydroxy moiety on the oxidized pSi surface
attacked the silicon element on the cyclic-silane reagent and the Si–X (X = S or N) bond was broken
(ring-opening) with a proton transfer (H-transfer) within a mild condition (Figure 7a). Originally,
this kind of click chemistry was proposed by Arkles and co-workers in Gelest Inc. USA in 2015 [62].
They found an unusually fast and efficient surface grafting ability of the cyclic azasilane reagent
(Si–N bond in the ring). With promising results based on the amorphous silica materials, Kim and
co-workers expanded the research field to oxidized pSi films and pSi micro- and nano-particles
using other heterocyclic silanes (Figure 7b). The thermogravimetric analysis (TGA) of the resulting
production, prepared through hydrolytic condensation and ring-opening click chemistry, gave ~2–4%
and ~8% mass changes, representing a high efficiency for this new type of method for surface grafting.
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The maintenance of the crystallinity of the silicon skeleton was then verified using a powder X-ray
diffraction (XRD) measurement.

Within these promising surface grafting results, a one-pot tandem synthesis was demonstrated,
using an amine-containing cyclic azasilane reagent (Figure 7c,d) [61,63]. The ring-opening click
reaction generated a primary amine at the surface, which then reacted to the succinic anhydride or
epoxy containing reagent. Through these tandem coupling reactions, new functional groups, such as
carboxylic acid (–COOH) or hydroxyl (–OH) moiety were generated, and, therefore, showed a good
case for application using bio-conjugation.

In this study, the authors also tested the compatibility of the surface functionalization with
protein loaded porous silicon nano-particles (pSiNPs) (Figure 8). The nano-particle formulation of
pSi maintained its pore structure, its protective sensitive payloads from denaturing in vitro or in vivo,
and has proven to be a promising delivery vessel. A model protein lysozyme was loaded into the
pSiNPs, and then the surface of resulting pSiNP was functionalized with thia-silane reagent in either
DCM or n-Hex (Figure 8a). The generation of the surface thiol species was within 72 h and retained its
activity; 98% (reaction in DCM) and 72% (reaction in n-Hex) (Figure 8b). By contrast, lysozyme loaded
pSiNPs with the hydrolytic condensation reaction using MPTES gave only 68% activity of lysozyme
after release.

Figure 8. Application of ring-opening click chemistry for substrate loaded pSi nano-particles (pSiNPs).
(a) procedure used to load lysozyme into pSiNPs and modify the resulting particles with the
cyclic-silane reagent (thia-silane in this study). DCM: dichloromethane. (b) Release profile of lysozyme
from unmodified pSiNPs and thia-silane functionalized pSiNPs that were prepared in different solvents,
DCM or n-Hex. Reproduced with permission from [61]. Copyright 2016 American Chemical Society.

3.3. Calcium- or Magnesium-Silicate Formation

A formulation of a pSi core with an oxide layer shell is an attractive platform for further chemical
conjugation, offering increased stability, enhanced photoluminescence intensity, and a controlled drug
delivery release system. In some cases, the oxide layer formation of pSi has been used to trap the
substrates within the nanostructure [43,49,64]. In 2016, Kang and co-workers reported a facile pSi
surface oxidation method through the formation of a calcium silicate (Ca-silicate) insoluble shell
(Figure 9) [48]. It was shown in this study that the high concentration calcium (II) ion can react
with a hydroxylated silicon surface and hydrolyzed orthosilicic acid (Si(OH)4) and form the Ca2SiO4

precipitation (calcium silicate shell) on the surface, trapping the substrate, siRNA. The calcium silicate
shell could also be degraded in the aqueous media and release the substrate, but the release rate was
slower than the known physical trapping method. In addition, the oxide shell formation process
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dramatically increased the quantum yield of pSiNPs from 0.1% to 21%. The calcium silicate formation
with pore sealing was verified by transmission electron microscope (TEM) images, energy dispersive
X-ray (EDC) analysis, Fourier transform infrared (FTIR) spectrum, and nitrogen adsorption–desorption
isotherm analysis.

After basic characterizations, the authors went on to demonstrate a potential use for the disease
specific gene delivery approach, by using a modification of the calcium silicate coated pSiNPs
(Ca-pSiNPs) surface. First, the surface of the siRNA loaded Ca-pSiNPs (Ca-pSiNP-siRNA, ~20 wt %
siRNA) was functionalized with 3-aminopropyl-dimethylethoxysilane (APDMES) via hydrolytic
condensation. The Ca-pSiNP-siRNA was then conjugated with a bi-functional polyethyleneglycol
(PEG), maleimide-PEG-succinimidyl carboxy methyl ester (MAL-PEG-SCM), via amide coupling
between amine and succinimidyl carboxy methyl ester. The remaining distal end of the PEG was
additionally conjugated, targeting RVG (rabies virus glycoprotein) and cell penetrating peptides
(mTP; myristolated transportan). A mice study was conducted using mice with brain injuries, and it
concluded that the formulation was successfully delivered to the injured site and released the active
siRNA payload.

As a follow-up study, Wang and co-workers reported that a similar demonstration based on the
magnesium silicate (Mg-silicate) trapping of bovine serum albumin (BSA) into the pSi micro-particles
with their photoluminescence intensity analysis [20]. They found that the Mg-silicate can suppress
burst releases of the payload, and this kinetic release can be tracked using the photoluminescence of
pSi micro-particles.

Figure 9. Schematic illustration of the calcium (Ca2+)- or magnesium (Mg2+)-silicate formation of
pSiNPs surface. A thin oxide layer and orthosilicic acid (Si(OH)4) is generated from the pSiNPs in
aqueous media and forms a precipitate that traps the substrate (olive) within the nanostructure.

In this chapter, we cover more recently developed surface modification methods for pSi materials
with their detailed mechanisms, key benefits, and applications. We also summarize the key advantages
and disadvantages compared to existing surface modification methods (Table 1).
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Table 1. Summary of advantages, disadvantages, and applications for each surface modification
methods of pSi materials.

Methods Advantages Disadvantages

Carbonization
(Si–H to Si–C)

- Single-step
- Enhance hydrophobicity
- Enhance stability

- Requires harsh reaction condition
- Requires special instruments
- Need practiced hands

Oxidation
(Si–H to Si–OH, Si–O–Si)

- Facile method
- Enhance hydrophilicity
- Bio friendly

- Loss of pSi during modification
- Difficult to control oxidation state
- Undesired pore clogging

Hydrolytic condensation
(Si–OH to Si–O–Si–R)

- Facile method
- Functional group diversification
- Bio friendly

- Loss of pSi during modification
- Time consuming process
- Undesired cross-linking of pSi

Thermal dehydrocoupling
(Si–H to Si–Si–R)

- Single-step, mild condition
- Enhanced hydrophobicity
- Functional group diversification

- Undesired Si-O formation
- Large amount of reagent (neat)

Ring opening click chemistry
(Si–OH to Si–O–Si–R)

- High yield
- Single-step, facile method
- Functional group diversification
- Inert to payload

- Reaction only in aprotic solvent
- Only for hydroxylated pSi

Ca-/Mg-silicate formation
(Si–OH to Si–O–Ca/Mg–O–Si)

- Single-step, facile method
- High loading yield
- Photoluminescence generation
- Further surface modification

- Exothermic reaction
- Require further modification

4. Summary and Outlook

Surface modification can provide physical- or chemical-stability, functionality, and chemically
reactive sites, which can be used to interact or conjugate substrates. For this reason, there has been
a desperate need for the development of a more advanced surface modification method of the materials.
The existing methods have been confronted by many challenges, such as hydrosilylation, oxidation,
and hydrolytic condensation. In this focused review, we introduced three recently developed and
differing surface modification methods of porous silicon; hydrolytic condensation, ring-opening click
chemistry, and calcium- or magnesium-silicate formation. These new methods have shown remarkable
advantages compared to more traditional existing methods, in an attempt to develop this research
to improve the properties of porous silicon. As scientists undertaking research within the field of
material science, especially based on porous silicon, we believe that the next-generation of surface
modification methods and reagents for porous silicon will have several focuses: (i) ease-of-use, (ii) high
reproducibility, (iii) high bio-applicability (low toxicity), (iv) controllable surface modification ratio,
(v) minimizing or maximizing the pore collapse during the modification, and (vi) multi-functional
surface modified moiety. Advances in surface modification methods and reagents can expand their
application throughout many different fields. In particular, those that are currently attracting attention,
such as polymer fabrication, food preservation coating, cell growth regulation, tissue engineering,
and antifungal coating for medical devices. In addition, this new fabrication technique is expected
to be used in certain applications (i.e., water-repellent coating, photolithography, etc.). We hope this
review offers some basic information about porous silicon and surface modification methods, and that
it can inspire other scientists to develop more advanced methods in order to improve these materials.
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Abstract: Since ancient times humans observed animal and plants features and tried to adapt them
according to their own needs. Biomimetics represents the foundation of many inventions from
various fields: From transportation devices (helicopter, airplane, submarine) and flying techniques, to
sports’ wear industry (swimming suits, scuba diving gear, Velcro closure system), bullet proof vests
made from Kevlar etc. It is true that nature provides numerous noteworthy models (shark skin, spider
web, lotus leaves), referring both to the plant and animal kingdom. This review paper summarizes a
few of “nature’s interventions” in human evolution, regarding understanding of surface wettability
and development of innovative special surfaces. Empirical models are described in order to reveal
the science behind special wettable surfaces (superhydrophobic /superhydrophilic). Materials and
methods used in order to artificially obtain special wettable surfaces are described in correlation
with plants’ and animals’ unique features. Emphasis is placed on joining superhydrophobic
and superhydrophilic surfaces, with important applications in cell culturing, microorganism
isolation/separation and molecule screening techniques. Bio-inspired wettability is presented as
a constitutive part of traditional devices/systems, intended to improve their characteristics and
extend performances.

Keywords: special surfaces; wettability; superhydrophobic; cell cultures; anti-bio adhesion;
self-cleaning fabrics

1. Introduction

Over the last decades, surface and interfacial phenomena gained interest among researchers,
especially through applications which ease medical or industrial procedures, giving the latter the
attribute of being “environmental friendly”. The present paper focuses on the progress made in
understanding and discovering new superficial properties of certain surfaces. The journey into
the micronical size world begins with a short introduction into basic surface chemistry elements,
in relation with the chemical structure of solids. Understanding surface phenomena makes it easier to
unravel some yet unexplained superficial behavior and represents the starting point in developing
useful applications for human kind. A detailed description of surfaces encountered in the natural
(vegetal/animal) environment, is followed by a summary of methods used to obtain solid supports
exhibiting special surface properties. Fast development in wettable surface engineering led to the
discovery of novel applications in medical fields (biomolecule monitoring, cancer cell isolation),
transportation, cleaning and other industries.
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2. Superficial Properties

2.1. Special Wettable Surfaces

Surface wettability characterizes the interfacial phenomena between a liquid and a solid support.
The liquid’s behavior is in fact the wettability indicator. This superficial property is studied in order
to establish hydrophilicity/hydrophobicity of a solid, offering an open gate to numerous every-day
life applications (self-cleaning/anti-bacterial fabrics, anti-reflection, transparent coatings) and also
industrial ones (anti-icing surfaces, special surface patterns). Superhydrophobic surfaces which display
a contact angle higher than 150◦, or 180◦, (according to other authors) and a sliding angle smaller than
10◦ attracted attention of researchers. They were first observed in the natural environment (Lotus
leave, butterfly wings, fish scales etc.). Following the principles of biomimetics, special superficial
surface properties were adapted to human necessities and used as a model in many industrial
areas, including nanotechnologies. In time, many applications related to superhydrophobicity were
unraveled: Development of self-cleaning and low friction surfaces, satellite antennas, solar and
photovoltaic panels, exterior glass, swimming suits etc. Studies show that these superhydrophobic
surfaces have many other attributes: They prevent bacteria adhesion, metal corrosion, improve blood
type compatibility, lower surface icing in humid atmosphere and low temperature conditions, are
constitutive parts of water storage systems and of microreactors, in which new reaction compounds
are produced [1].

Apart from superhydrophobic surfaces, superoleophobic ones gain researchers’ attention.
The suffix “oleo-” refers to liquids of low-surface tension (oils) and other organic liquids.
Superoleophobicity represents the wetting phenomenon characterized through oil droplets displaying
low surface tension on solid supports, along with contact angle values greater than 150◦. Similar to
superhydrophobic surfaces, superoleophobic ones find their applicability in self-cleaning, oil–water
separation, controllable oil adhesion, oil caption etc. Superhydrophobic surfaces properties and
applications will be accompanied by brief correlations with the superoleophobicity fast developing
filed [2].

2.2. Superhydrophobic Surfaces’ Structure

A complete understanding of surface properties was mandatory before discovering numerous
applications of superhydrophobic surfaces. The first experiments developed in this direction involved
studying the structure of certain substances which confer special wettability. Thus, it has come to
the hypothesis that the chemical structure of a solid support is responsible for surface heterogeneity
and roughness. By manipulating these properties, one depending on the other, diverse surfaces with
different properties are obtained.

In order for a surface to be called “superhydrophobic”, three conditions should be fulfilled:
High apparent contact angle, low contact angle hysteresis and a high stability of the Cassie wetting
state. A very interesting structure related to superhydrophobic surfaces was described by Mahadevan
and Pomeau [3]. They observed that liquid droplets (water) rolled onto a hydrophobic powder bed
(Lycopodium), result in formations called “liquid marbles”, exhibiting a superhydrophobic-like behavior.

Contrariwise, in some cases, a drop maintained stable on a hydrophobic support can be
mistaken with Leidenfrost droplets which slide off a heated support, due to the so called “vapor film
levitation”. It happens only as long as the support is heated over a certain temperature (the Leidenfrost
temperature) and the film disappears as the stand cools. Vakarelski et al. (2012) [4] prove that
superhydrophobic surface topography is important when stabilizing the vapor layer, implicitly in
liquid-gas transitions on heated surfaces. The explanation lies in the fact that rugosity and porosities
sustain the vapor layer, as the drop only makes contact with the rugosities’ tips. This hypothesis
was adjusted, as the following demonstration was made: The contact angle attains 180◦ and the
levitating film regime is possible at superheat temperatures. Thus, special coatings (superhydrophobic,
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superamphiphobic, anti-frost etc.) were developed, allowing optimal heat exchange and aqueous
drag reduction.

A transition from the surface phenomena analysis, to the study of molecular interactions reveals
that the strength of the hydrophobic interactions between molecules is influenced by the ionic charge.
Structural modification of hydrophobic surfaces follows an optimization towards molecular recognition
processes, i.e., the ability to manipulate interactions between proteins. Negative ions inserted on
to hydrophobic binding sites at the antibody’s surface, generate special antibodies witch link to
beta-amyloid fibrillar fragments. Thus, fibers cannot link to each other anymore, and the senile plate
which induces Alzheimer’s disease no longer forms [5]. In direct correlation with cell membrane
formation and protein folding, is the hydrophobic hydration phenomenon. It is also responsible
for improving the hydrogen-bonding network between water molecules surrounding hydrophobic
radicals. Davis et al. (2012) [6] state that the structure formed by hydrogen bonds around hydrophobic
groups disappears along with the increase of temperature. The tendency of hydrophobic compounds to
dispose of as “clusters” in an aqueous media is a key phenomenon, paving the way into understanding
biomolecules’ dynamics.

Natural superhydrophobic surfaces exhibit hierarchical roughness at two scale ranges: Micro-and
nano-roughness, as earlier presented. Hierarchical structures are unique in conferring quality
superhydrophobic attributes due to nano-scaled asperities imbedded on top of micro-scaled rugosities.
These rugosities stabilize the Cassie state and lower contact angle hysteresis. Experiments regarding
artificial obtaining of superhydrophobic surfaces reveal that by decreasing surface roughness,
the contact area between the drop and the support increases. Thus, any damage done to the
hydrophobic surface affects the hydrophobicity and leads to unstable Cassie states or unwanted
increasing contact angle hysteresis [7,8]. Experimental studies by Bhushan et al. [9] show that
hierarchically structured plant surfaces exhibit both adhesive and non-adhesive properties. Water
droplets penetrate into the micro-rugosities. Thus, they strongly adhere to the surface. Nano-rugosities
are responsible for the high contact angle values. High contact angles coexist with strong adhesion
to the same surface. The well-known wetting regimes: Wenzel, Cassie, Lotus and Petal may
exhibit both nano- and micro-filled structures, resulting in nine wetting scenarios: Lotus, Rose petal,
Rose filled microstructure, Cassie, Wenzel, Cassie filled nano- and microstructure, Wenzel filled nano-
and microstructure.

Experiments by Zimmermann et al. report that superhydrophobic surfaces’ properties
(performance and durability) are improved by annealing. Other investigations show how hierarchical
surfaces are fabricated on silicon by etching with KOH and catalyzed etching HF/H2O2. Rugosities
stand in nanostructures build on micro-pyramids. If the surface undergoes abrasion, its self-cleaning
properties are reduced and hysteresis increases [7,8].

2.3. Superficial Energy: Empirical Models Describing Surface Phenomena

Even if superhydrophobic surfaces are ubiquitous in the environment, advanced techniques were
needed to fully understand them. In order to elucidate the structure of the hierarchical surface at a
micro- and nano-metric level, the research went into detail. Techniques such as: Scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and atomic force microscopy (AFM) were
used. Thus, the obtained data along with already known surface properties, concluded that a surface
is superhydrophobic if it has low surface energy and a hierarchical nano-metric structure, conferring
a water contact angle greater than 150◦. Young’s equation (Equation (1)) describes the equilibrium
between the forces acting on a droplet placed on a solid support [1]:

cos θ =
γSV − γSL

γLV
(1)

where θ is the contact angle, γSV is the solid-vapor superficial energy, γSL is the solid–liquid superficial
energy and γLV is the liquid-vapor superficial energy.
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Taking into account the fact that a minimal solid-gas superficial energy leads to a maximum
contact angle, a list of surface energies for some chemical groups was established: –CH2– > –CH3 >
–CF2–CF2H > –CF3. Nishino et al. (1999) [10], measures a minimum surface energy and a 120◦ contact
angle corresponding to regularly arranged, close and packed groups of –CF3. However, Young’s
equation can only be applied to smooth, homogeneous surfaces and inert to the fluid they come in
contact with, as showed in Figure 1a. Following this principle, the surfaces encountered in nature do
not follow Young’s wetting regime.

  
(a) (b) (c) 

Figure 1. (a) Young wetting regime; (b) Wenzel wetting regime; (c) Cassie wetting regime.

In 1936, Wenzel [11] proposed an adaptation after Young’s equation (Equation (1)). The wetting
regime is presented in Figure 1b. It considers a roughness factor r, defined as ratio of the actual area
of the rough surface to the geometric area projected on a relatively smooth surface, and the adapted
(apparent) contact angle θ′ is given by (Equation (2)):

cos θ′ =
r(γ SV − γSL)

γLV
= r cos θ (2)

The Wenzel model applies both to hydrophobicity and to hydrophilicity, where r is a roughness
measure favoring both states.

Another model describing the behavior of the liquid droplet in contact with a solid support is
the Cassie–Baxter model (1944) [12]. In this case, the surface displays rugosities, and air “pockets”
between them, which a liquid drop cannot penetrate, as displayed in Figure 1c.

Calculation of the adapted contact angle θ′ considers the surface in direct contact with the liquid.
The fraction f is calculated as follows (Equation (3)):

f = ∑ a
∑ (a + b)

(3)

where a and b are the contact areas with the drop (a) and respectively air (b). (1 − f) stands for the
drop-air contact area. Considering a contact angle of 180◦, the calculation expression is (Equation (4)):

cos θ′ = f cos θ+ (1 − f) cos 180◦ = f cos θ+ f − 1 (4)

Werner’s model (2005) [13] takes into account the possibility of the drop’s penetration between
the rugosities of the support. It shows a continuous increase of the contact angle, due to heavily
hydrophobic “pockets” of air, which promote hydrophobicity, but only in case of rugged supports.

According to some authors, Quéré et al. (2003, 2004) [14,15] there is a critical value of the fraction
f, (respectively of the critical contact angle θc), under which the Cassie model can exist, and the Wenzel
model is thermodynamically more stable. This state is in fact evidence that the Wenzel regime is the
state of equilibrium of the Cassie model. The corresponding critical contact angle θc is determined by
the following equation (Equation (5)):

cos θc =
1 − f
r − f

(5)
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In 2006, Yang et al. [16] develop a study with droplets placed in contact with surfaces displaying
a fractal structure. It provides evidence that the contact angle depends on the average square root of
surface roughness and is independent of the fractal dimension of surface Df at a nano-metric level.

Researches’ opinions are divided when discussing wetting states equilibrium or transitions.
More recent studies (2017) show that both Cassie and Wenzel regimes are meta-stable and co-occur

at the same surface. A “bi-stable” wetting regime is assigned to hydrophobic textured (linear, pillar)
surfaces. Experiments show the following: A Cassie levitating state corresponds to drops placed
onto a hydrophobic support, whilst a Wenzel “impaled” (pinned) state refers to drops after an impact
with the same surface. Wetting transitions between these states were reported as being responsible
for spontaneous/external stimuli (pressure, vibration) triggered changes of a drop’s contact angle.
This barrier is a result of increasing liquid-air interface, as the liquid penetrates through the support.
The value of the energy barrier separating Cassie and Wenzel states is attributed to a hierarchical
organization i.e., surface roughness of the support. Revealing the wetting transition mechanism
represents the answer in engineering highly stable superhydrophobic materials. Thus, experiments
carried out by same authors reveal how wetting transitions are irreversible, due to asymmetry of the
energy barrier (low from the side of the metastable state and high from the side of the stable state).
Trend on future investigations are proposed [17,18].

Experiments by Yanshen et al. [18] were carried out to suppress the energy barrier, as a starter-
guideline in optimizing future design of super-repellent materials. In this case, transitions between
the Cassie and Wenzel state proved to be, in fact, spontaneously reversible. The method proposed by
authors to probe Wenzel to Cassie (W2C) and Cassie to Wenzel (C2W) transitions implied analyzing
a drop’s behavior while squeezing and releasing between a textured surface and a non-adhesive
plate. C2W transitions triggered by pressure, impact, underwater submerging proved to be reversible.
In addition, it was demonstrated that it is possible for the two Cassie and Wenzel wetting regimes
to co-exist on a double-scaled textured surface, similar to those found in the natural environment.
Thus, the Wenzel state corresponds to the larger texture and Cassie to the smaller one (nano-Cassie
state). The smaller rugosities do not allow irreversible trapping of water drops. The surface in the
nano-Cassie state preserves its hydrophobicity and ability to induce reversible penetration of drops
through larger rugosities (slippery character). The spectacular dynamics of water drops meeting
such hydrophobic/superhydrophobic textured materials remains a challenge for future investigations
concerning the development of robust super-repellent materials.

Investigations concerning wetting transitions of different rough surfaces (natural and synthetic)
reveal how transitions may also occur as follows: Mixed Cassie air trapping/Wenzel state to Cassie
impregnating state, mixed Cassie air trapping/Wenzel state to Wenzel state, Wenzel state to Cassie
impregnating state and Cassie air trapping state to Cassie impregnating state. The Cassie impregnating
state is characterized by the lowest energy [19,20].

The above mentioned four wetting states (Young, Wenzel, transitions and Cassie states) also
apply for an oil droplet on a flat or rough solid substrate. In this case, the corresponding liquid in the
equations refers to corresponding oils [2].

In order to achieve superoleophobicity, the formation of the Cassie wetting state is crucial.
Since the liquid drops exhibit low surface tension, not all rough microstructures display a Cassie
wetting state. Thus, a third parameter is introduced: Re-entrant surface curvature. Along with
surface microstructure and low-surface energy, it is essential in obtaining superoleophobic surfaces [2].
The importance of re-entrant surface curvature in obtaining superoleophobicity was demonstrated
using POSS (polyhedral oligomeric silsequioxane) covering fiber mats. Fluorodecyl POSS displayed
with oil drops contact angle smaller than 90◦, whilst the covered mats showed re-entrant surface
curvature and proved to be superoleophobic [21].
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3. Special Surfaces

3.1. Natural Special Surfaces

Throughout history, people were captivated by the special survival skills of animals and even
plants. Their close observation and study, helped human kind understand and adapt those properties
into a useful approach to their evolution. Thus, following the principle of biomimetics, man built the
plane after observing bird’s flight, the helicopter inspired by the body of the dragonfly, the submarine
resembling a whale, and the Velcro closure system according to the way burdock (Arctium sp.) spreads
its seeds.

Since ancient times, humans noticed the ability of plants to keep clean in marshy environments,
to provide their water needs in arid areas. However, these skills remained a mystery until the
1960’s when the development of SEM analysis techniques allowed a detailed investigation of surface
properties. The plants and insects that raised questions on their survival skills were studied. In 2007,
it was concluded that there are two types of microstructures conferring superhydrophobicity to the
leave. The first model corresponds to hierarchical micro-/nano-metric structures (Lotus, rice, taro),
and the second consists of a unitary structure, an ordered fiber network, with diameters of 1–2 μm
(Chinese watermelon, Ramee leaves). The idea that the surface is superhydrophobic only if it has a
hierarchical structure with micronic roughness was demystified [22]. Literature brings to light leaves
whose capacity to reject the water resides in the presence of vertical hairs (Alchemilla vulgaris) [23] or
horizontal hairs (Populus sp.) [24].

An illustrative model for superhydrophobicity is the lotus leaf (Nelumbo nucifera), displaying
a surface network which allows dust particles to be removed by rain drops [25], as illustrated in
Figure 2. It’s considered to be derived from the Cassie-Baxter wetting model. At a micro-metric
level, convex papillae are distinguished. At a nano-metric level, wax needles appear to be responsible
for superhydrophobicity (contact angles greater than 150◦). The veins placed on the top of the
Tropaeolum plant leaves, secrete a wax-like substance, similar to the one on lotus leaves, providing
cleansing through rolling water droplets. Curiously, the lower side of the lotus leaf has a different
chemical structure and architecture, thus, inverse wettability. No waxy crystals are present, but tabular
nano-grooved convex lumps cover the leaf’s lower side surface. Superoleophobicity and low
oil-adhesion in water were demonstrated by a measured contact angle of 155◦ and sliding angle
of 12.1◦ for a 1,2-dichloroetahne [2].

Figure 2. Dirt particle removed by rain drops from the Lotus leave’s surface.

Superficial features of plants allow them to survive while floating on water, or while submerged.
Salvinia molesta (water fern) is equipped with hydrophobic hairs which end in hydrophilic peaks [26].
They retain a layer of air, stabilize the air-water interface, while submerged under water and allow
“respiration” (The Salvinia Paradox) [27]. Photosynthesis also continues in submerged Oryza sativa
(rice), through the air film retained at the superhydrophobic leaves surface [28]. Leaf gas films enhance
gas exchange, conferring plants the ability to survive during floods. They also delay salt entry in
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Melilotus siculus (melilot) by diminishing Na+ and Cl− intrusion through the submerged leaves,
allowing short-term survival in salty water [29].

Out of the plant kingdom, the carnivorous plant Nepenthes alata stands out as an example of a
surface with special superficial properties. Experiments show that its peristome has unique structural
characteristics, which allow directed water transport through a microcavity system, in the absence
of any chemical gradient. The plant feeds on insects. A continuous fluid film rejects the oils from
insect’s feet, sending them from the surface of the peristome into the “jug” type structure, where they
are digested [30]. Many plants, such as taro (Colocasia esculenta), India canna (Canna generalis baley),
rice (Oryza sativa), have leaves with contact angles higher than 150◦ and sliding angles of less than 10◦,
depending on the papillae arrangement [31]. Unique structures are found in Strelitzia reginae, which
leaves are furrowed by parallel grooves. They show anisotropic superhydrophobicity, so that a drop of
water remains anchored as the leaf is inclined in the grooves direction, or slides off, as the leaf leans
perpendicularly to the direction of the grooves [32].

In most cases encountered in plants, a primordial importance of superhydrophobicity in leaf
cleaning is conferred by the micro-modeled surfaces. There are special cases, like the Cladonia chlorophea
lichen, in which cup shaped structures placed on hydrophobic strains, limit water storage only to the
pores at the base of the stem [33]. The lichen retains only the required amount of water, banning the
accumulation of any excess water, which would prevent spore spreading during reproduction.

Recent research divides superhydrophobic surfaces into opposite categories, judging by
interactions with a solid. Thus, there are “slippery” surfaces (Lotus leaves), which present minimum
water resistance, and “adherent” surfaces (gecko lizard) [34]. It has been thought that the gecko lizard’s
ability to climb, is due to structures on its fingers, which secrete adhesive substances, similar to those
which allow the rise and hanging of ivy (Hedera helix) [35]. The lizard can climb even vertical surfaces,
due to microscopic, aligned hairs, divided into nanometric formations called setae [36], as illustrated
in Figure 3. A drop placed on this surface (a highly adhesive superhydrophobic surface) retains
its shape, even in an anti-gravity position [37]. Following adhesive force’s model, climbing a glass
building using Kevlar special gloves and polyurethane was accomplished (2009) [35]. The category of
superhydrophobic and super-adhesive surfaces includes rose petals. They possess a network of micro-
and nano-structures, similar to the lotus, but of larger size.

Figure 3. Gecko feet structure. Water drops on setae.

The work of Jiang et al. reveal the micro-architecture of the red rose petal. Superhydrophobicity
(contact angle of 152◦ and high hysteresis) is given by micro papillae covered in nano-folds. These
rugosities make a water droplet adhere to its surface and maintain a spherical shape. Even if turned
upside-down water does not fall/roll off the surface. The phenomenon is called “petal effect”, assumed
to correspond to the Cassie impregnating wetting model. The Cassie impregnating wetting state is
characterized by a liquid film impregnating the grooves but leaving some plateaus dry, as presented
in Figure 4a. Moreover, it was demonstrated that the drop’s volume is the one conditioning this
special behavior, with a different dynamic compared to the lotus effect. Thus, a small droplet sticks
to the surface because its volume is smaller than the surface tension. When receding 10 μL in
volume, a volume-surface tension balance is reached, and overcoming it triggers the droplet’s fall.
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This explanation stands up when discussing why smaller drops maintain stable spherical shape on
petals and why rain drops do not and roll of [38].

 
(a) (b) 

Figure 4. Petal surface structure (Cassie impregnating wetting state) (a) and Lotus leaf surface structure
(Cassie state) (b).

When comparing the lotus leave’s hierarchical structure with the rose petal one, differences stand
in microstructures and also chemical composition. Thus, a drop on a lotus leaf has a small contact
angle hysteresis, waxy protrusions prevent water from entering the micrometrical structure and so the
droplet is free to roll of (advancing and receding at different contact points) as the leaf is tilted. Micro
and nano-structures covering the petal are both bigger than those of the lotus. That makes the drops
adhere to the surface, due to water being sealed in micro papillae, while exhibiting a high hysteresis
when the petal is tilted/turned upside-down [38].

Experiments were carried out in order to artificially recreate the rose petal hierarchical structure.
By mimicking the rose petal effect, superhydrophobic and also adhesive polymer films were developed.
The natural petal is used as a template during the fabrication process, making the method an
environmental friendly one compared to other techniques [38].

Following the path of herbal substances unusual applications, Zhang (2009) [36] proposes the use
of ivy nano-particles in sunscreen lotions. The additional advantage over conventional creams is that
of uniform topical application, very good skin surface adhesion, and the ability to successfully block a
wide range of UV radiation wavelengths. An unprecedented breakthrough, with a high impact in the
medical field, is the use of tree moss to obtain adhesives. In 2014, moss was found to be non-toxic and
stronger than super-glue. It proves to work successfully in wet environments, joining both soft tissues
and bones [35].

Researchers interest regarding the functionality of insect wings lead to the discovery of the
following: Superhydrophobicity of insect wings derives either from tiny, cape-shaped structures,
miniscule hairs or from scaly formations [39]. Numerous investigated insect species reveal wings
with nanometric, hierarchically disposed scale structures, which enable flight and do not allow dust
contamination, as illustrated by Choi et al. [40]. Study of the cicadas, highlighted the possibility of
encompassing both transparency and superhydrophobicity, by alternation of nanostructure dimensions,
conferring homogeneity. Their wings are able to selectively kill Gram-negative bacteria, without
attacking Gram-positive ones [41].

Nature has its own ways when it comes to special wettable surfaces. The desert beetle (Stenocara
gracilipes) is a special exponent of superhydrophillic surfaces joined with superhydrophobic ones.
The usefulness of the association is to ensure the beetle’s need of water, in high temperature conditions.
Analysis highlight that the back of the beetle is full of hydrophilic non-waxy peaks, which capture
water from the fog, in form of droplets (Figure 5), as shown by Ueda and Levkin (2013) [33]. As the
droplets become too large, they slip on wrinkled hydrophobic waxy edges.
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Figure 5. Namib desert beetle displaying superhydrophobic edges and superhydrophilic back protrusions.

Many authors [33], emphasize the importance of joining superhydrophilic surfaces (large surface
energies, low contact angles ~0◦) and superhydrophobic ones (low surface energies, high contact
angles > 150◦). Wettability variations function as advantages. Among them, the following are listed:
Easy drop positioning as close as possible to each other, since the hydrophobic support does not
allow interactions; simple surface geometry elaboration, including superhydrophilic water filled
micro-channels. If the pattern follows the Cassie–Baxter wetting model, then the droplet’s bio-adhesion
does not occur and subsequent sampling is done, keeping the contents intact. The proposed model
may be a source of inspiration in creating devices capable of collecting water from fog, in arid areas.

Although the behavior of water droplets placed on Lotus leaves was studied in air, it was unknown
what happens if the superhydrophobic side is turned face to water. Thus, in 2009, it was shown that
droplets break as the leaf turns, showing superaerophilicity. In connection with this phenomenon,
the diving spider’s (Argyroneta aquatica) survival underwater was explained. In order for it to breathe
while submerged, it creates an artificial lung, an oxygen bubble that remains trapped between its
feet and abdomen. The novelty lies in the bubble’s silk outer shell, which is hydrophobic and gas
permeable, allowing underwater breathing. This approach represents a model in developing methane
transport systems, in preventing undesirable underwater discharges and global warming [42].

It is important to notice chemical structure in correlation with surface architecture of the seaweed
(Saccharina japonica). The porous structures on its surface combined with the effect of salt-insensitive
polysaccharides translate into durable underwater superoleophobicity, even in high-salinity and
high-ionic water. In the same wettability regime, the clam’s two region-divided shell architecture,
proves to have anti-oil properties. The hydrophilic CaCO3 composition along with the rough
hierarchical microstructure makes the shell oleophobic under water (region 2) keeping it clean all the
time, whereas the other region (region 1) is polluted by oil [2].

3.2. Superhydrophobic Surfaces: Learning from Nature

Following the principles of biomimetics, superhydrophobic surfaces were artificially obtained.
Once the surface properties (contact angle, superficial energy) of natural solids are established, they can
be varied one depending on the other and applied to synthetic materials. Thus, innovative raw
materials are born.

The generic method used to artificially obtain superhydrophobic surfaces follows the lotus leaf
model i.e., its self-cleaning capacity conferred by wax epicuticular crystals. Its hydrophobicity arises
from the –C–H and –C–O– groups [43].

Fabrication of superhydrophobic surfaces following the principle of biomimetics began in 1990.
In 1992, a submicrometer-roughed glass plate was hydrophobized using fluoroalkyltrichlorosilane,
with contact angles approaching 155◦ [44]. Among early synthetized super water repellent
surfaces, the one prepared by Shibuichi et al. (1996) [45,46] included n-alkyl ketene, with contact
angles of 174◦, due to the fractal nature of the surface. Alumina coatings were obtained with
fluorialkyltrimethoxysilane on porous alumina gel (1997). Ion-plated PTFE coatings with nano-metrical

300



Materials 2018, 11, 866

rugosities were reported in the same year [47]. Experiments were carried out by McCarthy [48]
to determine the effects of topography on wettability. Patterned silicone surfaces prepared by
photolithography and salinization were obtained. Their wettability was also investigated in correlation
with square posts dimensions. Contact angles appeared to be independent of square posts heights
and of surface chemistry, when their dimensions ranged 20–140 μm. Surfaces with square spots of
64–128 μm dimensions were not ultra-hydrophobic as expected. Water drops penetrated between the
square posts and were pinned to the surface. The phenomena intensified as the distance between posts
increased or as the shape of the posts was changed to rhombus, star. Thus, the maximum length scale
that confers surface hydrophobicity was established at 32 μm for surfaces covered in square posts.

Ever since the first artificially obtained special surfaces were reported, various methods were
improved in order to confer surface roughness, transparency, possibility of color change, reversibility,
permeability, anisotropy [49–51]. Some methods involved the use of fluorocarbon derivatives. Nature
has shown that the presence of such compounds is not mandatory in order to obtain low surface
energy [43]. Techniques that produce replicas of natural surfaces were developed. Among methods
used to artificially create special surfaces, depositing hierarchical micro- and nanostructures on a
hydrophobic substrate or chemically modifying a low superficial energy surface are proposed by some
authors [52–54].

The artificial fabricated surfaces should display a hierarchical/unitary structure. Among
known procedures, the most popular are: Chemical reactions in a humid atmosphere [55,56],
thermic reactions [57,58], electrochemical deposition [59], individual/layer-by-layer assembling [60,61],
etching [62], chemical vapor deposition [63], polymerization reactions [64]. These techniques are
applied to silicone, copper, zinc, titanium, aluminum, cotton or glass substrates, depending on the
procedure. Surfaces obtained after these modifications, display contact angles greater than 150◦.
Among the easiest and fastest to apply techniques are hydrothermal and chemical reactions in humid
air. They can be adjusted to obtain objects of any shape or size [22]. Another versatile method used to
deposit a salt solution on to a metal, is electrochemical deposition, which also confers the support a
furrowed structure with numerous micro-grooves [59]. Depositing carbon nanotubes onto a cotton
support, creates an artificial structure similar to the lotus leaf [65]. Chemical vapor deposition proved
to be efficient in “constructing” micro-pyramid like patterns with contact angles greater than 170◦ [66].
Sol-gel techniques which confer hexagonal ordered superficial structures may be applied on to many
substrates like glass, metal, silicone, textile materials [67].

By applying the techniques previously mentioned it is possible to mimic natural special surfaces.
For instance, the duplication of petals’ surfaces was achieved. Polymer films were obtained by using
the red rose petal as a duplicated template. Imprinting of the nano-metric roughness is made through
solvent-vapor techniques. Practically, a PVA 10% and PS 15% solutions were poured separately on
different petals and evaporated. What is left behind is a PVA, respectively PS film imprinted with the
micro structured pattern of the petal. The obtained films exhibit exactly the same wettability as the
original petal i.e., high contact angles, hysteresis which does not allow rolling of droplets even if the
plane is tilted [38].

The lotus leaf double-scaled surface pattern was also achieved. Experimental studies reveal
the possibility to obtain polymeric superhydrophobic surfaces through a solvent-free ultrafine
powder coating technique. Contact angles attain values of 160◦ and sliding angles do not exceed
5◦. This method proved efficiency in mimicking the lotus leaf surface micro-and nano-scaled
pattern without the use of any solvents that prove to emit toxic compounds into the environment.
The method represents a breakthrough in the coating industry [68]. Large scale fabrication of special
superhydrophobic surfaces is a continuously developing domain and “natural templates” still serve as
models in designing innovative coatings.
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3.3. Innovative Superhydrophobic Materials and Coatings

The previously submitted production techniques applied to obtain superhydrophobic
surfaces/coatings, along with physical and chemical adsorption adjustments are applicable to
non-reusable substrates (polymers, minerals).

Among low surface energy materials, fluorocarbon and silicon derivatives, some organic and
inorganic compounds have been preferred for many years. Hsieh et al. (2006) [69] demonstrate
that the fluorine/carbon ratio is the one influencing the superhydrophobic degree of the surface.
Thus, the more fluorine atoms are included in the structure, the higher becomes the hydrophobicity.
Genzer and Efimenko (2000) [70] assert that another determinant of stability and hydrophobicity is the
density and layout of certain chemical groups. Experiments prove that F(CF2)(CH2)xSiCl3 molecules
applied on a polydimethylsiloxane (PDMS) stretched substrate, immediately form an organized layer,
whose contact angle increases by 30◦, as the stretching force is removed.

When it comes to roughness, statistical parameters are indicative and cannot be extrapolated at a
micro-/nano-metric level, for any type of surface. Geometrical roughness is considered and a direct
correlation between roughness data corresponding to different sample sizes is attempted.

Polymers and minerals gained importance due to their potential as supports, with small to very
small surface energies. However, these hierarchically organized structures have an inconvenient:
Possible unwanted hydrophilic components. Thereby, they do not lend to the rigorous requirements
of a hydrophilic barrier imposed in many fields (printing, packaging, perishable storage). In attempt
to preserve the environment, these non-renewable supports were replaced with bio-based materials,
derived from wood, plant fibers, agricultural residues. Lignocellulose is one example, thanks to its
ease of purchase and transport, low mass and abundance. Progress has been made in the cardboard
and cotton industry through producing superhydrophilic materials using cellulose as a base [1].

Following the direction of environmental-friendly materials, cellulose nano-crystals and
composites receive attention. Cellulose undergoes roughening processes in order to lower its free
surface energy. The structure and surface properties of cellulosic fibers are adapted through sol-gel
processes or nano-particle deposition (metal oxides, minerals, polymers). Thus, the modified cellulose
has both static and dynamic contact angles (hysteresis). The durability of the applied rugose layer
allows any required improvements [71]. Recent experiments focused on durability and robustness of
lignin-coated cellulose nano-crystal (L-CNC) particles. Commercial biodegradable L-CNC particles
were used after hydrophobization (used to confer roughness). Two adhesives were used to support
sticking between L-CNC particles and substrates. The resulted coatings exhibit astonishing attributes:
Self-cleaning properties, water repellency, durability against sandpaper abrasion, finger-wipe, knife
scratches, water jet, UV radiation, high temperature exposure, acid and alkali solution [72].

Remaining in the same field of textile materials, superhydrophobic flame-retardant cotton was
developed by a researcher group using layer-by-layer assembly of branched poly(ethylamine) (bPEI),
ammonium polyphosphate (APP) and F-POSS. Experiments reveal that exposed to fire, the cotton
fabric and bPEI dehydrate, catalyzed by APP. Thus, a heat insulating char layer with porosities is
generated. Pores are formed due to decomposition of bPEI and so the formation of flames is delayed.
This is a very useful discovery for the field of flame-proof materials [73]. An effective method to
use lignocellulose (LC) as base-support to fabricate superhydrophobic surfaces with flame retardant
properties was recently discovered (2018). PDMS-stearic acid-modified kaolin-coated LC attains
contact angles of 156◦. Due to kaolin particles, it also displays good flame retardant properties [74].

Since the UV-radiations were proved to be the cause of many human health affections, UV blocking
products gained popularity. Besides the well-known cosmetic products, it seems that UV blocking
textile products are receiving well-deserved attention. Some studies developed UV blocking textiles
using white pigments. The expansion of the green technologies reflects on the development of
multifunctional textiles (self-cleaning, antibacterial). A research group demonstrated UV radiation
is absorbed by PET fabric covered in ZnO/SiO2 pencil-shaped rods. The explanation lies in the
nano-scaled rugosities and superhydrophobicity conferred by ZnO/SiO2, exhibiting a receding
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contact angle (from 160◦ to 90◦) when exposed to UV light, due to hydrophilic groups [73].
Novel methods (2018) to produce superhydrophobic superoleophobic-covered silk textiles are reported
by Aslanidou et al. Alkoxy silanes, organic fluoropolymers, silane quaternary ammonium salt and
silica nanoparticles are included in an aqueous solution which is sprayed onto silk. Thus, it gains
both superhydrophobicity, superoleophobicity (contact angles greater than 150◦) and also antibacterial
properties. The coating confers a double roughed surface architecture which also acts as an
antimicrobial agent, hindering microbial growth [75].

Another way of exploiting superhydrophobicity as an advantageous property is the use of
waterborne resins made of aqueous silanes and siloxanes solutions containing silica nanoparticles.
Once deposited onto marble, sandstone, mortar, wood, cotton, ceramic artifacts, the composite
superhydrophobic protective film turned out to be a simple, cost effective and most of all environmental
friendly (no organic solvents are used) technique to protect cultural heritage [76].

Superhydrophobic self-contained surfaces, which retain their properties over time have been
obtained. They represent a complete and independent unit in and of itself and are autonomous.
Even so, it is difficult to mimic the self-healing properties of natural surfaces and even harder to
confer wear resistance, without altering the area’s characteristics [26]. A novelty in this field is the
SLIPS (slippery liquid-infused porous surfaces) technology, inspired by the lotus leaf. Basically,
it refers to smooth and slippery coatings applied on sports shoes, or used in the construction field,
military uniforms, medical gowns, in order to avoid biological fluid contamination. SLIPS surfaces
were described as having the ability to clean themselves, due to surface fluids incorporated into
the micro-/nano-porous substrate, forming a smooth surface. They are able to remove impurities
with complex structures (oils, blood). No synthetic surface meets all the qualities of SLIPS surfaces:
Large contact angle, lack of hysteresis, low slip angle, optical transparency, instant repair due to
capillary action given by surface energy. Surfaces that serve as omniphobic materials, with possibilities
to apply in fluid/biological materials, fuel transportation, glass surfaces that do not freeze and clean
individually are still developing [77]. Another area in which SLIPS is being popularized is the sports
footwear industry. Tests on sports shoes show that the SLIPS technology provides the best protection
against moisture, but as a compromise, it does not allow the skin to be aerated. In 2009, a material
whose structure mimics pine cones, with structures that open or close according to humidity was
placed on the market. A single fiber includes two distinct polymers: A hydrophilic and a hydrophobic
one which react according to the environmental conditions. Since 2016, another type of hybrid material
has been used for yachting equipment. It is particularly useful in special activities, allowing opening
and closing of temperature-dependent fibers, with the release of hot and humid air [78].

4. Applications of Superhydrophobic Surfaces in the Medical Field

As previously described, superficial properties determine superhydrophobic surfaces applications.
An evolution was noticed in the use of artificial special surfaces in various fields. Continuous efforts
are made in order to discover innovative means of use, in both industrial and laboratory fields, as well
as in the medical field. [79].

4.1. Anti-Bio Adhesion

Biochemical phenomena such as protein adsorption, bacterial adhesion, and development
of cell cultures are influenced by the support’s wettability, which can be manipulated in the
desired direction [79]. Thus, Lampin et al. (1997) [80] experimentally demonstrate that protein
adhesion is favored by hydrophobicity conferred through a PMMA (polymethyl methacrylate) coating.
More recent studies by Zelzer et al. (2008) [81], show that fibroblasts adhere differentially to a surface
exhibiting a chemical gradient: From hydrophobic (polymerized hexane plasma) to hydrophilic
(allylamine-polymerized plasma). In order to minimize activation and adhesion of blood platelets on
to an implant/prosthesis surface, in vitro experiments have been carried out. It was demonstrated
that platelets do not adhere or propagate further, on supports covered in TiO2 nanotubes matrices,
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which are compatible with blood. In 2009 [82], four types of PDMS (polydimethylsiloxane) surfaces
with rugosities of various sizes were developed: Superposed scale plates, sub-micron structures,
nano-structured and smooth surfaces. The superposed scale plate surface proves to be the most
effective against adhesion of blood platelets, under biological blood flow conditions. Statistical
results also show a low surface adhesion, whilst the highest degree of adhesion corresponds to the
smooth surface.

4.2. Anti-Bacterial Fabrics

Surface roughness combined with a low superficial energy, led to the artificial production of
surfaces exhibiting special wettabilities, i.e., superhydrophobic surfaces. Considering liquids with a
superficial energy lower than water (decan, octane [21], oils) and taking into account an additional
parameter, surface curvature, superoleophobic surfaces with contact angles greater than 150◦ were
developed [2]. Superoleophobic cellulose fibers have been obtained by modifying siloxane with silver
nanoparticles, with the help of an active organic/inorganic binder. The inherent property of these
fibers resides in antibacterial activity against Escherichia coli (100% suppression rate) and Staphylococcus
aureus. Additional treatments applied to cotton fabric improved antibacterial activity, conferring
durability and ease of washing [83]. Through special treatments with fluoroalkyl silanes, glass acquires
its antibacterial action against small concentrations of Pseudomonas aeruginosa and Staphylococcus aureus.
Aizenberg et al. [84] show that PEG films exhibit much lower antibacterial activity compared to
fluorinated silicone oil infused slippery surfaces capable of removing 96–99% of the bacteria. Special
coated (Siloxane + antimicrobial agent (am) + SiO2) superhydrophobic silk shows a decrease in spore
adhesion and growth compared to uncoated or Siloxane + am agent coated samples, kept in the same
conditions [76].

4.3. Cancer Cell Isolation

All cell types (including cancerous cells) display certain protrusions on the membrane’s surface,
through which they interact with the biological medium: Bind to target cells/tissues or reject possible
harmful agents (macrophages, antibodies). Thus, any medical material/implant/device that comes
in contact with the human body, should be carefully designed. Attached cytophilic/cytophobic
moieties (superhydrophilic/superhydrophobic), influence detection of circulating cancer cells [85,86].
Nanometrical printed roughness confers superhydrophobicity, captures only cancerous cells and
does not allow adhesion of healthy blood cells [42]. Improvements have been made so that
nanostructures–cell interactions successfully remove ill cells from the patient’s blood. This method
opens new gates in early diagnosis of rare cells which cannot be done using existing technologies
(biopsy) [87]. Galactozylated carbon nanotubes are also cytotoxic structures, and can be used to capture
viruses or bacteria [88].

5. Special Patterns. Joining both Superhydrophobic and Superhydrophilic Surfaces

In order to find more effective methods to study biomolecules’ (peptides, oligonucleotides,
enzymes) activity, innovative techniques have been developed at a small scale i.e., micro-pattern
supports, made from superhydrophobic and superhydrophilic adjacent areas, as illustrated in Figure 6.
Basically, molecules of interest, in the form of aqueous solutions, are deposited on hydrophilic areas.
They remain separated from each other, due to hydrophobic zones which surround them, which do
not allow migration or mixing. A single support may comprise hundreds of droplets, with volumes
ranging from pico to microliters. Another proposed model implies that pre-impregnated spots carry
cells of interest, selected from a library of molecules. Biomolecules are included both in aqueous
solutions and isolated hydrogels, allowing 3D screening and complete immersion in a common
environment. Comparative analysis of cell behavior and creation of a supportive culture medium
is carried out. Microscopic analysis can be achieved due to the transparency of hydrophilic spots,
separated by opaque superhydrophobic barriers [34,89,90].
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Figure 6. Schematic representation of patterns joining superhydrophobic with superhydrophilic areas.

5.1. Peptides Separation

Wettability can also be set up as a grading criterion. Thus, 2D thin layer chromatography
techniques are applied to separate peptides with different hydrophilicities and isoelectric points.
Separation happens due to a superhydrophobic porous polymeric support, engraved with
superhydrophilic channels. In fact, there are two processes that lead to separation: One inside
the microchannels, as the aqueous mobile phase migrates to the hydrophilic areas, guided by the
superhydrophobic pattern on support; the second process is based on the use of a mobile phase
with acetonitrile (the separation itself). The separation occurs according to the hydrophobicity
of the peptides. Detection is made through desorption or electrospray ionization. This method
gives rise to the use of micron-sized diagnostic systems, by joining superhydrophobic patterns with
superhydrophilic ones [91].

5.2. Molecules Screening

Hydrophobic/hydrophilic merged areas were developed at a micrometric level, in order to
synthesize new inhibitors of serine protease NS3/4A, a promoter of hepatitis C virus. The pattern
consists of areas with hydrophilic points, which ensure the stability of nano-droplets, placed on a
hydrophobic support. NS3/4A inhibitors were synthesized into the drops [92]. Microdroplets placed
on these special surfaces, allowed analysis of auto-fluorescent molecules, with possible applications in
non-invasive diagnosis and real-time imaging [93].

Techniques based on merging different wettability surfaces, proved to be useful in assessing
molecular and enzymatic kinetics, completing studies on drugs’ mechanisms. The advantages of these
techniques include: The possibility to control pattern’s geometry, droplets position and volumes, safety
by means of droplets stability which cannot migrate to another adjacent formation, ability to easily
handle small volume drops, space and reagent saving, as well as fast by means of preparation and
analysis methods [89].

6. Applications Derived from Water’s Behavior

6.1. Anti-Icing Properties

The optimal functioning of airplanes, boats, telecommunication routes and highways is influenced
by ice formation. Over the years, procedures were developed to avoid the frost of these surfaces.
In recent years, the use of superhydrophobic materials that prevent/reduce condensation and ice
formation became popular [42].

The anti-freeze property of superhydrophobic surfaces is already well known. Liangliang Cao et al.
(2009) [94] discover a correlation between particle size and anti-freeze properties. An important aspect
is brought to light: There is a difference between the particle size which confers superhydrophobicity
and the one conferring anti-freeze characteristics. Obtaining a surface with both attributes has
been a challenge in terms of factors influencing water’s frost on a surface: The adhesion of ice on
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superhydrophobic surfaces and environmental conditions. The study is based on including a polymeric
binder (silicone resin, acrylic polymer, silica particles) in the composition of nano-particulate polymeric
surfaces. Further research is needed to establish a superhydrophobic surface design that satisfies the
rigors of anti-freeze surfaces [94]. It is desirable to develop coatings which maintain dryness of the
support, determining the drops to bounce off the surface. This way, metal rusting and airplane wings
frosting can be avoided [26]. Attempts were made to link surface frost to the “ascending/descending”
contact angle observed in ice adhesion on steel surfaces. Thus, by increasing the “withdrawal” contact
angle, ice adhesion intensifies [95]. Two-leveled highly hydrophobic surfaces which do not allow
formation of ice crystals, not even at extreme temperatures (−30 ◦C) were developed [96].

In 2013, experiments were conducted to analyze the behavior of a droplet falling on a
fluorosilane-coated surface. Within milliseconds, the following events take place: Surface scattering,
kickback, lifting. The events start with the drop’s impact, which then stimulates the center’s lift and the
entire drop rebound [97]. In 2015, the droplet’s jump off the superhydrophobic support was elucidated
through an experiment developed in a dry-aired room and under low pressure. The drop rests on the
rugosities of the support. Beneath it, are air voids including water vapors. Here the pressure is higher
compared to the environmental one, resulting in the droplet’s lifting. Another explanation is based
on the sudden freezing of the already cooled droplet, which causes a rise in pressure and jump of the
droplet. Of course, methods involving lowering ambient pressure cannot be applied to avoid frost in
open spaces, but can be used at laboratory level [98].

6.2. Oil–Water Separation

Industrial accidents and massive spills resulted in enormous quantities of ecosystem-damaging
oils and mixtures being discharged in seas and oceans. In order to support water cleaning, systems
based on superhydrophobic/superoleophilic materials are developed [42].

Meshes of porous materials superhydrophobic–superoleophilicity or superoleophobicity–
superhydrophilicity were a success as oil–water separation devices. An oil removing mesh removes
oil form a water-oil mixture. Water did not wet the mesh due to the superhydrophobicity, but the
oil fully wetted and permeated due to superoleophilicity. Separation occurs successfully. The only
issue stands in the fact that oil blocks the mesh, decreasing the efficiency of the separating material.
Other meshes, able to remove most oils (with lower density than water) were developed [2].
Diesel can be separated from water using Teflon-coated stainless-steel mesh systems. Organic
solvents can be separated by absorption through nano-fiber membrane systems, which combine
superhydrophobicity/superoleophobicity with capillarity [99]. In addition, by combining the two
surface properties and adapting them within an aqueous medium, a net covered in a hydrogel was
obtained. It separates water from crude oil, gasoline, and diesel oil. It is easy to clean and can be
reused, putting an end to the waste water pollution process [100].

7. Applications of Superhydrophobicity in Other Domains

Nowadays, as our planet becomes more polluted, self-cleaning and anti-fouling materials are of
much need. By means of self-cleaning, many superhydrophobic applications are included, such as
anti-bio adhesion, as earlier presented. In addition, anti-reflective, anti-icing/fogging materials, water
purification systems are of high demand when it comes to extreme situations (industrial oil spills,
foggy airplane windows etc.) [36].

7.1. Self-Cleaning Textiles

Most self-cleaning surfaces exhibit a contact angle greater than 160◦ and an architecture similar to
the lotus leaf. Multi scale roughness and low energy waxes are responsible for the superhydrophobic
and self-cleaning property of artificially made surfaces which mimic the lotus leaf pattern. Recent
progress in developing such surfaces rely on two appropriate yet different techniques: Constructing
hierarchical rugosities on a hydrophobic surface and coating a rough surface with a low energy
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material. Windshields, windows, building or ship paintings, solar panels benefit upon the possibility
of drag reduction, lower sliding angles [101].

As a drop rolls off a hydrophobic support, dirt particles are displaced to the drop’s sides and
re-deposited as the liquid slides off. Superhydrophobic surfaces allow the drop to easily slide off their
surface and also gather solid unwanted particles. A low adhesion degree corresponds to the so called
“self-cleaning” property [35]. The most illustrative examples are the previously presented lotus leaves
and rose petals.

Textiles and materials with such self-cleaning properties are desirable. Thus, emerging procedures
are applied to textiles/surfaces in order to confer water, oil, dirt-repellency. Techniques are still being
developed in terms of cost-effectiveness, durability by means of extreme temperature exposure, wash
resistance. Among popular methods, sol-gel processes, using fluoroalkyl water born siloxane (FAC),
silver nanoparticles and inorganic binders prove effectiveness in preventing adhesion and growth of
bacteria. The “plasma” technique, compared to classical chemical methods, offers the simultaneous
advantage of roughness and low surface energy. After applying this technique, the material undergoes
structural changes, gains nano-scale roughness and preserves its color and texture. Experiments by
Vasiliević et al. regarding modifications of cellulose surface in order to induce superhydrophobicity,
oleophobicity confirmed that a cotton fabric surface can behave similar to the lotus leave due to
low-pressure water vapor plasma pre- treatment followed by the addition of a sol-gel coating using
FAS precursor. FAS coating proved to offer superhydrophobicity to the cotton fiber and the plasma
pre-treatment prior to that coating provided water and oil repellent properties. The plasma pre-treating
process does not ensure durability of the lotus effect during repeated washing processes but enhances
the formation of a FAS concentrated coating network [102]. Other studies by the same authors were
made to establish the influence of oxygen plasma treatment on the water repellency of cotton fibers
coated with an inorganic-organic hybrid sol-gel perfluoroalkil-functionaized polyselsequioxane (SiF).
Regardless of the applied time and opperating current, the oxygen plasma treated fabric experienced an
increase in contact angle value from 135◦ to 150◦. It became obvious that plasma treatment influenced
the water repellency induced by the SiF coating. The resulted cotton surface gained rugosities. It can be
concluded that the plasma pre-treated and SiF-coated cotton fabric attaines micro- and nano-asperities
which strongly determine hydrophobicity [103].

Xi Yao et al. developed a technique that produces superamphiphobic cashmere textiles
(superhydrophobic and superoleophobic). Even more, the above presented techniques are economical
and weakly polluting processes, that can be applied at an industrial level [79].

Some authors attain the self-cleaning property by modifying textile surfaces loaded with
hydrophilic TiO2. The surface also exhibits an antibacterial effect (due to Ag deposited on the activated
cotton). The interest in using such bactericide/antifungal/antiviral textiles resides in the necessity to
use topical treatments of skin diseases [104].

Self-cleaning properties of silk were achieved also by covering it in siloxane enriched with
2% SiO2 nanoparticles. Any liquid is absorbed by the untreated silk. Superhydrophobicity and
superoleophobicity are obtained. The wax is easily removed mechanically from the treated surface
leaving behind no residue. On the untreated silk, a stain remains after wax removal. Durability of the
coatings over a wide range of pH is demonstrated: Surfaces maintained their properties except for pH
basic conditions. Additionally, a recent “green cleaning method” is presented using supercritical CO2

at bar and 40 ◦C. Dirt is removed without affecting natural dyes. An equally important aspect is the
fact that siloxane and SiO2 coatings do not affect appearance of silk. Since no organic solvents are used,
the coating method is friendly to the user and the environment. Moreover, the coating technique is
reversible, allowing removal from the silk substrate using compressed CO2 mixed with methanol [105].

Unlike superhydrophobic surfaces, whose cleaning properties rely on the Lotus effect i.e., the dust
is collected through water drops rolling off the leaf function, superamphiphobic surfaces can be kept
clean by droplets, which during the rolling process, adhere to the surface and thus remove dirt particles.
Underwater superoleophobic materials with ultralow oil-adhesion also exhibit self-cleaning properties.
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The oil adheres to the surface. After immersion it is completely removed from the surface. Self-cleaning
effects underwater for superoleophobic surfaces is due to the intrinsic superhydrophilicity. Through
immersion, water is injected into the microstructures and oil is pushed out [2].

7.2. Anti-Reflective Transparent Coatings

Glass used to fabricate mirrors, lenses, optical devices, exterior windows and solar panels should
display self-cleaning abilities. Apart from self-cleaning, superhydrophobic surfaces can be exploited
by means of anti-reflective properties. A special interest is also attributed to transparency and the
ability not to reflect light beams. These characteristics can be conferred to glass by intervention
upon roughness, a property closely related to transparency. Rugosities of nanometric dimensions are
conferred by silicon derivatives (fluoroalkyl silanes), aluminum acetyl acetonate [106–108]. A surface
film is formed, the thickness of which can be adjusted according to the desired degree of transparency.
The surface film may be multilayered, each layer having its own adjustable characteristics. Polymeric
films are the most flexible and resistant compared to inorganic ones [109].

7.3. Corrosion-Resistant Metals

Metal corrosion is one of the contemporary problems faced by humanity, which leads to large
losses of money because of damaged areas, which require later replacement. Coating processes
with chromium derivatives protect metallic corrosion surfaces, but they are environmentally harmful
methods, which tend to disappear. New corrosion protection techniques are being sought, one of
them being: Metal coating with superhydrophobic protective layers [110]. Between the protective
layers and the support, an air cushion is created, thus preventing penetration of the corrosive agents.
Differential coating techniques (microwave chemical vapor deposition, followed by immersion)
with fluorochloride-silanes of magnesium alloys are used. Stable corrosion resistant coatings have
been obtained, which reveal a color change from silver to green [111,112]. Subsequent studies
refer to superhydrophobic aluminum substrates modified with hydroxides, zinc immersed in
superhydrophobic solutions, proving resistance against acids, alkaline or saline solutions [113].

7.4. Microreactors

When studying chemical reactions, rationalization of reagents and limitation of secondary
explosive/toxic compounds is primordial. Minimization of the entire chemical reaction scale starts
with modifications applied to the reaction medium, reactants and by-products [114]. Microemulsions
and microfluidic systems gained attention through their ability to miniaturize the chemical reaction,
at levels corresponding to nano- or micro-liters [115].

While handled with superhydrophobic tweezers, liquid droplets placed on a non-adhesive
support, constitute a reaction medium/reagent. The drops retain their shape, do not lose components,
and can even be transported using a nano-particle composite wrapped tweezers. By forcing the drops
together, their coalescence takes place. The resulting droplet functions as a “reaction plant”. Two
components from different droplets react, giving rise to a new reaction product. The advantages
of the method are: The possibility to obtain new, fully collectable compounds in small amounts
and by using minimal quantities of reactants, in a controlled environment. The resulted new
products can be detected due to color change (i.e., yellow becomes colorless as the coalescence
between a drop of tetrachloromethane bromine and styrene tetrachloromethane occurs) and sampled
using tweezers [42]. Decomposition, etherification, combining and controlled temperature reactions
can occur. A drop of water in oil can accommodate a reaction produced by heating over time,
without the aqueous phase’s evaporation. Restriction of experimental chemical reactions on a
micrometric scale finds its applications in DNA analysis, synthesis of new molecules, new active
substances, and may constitute basics of innovative analysis methods [116,117]. It is noteworthy
that microdroplet manipulation was achieved through an oil-based microreactor, which relies on the
controllable oil-adhesive superoleophobic surfaces. The droplet-based microreactors are important in
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enzymatic kinetics, protein crystallization processes as alternative controlled transporters to expensive
micropumps, microvalves, microchannels [2].

7.5. Friction Reduction

The field of aeronautics and water transportation (ships, submarines) are governed by the
unwanted phenomenon of water and air friction [118]. Removal strategies for this undesirable
factor include development of surfaces with special structures inspired by the shark skin or Lotus leaf
pattern. Experiments show that superhydrophobic surfaces have the ability to reduce fluid friction,
both in laminar and turbulent flow. Air bubbles embedded between the rugosities (responsible for
superhydrophobicity), result in a continuous surface film, thus reducing friction. The problem arises in
the fact that the film disappears under high pressure. Recently, a hydrophobic pattern support, whose
gaseous film is stable in extreme conditions was created [42].

7.6. Novel Transportation Devices

Transportation means invented by humans are inspired by nature (birds, insects, whales).
The same applies in case of the water strider’s needle-like rugosities, which confer superhidrophobicity
to the spider’s feet, allowing it to walk on the water surface. These insect’s special features represent a
starting point in developing prototypes of miniature robots similar in appearance and structure. Having
the ability to move in a straight line and jump at the water’s surface, while collecting information
on its composition, these robots are used to monitor environmental water. Other models of robots
have feet made of nanoparticles of organic semiconductors. They display high transport capacities in
relation to their own dimensions. These suggestions materialize in models for developing innovative
aquatic transport devices [119,120].

Micrometrical droplet transportation devices rely on superoleophobic surfaces exhibiting low
oil-adhesion, which act as anti-oil “agents”. If the oil-adhesion on a such surface is high, then the oil
sticks to the surface, even if tilted. This may constitute a micro-oil-droplet transportation device [2].

Passing from transportation means on water, to water transportation itself, it comes to the idea
that liquids can be transported by simply modifying surface’s wettability. The roughness of the surface
determines wettability, directing the movements of the water droplet. In addition, the intervention of
external stimuli (light, electric current, magnetic field) can intervene and guide the fluid on the support
surface [121,122]. By adjusting rugosities according to needs, the adhesion degree of the support can be
controlled. An illustrative example of these assumptions is the lossless transport of micro-particulate
water on superhydrophobic surfaces with PS nano-tubes [79].

7.7. Water Storage

Hydrophilic prominences alternating with superhydrophobic channels, make up the Namib
beetle’s chitin pattern. It represents an inspirational model for researchers in developing water
collecting devices [123]. The alternation between different wettability areas, determines water
collection. Various arrangements (circular, vertical, horizontal), can be adopted, depending on the case.
Experiments show that droplet volume does not influence the force keeping the droplet anchored to
the surface. Studies are being carried out to optimize these surfaces, through the contrast between
surface wettability [42]. Promising applications spring from these patterns and refer to the ability of
capturing water from the fog in desert areas, to save fresh water during drought periods.

7.8. Electronic Components

Surface characteristics have been explored in order to obtain small electronic components such
as electrodes, inductors, transistors. They have textured surfaces with varying degrees of wettability.
Obtaining methods include inkjet printing of surfaces with hydrophobic regions, which reject ink,
channeling it to hydrophilic regions, thereby producing self-aligned, printed patterns [124].
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8. Conclusions

This paper concentrates interdisciplinary researches on surface wettability, bringing together
studies on superhydrophobic special surfaces. It focuses on structure, means of obtaining, respectively
on practical applications of superhydrophobic surfaces, starting from models existing in the natural
environment (lotus leaf, butterfly wings, etc.). Following the principle of biomimetics, researchers
developed systems that allow 3D screening of biomolecules, isolation of cancer cells, self-cleaning
textiles to prevent biological fluid adhesion. In addition to high-impact medical discoveries, systems
being able to analyze the chemical composition of water were also fabricated. Superficial properties of
superhydrophobic surfaces allowed the micrometric study of chemical reactions (microreactors) using
ecological and economical techniques. All these researches have a common direction: Elaboration
of efficient, fast and economical methods, applicable at an industrial level, in order to obtain special
wettable surfaces or protective coatings. Exploration of the advantageous features of surfaces with
special superficial properties continues.
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Abstract: Surface texture (ST) has been confirmed as an effective and economical surface treatment
technique that can be applied to a great range of materials and presents growing interests in various
engineering fields. Ti6Al4V which is the most frequently and successfully used titanium alloy
has long been restricted in tribological-related operations due to the shortcomings of low surface
hardness, high friction coefficient, and poor abrasive wear resistance. Ti6Al4V has benefited
from surface texture-based surface treatments over the last decade. This review begins with
a brief introduction, analysis approaches, and processing methods of surface texture. The specific
applications of the surface texture-based surface treatments for improving surface performance of
Ti6Al4V are thoroughly reviewed from the point of view of tribology and biology.

Keywords: surface texture; surface treatment; Ti6Al4V alloy; tribology; biology

1. Introduction

Titanium (Ti) was once considered a rare metal, however, Ti ranks as the ninth Clarke number,
it is the fourth most abundant structural metal on the earth, and Ti presents a level of about 0.6% in
the world [1]. Titanium and titanium alloys have been rapidly developed since the pure metal first
became commercially available about sixty years ago [1]. Thanks to their extraordinary merits of high
strength to weight ratio, relatively low modulus, high yield strength and toughness, excellent corrosion
resistance as well as promising biocompatibility, titanium alloys have received extensive attention
in various fields ranging from civilian products to military equipment for decades [2–5]. Series of
titanium alloys have been designed and produced for different purposes with great success. Ti6Al4V
alloy (referred to Ti6Al4V hereafter) which was developed and made its name in the 1950s, was the
first practical titanium alloy in the world. Ti6Al4V got its reputation of ace titanium alloy from the
fact that most other existing titanium alloys for various applications were obtained by optimizing and
improvement based on it. Up to now, Ti6Al4V is still the most frequently and successfully used titanium
alloy, it occupies about one half of the total world production of titanium alloys [6–8]. However,
Ti6Al4V cannot meet all of the engineering demands, e.g., it is seldom operated in tribological-related
engineering conditions due to its drawbacks of low surface hardness, high coefficient of friction,
and poor abrasive wear resistance. These shortcomings have greatly limited or even prevented Ti6Al4V
larger scale use for various applications [9–13]. It is well known that degradation/failure of materials
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in engineering, e.g., wear and/or corrosion are mainly determined by the surface performance
of the material rather than by bulk properties. Therefore, endowing improved properties on the
surfaces of materials by surface modification technologies are attractive and suitable approaches to
overcome the aforementioned issues [14]. Appropriate surface treatment is able to improve the surface
performances (hardness, chemical stability, friction-reduction or wear-resistant) and retain the desirable
bulk attributes of the materials, and then further expand the applications of materials in different
fields [15]. On the other hand, the surface modification can also make a promising compromise between
the cost and the performance of engineering components [16]. A variety of surface modification
technologies have been applied to enhance the tribological performance of Ti6Al4V on the surface by
forming coatings/films/layers [17–34].

According to recent bionic studies, apart from conventional surface modification technologies,
appropriate design on the surface topography/pattern is able to improve the tribological performance
of materials [35]. From the earlier point of view, smoother surfaces should be more favorable to
improve the tribological performance of engineering components. However, recent achievements of
bionics have suggested that non-smooth surfaces with regular arranged topographies/patterns usually
exhibit promising tribological behaviors. For examples, dung beetle with non-smooth epidermis is
able to resist wear and extrusion; the non-smooth skin of dolphin can effectively reduce its swimming
resistance; the micro-rhombus structures on the surface of shark skin contribute to noise reduction
in the process of diving [36–39]. The non-smooth surfaces in the natural world have brought about
many meaningful inspirations to material scientists and engineers [40–42]. It has been confirmed that
artificial design on the surface topography/pattern of materials by imitating the non-smooth surfaces
in the natural world can even realize some similar functions [35–39]. The way to obtain artificial
surface patterns with typical distributing characteristics such as dimples, grooves, pimples and so on
were collectively named as surface texture (ST) [43–45]. Surface texturing which has been confirmed
as an effective method to improve the tribological behaviors of materials and tools in tribology-related
fields, has been considered a hot issue in material science and mechanical engineering over the last
decade [46–56]. In general, the active roles of ST in tribological performance lie in the main aspects as
follows (see Figure 1) [57,58]: service as storage of the solid/grease lubricant to provide continuous
lubrication and improve the elastohydrodynamic effect under liquid lubrication; trapping wear debris
generated during service and minimizing abrasive wear, reduction in nominal contact area. ST has
been extensively applied on various materials for different purposes [52,53,59–62].

Figure 1. Schematic diagram of active roles of surface texturing in tribological performance:
(a) continuous lubrication and (b) capturing friction debris.

With the advantages of surface modification technologies and surface texturing in improving
the tribological performance of materials, some duplex treatments of surface modification-surface
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texturing have been developed. One kind is the “surface texturing + surface modification”, the other
kind is the “surface modification + surface texturing”, as shown in Figure 2 [63–76]. These works
have created a database and provided reference information for practical applications of surface
modification-surface texturing duplex treatments. Due to its promising merits above, Ti6Al4V has
long been used as hard tissue replacements (e.g., dental implant and artificial joint) and services in the
human body. Before an implanting operation, Ti6Al4V biomedical devices and components are usually
surface modified to achieve the expected properties of better biocompatibility, excellent antibacterial
property, promising osteogenesis capability, low biotoxicity, benefiting cell adhesion and proliferation,
controllable ion release rate, and so on [77,78]. The surface modification–surface texturing duplex
treatment is considered to make use of the inherent positive effects of the surface modification layer
as well as take the advantages of surface texture. Meanwhile a higher specific surface area which
is favorable to hydrophilicity or hydrophobicity, adhesion and proliferation of cell and antibacterial
behavior, might be realized on the surfaces of Ti6Al4V biomedical devices and components after the
mentioned duplex treatment (Figure 3) [79]. It seems that the combination of the surface modification
and surface texturing can achieve a “1 + 1 > 2” effect on improving the surface performance of Ti6Al4V.

Figure 2. Schematic diagram of duplex treatment: (a) type one: surface texturing + surface modification;
(b) type two: surface modification + surface texturing.

Figure 3. Schematic diagram of adhesion of bacteria or cell on a duplex treated surface.

Surfaces with promising super-hydrophobicity have received much attention from scientists due
to their great potential in many applications, particularly in fields such as waterproofing, antifouling,
self-cleaning, anti-corrosion, drag-reducing, anti-frosting, and anti-icing [80,81]. As a multi-purpose
material, Ti6Al4V has also been endowed with super-hydrophobicity by surface texturing in some
cases of the mentioned applications [80,81].

The relevant information with emphasis on the latest progress in the research on the surface
texture-based surface treatments on Ti6Al4V for tribological and biological applications is summarized
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in this mini review. Although the surface texture-based surface treatments are not fire-new technologies,
the demand for failure protection and to prolong service life drive the on-going interests of the scientific
community making them still worthy of further studies. This work is expected to create a database and
provide reference information, thereby broadening the practical applications of surface texture-based
surface treatments on Ti6Al4V and other metallic materials.

2. Surface Texture-Based Surface Treatments with Improved Performance

Based on the above discussed background, it has been confirmed that ST possesses outstanding
advantages. Therefore, many researchers have dedicated themselves to the studies of surface texture,
including the characterizations, fabrications, and applications of surface texture. Surface patterns on
textured surfaces usually have regular distributing characteristics at nano- or micro-scales, therefore
microscopic analysis is required. Scanning electron microscope (SEM), atomic force microscope
(AFM) and laser scanning confocal microscope (LSCM) are often used to observe the geometrical
characteristics of surface texture [82–84]. Additionally, some researchers have paid attention to the
residual stresses in surface layers on the textured surfaces [85,86].

With respect to the research on fabrications of surface texture, researchers mainly focus on the
shapes of the ST unit, the processing methods of surface texturing, and related parameters [87–93].
Dimple and pimple with geometric configurations of ellipse, circle, triangle, square, hexagons, and
grooves in the straight and zigzag lines have been adopted to form the shape of ST [40–45,87]. Up to
now, there have been several ways to obtain ST on the surfaces of materials [41,94], including laser
surface texturing (LST), laser shock peening (LSP), electro spark surface texturing (ESST)/electrical
discharge machining (EDM), chemical reactive ion etching (RIE), lithography and anisotropic
etching (LIAE), abrasive jet machining (AJM), lithography, galvanoformung, and abformung (LIGA),
vibrorolling, undulated surfaces and so on. Actually, amongst all the practical surface texturing
methods, it seems that LST is the most promising concept. This is because the laser is extremely
fast and allows short processing times, it is clean to the environment, and provides excellent control
of the shape and size of the micropatterns, which allows realization of optimum designs [40–42,90].
Generally, the fabricating parameters of ST are case-by-case. Taking LST as an example, the width
and depth of the textures are related to scanning velocity, power, frequency, and pulse width of the
laser [93]. On the other hand, the distribution characteristic (area density: the ratio of the ST area to
the whole surface area) of ST play an important role in the surface performance of a textured surface.
Depending on the specific situation, parameter optimization of surface texturing is usually conducted
through trial and error tests [87–94]. The existing applications in tribology and biology of surface
texture-based surface treated Ti6Al4V were reviewed, and the relevant research on fabrications of ST
are also presented.

In the following, surface texture-based surface treatments, including the single surface texturing
and surface texturing/surface modification duplex treatment on Ti6Al4V alloy for tribological and
biological applications are suggested in Sections 2.1 and 2.2.

2.1. Tribological Applications

Under different service conditions, a friction phenomenon usually exists between relative
movement interfaces of solid–solid, solid–liquid and solid–gas [95–97]. Friction normally can lead to
damage of wear and/or fatigue, lowering work efficiency and producing noise pollution when the
engineering components are used under different service environments where the above-mentioned
friction interfaces are involved [22,98,99]. While under the negative effects of friction in normal
applications, the service performance of Ti6Al4V engineering components would be decreased and then
the lifecycle of the whole equipment might also be reduced [100,101]. Surface texture-based surface
treatments developed by different scientists and engineers have provided promising approaches to
overcome the relevant issues [42–94,102,103].
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Guo and Caslaru [90,101] conducted a novel micro laser shock peening (LSP) on Ti6Al4V to
fabricate micro-circle dent arrays with different densities based on a surface patterning technique at
various power levels, 1 W, 2 W, and 3 W. It was found that higher laser power could produce deeper
dent. The highest depth of approximately 1 μm was achieved using a 3 W laser power, and the dent
diameter also increased as the laser power was increased. A pile-up region appeared on the outer edge
of each dent. It was believed that tensile stress developed in the pile-up region. Meanwhile the LST
treatment could create a hard surface, the hardness in the central zone of the dent was enhanced by
about 15%. Strain hardening, strain-rate hardening, and compressive residual stress (an increase in
compressive residual stress on the LSP treated surface was found after removing the pile-up effect via
mild polishing) contributed to the hardening effect in the dented area. Two surfaces with dent densities
of 10% and 20% were selected to investigate the tribological behaviors under flooded and boundary
lubricated conditions, countered with chrome steel balls. The 20% dent density produced a higher
pile-up zone density which indicated a negative influence on tribological behavior. However, the
beneficial effects of surfaces with 10% dent density were more pronounced at reducing the coefficient
of friction (CoF) and wear rate under both lubricated conditions. The results confirmed that LSP is a
reliable process for fabricating micro-dent arrays with different densities, micro-dents with low density
were suitable for Ti6Al4V in sliding contact applications.

In order to improve the tribological performance of Ti6Al4V, Hu et al. [104] applied laser surface
texturing (LST) to form regular circle dimple ST with three different diameters of 45 μm, 160 μm
and 300 μm, as well as with a spacing of 100 μm and a depth of 25 μm on Ti6Al4V. Two types of
poly-alpha-olefin (PAO) lubricants with different kinetic viscosities were evaluated as lubricants on raw
Ti6Al4V and LST treated Ti6Al4V samples using a pin-disc tribometer and steel pins. It was observed
that the textured surfaces exhibited lower friction coefficients and wear compared with the un-textured
surface. Furthermore, the textured surfaces exhibited better tribological properties when the tests were
conducted under higher speeds and loads and with higher viscosity oil. However, when the load
increased, the effect of friction reduction for all the textured surfaces decreased for the lubricating
oil with lower viscosity. It was found that the lubricant film thickened due to the enhancement of
hydrodynamic pressure near the dimples, and higher viscosity oil was prone to provide a secondary
lubrication effect. The formed micro-dimples on Ti6Al4V surfaces shifted the transition from boundary
to mixed lubrication as the tests were operated under much higher loads when higher viscosity oil was
used. The effect of dimple sizes on the tribological properties the LST surfaces under the same testing
conditions was also analyzed. The results showed that the dimple with a diameter size of 160 μm was
more favorable to reduce friction when the interval of dimples was fixed.

By using LST technique, Lian et al. [105] fabricated three kinds of ST on Ti6Al4V surfaces:
groove, crosshatch (included angle 90◦), and dimple with interval spacing of 100, 200, and 300 μm,
respectively. All of the LST treated surfaces showed higher surface hardness values than that of the raw
Ti6Al4V. Actually, the hardness values could be arranged as follows: raw Ti6Al4V < groove-Ti6Al4V
< crosshatch-Ti6Al4V < dimple-Ti6Al4V. It was seen that the dimple textured samples with interval
spacing of 200 and 300 μm had remarkably reduced the coefficient of friction, while groove and
crosshatch textures were helpful for friction reduction. The textured surfaces presented shallower wear
traces than that of the raw Ti6Al4V, the distribution characteristics of the three kinds of ST received
much slighter damage compared with the untreated Ti6Al4V. In this work, a conclusion could be
drawn that groove, crosshatch (included angle 90◦), and dimple obtained by LST managed to improve
the wear resistance of Ti6Al4V.

Xu et al. [106] manufactured crosshatch STs on Ti6Al4V surfaces by employment of electrical
discharge machining (EDM). The orthogonal design was applied to investigate the effects of geometric
parameters (width, depth, interval/width ratio, and angles) of the crosshatches on the tribological
characteristics of Ti6Al4V alloy in water lubrication against Si3N4. The width, depth, interval/width
ratio, and angles of the crosshatch were factored in, and each of the above factors had four levels:
width values (0.15, 0.20, 0.25, 0.30 mm), depth values (0.05, 0.075, 0.1, 0.125 mm), interval/width ratio
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(2, 6, 10, 14) and angles (15◦, 30◦, 45◦, 60◦). The results suggested that the crosshatch ST with suitable
geometric parameters could effectively reduce the friction coefficient and wear rate of tribopairs in
water lubrication. It was found that width (0.2 mm), depth (0.125 mm), interval/width ratio (10) and
angle (45◦) were the optimum factors and levels for realizing a lower and stable friction. While the
combinations of factors and levels with width (0.2 mm), depth (0.05 mm), interval/width ratio (2),
and angle (45◦) revealed the lowest wear loss. When the angle of the crosshatch was 45◦, both the
friction coefficient and the wear of the tribopairs simultaneously decreased. The extent of the geometric
parameters impact on friction coefficient was arranged in the following sequence: width > depth >
angles > interval/width ratio. The depth and angle of the crosshatch were the main factors which
influenced the wear loss of the tribopairs.

Bonse et al. [107] obtained homogeneous ripple ST with a spatial period of about 600 nm on
Ti6Al4V surface after multiple femtosecond laser pulse irradiation. Compared to the blank sample,
the ripple textured Ti6Al4V demonstrated lower and more stable friction coefficient in reciprocal
sliding against a hardened steel ball under engine oil lubrication. The treated Ti6Al4V received a
shallow and narrow wear trace, which was also hardly visible by microscope. Slight surface damage
was generated after the tribological test. Meanwhile, it was found that the additives in the engine oil
efficiently covered the ST, where a complete gliding intermediate layer was formed. This intermediate
layer which played an important role in reducing friction and wear during the reciprocal sliding
motion, prevented direct intermetallic contact of the metallic tribopairs.

Lian et al. [108] concentrated on enhancing the tribological performance of Ti6Al4V in seawater
and built crosshatch and dimple textures on Ti6Al4V surfaces via LST. Tribological performance was
evaluated by reciprocating friction tests against Si3N4 balls in artificial seawater and distilled water,
respectively. The results showed that the friction coefficients and wear losses in volume of crosshatch
and dimple textured Ti6Al4V surfaces were far smaller than those of the raw Ti6Al4V substrates.
The friction coefficients belonging to the surfaces with crosshatch and dimple were decreased by
11.7% and 17.8%, and wear losses in volume were reduced by 57.5% and 36.8% in artificial seawater.
Both textured Ti6Al4V surfaces revealed lower friction coefficients in artificial seawater than those
in distilled water, while the wear losses in volume led to the opposite results. Ti6Al4V was prone to
form a passive film on the surface when it was put in artificial seawater, the passive film could act as
a solid lubricant due to its lower shear strength. Meanwhile artificial seawater was more benefit for
the passivation process than distilled water, therefore all the Ti6Al4V samples showed lower friction
coefficients in artificial seawater compared with the samples which were measured in distilled water.
However, passivation–depassivation which continuously took place on the surfaces of Ti6Al4V during
the reciprocating friction tests, could significantly lead to material removal on the surfaces. That was
why the Ti6Al4V samples presented lower friction coefficients but higher wear losses in volume in
artificial seawater than those in distilled water. Fortunately, the tribological performances of Ti6Al4V
in artificial seawater were dramatically improved as the crosshatch and dimple STs were prepared,
as expected.

Further, Lian et al. [109] first fabricated crosshatch and dimple ST (with a spacing of 100 μm)
on Ti6Al4V by LST, and then both of the textured surfaces were coated with nano SiO2 particles via
the sol-gel method. The ultimately obtained surfaces (SiO2-crosshatch and SiO2-dimple) indicated
excellent super-hydrophobic property. The super-hydrophobic property of SiO2-crosshatch textured
surface was a bit better than the SiO2-dimple texture surface. Meanwhile the subsequent measurements
of tribological performance under dry sliding demonstrated that the wear rates of the SiO2-crosshatch
textured surface and SiO2-dimple textured surface were decreased by 53.8% and 32.3%, respectively.
While both of the fluctuation and friction coefficient values decreased on SiO2-crosshatch textured
and SiO2-dimple textured surfaces. Ti6Al4V samples were well endowed with promising tribological
property on surfaces using the adopted duplex treatments.

By employment of the LST method, Hu et al. [110] obtained three dimple STs on Ti6Al4V.
The geometric parameters were: diameter ~150 μm, average depth ~40 μm and three dimple intervals
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were designed by controlling the dimple area densities (13%, 23%, and 44%). Meanwhile the formed
STs were burnished using commercially available MoS2 solid lubricant. Under dry sliding against
bearing steel, it was found that the textured Ti6Al4V with higher dimple density showed lower friction
and wear compared with blank Ti6Al4V only if the tribological tests were conducted under low load
and speed. ST with higher dimple density led to a lower friction coefficient and also contributed
to a more promising wear debris capturing effect. As the LST surfaces were burnished MoS2 film,
all of them exhibited excellent friction-reducing and wear resistance under any applied load. It was
considered that by transferring of MoS2 reserved in dimples, into the space between the dimples,
a continuous solid lubricant film was maintained on the surface. The textured surfaces with 23%
dimple density revealed the lowest friction coefficients under different testing conditions. However,
a longer wear lifetime was realized by increasing the dimple density, which can be ascribed to the
higher remaining amount of MoS2 and higher transferring efficiency of MoS2 from the dimples to the
friction interface.

Ripoll et al. [67] used a Nd:YAG nanosecond pulsed laser to form hexagonally arranged dimples
STs (with diameter of 40 μm, depth of 16–20 μm, spacing of 40, 50, 60, and 70 μm) on Ti6Al4V. The blank
Ti6Al4V and textured Ti6Al4V were coated with MoS2 films with a thickness of 2 μm by sputtering.
Dry reciprocating sliding tests were performed on MoS2-coated textured Ti6Al4V and MoS2-coated
Ti6Al4V using a ball on flat configuration (against 100Cr6 steel balls) at two different oscillation
amplitudes. The results displayed that under certain conditions, surface texturing was able to reduce
friction, prolonged the lifetime of the film, and gave progressive film degradation until failure. It was
seen that the friction coefficients significantly decreased, especially for higher dimple densities owing
to the better wear debris capturing function. With respect to low amplitudes, ST could effectively act as
wear debris traps and then increase the lifetime of MoS2 film. However, in respect of high amplitudes,
ST had a negative impact on tribological behaviors. Additionally, aiming to avoid yielding excessive
contact pressure and low amount of MoS2, the normal distance between dimples was preferred to be
not smaller than 50 μm. For the testing amplitude of 0.5 mm, an optimum dimple density was found
to be between 40% and 67%.

Auezhan Amanov [111] produced dimple ST with diameter (100 μm) and depth (25 μm) on
Ti6Al4V by LST, and then a Cr-doped diamond-like carbon (DLC) film was successively fabricated
on the dimple textured Ti6Al4V via unbalanced magnetron sputtering (UBMS). The tribological
characteristics of the un-textured (polished), dimple textured and coated dimple textured Ti6Al4V
samples were investigated against Cr-plated bear steel SAE 52100 pin at 50 °C under poly-alpha-olefin
(PAO) oil lubricating conditions. It was seen that a noticeable enhancement in hardness and H/E ratio
of the Ti6Al4V after LST process was found, which meant the dimple textured Ti6Al4V had higher
mechanical properties and resistance to plastic deformation. This was ascribed to the microstructural
modification due to the high energy action of the pulsating laser beam. At normal loads of 10 N
and 20 N, the friction coefficient of the coated dimple textured Ti6Al4V was reduced by about 67%
and 50%, and 75% and 65% in comparison to those of the un-textured and dimple textured samples,
respectively. It was found that the coated dimple textured Ti6Al4V specimen showed significantly
lower wear rate compared with those of the un-textured and dimple textured samples for the applied
normal loads. The wear rate of the un-textured specimen was slightly higher than that of the dimple
textured specimen and the coated dimple textured Ti6Al4V showed far lower wear rate than those of
the un-textured and dimple textured samples. After LST + deposition of Cr-doped DLC film, Ti6Al4V
benefited a lot from the functions of ST: storage of oil and wear debris capturing, as well as the merits
of DLC: high hardness and H/E ratio.

Micro arc oxidation (MAO) has long been applied to improve the tribological performance of
Ti6Al4V with great success by receiving series of ceramic coatings on the surface [15,24]. Wang et al. [70]
employed a fine particle shot-peening (FPSP) process to form half-ball dimple ST on Ti6Al4V using
ball-shape γ-Al2O3 particles with an average diameter of 28 μm to avoid introducing iron pollutants.
The half-ball dimples distributed on the FPSP treated Ti6Al4V substrate surface resulted in an obvious
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increase in surface roughness from Ra 0.26 μm to Ra 1.65 μm. The pretreated process of FPSP was
followed by micro arc oxidation (MAO) treatment. The related samples in that work were original
Ti6Al4V (polished), FPSP-Ti6Al4V, MAO coatings (with thickness of 5 μm and 10 μm: MAO5 and
MAO10) and FPSP-MAO coatings (with thickness of 5 μm and 10 μm: FPSP-MAO5 and FPSP-MAO10).
The tribological behaviors of the mentioned samples were investigated on a pin-on-disk tester against
SAE 52 100 steel ball (with a diameter of 6.0 mm, a surface roughness Ra 0.05 μm and a hardness
HRC 61) with normal load of 1 N under dry sliding condition. There was no obvious difference in
variation trends of friction coefficient between original Ti6Al4V FPSP-Ti6Al4V. However, both of the
MAO coatings and FPSP-MAO coatings showed no obvious friction reduction effect on Ti6Al4V, which
was in good agreement with the previous publications [32,112]. The MAO5 and MAO10 coatings were
completely worn out after 900 and 1700 sliding cycles implying equal friction coefficient values of
MAO coatings and original Ti6Al4V. Throughout the sliding cycle number, there was no evidence that
could reveal complete worn damage of FPSP-MAO5 and FPSP-MAO10 coatings. The dimples on the
surfaces of FPSP-MAO5 and FPSP-MAO10 coatings could act as sink for trapping wear debris, which
was helpful to alleviate three body wear, while the restrained three body wear was responsible for the
enhancement in wear resistance of FPSP-MAO5 and FPSP-MAO10. The resultant specific wear volume
of each tested sample could be arranged as follows: original Ti6Al4V > FPSP–Ti6Al4V > MAO5 >
MAO10 > FPSP–MAO5 > FPSP–MAO10. FPSP–MAO was considered as an effective means to improve
the wear resistance of Ti6Al4V. Meanwhile the fatigue life of FPSP-Ti6Al4V sample was increased by
39% in comparison to the original Ti6Al4V, which was ascribed to the compressive residual stress
caused by FPSP treatment. With respect to the simples of MAO5 and MAO10, the fatigue life decreased
from 20, 618 cycles for MAO5, to 16, 282 cycles for MAO10. While in respect of the FPSP-MAO samples,
the fatigue life decreased from 23, 223 cycles for FPSP-MAO5, to 17, 653 cycles for FPSP-MAO10.
At the same thickness of 5 μm and 10 μm, FPSP-MAO5 enhanced fatigue life by 12.6% compared with
simple MAO5, while FPSP-MAO10 suggested a slight improved fatigue life only by 8.4% compared
with sample MAO10. In general, the FPSP-MAO coatings presented better fatigue resistance in cyclic
loading conditions. Nevertheless, because of the fragile nature of the ceramic coatings, all the MAO
coated samples exhibited deterioration in fatigue lives.

Using the LST technique, Prem Ananth et al. [113] attained dimple ST with geometric parameters
of: dimple densities of 38%–42%, diameter of 100 μm, depth of 2.5 μm, and the interval between
two consecutive dimples was 160 μm. Magnetron sputtered physical vapor deposition (MSPVD)
technique was applied to prepare nano AlCrN composite coatings on raw and dimple textured
Ti6Al4V surfaces. Due to the positive mechanical locking effect, the coating cover on the LST Ti6Al4V
surface showed appreciable improved bonding and shear strength. Under different normal loads
(9.8–29.7 N), the LST + MSPVD treated Ti6Al4V suggested more stable friction coefficients and
longer wear lives than that of the AlCrN coating on raw Ti6Al4V. Up to now, LST has been usually
followed by advanced surface modification technologies to improve the surface performance of Ti6Al4V.
Prem Ananth et al. [114] used to produce dimple ST on Ti6Al4V surface with geometric parameters of:
dimple density (38%–42%), diameter (100 μm), depth (2.5 μm), and dimple-dimple interval (160 μm).
The blank and dimple textured Ti6Al4V samples were coated with titanium aluminum nitride (TiAlN)
nanocomposite coatings with chromium interlayer via cathodic arc physical vapor deposition (CAPVD)
system. The obtained coatings reached a total thickness of 4–5 μm. Using scratch tester and pin-on-disc
tribometer, the original Ti6Al4V, dimple textured Ti6Al4V and TiAlN coated samples were subjected to
bonding strength and tribological evaluations. It was found that the bonding strength of the coating
on dimple textured Ti6Al4V with a chromium inter layer increased by 8% compared to that of the
coating on the original Ti6Al4V surface. Under dry sliding contact conditions (variation in load: 9.8 N,
14.7 N, 19.6 N, and 29.4 N), increasing normal load led to an increasing friction coefficient, however the
TiAlN coated dimple textured Ti6Al4V presented slightly lower increasing rates in comparison to the
TiAlN coating on original Ti6Al4V. Meanwhile it was seen that samples with textured surface revealed
comparatively lower steady friction coefficients compared to those of lapped surfaces. It was found
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that increasing normal load contributed to early coating failure and then resulted in metal-to-metal
contact. However, it was confirmed that the LST + CAPVD treatment could significantly improve the
tribological performance of Ti6Al4V alloy.

Qin et al. [115] investigated the tribological properties of LST treated and plasma electrolytic
oxidation (PEO) duplex-treated Ti6Al4V deposited with MoS2 film. First, the dimple ST formed
a Ti6Al4V plate surface using a pulsed Nd:YAG laser with a wave length of 1064 nm and a pulse width
of 450 ns. Then the LST-Ti6Al4V plate was ground by 800 mesh SiC emery paper to remove the raised
ripples. The electrolyte then used for PEO contained 12 g/L sodium aluminate (NaAlO2), 1.6 g/L
trisodium phosphate (Na3PO4·12H2O) and a small amount of sodium hydroxide (NaOH). The PEO
treatment was conducted for 1 h with an initial voltage of 440 V, adopting a duty cycle of 20% and a
frequency of 400 Hz to form PEO-Ti6Al4V and LST + PEO-Ti6Al4V. The temperature of electrolyte was
maintained at about 30 °C through a water cooling system. The lubricating MoS2 film was bonded
onto the tested samples using E44 epoxy and acetone as the adhesion agent and the solvent, and the
acquired samples were MoS2-Ti6Al4V, LST + MoS2-Ti6Al4V PEO + MoS2-Ti6Al4V and LST + PEO
+ MoS2-Ti6Al4V. It was seen that micro dimples with a diameter (D) of 260 μm, an interval between
the centers of two dimples of 500 μm, and an area density (s) of 21.2% were regularly distributed on
the polished Ti6Al4V surface. The PEO coatings on both the un-textured and LST-Ti6Al4V surfaces
reached a similar thickness of 30 ± 5 μm.

Friction and wear tests were conducted using a ball-on-disk tribometer under dry sliding
conditions at the applied loads of 0.3–5 N and a constant velocity of 0.1 m/s against a GCr15 steel
ball with a diameter of 4 mm. Under a load of 5 N, polished Ti6Al4V substrate suffered severe
adhesive wear and plough, the dimples on the LST-Ti6Al4V were nearly worn out and some wear
debris was trapped in the residual dimples. The predominant wearing modes of PEO-Ti6Al4V were
deformation and abrading. LST + PEO - Ti6Al4V received the lightest damage, its worn trace, a mild
polishing of the raised rims of dimples, occurred on the space between the micro-dimples in the
sliding direction. The wear rate of polished Ti6Al4V (4.27 × 10−4 mm3/Nm) was slightly above the
LST-Ti6Al4V (3.93 × 10−4 mm3/Nm). The PEO-Ti6Al4V showed a lower wear rate of 1.88 × 10−4

mm3/Nm. It was observed that the LST + PEO - Ti6Al4V provided the most promising improvement
in wear resistance of Ti6Al4V, indicated by the lowest wear rate of 8.45 × 10−5 mm3/Nm as compared
with other samples. Meanwhile all of the samples benefited from the bonded MoS2 film in tribological
performance varying in low friction duration. It just took 5 min to completely remove the surface of
MoS2-Ti6Al4V under a load of 1 N. The LST + MoS2-Ti6Al4V survived for a longer period of 20 min
with a lower friction coefficient than that of MoS2-Ti6Al4V under the same load. However even as the
load was raised up to 5 N, the PEO + MoS2-Ti6Al4V still revealed a stable lower friction coefficient
than MoS2-Ti6Al4V and LST + MoS2-Ti6Al4V for about 200 min. The LST + PEO + MoS2-Ti6Al4V
presented surpassed friction behavior in comparison to PEO + MoS2-Ti6Al4V, as expected. The MoS2

which was stored in the dimple-reservoirs was squeezed out to the contact region and formed a thin
lubricating transfer film on the friction interface during dry sliding. The thin lubricating transfer
film was beneficial to friction reduction and was helpful to sustain longer duration. Additionally,
the partially open micro-dimples could act as sinks for trapping wear debris, which was also beneficial
in reducing the damage and prolonging the effective life of the lubricating film.

Furthermore, the effects of textured dimple area densities (referred to S, S = dimple area/total
surface area) and the surface roughness values of oxide ceramic underlay which influenced the
lifetime of MoS2 films were thoroughly studied by Qin et al. [116]. Similar results showed that the
LST + PEO + MoS2-Ti6Al4V which was superior to the MoS2-Ti6Al4V, LST + MoS2-Ti6Al4V and
PEO + MoS2-Ti6Al4V, exhibited much longer low friction life. It was obvious that the low friction
life of the LST + PEO + MoS2-Ti6Al4V was prolonged with increasing the S values from 8% to
55%, due to a higher area density which could preserve a larger amount of MoS2 in the dimples.
The lubricants were continuously and effectively replenished at a shorter interval between the dimples
by adequate supply of fresh MoS2 both from the large textured dimples and the small discharged
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dimples during sliding and resulted in a longer sliding life with low friction. In addition, the hard and
polished LST-PEO surfaces could also provide a high load support for the soft MoS2 film. The received
LST + PEO + MoS2-Ti6Al4V (with S = 55%) with a Ra = 2.9 μm showed disappointing friction behavior.
However, when the surface roughness values of LST + PEO + MoS2-Ti6Al4V were polished down to
Ra = 1.6 μm and Ra = 1.0 μm, the obtained sample revealed the best friction behaviors. In this work,
a much longer low friction life LST + PEO + MoS2-Ti6Al4V was realized by choosing an LST surface
with S = 55% and polishing the LST + PEO + MoS2 to a surface roughness of Ra = 1.0 μm.

In He et al.’s work [64], STs of micro-dimples with various textured dimple area densities and
diamond-like carbon (DLC) films were fabricated on the surfaces of Ti6Al4V by LST and close-field
magnetron sputtering (CFMS), respectively. To be specific, the LST was conducted using a Nd:YAG
laser with a wave length of 1064 nm, a frequency of 10 kHz and a 90% overlapping rate of laser spot.
An average power of 10 W at a 5 mm/s traverse speed was applied to treat the samples. After LST,
all the received samples (with textured dimple area densities of 13%, 24%, and 44%) were subjected to
two step polishing processes, aimed to eliminate bulges or burrs around the edge of the dimples and
obtaining a roughness of Ra ≤0.02 μm. High-energy ion implantation of nitrogen was performed on
the textured and smooth Ti6Al4V samples to improve their surface hardness (pulse voltage −60 kV;
frequency 60 Hz; pulse width 30 μs; working gas pressure 3 × 10−2 Pa). Subsequently, thin chromium
films (220 nm thick) were deposited on the as-nitrogen-implanted samples as interlayers to improve
bonding strength, and DLC films with a total thickness of 3.3 μm were prepared by CFMS using
high-purity graphite targets at a DC power supply of 2500 W. Each DLC deposition process began at
an original pressure of about 3 × 10−3 Pa, and the deposition was performed at a substrate pulsed
bias of −70 V, a frequency of 250 kHz, and a process pressure of 0.2 Pa under Ar flow. The obtained
specimens were marked as DLC-smooth, DLC-T13%, DLC-T24%, and DLC-T44%. Tribological tests
were performed on a ball-on-plate reciprocating mode with a reciprocatory displacement of 5 mm,
a normal load of 5N, a sliding frequency of 5 Hz, and the sliding direction parallel to the LST patterns.
The Ø10 mm AISI 52100 steel balls, with hardness of HV 725, were used as counterparts. Dry friction
and liquid lubrication (1-butyl-3-methylimidazolium hexafluorophosphate ionic liquid) conditions
were conducted for 50,000 cycles with the same test parameters in ambient air (temperature of 20 °C
and relative humidity of 35%).

The effects of dimple area densities and DLC phase transformation on the properties of Ti6Al4V
under dry friction and liquid lubrication conditions were thoroughly investigated. The DLC-smooth
suggested a critical load of 55 N, while the DLC-T13%, DLC-T24%, and DLC-T44% samples indicated
almost the same critical load of about 37 N. Damage to the DLC films, particularly to the DLC-T44%,
was more severe in comparison to DLC-T13% and DLC-T24% samples. The stress concentration in the
films around the rims of the dimples resulted in low load carrying capacities. Due to the combined
action of dimple-induced graphitizing transformation and the function of the fluid/wear debris
reservoirs of the dimples, DLC-T44% always revealed remarkably lower friction coefficients than those
of DLC-smooth and DLC-textured samples with lower dimple area densities regardless of under dry
friction or under liquid lubrication conditions. However, the most outstanding wear resistance (with
the lowest wear rate) under dry friction was observed on DLC-T24%, which could be explained in that
an appropriate number of dimples on the DLC surface were not only trapped the most wear debris
but also maintained film hardness (a low level of graphitization transformation) during friction. It was
concluded that combining appropriate surface texturing with DLC films was able to effectively reduce
the friction and wear of Ti6Al4V and thus could be beneficial for its wider applications.

Thermal oxidation (TO) is an ideal surface technology which has been extensively used to
strengthen Ti-based materials. Its popularity is mainly assigned to its cost effectiveness, simplicity,
and rapidity. Furthermore, the TO treatment has no special requirements for substrate geometric
shape [117]. Taking the advantages of LST and TO processes, Sun et al. [118] formed a series of TO
films of various thicknesses and composition on regular dimple textured Ti6Al4V surfaces. The STs
on Ti6Al4V were realized by LST. The TO processes were performed at 500 °C, 650 °C, and 800 °C
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for 5–50 h. The LST treated Ti6Al4V were well covered with uniform and continuous TO coatings.
It was also found that ST could decrease the internal stress and effectively improve bonding strength
of the oxide film to the Ti6Al4V substrate. However, despite higher TO temperature and longer TO
duration being favorable for increasing the thickness of the TO coatings, the obtained TO coatings
under these conditions did not necessarily show excellent properties. Under dry friction conditions,
TO-LST Ti6Al4V revealed much lower wear rates compared to the original Ti6Al4V under the same
applied loads against GCr15 steel and two ZrO2 balls. The TO-LST Ti6Al4V surface received at
650 °C for 25 h suggested that the most excellent tribological properties were attributable to good
comprehensive properties: a strongly bonded rutile coating with high hardness (7.73 GPa), increased
hardness to elastic modulus ratio (0.096), and improved load-bearing capacity. The TO-LST Ti6Al4V
obtained at optimal parameters with promising surface performance could withstand or weakened the
wearing damage, on the other hand, the ST was able to capture the wear debris and then decreased the
abrasive wear. The TO + LST duplex treatment indicated satisfactory complementation on improving
tribological behavior of Ti6Al4V.

Martinez et al. [119] simultaneously realized thermochemical oxidation of UNS R56400 (Ti6Al4V)
alloy through LST treatment in an open-air atmosphere with varied parameters. The treated UNS
R56400 alloy indicated increased surface hardness and varied color tonality. The formation of titanium
oxides and a rapid cooling rate contributed to the increase of hardness. The color tonality was
especially affected by the laser treatment parameters of pulse rate (F (kHz)) and scan speed of the
beam (Vs (mm/s)). Pin on disc tribological tests showed that design and development of topographies
on the surfaces of UNS R56400 alloy were favorable for obtaining high sliding-friction-wear resistance.
The most advantageous surface reduced the friction coefficient values by approximately 20%, which
was obtained using a Vs of 150 mm/s.

As a special wearing mode, cavitation erosion which is fairly complicated, is usually generated
under mechanical, chemical, and electrochemical interactions. Actually, cavitation erosion is a type
of dynamic damage, and the fatigue damage on the material surface is caused by the impact of
cavitation bubbles [120–122]. It has been confirmed that surface texture-based surface treatment
certainly has positive effect on reducing cavitation erosion damage of Ti6Al4V. LST was conducted on
Ti6Al4V by Pang et al. [123] to enhance its cavitation erosion resistance by forming groove, crosshatch
(included angle 90◦) and dimple STs with interval spacing of 50 μm and 100 μm. LST resulted in
increasing surface hardness values of the textured Ti6Al4V samples by quenching effect (martensitic
transformation and fine grain strengthening). The tested surfaces varied in surface hardness which
could be arranged as: dimple (interval spacing of 100 μm) > crosshatch (interval spacing of 50 μm) >
crosshatch (interval spacing of 100 μm) > groove (interval spacing of 50 μm) > groove (interval spacing
of 100 μm) > original Ti6Al4V. By detecting the surface morphologies of the cavitation eroded samples,
it was found that the dimple textured Ti6Al4V showed the best cavitation erosion resistance, followed
by crosshatch textured Ti6Al4V, groove textured Ti6Al4V, and original Ti6Al4V. The arrangement in
cavitation erosion resistance of the related Ti6Al4V samples was in good agreement with the results of
surface hardness tests. Cavitation erosion resistance of Ti6Al4V specimens was significantly enhanced
by LST.

On the basis of Pang et al.’ s work, Lian et al. [124] first fabricated groove and crosshatch
(included angle 90◦) STs on Ti6Al4V surfaces with interval spacing of 50, 100, 150 μm, and then
prepared 1H, 1H, 2H, 2H-Perfluorooctyltrichlorosilane (FOTS) self-assembled monolayers (SAMs) on
the blank and textured Ti6Al4V samples. The variations in surface hardness values of the textured
Ti6Al4V were consistent with Pang et al.’s work: crosshatch textured Ti6Al4V showed higher surface
hardness than that of groove textured Ti6Al4V. Furthermore, as the two textured surfaces were covered
with FOTS-SAMs, both of them revealed better hydrophobicity than that of the original Ti6Al4V.
By employment of microscopy observation, the original Ti6Al4V indicated a cavitation area of 75%
on the total surface area. The crosshatch textured Ti6Al4V with different interval spacing revealed
cavitation area values of about 18% (50 μm), 21% (100 μm), 25% (150 μm); the groove textured Ti6Al4V
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with different interval spacing presented cavitation area values of about 24% (50 μm), 29% (100 μm),
45% (150 μm). After FOTS-SAMs covering, both of the crosshatch textured and the groove textured
Ti6Al4V with different interval spacing suggested far lower cavitation area, the largest one was only
about 15%. FOTS-SAMs with hydrophobicity could reduce the flow resistance of water and then
weakened the shock effect on the surface by bubble collapse. FOTS-SAMs on a textured surface were
able to bring out more excellent cavitation erosion resistance of Ti6Al4V on the surface in comparison
to a single FOTS-SAMs covering or single surface texturing treatment.

2.2. Biological Applications

Specially designed surface patterns (surface roughening) by surface texturing on Ti6Al4V are
good for it when used as hard tissue biomaterial. For example, a textured surface is able to stabilize
the bone-implant interface (bonding strength), minimize micro-motion during arthrodesis, promote
osseo-integration, carry drug or biomaterial particles, improve antibacterial properties, and enhance the
related bio-properties of bioactive coating/film/layer, and so on [69,77,125–128]. Meanwhile a surface
distributed with ordered TiO2 nanotubes (NTs) can also be considered as a kind of surface texture.
The nanostructure topography, TiO2 NTs diameter and length, the spacing in between the nanotubes
and the protein physical properties as electric charge and size are all crucial to the interactions of cells,
proteins, molecules, and bacteria with textured titanium [129].

In Wang et al.’s work [69] a subsequent treatment of fine particle shot-peening (FPSP) process
was performed on micro arc oxidation (MAO) coatings on Ti6Al4V, the obtained rougher dimple
surfaces interspersed by fine pore structure was beneficial to induce the deposition of biomimetic
apatite. Kumari et al. [77] found that there was an increased bioactivity on LST treated Ti6Al4V surface
according to the calcium phosphate deposition rate in Hank’s solution. As expected, LST did not
produce any cytotoxic substances reflected by XTT (C22H19N7Na2O14S2) assay test. It was shown that
cell adherence preferred ridges and corners and was less in the dimple textured surface, in respect of
linear textured surface, cells were preferentially attached along the direction of texturing in the textured
zone. Olivares-Navarrete et al. [125] prepared macro/micro/nano-textures on Ti6Al4V surfaces by
employment of sand blasting and acid etching. It was seen that average surface roughness played
an important role in determining the response between cells in the osteoblast lineage and Ti6Al4V
implants. Additionally, macroscale textured surfaces were favorable for mechanical stability during
arthrodesis, however, these features generated no positive effect on the healing response at a cellular
level. Surface features formed with micro-texture and nano-texture were able to be discriminated by
committed osteoblasts and multipotent MSCs, which is to say they were sensitive to surfaces with
microscale and nanoscale features. Meng et al. [126] first fabricated blind micro-hole array on Ti6Al4V
via LST by trial and error, the formed textured surface obtained from optimal laser parameters was
successively coated with hydroxyapatite (HA) coating through electrophoretic deposition technology.
It was found that the textured surface was convenient for trapping nano HA particles and depositing
a coating on Ti6Al4V. LST + electrophoretic deposition HA coating was considered to improve the
carrying capacity of Ti6Al4V used as biomaterial. Inspired by dragonfly wings, Bhadra et al. [127]
prepared nano-patterned surface arrays on titanium samples via a facile one-step hydrothermal etching
process. The fabricated titanium surfaces revealed similar surface architecture to dragonfly wings,
and the received surfaces possessed selective bactericidal activity indicating by reduction of almost
50% of Pseudomonas aeruginosa cells and about 20% of the Staphylococcus aureus cells, respectively.
Kurella et al. [128] conducted laser processing to coat zirconia (ZrO2) and texture simultaneously on
Ti6Al4V to produce surfaces that were hierarchically integrated and organized at multiple scales.
Cataphracted surfaces with high specific surface area were finally obtained on the ZrO2 coating.
Such chemical and physical transformations were expected in a Ti6Al4V bio-implant, which was good
for effective contact with protein, cells, and tissues at various scales and was also helpful to enhance
its chemical and mechanical (tribological) performance in the bio-environment.
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By Chen et al. [130], the effects of ST on the interactions between human osteosarcoma (HOS) cells
and different Ti6Al4V coupons were studied. The Ti6Al4V coupons differed in surface topography:
polished Ti6Al4V (control); roughened Ti6Al4V (Al2O3 blasted), and LST grooved Ti6Al4V samples
with controlled interval spacing (20, 30, 40, 50, and 60 μm). Immuno-fluorescence staining of
adhesion proteins (actin and vinculin) was applied to investigate the spreading and adhesion of
HOS cells in 48-h culture experiments. Quantitative measures of adhesion were also realized by
employment of an enzymatic detachment assay. The results revealed that the HOS cells were
strongly affected by variations in the ST at micron-scale. Cell spreading on polished and roughened
surfaces presented irregular orientations. It was also found that cell spreading reduced with increased
surface roughness. After a 2-day culture duration, the stress fibers of the actin cytoskeleton were
observed co-localizing with the focal adhesions at the ends of the stress fibers on all the investigated
surfaces. On the micro-grooved textured surfaces, actin microfilament alignment reflected the
orientation as a whole and focal adhesion concentration was found to scale with the level of contact
guidance. Enhanced orientation and attachment were observed on the Ti6Al4V micro-grooved
textured surfaces with groove interval spacing of 20 μm and with a micro-roughness characterized
by higher rms surface roughness. Contact guidance was revealed to increase as grooved spacing
decreased. The lower enzymatic detachment rates obtained for the LST treated Ti6Al4V showed
that LST provided improved adhesion between HOS cells and laser textured surfaces. It was also
found that ST had a strong effect on cell detachment rates. For the range of micro-grooved geometries
studied, micro-grooves with depth of ~10 μm, width of ~11 μm, and interval spacing of 20 μm
indicated the most promising combination of cell orientation and adhesion of HOS cells to LST
grooved Ti6Al4V surface. Furthermore, Chen et al. [131] conducted the initial cell spreading and
adhesion on longitudinally- and transversally-oriented micro-grooved Ti6Al4V surfaces formed by LST.
The results showed that cell-spreading and adhesion were both enhanced by longitudinally-oriented
and transversally-oriented micro-grooves. Contact guidance was found to promote cell adhesion due
to the increasing interactions between the focal adhesions and the patterned extra-cellular matrix
(ECM) proteins on the micro-grooved surfaces.

In Fasasi et al.’s work [132] the diode pumped solid-state (DPSS) 355 nm (UV) laser operating with
a pulse repetition frequency (PRF) of 50 kHz, a focal length of 100 nm, and scan speeds of ~200 mm/s
to 300 mm/s produced micro-groove geometries that were close to the ‘optimal’ groove depth and
width of 8 to 12 μm. Such groove dimensions were in the range that could promote cell integration
and contact guidance. The results from this study suggest that nano-second DPSS UV lasers can
be used to introduce the desired micro-groove geometries without micro-cracks in the heat-affected
zones. The desired 8~12 μm groove depths and widths can be achieved by control of pulse frequency,
scan speed, and lens focal length that controls spot size. The appearance of the physical surface
features (resolidification packets, ripples, and wall deformations) obtained using DPSS UV lasers,
warrants further studies. This may lead to further optimized groove geometries that promote increased
cell adhesion.

Wettability on the implant material surface which could modulate the protein adsorption and
thereby affect cell attachment and tissue integration at the interface, usually plays an important role in
the success of an implanting operation. In order to improve the wettability, both the surface topography
and the surface chemistry, Dahotre and Paital et al. [133,134] first sprayed Ca-P (calcium phosphate
tribasic, Ca5(OH)(PO4)3) slurry onto Ti6Al4V substrate, and then conducted direct laser writing on the
Ca-P coating. Various phases such as, CaTiO3, Ca3(PO4)2, TiO2 (Anatase and Rutile) were detected
in the coated regions. The received STs obtained using direct laser writing technique suggested
a remarkable decrease in the apparent contact angle to simulated body fluid (SBF) and distilled water.
Meanwhile the textured Ca-P coating surface was favorable to cell spreading, which was confirmed
by comparative investigations with a representative Ca-P-coated Ti6Al4V in the spreading of the
MC3T3-E1 osteoblast cells after culture for 24 h. The behavior of the cells on a surface is significantly
influenced by the amount and direction of stress on the cytoskeleton, while the surface chemistry and
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surface topography also play key roles on cell behavior. Mukherjee et al. [135] found that the surface
with narrower or sharper secondary texture features on a groove textured Ti6Al4V surface was able
to promote cell attachment and differentiation. As the cell cytoskeleton held low stiffness, getting
attached to a surface with sharp features was able to induce the type of stress that was beneficial for
the cell activities. A surface with such feature dimensions could be effective in influencing the cellular
activities on the surface and thus enhancing the biocompatibility of groove textured Ti6Al4V on the
surface. Mirhosseini et al. [136] found that small holes formed by LST on Ti6Al4V samples could not
only change the surface roughness in comparison to the shot blasting treated Ti6Al4V, but also created
better cell integration and increased 2T3 osteoblast cell growth. LST increased the surface energy of
Ti6Al4V and resulted in a more active surface to attach cells.

Anodizing titanium to fabrication nanotubes (NTs) is a simple strategy for providing inexpensive
and well-ordered nanotopographies on implant surfaces to enhance their biological behavior.
It has been suggested that using anodizing to create NTs on Ti surfaces presents great promise
in vitro; it is possible to improve stem cell differentiation, increase bone growth, improve
bladder stent urothelialization, increase vascular stent endothelialization, decrease bacteria function
and inflammation. Meanwhile the Ti surfaces distributed with NTs produced by anodizing,
exhibited continued promise in various orthopedic applications after in vivo estimations [137].
Kummer et al. [138] conducted anodizing on Ti to form TiO2 NTs with 20, and 80 nm tube diameters
under applied voltages changed to 5, and 20 V, respectively, in a 0.5% hydrofluoric acid electrolyte
solution for 30, and 15 min, respectively. The anodizing treated Ti samples were also subjected to
heat treatment to remove fluorin. It was revealed that after ultraviolet (UV) light, ethanol soaking,
and autoclaving, the treated Ti samples which possessed 20 nm NTs presented the greatest promise as
an antibacterial implant material.

Fibronectin and vitronectin are two major proteins which play important roles in osteoblast
adhesion. It was reported that TiO2 NTs significantly increased fibronectin (15%) and vitronectin
(18%) adsorption on anodized titanium in comparison to the raw titanium samples, due to promoting
adherence of cells. The fibronectin and vitronectin adsorption step was increased on anodized titanium
substrates with TiO2 NTs, which benefited from biomechanical interlocking (high specific surface area)
and biological interactions (enhance bone cell function) [139].

Balasundaram et al. [140] found that TiO2 NTs obtained by anodizing titanium could promote
osteoblast adhesion through BMP-2 knuckle peptide functionalization. The received TiO2 NTs could
also act as drug molecules or bone building agents (such as RGD, KRSR, etc.) carrier for new bone
formation. Furtherly, Zile et al. [141] performed functionalization of TiO2 NTs with fibroblast growth
factor-2 (FGF-2). It was seen that the FGF-2 functionalized TiO2 NTs were able to increase keratinocyte
density, reduce bacteria adhesion and promote bone tissue formation, as expected.

Liu et al. [142] conducted temperature-controlled atomic layer deposition (ALD) to fabricate
unique nano-TiO2 coatings on Ti substrates. Increased surface nano-roughness and surface energy
contributed to these antibacterial properties. The prepared nano-TiO2 coatings showed promising
antimicrobial effects against gram-positive bacteria (S. aureus), gram-negative bacteria (E. coli),
and antibiotic-resistant bacteria (MRSA) all without resorting to the application of antibiotics.
Meanwhile in vitro results revealed that TiO2 coating stimulated osteoblast adhesion and proliferation
while suppressing fibroblast adhesion and proliferation, as compared with the original materials.

Bhardwaj et al. [143] obtained a nanophase titanium dioxide surface texture on Ti6Al4V alloy
using electrophoretic deposition (EPD). Two distinct nanotopographies (Ti-160 and Ti-120) both
presented a certain reduction in Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli
compared to the untreated controls. There were 95.6%, 90.2%, and 81.1% reductions for Ti-160 samples,
respectively. Similarly, Ti-120 sample respectively displayed reductions of 86.8%, 82.1%, and 48.6%.
In addition, osteoblast proliferation on Ti-120 at day 3 and day 5 was increased by 120.7% and 168.7%
over the controls.
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Hosseini et al. [144] prepared four different photoanodes by sol-gel spin coating onto a
glassy substrate of fluorine-doped tin oxide. The photocatalytic activities of TiO2, TiO2/C/TiO2,
TiO2/C/C/TiO2, and TiO2/C/TiO2/C/TiO2 photoanodes were evaluated under UV-Vis light
irradiation. A higher photocurrent density was detected with double layers of mesoporous carbon
between TiO2 as compared with a single layer of mesoporous carbon. A double layer of mesoporous
carbon between TiO2 also indicated a higher degree of surface roughness in comparison to a single layer
of mesoporous carbon. A remarkable improvement in photocurrent was observed by adding additional
layers as shown for the two photoanodes: TiO2/C/TiO2 and TiO2/C/TiO2/C/TiO2. The addition
of two carbon layers enhanced the graphite sheets between the TiO2 layers. The graphite sheets
might facilitate rapid transport of charges or contribute to generation of charged carriers owing to the
functional groups of mesoporous carbon.

Hanson et al. [145] used modified poly(L-lactic acid) (PLLA) scaffolds using oxygen plasma
treatment to increase surface hydroxyl groups and thereby improve substrate hydrophilicity.
The contact angle of water on PLLA decreased from 75.6◦ to 58.2◦ after oxygen plasma treatment, which
meant the surface hydrophilicity of PLLA was increased. The DNA analysis results suggested that
there was an increased number of human mesenchymal stem cells (hMSCs) on oxygen plasma treated
scaffolds. Oxygen plasma treatment also promoted a more even distribution of hMSCs throughout the
scaffold and enhanced cell spreading at earlier time points without affecting cell viability.

TiO2-based nanotubes with high specific surface area and ion-changeable ability have been
considered for extensive biomedical applications (osseointegration, antibacterial activity, and drug
delivery) [146,147]. Sterilization is usually the final surface treatment procedure of all implantable
devices and it also must be considered before implementation. Different sterilization procedures
for all implantable devices can influence mechanical properties and biological responses [146–148].
Junkar et al. [148] investigated the effect of different sterilization techniques (sterilization with
autoclave, sterilization with ultra-violet (UV) light radiations, commercial hydrogen peroxide (H2O2)
plasma, and oxygen plasma treatment) on titanium dioxide nanotubes (TiO2 NTs). TiO2 NTs with
three different diameters of 15 nm (NT15), 50 nm (NT50), and 100 nm (NT100) were prepared using
anodization. It was seen that different sterilization procedures did not influence the wettability of
TiO2 NTs. However, steam autoclaving destroyed the nanostructure of TiO2 NTs, while UV-light,
commercial H2O2 plasma sterilization, and oxygen plasma treatment techniques showed no nagetive
effects on TiO2 NTs surface features.

Kulkarni et al. [149] conducted investigation of protein interactions with layers of TiO2 nanotubes
(NTs) and nanopores (NPs). The proteins presence on the nanostructures was evaluated by XPS and
ToF-SIMS. It was found that there was significant difference in surface charge density between the
inner NTs/NPs. NTs adsorbed 31% more histone and albumin than those of NPs. The differences
were due to the distribution of NTs: the albumin/histone could also bind to the inner and partially
to the outer surface of NTs due to steric and charge restrictions, as compared with the one edge
NPs. The size, net charge, and internal charge distribution of proteins had obviously affected their
binding ability to the negatively charged TiO2 surface. Meanwhile longer NTs which had a higher
total surface area, absorbed more protein. NTs with small diameter were able to bind more small-sized
positively charged proteins per surface area, e.g., histone. According to theoretical modelling, small
diameter TiO2 NTs could lead to an increased magnitude of the surface charge density (negative) at
the wall edge, which was favorable to more histone adhesion. In addition, protein adhesion on the top
surface revealed a higher protein amount on the NTs tops for histone in comparison to albumin. All in
all, the importance of TiO2 nanostructures’ topography was suggested for biomedical applications
such as drug delivery or implant materials, where interactions with small size proteins or molecules
were primordial.

Interactions between the implant surface and the surrounding bone tissue are essential for the
successful integration of a bone implant. In respect of titanium (Ti) implant, it has been confirmed
that the contact between the cell membrane of osteoblasts and the Ti oxide surface is established in
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two steps: first, the osteoblast’s cell membrane might set a non-specific contact due to electrostatics
(originating in the Coulomb interaction between the negatively charged surface and positively charge
proteins), followed by a second step, where the specific binding was made [150]. Kabaso et al. [150]
found that adhesion of osteoblast-like cells to a Ti surface implant was a dynamic process driven by
interaction with the extracellular matrix and intracellular mechanisms after the Monte Carlo (MC)
simulations. The free energy of the system was decreased as the osteoblasts bound to the Ti surface.
On the other hand, the strong interactions at contact regions could capture the membrane and increased
the local lateral membrane tension leading to an increase in free energy of the cell membrane. It was
shown that membrane-bound protein complexes (PCs) increased the membrane protrusion growth
between the osteoblast and the groove-textured on the titanium (Ti) surface and thereby promoted the
adhesion of osteoblasts to the Ti surface.

Hamlekhan et al. [151] optimized the anodizing and annealing conditions to achieve non-aging
hydrophilic surfaces (TiO2 nanotubular surface) on Ti6Al4V alloy. It was found that the nanotubes
obtained by anodizing at 60 V and followed by annealing at 600 °C maintained their hydrophilicity
significantly longer. Due to presence of nanotubes with larger dimensions and higher surface
roughness, 60 V anodized samples revealed a lower water contact angle (WCA). On the other hand,
the annealing temperature was the main factor that could affect the maintenance and stability of the
obtained hydrophilic TiO2 nanotubular surfaces. Anodizing at high voltages partially promoted the
formation of a crystalline structure, and then enhanced surface hydrophilicity. It was suggested that
as the surface hydroxylation/dehydroxylation equilibrium was reached, the aged surfaces lost their
hydrophilicity. Transformation of the amorphous structure to an anatase crystalline structure was
able to slow down the hydroxylation/dehydroxylation equilibrium progress on the TiO2 nanotubular
surface while the slowest equilibrium process occurred as the anatase was transformed to rutile.

Cunha et al. [152] formed textured surfaces on Ti6Al4V by a femtosecond laser treatment.
Four types of STs were obtained on Ti6Al4V samples: (ST-1) nanoscale laser-induced periodic surface
structures (LIPSS); (ST-2) nanopillars; (ST-3) a bimodal roughness distribution texture formed of LIPSS
overlapping microcolumns; (ST-4) a complex texture formed of LIPSS overlapping microcolumns
with a periodic variation of the columns size in the laser scanning direction. The roughness values
of the textured surfaces were characterized by the arithmetic mean surface roughness (Ra) and the
mean peak to valley height (Rz), calculated from the surface profiles. Distilled-deionized (DD) water
and Hank’s balanced salt solution (HBSS) were used to evaluate surface wettability of polished and
surface textured Ti6Al4V by the sessile drop method. It was found that the surface roughness values
of the four STs were as follows: ST-1 Ra = 290 ± 20 nm and Rz = 2.4 ± 0.3 μm; ST-2 Ra = 260 ± 10 nm
and Rz = 2.1 ± 0.1 μm; ST-3 Ra = 1.1 ± 0.1 μm and Rz = 8.5 ± 1.0 μm; ST-4 Ra = 4.7 ± 0.6 μm and
Rz = 26.8 ± 2.3 μm, respectively. The polished Ti6Al4V was wetted by both liquids and the contact
angles were very similar for the two liquids (68.0◦ and 63.4◦ for DD water and HBSS, respectively after
600 s of contact). However, the surface textured surfaces revealed a time-dependent wetting behavior.
At t = 0 s, besides ST-3, all the surfaces were wetted by water (θ <90◦). HBSS could wet all the textured
surfaces. ST-1 and ST-4 showed the best wetting for both liquids, with equilibrium contact angles
of 43.4◦ and 24.1◦ for water and 21.9◦ and 8.4◦ for HBSS, respectively. The reduction of the contact
angle with HBSS was maximum for surfaces with ST-4 and then reached a very low contact angle of
about 8.0◦ the droplets spread over all the textured surface. ST-2 and ST-3 suggested similar wetting
behavior to the control polished one, with equilibrium contact angles of 56.2◦ and 76.2◦ for water and
61.8◦ and 47.6◦ for HBSS, respectively. It could be concluded that the HBSS spread much faster than
water on the textured surfaces, reflecting an average value of the spreading coefficient 60% higher
than that of water. The anisotropy of the surfaces was a key factor in controlling the wetting behavior.
Surface texturing on Ti6Al4V by femtosecond laser certainly was an effective route to refine its surface
wettability, and also held potential application in improving mesenchymal stem cells adhesion when
Ti6Al4V was used as biomaterial.
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Super-hydrophobicity (water contact angle ≥150◦ and sliding angle ≤10◦) on the surface of
Ti6Al4V can also be achieved by surface texture-based surface treatments to meet the required service
behaviors in some fields outside of biomaterials [80,81,153–160]. Shen et al. [80] obtained hierarchical
surfaces on Ti6Al4V with super-hydrophobicity via a multi-step process: Step-1 traditional sand
blasting of the polished Ti6Al4V samples was carried out with aluminum oxide (60 mesh, 150 mesh,
and 300 mesh) at 0.5 MPa for 10 s to form uneven rough structured surfaces like microhills (textured
surfaces); Step-2 hydrothermal treatment of the sand blasted samples was conducted in an autoclave
with 30 mL of 1 M NaOH solution in a 220 °C oven and reacted for different times (1 h, 2 h, 4 h, 6 h,
8 h, and 12 h) and cooled down to ambient temperature in the oven. Thereafter the samples were
immersed in 1 M HCl solution for 30 min. The samples were rinsed with deionized water and put
into a muffle furnace (heating rate was 2 °C s−1) and heated at 500 °C for 3 h leading to the growth of
one-dimensional (1D) TiO2 nanowires on the surfaces with microscale rough structures. This process
significantly increased the specific surface area of the samples, resulting in an increase of grafted
area with the fluorine-containing low-surface-energy groups. Step-3 all of the hydrothermally treated
samples were immersed in 1 wt % FAS-17 ethanol solution for 24 h and then dried in a 120 °C oven for
2 h to obtain the final samples.

Sand blasting with 60 mesh aluminum oxide produced a large-size concave-convex structure
(~60 μm). While sand blasting with 150 mesh aluminum oxide received a relatively even
concave-convex structure (~35 μm). Sand blasting by employment of 300 mesh aluminum oxide
resulted in an even finer structure with a smooth overall topography. As fluorination modifications
were conducted on the sand blasted surfaces with FAS-17, hydrophobic surfaces were obtained in
comparison to fluorination modification on the polished surface. The sand blasted sample with
150 mesh aluminum oxide followed by fluorination modification showed the largest contact angle of
liquid droplets (~135◦) among the measured surfaces. The reaction duration of hydrothermal treatment
had certain effects on the sizes of the formed nanowires, and furthermore influenced the contact angles
of the fluorination modified sand blasted surfaces with 150 mesh aluminum oxide. It was found
that with a short hydrothermal reaction time (1–2 h), the formed nanowires were relatively short
and small, which led to the surface wetting state in the transition state between the Wenzel wetting
state and the Cassie wetting state; the apparent contact angle of the droplets on the surfaces slightly
increased from about 135◦ to 138◦ (sliding angle 8◦ to 7 ◦). As the hydrothermal reaction time was
prolonged to 4 h, the length of nanowire increased with relatively even distribution, and the endings
gradually gathered, the spacing distance between the nanowires with each other was far less than
100 nm, forming a larger continuous air layer, the wetting regime of the liquid droplets on the surface
successfully changed from the Wenzel wetting state to the Cassie wetting sate (apparent contact angle
155◦ and sliding angle 6◦). When the hydrothermal reaction time was kept to 8 h, the nanowire length
was further extended, and a more dense distribution could be found on the surfaces of the microscale
structures. The generated secondary nanowires and microscale structure could capture a large quantity
of air owing to the higher specific surface area, hence the apparent contact angle of droplets on the
surfaces presented a noticeable increasing to 161◦ (sliding angle 3◦). It was also found that there was
no obvious change in the apparent contact angle and sliding angle as the hydrothermal reaction time
was even longer.

In addition, Shen et al. [153] conducted anodic oxidation on sand blasted Ti6Al4V, followed by
fluorination modification with FAS-17. The ordered nanotube arrays were formed on sand blasted
Ti6Al4V after anodic oxidation, and the formed surface could be considered as some kind of textured
surface. As the ordered nanotube arrays were modified by FAS-17, the final surface of Ti6Al4V revealed
an apparent contact angle of about 151◦ and a sliding angle of about 8◦. It was seen that sand blasting
+ anodic oxidation + fluorination modification with FAS-17 was able to endow Ti6Al4V with a certain
super-hydrophobicity on the surface.

On the basis of the above results, Shen et al. [80] expanded the research of super-hydrophobicity to
icephobicity (anti-icing property) on the surface of Ti6Al4V. The multi-step treatment of sand blasting
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(with 150 grit alumina at 0.5 MPa for 10 s) + hydrothermal treatment (in 30 mL 1 M NaOH aqueous
solution at 220 °C for 8 h) + fluorination modification with FAS-17 (in 1 wt % FAS-17 ethanol solution for
24 h and dried at 120 °C for 2 h) was conducted on Ti6Al4V. Icephobicity was evaluated by comparing
how long the water droplets were maintained before completely freezing on these surfaces under
different temperatures (−10 °C, −20 °C, and −30 °C). A self-made ice adhesion strength measurement
device including a cooling plate with a temperature in the range from 0 °C to −40 °C was applied to
measure the ice adhesion strength. There were four types of samples tested: the polished Ti6Al4V
(S1), the sand blasted+ fluorination modification with FAS-17 treated Ti6Al4V (S2), the hydrothermal
treatment + fluorination modification with FAS-17 treated Ti6Al4V (S3), and the entire multi-step
treated Ti6Al4V (S4). The results showed that when the icing process of water droplets was performed
at −10 °C, water droplets were quickly frozen on S1 and S2 (11.3 s and 12.1 s), while water droplets took
a much longer time to completely freeze on the S3 (623.9 s) and S4 (750.4 s). The ice adhesion strength
values of the tested samples could be arranged as follows: S1 (~730 kPa) > S2 (~320 kPa) > S3 (~160 kPa)
> S4 (~80 kPa). As water droplets were conducted at −20 °C and −30 °C, the icing-delay durations of
water droplets on all surfaces significantly decreased. However, the icing-delay performance of S4
is obviously superior to the S1, S2, and S3 as expected. Meanwhile it was seen that the ice adhesion
strength values of the tested samples under −20 °C and −30 °C slightly increased compared with
those at −10 °C, but the order was not changed. The S4 sample obtained from multi-step treatment of
sand blasting + hydrothermal treatment + fluorination modification with FAS-17 suggested the most
promising icephobicity.

Additionally, Shen et al. [154] first formed a microscale array textured surface on Ti6Al4V
via chemical micromachining, then the textured surface was successively treated by hydrothermal
treatment and fluorination modification with FAS-17 using similar processing parameters to the
previous research. There were three types of samples tested: the polished + fluorination modification
with FAS-17 treat Ti6Al4V (S1), the hydrothermal treatment + fluorination modification with FAS-17
treated Ti6Al4V (S2), and the surface texturing + hydrothermal treatment + fluorination modification
with FAS-17 treated Ti6Al4V (S3). It was found that when the icing process of water droplets was
measured at −10 °C, S1 presented a icing-delay time of 13.2 s, which meant the water droplet was
quickly frozen on S1, while water droplets took a far longer time to completely freeze on the S2
(599 s) and S3 (765 s). The ice adhesion strength values of the tested samples were ranked in the
following sequence: S3 (~70 kPa) < S2 (~190 kPa) < S1 (~700 kPa). Combining with the measurement
results of icing process and ice adhesion strength, it was possible to draw a conclusion that Ti6Al4V
obtained extraordinary anti-icing property on the surface after surface texturing + hydrothermal
treatment + fluorination modification with FAS-17.

By employment of LST technique, Lian et al. [155,156] prepared three kinds of ST on Ti6Al4V
surfaces: groove, crosshatch (included angle 90◦), and space-lattice (in the shape of frustum or cylinder),
respectively. All of the LST treated surfaces and the raw Ti6Al4V were hydroxylation modified on
the surfaces by ultraviolet (UV) radiation for 1 h. Then the hydroxylated samples were immersed
in a solution of 1 mL isooctane 15 μL 1H, 1H, 2H, 2H-Perfluorooctyltrichlorosilane (FOTS) for 12 h.
Self-assembled monolayers (SAMs) were obtained on the blank and textured Ti6Al4V samples. In
this work the polished Ti6Al4V showed a close contact angle to the textured Ti6Al4V of 50–70◦,
which meant they were hydrophilic surfaces. On the contrary, all of the SAMs-coated samples
presented hydrophobicity. The contact angles of the water droplet on the tested samples could be
arranged as follows: SAMs-space-lattice (151.6◦) > SAMs-crosshatch (126.1◦) > SAMs-groove (124.8◦) >
SAMs-Ti6Al4V (117◦). SAMs-space-lattice revealed obvious super-hydrophobicity, meanwhile it was
seen that the measured angles were more aligned with the Cassie model.

Based on the above results, Lian et al. [157] examined the effects of surface film
on super-hydrophobic characteristics of Ti6Al4V samples with a dimple surface texture.
Four different self-assembled monolayers (SAMs): 1H, 1H, 2H, 2H-Perfluorodecyltrichlorosilane
(FDTS), 1H, 1H, 2H, 2H-Perfluorooctyltrichlorosilane (FOTS), Octadecyltrichlorosilane (OTS) and
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3-Mercaptopropy-trimethoxysilan (MPS) were selected. The influence of spacing values (50 μm,
60 μm, 70 μm, 80 μm, 90 μm, 100 μm) on the super-hydrophobicity of the SAMs coated-textured
Ti6Al4V was also investigated. The results showed that when the spacing of the dimple surface texture
was 50 μm, all the SAMs coated-textured Ti6Al4V samples held super-hydrophobicity indicated
by the contact angles which were higher than 150◦. The contact angles of the tested samples were
in the following sequence: FDTS coated-textured Ti6Al4V > FOTS coated-textured Ti6Al4V > OTS
coated-textured Ti6Al4V > MPS coated-textured Ti6Al4V. The maximum contact angle of 164.5◦ was
achieved on the surface of FDTS coated-textured Ti6Al4V. The contact angles of the tested samples
decreased with increasing dimple spacing. Even so, the contact angles of the FDTS, FOTS, and OTS
coated Ti6Al4V with surface texture were still larger than 150◦ and kept super-hydrophobicity on
these surfaces. However a noticeable decrease in contact angle was found on the surfaces of MPS
coated-textured Ti6Al4V samples, when MPS were coated on textured Ti6Al4V samples with dimple
spacing values of 60 μm, 70 μm, 80 μm, 90 μm, 100 μm; the observed contact angles were in the range
of 145–130◦. The MPS coated-textured Ti6Al4V samples with higher dimple spacing values showed
certain hydrophobicity on these surfaces.

Further taking full advantage of the existing results above, Lian et al. [158,159] turned to the
specific application of Ti6Al4V with super-hydrophobicity in the marine environment. At first,
dimple surface texture and surface pattern inspired from shell surface were produced on Ti6Al4V
by LST. Then both of the textured surfaces were coated with nano SiO2 particles. A low surface
energy solution was prepared with 0.05 mL 1H, 1H, 2H, 2H-perfluoroalkyltriethoxysilanes (PFO)
and 0.1 mL ethanol. Droplets of the mentioned solution were dropped on the nano SiO2 coated
samples. The final received Ti6Al4V samples with two kinds of surface texture not only demonstrated
excellent super-hydrophobicity, but also exhibited promising performance of antifouling of halobios
in comparison to the polished Ti6Al4V after a 45 d exposure test in neritic region. According to the
results above, it was clear that surface textured Ti6Al4V could realize that the functions of icephobicity
and antifouling were mainly premised on promising super-hydrophobicity [160].

Wael Att et al. [161] discovered that both UVA (ultraviolet light treatment, peak wavelength
of 365 nm) and UVC (ultraviolet light treatment, peak wavelength of 365 nm) treatment could
convert the 4-week-old titanium surfaces from hydrophobic to superhydrophilic. However, the UVC
phototreatment surmounted the innate bioactivity of new surfaces, and the aged surface increased its
rat bone marrow-derived osteoblastic cell attachment capacity to a level 50% higher than that of the
new surfaces. In addition, proliferation, alkaline phosphatase activity, and mineralization of cells were
higher on the UVC-treated 4-week-old surfaces compared with the new surfaces.

3. Summary and Outlook

Mmaterial scientists and engineers have long devoted themselves to the design and production
of new materials with better properties to meet the increasing challenges and demands over a wide
range of applications under special, aggressive and harsh service conditions. Fabrication of coating
onto the surfaces of existing materials by employment of surface modification technologies can obtain
the expected properties and improve their surface performance. Titanium and its alloys have been
rapidly developed as the pure metal first became commercially available after the 1950s. Its excellent
advantages make Ti6Al4V titanium alloy valued in the titanium alloy family, and it is the most
frequently and successfully used titanium alloy. However, the disadvantages of Ti6Al4V cannot be
ignored, Ti6Al4V holds shortcomings of low surface hardness, high friction coefficient, and insufficient
abrasive wear resistance. Surface modification technologies are attractive and suitable approaches
to solve the above problems that occur on the surface of Ti6Al4V. A series of surface modification
technologies have been used to improve the tribological performance of Ti6Al4V. In addition, surface
texture which is inspired from the non-smooth surfaces in the natural world has been considered as an
effective approach to refine the tribological behavior of materials and tools in tribology-related fields.
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Meanwhile along with the expansion and deepening of research on surface texture, Ti6Al4V has also
benefited a great deal from surface texture in biological-related applications.

In this mini review, the surface texture-based surface treatments on Ti6Al4V for tribological
(with/without lubricated, cavitation erosion) and biological (where Ti6Al4V was used as biomaterials
and for the applications of super-hydrophobicity, icephobicity and antifouling) applications
were suggested and consolidated. The following conclusions and prospects were based on
published literature.

(1) As Ti6Al4V was treated by single surface texturing, exceptional properties and fascinating
functions were simultaneously imparted. Meanwhile the combination of surface texturing and
surface treatment could take advantage of the mentioned techniques and realized a “1 + 1 > 2” effect.
The surface performance of Ti6Al4V titanium alloy was further tuned by surface texturing-based
surface treatments and resulted in more extensive applications as expected.

(2) The positive effects of the surface texture at macro/micro/nano scales on Ti6Al4V in
tribological performance also lay in the following aspects: storing solid lubricant and grease to
supply continuous lubrication or re-lubrication, improving the elastohydrodynamic effect under liquid
lubrication, capturing wear debris, minimizing abrasive wear, and reducing nominal contact area.
Meanwhile it was confirmed that surface treatment could provide a surface texture with a strongly
helping hand.

(3) Ti6Al4V with different surface textures on the surface was able to achieve a higher specific
surface area, which has had a significant effect on the adhesion and proliferation of cell and antibacterial
behavior, hydrophilicity or hydrophobicity. Nano-scale texture seems to be more effective compared
with the macro- and micro- scale textures. Textured surface covered by coating/film with certain
functions has increasingly influenced and enhanced the performance of Ti6Al4V.

(4) The exceptional performance brought by surface texture has been greatly inspired by the
non-smooth surfaces of some flora and fauna in nature. There are many species on the world,
the specific property of each species with a non-smooth surface has an important significance for
bionic research. Such investigations might make a contribution to enrich the studies and applications
of surface texture.

(5) There is no one method that appears to work for all conditions. Therefore, the practical
application of surface texture-based surface treatment on Ti6Al4V should be conducted case by case
rather than having a direct and indiscriminate adoption. Meanwhile the essence and mechanism of
physical and chemical reactions between the surface texture and lubricant, cell, bacteria, and liquid
drops that occur on the textured surface are worthy of attention.

(6) Despite the surface texture-based surface treatments on Ti6Al4V which have demonstrated
significant advances in the tribological and biological applications, the research in this area is still
in an early stage. Establishing material systems with different conpositions and multiple functions
on e textured surfaces is helpful to accelerate the practical applications of surface texture-based
surface treatments. Besides the conventional way of trial and error, computer simulation and big data
technologies are also capable of having potential benefits in the design and application of surface
texture-based surface treatments.
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