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Abstract: Due to the growing aging population of the world, and as a result of the increasing need
for dental implants and prostheses, the use of titanium and its alloys as implant materials has spread
rapidly. Although titanium and its alloys are considered the best metallic materials for biomedical
applications, the need for innovative technologies is necessary due to the sensitivity of medical
applications and to eliminate any potentially harmful reactions, enhancing the implant-to-bone
integration and preventing infection. In this regard, the implant’s surface as the substrate for any
reaction is of crucial importance, and it is accurately addressed in this review paper. For constructing
this review paper, an internet search was performed on the web of science with these keywords:
surface modification techniques, titanium implant, biomedical applications, surface functionalization,
etc. Numerous recent papers about titanium and its alloys were selected and reviewed, except for the
section on forthcoming modern implants, in which extended research was performed. This review
paper aimed to briefly introduce the necessary surface characteristics for biomedical applications and
the numerous surface treatment techniques. Specific emphasis was given to micro/nano-structured
topographies, biocompatibility, osteogenesis, and bactericidal effects. Additionally, gradient, multi-
scale, and hierarchical surfaces with multifunctional properties were discussed. Finally, special
attention was paid to modern implants and forthcoming surface modification strategies such as
four-dimensional printing, metamaterials, and metasurfaces. This review paper, including traditional
and novel surface modification strategies, will pave the way toward designing the next generation of
more efficient implants.

Keywords: titanium; surface modification; surface topographies; multifunctional surfaces; metama-
terials; 4D printing

1. Introduction

Titanium (Ti) and its alloys as metallic biomaterials have found lots of application in
the biomedical industry, especially for bone implants (dental and orthopedic) [1,2]. This
phenomenon is still growing. The utilization of Ti-based biomedical products reached about
USD 45.5 billion in sales in 2014, so it is of great importance to make them as efficient as
possible. Titanium with respective atomic number and weight of 22 and 47.86 is a transition
element located in group IV and period four of Mendeleev’s periodic table and, according
to its room temperature atomic structure, it can be found as α, near-α, α + β, metastable β,
and stable β. The β type Ti alloys are mostly preferred in biomedical applications because
of their low elastic modulus (similar to natural bone) and high corrosion resistance [3–7].
In general, the reason behind this ever-increasing utilization of Ti-based materials in the
biomedical field is related to their superb properties, including biocompatibility, non-toxic
nature, good corrosion resistance, potential to have osteogenic reactions, high specific
strength, low Young’s modulus, lightweight, and high strength-to-weight ratio compared
to steel and other metals [8–11]. As a result of these beneficial properties, from World War
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II until now, Ti has found lots of application in the biomedical field, especially in hard
tissue replacements such as artificial bones, joints, dental implants, artificial hip joints [12],
stents [13], scaffolds [14], and surgical devices.

An implant’s surface has a crucial role in its reaction with peripheral live tissue since
it is a substrate in which all biological reactions initially occur. As a result, it affects
the performance of the implant, as well as its wettability and mechanical and chemical
properties. The implant surface highly influences the ambient environment, having a
significant effect on osteointegration [15,16], adhesion, and proliferation of osteoblast
cells [12]. The implant surface is regarded as an artificial object from live tissue, and the
first reaction of the body is to form foreign body giant cells by activated macrophages.
Subsequently, the osteoprogenitor cells migrate onto the implant surface and differentiate
into osteoblasts that finally produce bone [17]. It is reported that, generally, bone is
separated from the implant’s surface by a thin layer of non-mineral substances that prevent
complete osteointegration [18]. Among other numerous reasons, this issue is one of
the main reasons which justifies the need to use surface modification procedures. For
example, in Ti implants, manufacturing techniques unfortunately lead to the formation of
a layer with a poor condition that contains an oxidized, contaminated, stressed, and non-
uniform surface that is not suitable for biomedical applications; hence it is of paramount
importance to modify the surface. In addition, the surface must be accurately tailored in
order to improve its mechanical bonding with peripheral tissue (bone, blood, muscle, etc.),
biocompatibility, corrosion, wear, mechanical properties, roughness, and wettability [19,20].
For instance, Bauer et al. [21] showed the size-selective response of stem cells on anodic
TiO2 and ZrO2, in which the cell adhesion and spreading were improved for TiO2 nanotube
diameters in the range of 15 to 30 nm, with a significant decrease in diameters higher than
50 nm. Additionally, Park et al. [22] proved the relationship between nanotube diameter
and cell fate, and reported that the proliferation, adhesion, and differentiation of stem cells
are highly dependent on nanotube diameter. By considering the crucial role of surface
condition, up to now, various surface modification techniques have been introduced [23]
and practiced, leading to different surface topographies and properties, each of which has
its characteristics and applications, and which is intended to be used in a specific location
in the body. These methods can be categorized from different aspects such as type of
method or resultant topographical size. Figure 1 briefly illustrates the surface modification
procedures according to the type of method, but this paper aims to describe them from a
structure size point of view.

 
Figure 1. Metallic surface modification classification according to the type of technique.

An implant’s surface can be modified through mechanical methods such as machin-
ing [24], grinding, polishing, blasting, and attrition [25]. In mechanical methods, the surface
is modified by mechanical actions involving physical and attrition treatment, shaping,
and removing the surface material. The objective of these methods is to achieve a certain
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type of roughness and topographies and eliminate the contaminations and oxide layers
by removing the surface [26]. Recently, some severe plastic deformation techniques as
mechanical methods have also been used to fabricate grain-refined surfaces and enhance
the overall performance of biomaterials [27–31]. If the modification method involves chem-
ical reactions, it is classified under chemical surface modification procedures [32]. The
chemical techniques include anodic oxidation, sol-gel, chemical vapor deposition (CVD),
biochemical modification, acidic, alkaline, and hydrogen peroxide treatment [33,34]. In
the case of applying resistance heating, electron beam, laser, or electrical discharge in a
vacuum, and of thermal, kinetic, and electrical energies, rather than chemical reactions, the
modification method is classified under physical procedures. These physical modification
techniques include thermal spraying, physical vapor deposition, ion implantation, and
glow discharge plasma treatment.

Previous studies indicate that macro, micro, and nano-structured surface morpholo-
gies in implant surfaces can have pivotal effects on biocompatibility, bioactivity, osteo-
genesis, bone formation, and integration [35,36]. It was proven by many scholars that
micro/nano-structured surfaces could improve biocompatibility [37], cell adhesion and
proliferation, filament orientation, and even gene expression [38], as well as alkaline
phosphatase (ALP) activity, cell mineralization, and osseointegration [39]. Some of these
micro/nano-structures, in addition to maintaining biocompatibility and osseointegration,
can have bactericidal properties [40]. They can even be used in drug loading applica-
tions [41,42], having the potential to be used as multifunctional techniques. It is known
that high aspect ratio topographies are bactericidal with high effectiveness, which was
numerously proven in Ti material [43,44]. Nanotube formation on Ti can be considered
as the multifunctional option, providing biocompatibility, drug loading, and bactericidal
effects. López-Pavón et al. [45] loaded the anodically produced nanotubes (on Ti-24Zr-
10Nb-2Sn alloy) with gentamicin. The higher length and diameters of nanotubes leads
to better a performance of drug loading, with a high percentage of gentamicin release.
The micro/nano-scale variations in topology influence the antioxidant characteristic of the
implant, as they can affect the oxidative stress microenvironment, enhancing or debilitating
osteoinductive ability [46,47]. In this regard, for the first time, Ma et al. [48] reported that
nano-structuring of the Ti surface through acid etching and anodic oxidation produces
various topologies in which micro/nano-structures have superior oxidative stress resis-
tance toward smooth and small nanotubes. By considering this brief introduction, it is
clear that surface topographies are of significant importance in biomedical applications
and investigations. In this regard, up-to-date and innovative surface modification methods
and procedures are crucial in implant design and industry. These novel technologies
will pave the way toward achieving a new generation of Ti implants with superior and
multifunctional properties, leading to enhanced quality of human life and even decreased
economic burdens on society.

2. Surface Characteristics for Biomedical Applications

2.1. Roughness and Wettability

The surface condition has a significant effect on numerous tissue reactions; it can influ-
ence cell proliferation and differentiation [49], protein adsorption [50], osseointegration, etc.
In this regard, surface characteristics such as roughness, chemical composition, energy, wet-
tability, biocompatibility, and bactericidal should be thoroughly studied and investigated.
Osseointegration, as a direct structural and functional bonding between implant material
and bone, is dependent on roughness; the surfaces with higher roughness and waviness
can improve osseointegration [51]. It was seen that, in dental implants, rough surfaces
have enhanced bone fixation, and they have higher bone-to-implant contact (BIC) value
compared to commercially available implants [52], though the rougher surfaces compared
to smoother ones have superior bone fixation [53]. Tailoring the surface of the implant with
increased micro/submicron-scale roughness with sizes comparable to natural tissues and
cells can lead to better osteoblast differentiation and production of local factors [54], with
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enhanced BIC value in vivo [55] and improved wound healing [49]. Nanorough surfaces
with similar features to cell membrane receptors and proteins have a crucial role in improv-
ing the performance of the implant and osseointegration. Bone-implant surface interaction
at various roughness and topographical conditions is schematically shown in Figure 2.
Macroscale features can maintain a suitable mechanical fixation, while micro/submicron
features can favorably interact with cells and osteoblasts. In a nanoscale condition, in addi-
tion to previous factors, the cell membrane receptors, integrins, and proteins are involved
and enhance the overall quality of osseointegration and other biological reactions between
bone and implant [56].

Figure 2. Bone-to-implant surface interaction at various roughness and topographical conditions.

Based on the roughness value, surfaces are classified into four categories: (1) smooth
surfaces with Sa less than 0.5 μm can be found in abutments of oral implants; (2) slight
roughness with Sa in the range between 0.5 and 1.0 μm in acid-etched samples and Astra
Tech implants; (3) moderate roughness with Sa between 1 and 2.0 μm, which comprises
nearly all modern implants, such as the Astra Tech, TiOblastTM, Nobel TiUnite, Os-
seoSpeedTM, Straumann SLA, and Dentsply Cellplus; (4) rough surfaces with a Sa higher
than 2 μm, which are plasma-sprayed samples and Dentsply Frialit implants [57]. Since
surface roughness is a critical factor modulating osteoblastic function, the optimum value
should be determined, and the implant will be tailored according to it. Mustafa et al. [58]
investigated the effect of various surface roughness values on the attachment, proliferation,
and differentiation of cells on the Ti implant surface. They found out that the proliferation
and differentiation of human mandibular bone cells are enhanced by increasing the surface
roughness of the titanium implant. According to Rønold et al. [59], an optimal surface
roughness ranges between 3.62 and 3.90 μm for bone attachment. It should be mentioned
that acid-etched surfaces and Ti coating are the most preferred ways to gain an optimum
surface roughness to improve an implant’s performance [60].

Wettability, as a tendency of one fluid to spread on or adhere to a solid surface, has a
substantial impact on biological interaction between the implant surface and peripheral
tissue, and affects protein adsorption phenomenon and cell adhesion [61]. Figure 3 schemat-
ically illustrates the wettability behavior on various Ti surfaces; the nanostructures have a
more wetted area than the Ti-foil with the smooth surface because of liquid penetration.
This better wettability in nanostructures is an advantageous characteristic in biomedical
applications.
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Figure 3. Wettability in Ti Nanostructures.

2.2. Biocompatibility, Osteogenesis, and Bactericidal Effects

Biocompatibility can be defined as the capability of the material to display a healthy
and proper host response and, in this context, the surface condition of materials is highly
influential. The biocompatibility of Ti implants is associated with their oxide layer’s ability
to react with the peripheral environment, water ions, and serum proteins [62]. It was
demonstrated that acicular-shaped oxides and topographical features on the surface are
more toxic and noncompatible compared to equiaxed ones, and the surface potential can
affect the biocompatibility of the implant [63]. In addition, roughness and surface topog-
raphy can alter cellular behavior, platelet and osteons activation, and protein adsorption,
finally changing the material’s biocompatibility. Hydrophobicity is another factor that
controls biocompatibility, since it determines the type, amount, and binding condition
of proteins [64]. In this regard, it is believed that hydrophilic surface features are more
compatible and safer compared to the hydrophobic ones, and even lead to better bone
integration in Ti implants [65]. The size of surface features can also affect the biocompati-
bility of implants; for example, in pits with a diameter higher than 25 μm, cells migrate
inside and settle there [66,67] or spread them out to fill the pit gap [68]. It was shown that
fibronectin has higher adsorption in shallow pits and surface topography can affect the
fibronectin distribution [69,70]. Overall, the biocompatibility response of an implant can be
governed by its surface condition.

The term osteogenesis refers to the development and formation of new bone tissue
by cells named osteoblasts, and osteointegration is known as the direct and through con-
tact between bone and implant. Figure 4 schematically illustrates the osseointegration
procedure on metallic implants, which includes three phases [71]. In the first phase after
implantation, the surface of the implant is surrounded by blood, biomolecules, proteins,
glycoproteins, and lipids, establishing a transitory bioactive film. After about one month,
in phase two, the bone tissue is slightly absorbed around the implant, and proliferation and
differentiation of osteon cells begin, leading to mineralization. After about three months,
the implant surface is covered by many osteoblasts and osteoclasts that gradually mature,
leading to progressive osteointegration. Many surface-related variables can impact the
osteogenesis and osteointegration conditions of implant material, including wettability,
roughness, surface chemistry, energy, etc. [72]. Any failure in proper osteointegration
and osteogenesis leads to implant failure and many costs to both patient and the medical
system; hence, it is of vital importance to avoid such errors. In this regard, titanium can be
considered as a bioinert material with proper bone contact under osteo-permissive condi-
tions; it is better than bio-tolerant materials and, unfortunately, more feeble than bioactive
materials, so its surface can be purposefully modified in order to become bioactive. Surface
topography and roughness can be accurately tailored to compensate for poor osteogenesis
and osteointegration conditions [73]. The optimum roughness is about 1 to 1.5 μm, which
maintains suitable bone-to-implant fixation [72]. Lossdörfer et al. [74] showed that, by
increasing the surface microroughness, the osteoblast proliferation diminishes while differ-
entiation increases since, in microrough topographical features, osteoblasts secrete some
biological factors which improve osteoblast differentiation and diminish osteoclast activity
and formation. Surface modification techniques can be incorporated to actively control the
bone marrow-derived mesenchymal stem cells’ (BMSCs) fate as one of the critical variables
in osteogenesis. In this regard, surface technologies such as anodization, micro-arc oxida-
tion, sol-gel, and ion implantation can improve BMSCs’ differentiation [75]. Additionally,
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titania nanotubes (TNTs) are considered as favorable surface modification strategies to
improve osteogenesis and osteointegration [76]. Shen et al. [77] reported that TNTs can
improve osteogenic self-differentiation and decrease early inflammation of macrophages;
the overall cellular response of mesenchymal stem cells (MSCs) and macrophage behavior
can be well regulated by proper utilization of TNTs. In another study [78], it was shown
that TNTs on Ti surface show the best osteogenesis response in comparison to a micro-scale
case (sand blasted-acid etched topography) and a nano-scale case (hybrid sand blasted-acid
etched), proving that nano-scale TNTs have the best surface topography for increasing
clinical performance.

Figure 4. The osseointegration procedure on metallic implants [71]. In phase 1, the surface is
surrounded by blood, biomolecules, proteins, glycoproteins, and lipids, establishing a bioactive film.
In phase 2, the initial bone tissue absorption is begins simultaneously with osteon cells’ proliferation
and differentiation, leading to mineralization. In phase 3, the surface is covered by osteoblasts and
osteoclasts, causing progressive osteointegration.

By two bacteriostatic and bactericidal strategies. Figure 5 schematically illustrates
The bactericidal effect is an action that prevents the growth of bacteria and keeps them in
a stationary phase of growth. A bactericide material can also kill bacteria. As is known,
implant-related infections are among the most serious problems and issues in implant
surgeries, which lead to failure and cause costly subsequent surgeries [79]; hence it is
of crucial importance to resolve them. Mainly, two forms of bacteria are responsible for
infection-related issues, Staphylococcus aureus (S. aureus) [80] and Staphylococcus epidermidis
(S. epi.) [81]. Surface modification techniques are highly beneficial in the prevention
of biofilm formation and infections, and can be achieved by designing antimicrobial
surfaces which are able to avoid any pathogen spread and material deterioration these two
mechanisms. These bactericidal surfaces actively prohibit the initial adhesion of living
planktonic microbial cells that are created through the killing of bacteria or exorcising
the approaching microbial forms. These antibacterial effects can be attained by various
methods (physical, chemical, physicochemical, coatings, etc.) and in different scales (macro,
micro, nano, atomic, molecular, and textural). In this regard, there are many types of
antibacterial macromolecule [82–84], such as inorganic bactericidal metallic elements silver,
copper, zinc, etc. [85–87].
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Figure 5. Schematic illustration of two surface modification strategies (bacteriostatic and bactericidal)
in designing bactericidal surfaces.

3. Surface Modification Procedures

3.1. Macro-Grade Modification

Macro-scale surface treatments warrant the generation of a rough structure on the
surface of titanium implants, and therefore improve their biological performance and
osseointegration. Moderate roughness, with the average (Sa) ranging from 0.5 to 2 μm, is
suitable for bone ingrowth in dental and orthopedic implants [88]. In this regard, many
techniques with the capability to produce macro-rough surfaces have been introduced, such
as etching techniques through acid etching [89,90], sandblasting [91,92], three-dimensional
printing (3DP) [93], and laser surface texturing [94].

3.1.1. Acid Etching and Sandblasting Techniques

In the surface modification of Ti in biomedical applications, acid etching is of substan-
tial importance, since it can generate fine-rough (1–3 μm), rough (6–10 μm), and macro-
rough (10–30 μm) surfaces. Acid-etching can considerably improve early endosseous
integration and implant stability; as has been shown, dual acid-etched Ti implants with
macro-roughness in the range of 10–30 μm could effectively enhance bone anchorage and
early osseointegration in rabbit models [95]. The dual effect of acid etching on cell behavior
and mechanical properties was studied by Wang et al. [96], who reported that acid etching
in hydrochloric acid could produce very rough surfaces (up to 3.7 mm roughness value),
which led to considerable improvements in osteoblast cell adhesion and proliferation. It
was seen that roughness is dependent on etching duration and, by increasing etching
time, the surface roughness incremented while its yield strength diminishes. As such, a
balance between cell response and strength should be considered. Figure 6 shows the
immunofluorescence micrographs of osteoblast attachment on Ti samples with various
etching durations. The optimal etching time is about 60 min, showing both favorable cell
response and strength.
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Figure 6. The immunofluorescence micrographs of osteoblast attachment on Ti samples after one-day
of incubation. Rhodamine-phalloidin was used to stain the actin filaments and DAPI was utilized to
stain cell nuclei. (a) Control sample without etching, (b–f) after etching for 30, 60, 90, 120, and 150 min,
respectively [96] (reproduced with permission number: 5066331116663, John Wiley and Sons).

One of the most infamous and oldest modification techniques of Ti implants is sand-
blasting, in which the pressurized abrasive material is volleyed onto the surface of the
implant so that the surface becomes rough and its osseointegration improves. It was
shown that acid-etched surfaces have higher roughness magnitudes than sandblasted
ones. Sandblasting with alumina powders can be utilized in order to clean and achieve
microretentive topography and increase surface area. Sandblasting can also increase the
bone anchorage by up to 50% [97]. Sandblasting by hydroxyapatite particles can produce
bioactive surfaces, stimulate bone apposition, and facilitate the healing process [98]. Un-
controlled sandblasting may induce unfavorable surface defects and reduce the endurance
limit of the implant [99], so the variables in the process should be thoroughly considered
and controlled. Li et al. [100] showed that a modified sandblasting treatment can even
lead to improved mechanical properties and considerably enhance the shear strength
at dental implants. Figure 7 shows a SEM micrograph of a sandblasted Ti sample with
aluminum oxide and an untreated sample. While sandblasting is an age-old method, some
innovative mediums, post-treatments, and variables are introduced and experienced. In
this regard, some complex blasting mediums with a mixture of Al2O3/NaAlSi3O8/ZrO2-
TiO2 were used, and were shown to have improved bonding properties, with obvious
“micro-vaccination” regions with enhanced adhesion of porcelain (bond) in titanium–dental
porcelain interface [101].
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Figure 7. A SEM micrograph of Ti samples: Untreated samples (a) 1000× and (b) 10,000× magni-
fication; sandblasted samples by aluminum oxide (c) 1000× and (d) 10,000× magnification [102]
(reproduced with permission number: 5071110018393, AIP Publishing).

3.1.2. Three-Dimensional Printing (3DP)

Three-dimensional printing (3DP), also known as additive manufacturing (AM), is a
revolutionary procedure affecting all parts of science, industry, and even human life. Due
to the very promising benefits of 3DP, its use in medical implants is expected to increase
dramatically. These unique advantages include its great potential in the production of
porous and complex shapes, even with intricate internal structures. In addition, it has an
economic nature and can be utilized in mass production. Other advantages are repeatability,
rapid production, and simple design. The most beneficial aspect of 3DP is its great potential
in manufacturing patient-specific implants with multifunctional surfaces [103]. Another
positive point of 3DP is that it has many diverse techniques, enabling us to use many
types of materials, from organic to inorganic compounds, hydrogels, polymers, and metals.
Another positive aspect of these numerous 3DP techniques is their ability to use a variety
of curing systems according to specific conditions and needs in and intended application,
which is a fundamental feature of the biomedical industry [103]. Figure 8 lists the most
popular 3DP methods and their respective curing and deposition systems.

The resultant surface features after 3DP are mainly dependent on the deposition
technique; for example, the mean roughness value after selective laser melting (SLM) is
lower than electron beam melting (EBM), since the laser spot size is smaller than the electron
beam. In addition, the SLM technique can produce thinner layers and utilize smaller
powder sizes [104]. Many studies concluded that the production of Ti implants through
3DP is highly beneficial in improving cell responses and osseointegration [105,106]. Sirvas
et al. [107] produced a 3D printed porous Ti-6Al-4V scaffold (extrusion-based method)
with an average roughness of ~5 μm and comparable mechanical properties to natural
bone due to a porosity of ~58% and a pore size of ~500 μm. This 3D printed sample shows
considerable bone in-growth and in vivo on-growth, and complete filling of pores with the
bone after 8 weeks of implantation in the rabbit model; Figure 9 shows the bone in-growth of
this 3DP scaffold in the rabbit model [107]. However, the osteogenesis of 3DP manufactured
Ti and its alloys are not satisfactory due to biological inertia issues, and should be improved
by secondary procedures. In this regard, Wang et al. [108] utilized hydrothermal and alkali-
heat treatment to further improve osteogenic differentiation and accelerate osseointegration.
They reported a new bone formation and rapid osseointegration in rabbit models due to
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secondary surface modifications, leading to the generation of micro/nano-topography
instead of the initial macro-graded topography in Ti-6Al-4V implants. Additionally, Gulati
et al. [109] utilized an anodization procedure to generate dual micro/nano-scale topography
on 3DP Ti-6Al-4V orthopedic implants. The results showed an enhanced cellular function,
osseointegration, and improved adhesion of osteoblasts.

 

Figure 8. The most important 3DP methods and their corresponding curing and deposition sys-
tems [103].

 

Figure 9. (a) Subcutaneous implantation of a 3DPed porous Ti-6Al-4V scaffold in rabbit model;
(b) scaffold in the rabbit tissue after 8-week implantation; (c) magnified view of the circled region
in (b), showing the tissue and blood vessel formation around the scaffold; (d) scaffold implantation
in rabbit’s femur and bone in-growth around the scaffold after (e) 4 weeks and (f) 8 weeks [107]
(reproduced with permission number: 5071080659903, Elsevier).

3.1.3. Laser Surface Texturing (LST)

Laser surface processing development over the past 40 years has great potential in
terms of surface modification, with numerous promising advantages in the biomaterial
field. Laser-based methods are able to modify various surfaces, from macro to nano-scale
topographies, and an important aspect of laser utilization is that there is not any need for
direct contact, which prevents contaminations. Laser processing can manufacture Ti sur-
faces with improved tribological, corrosion, and erosion-resistant characteristics [110]. In
addition, these techniques are clean, rapid, and easy-automated, with a surface patterning
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ability and a capability for application on any intricate and complex-shaped samples. In
laser-based surface modification techniques, the interaction of an energetic laser beam with
a surface induces craters. Diverse topographies and patterns with various dimensions
can be generated by controlling the craters’ dimensions, depending on laser spot size and
mutual interactions of the laser beam, plasma, and surface [111].

Laser surface texturing (LST) is a process that renovates a material’s surface properties
mainly by modifying its texture and roughness; hence, it can be effectively utilized in
implants and biomedical applications. The surface morphology of the Ti sample after the
LST method is shown in Figure 10, illustrating the formation of both micro-nano hierar-
chical structure (MNHS) and the laser-induced periodic surface structures (LIPSS) [112].
The average micropillar dimensions are, respectively, about 20.45, 12.67, and 33.11 μm in
length, width, and height. As can be seen in Figure 10, the micropillars’ tops are covered
with laser-induced nanoparticles, and top caps are surrounded by nanoripples that are
organized according to the laser’s direction. In general, LST of Ti in biomedical appli-
cations is applied under short-pulsed laser conditions [113]. Laser-based methods can
effectively produce micro and nano-scales, but macro-grade modifications need much
longer processing times compared to micro and nano conditions. The patterning ability
in LST methods is crucial, since it can affect cellular response and bonding strength of an
implant to tissue; it has also been shown that novel textures by using various patterning
plans lead to the formation of diverse topographies, influencing the wettability of the
surface, cell integration, and coefficient of friction against bone [94,114]. Pou et al. [113]
suggested avoiding high energetic and short pulses in LST to prevent crack formations,
and claimed that using an Nd:YAG laser is more appropriate for Ti modification, resulting
in more regular shapes and fewer splashes without any variations in the chemistry of the
surface. Cunha et al. [115] reported that femtosecond LST processing leads to the formation
of nanopillars and laser-induced periodic surface structures (LIPSS) on Ti substrate, which
enhances hydrophilicity and surface energy. These topographies are shown to be effective
in the reduction of Staphylococcus aureus adhesion and biofilm formation on Ti surfaces.

3.2. Micro-Grade Modification
3.2.1. Sandblasting Acid Etching (SLA) Techniques

Sandblasting acid etching (SLA) is a surface treatment leading to improved topogra-
phies with enhanced osseointegration due to increased bone-to-implant contact (BIC). SLA
is regarded as one of the most investigated and well-known methods for producing micro-
rough surfaces. In this method, the sandblasted surface with macro-rough topography
is followed by acid etching, which induces microroughness [91]. The SLA process can
intensify the osseointegration rate by a combination of grit and acid etching that increases
the roughness value on multiple levels. This improved surface with microroughness condi-
tions encourages osteoblasts to proliferate and adhere to the implant surface, resulting in
improved implant stability and a treatment time reduction. These SLA-treated implants
provide a variety of benefits to patients requiring increased ossification [86]. The in vivo
experiments of Buser et al. [87] on miniature pigs showed a considerably higher mean
percentage of BIC and bone apposition in a chemical SLA Ti implant. Similar results were
reported by Chiang et al. [116] showing the significant beneficial effects of SLA treatment
on improving osseointegration, especially at the early stages of bone tissue healing.
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Figure 10. The LST processed Ti samples: (a) surface 3D profile, (b) magnified 3D profile, (c–f) SEM
micrographs showing the LIPSS and MNHS topographies with the magnification of rectangular
regions [112] (reproduced with permission number: 42, 3936-3939 (2017), Optical Society).

In addition to the traditional SLA method, current modern and complex procedures
are proposed with the addition of other schemes to further improve the biological response
of Ti implants. For example, Liu et al. [117] utilized a chemical scheme by Cu in addition
to SLA treatment, and it was shown that Cu’s addition to SLA-produced micro-submicron
hybrid structures significantly improves the bactericidal effects toward oral anaerobic types
of bacteria (P. gingivalis and S. mutans), and simultaneously enhances in vitro osteogenic
and angiogenic gene expression. In vivo experiments confirm the ability of this combined
technique for osseointegration improvement, showing enhanced peri-implant bone forma-
tion and favorable bone-binding. Additionally, these Cu-assisted SLA Ti samples, due to
Cu-induced antiinfection effects, led to a gain resistance toward bone resorption and im-
proved osseointegration [117]. In this regard, Choi et al. [118] modified the SLA-treated Ti
surface with strontium-containing nanostructures through wet chemical treatment, leading
to multifunctional effects such as enhanced osteogenic capacity, improved osseointegration,
immunoinflammatory macrophage cellular behavior, and early macrophage cell functions.
In another study, Kim et al. [119] used Mg ion implantation via a vacuum arc source ion
implantation method to further improve human mesenchymal stem cell (hMSC) response
in an SLA-treated Ti sample; the results indicated favorable cell adhesion, ALP activity,
and calcium accumulation, leading to improved osseointegration. Figure 11 shows these
SLA- and Mg-ion-implanted SLA samples with rough and irregular morphology, with an
average roughness value of ~2 μm, which is not affected due to Mg-ion implantation.
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Figure 11. SEM micrograph of SLA-treated Ti samples and Mg-ion implanted SLA-Ti with 1000×
and 4000× magnification [119] (reproduced with permission number: 5071100309175, Elsevier).

3.2.2. Other Micro-Grade Methods

One of the well-known methods to modify the surface of Ti implants is grit blasting,
in which hard ceramic particles are shot via compressed air at a high velocity through a
nozzle. The resultant surface roughness is dependent on the size of the ceramic particles
(~100–300 μm), and they should be selected from biocompatible materials such as silicon
oxide (SiO2), aluminum oxide (Al2O3), titanium oxide (TiO2), zirconium oxide (ZrO2), steel,
and calcium phosphate composition [120]. One of the disadvantages of the grit blasting
method is the issue of particles remaining on the surface, which are very hard to remove
and which may release into the live tissue, leading to allergies and other biologically
adverse effects [121]. Studies show that grit blasting can lead to improved BIC values in Ti
implants. For example, Ivanoff et al. [122] proved that TiO2 blasting on Ti micro-implants
leads to higher BIC values, while some other studies are syill confirming the promising
effects of Al2O3 and TiO2 blasting [123]. The reported clinical studies claimed a high
success rate of TiO2 grit-blasted Ti implants [105].

In addition to macro-grade surface modification, acid etching can also be used for
micro-grade modification, in which surface roughening is performed by strong acids such
as nitric acid (HNO3), sulfuric acid (H2SO4), hydrofluoric acid (HF), hydrochloric acid
(HCl), and other combinatorial acidic solutions. Acid etching procedures are able to pro-
duce surfaces with micro-pits with the size range of 0.5–2 μm [124], but acid etching can
have some negative effects on the mechanical properties of the implant. Acid etching
can stimulate macrophage activity and enhance cell proliferation and the pro-angiogenic
response of endothelial cells, leading to increased BIC values, improved osseointegration,
and better initial osteoblast anchorage [125,126]. Diomede et al. [127] showed a consider-
ably improved biological response of dual acid-etched Ti samples, with resultant improved
cell growth and adhesion, enhanced osteogenic and angiogenic events, as well as a clear
osseointegration process. Additionally, Wang et al. [96] proved that acid etching by 20 wt.%
HCl induces a remarkable enhancement of osteoblast cell adhesion and proliferation on
the porous Ti.

3.3. Nano-Grade Modification

Nano-grade surface modification is of crucial importance, since human tissue mor-
phology includes numerous nanostructures, such as natural bone, which has a hierarchy in
terms of the macro-, micro-, and nano-scale structures, with a gradual transition between
them [128]. The existence of micro and nanostructures can considerably affect the cell
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response and the initial bone formation around the implant material [129]; hence, recently,
many attentions have been focused on the design of mixed micro/nano topographies with
multifunctional properties through modern and innovative techniques [130–134]. These
nanofeatures stimulate osteogenic activity and increase the adsorption of proteins, leading
to rapid osseointegration and far better performance of implants [135–137]. A comparative
study about the effect of micro and nanostructures on osseointegration of Ti implants
proves the considerable superiority of nanostructures, with enhanced performance in the
pull-out tests, direct bone apposition, and improved osseointegration [123]. Besides, these
nanostructures facilitate the functionalization procedures paving the way toward fabricat-
ing bactericidal and anti-inflammatory surfaces [138]. Figure 12 shows the schematic of a
CeO2-nanostructured Ti surface in which the formation of CeO2 nano-rods, -cubes, and
-octahedrons can lead to strong antibacterial properties, and in which the nano-octahedrons
showed the best anti-inflammatory response [138]. Nowadays, there are many methods for
fabricating nano-grade surfaces on Ti implants. In addition to new and modern techniques,
other macro and micro-grade methods can also be used in for nanomodification by chang-
ing the related variables. In this regard, some methods, such as grit blasting, acid etching,
and SLA, were also classified in the nano-gradation group.

 

Figure 12. A schematic showing the Ti surface modification by nano-CeO2 (rod-CeO2, cube-CeO2,
octa-CeO2) for antibacterial and anti-inflammatory properties. Readers are referred to [138] (repro-
duced with permission number: 5071081046141, Elsevier) for more information.

3.3.1. Electrochemical Modification

Recently, much attention has been paid to the fabrication of nanopores and nanotubes
with functional properties such as drug loading, being antibacterial, etc. These topographies
can be easily attained through electrochemical methods such as anodization. Figure 13
shows the generation of various topographies, with related mechanisms on the metallic
substrate by the anodization method. Briefly, anodization is an electrochemical technique
in which an ordered oxide film is grown on a metallic sample connected to the anode of
an electrochemical cell [139]. Charging the double electric layer at the metal–electrolyte
interface generates the anodic oxide film. Subsequently, the dissolution of oxide film
by the electric field leads to the formation of soluble salt consisting of an anion and
metal cation in the electrolyte solution. Finally, the electrochemical reactions (oxidation
and reduction), conjointly with field-driven ion diffusion, generate an oxide layer on the
anode’s surface [140]. The dimension of nano-topographies is easily controlled by changing
the applied potential, electrical current power, anodization time, electrolyte composition,
and temperature [141]. The formation of these anodized-produced nano-topographies
have many advantages, including their promising potential in delivering many types of
drugs [142], such as bioactive molecules [143], and growth factors [144] to enhance the
cellular response, affecting the contact surface area and leading to enhanced wettability,
inducing mechano-bactericidal effects [145], improving implant to bone bonding, etc.
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Figure 13. (a) The fabrication of various topographies on metallic substrates by the anodization
method; (b) the mechanism of oxide, nanotube, and nanopore formation by anodization; (c1) and
(c2) ordered TiO2 nanotubes [146]; (d) disordered TiO2 nanotubes [147] (reproduced with permission
number: 5071091497388, Elsevier).

Together with the type of fabricated nanostructure by anodization, their dimension is
important. The nanotube length can influence biocompatibility and its diameter can affect
cell adhesion and proliferation [148,149]. Many studies have shown that favorable osteocon-
ductive responses experimented on in the range of 30–120 nm can be achieved in a ~70 nm
diameter, and optimal differentiation and proliferation can be achieved in ~80 nm [129]. Su
et al. [149] claimed that in vitro and in vivo experiments prove the positive effect of TiO2
nanotube formation on osseointegration, osteogenic activity, cell differentiation, prolifer-
ation, mineralization, and anti-microbial properties. Besides, this electrochemical-based
surface treatment can be performed on pre-treated macro and microporous Ti implant
surfaces, fabricating favorable textures for nanoscale cellular interactions [149]. In addition,
mechanical pull-out and histological tests in rabbit models indicate that about nine-fold
improved bone-bonding was achieved in TiO2 nanotube-modified Ti surfaces [149]. Lee
et al. [150] produced TiO2 nanotube arrays through a two-step anodic oxidation procedure
on Ti dental implants in a solution containing ethylene glycol with 0.5 wt.% NH4F. The
in vivo studies on rabbit models show further improved osseointegration results compared
to machined, sandblasted, large-grit and acid-etched surfaces; these nanotubes can also
be used as reservoirs for recombinant human bone morphogenetic protein-2 (rhBMP-2).
Hu et al. [151] indicated far better interfacial adhesion and osseointegration in anodic-
produced TiO2 nanotubes on ultra-fine-grained titanium; a grain refinement strategy of
high-pressure torsion processing was used in order to enhance the weak bonding of anodic
TiO2 nanotubes to the substrate.

3.3.2. Plasma Spraying

Plasma spraying is known as a reliable nano-scale coating technique that can also be
used to roughen a surface. Figure 14 shows the schematic of this process including an
electrical power source, water-based cooling system, gas flow control, powder injector,
cathode, anode, and insulators, along with the affected variables [23]. In this method, a
direct current arc plasma gun is utilized to spray the melted powder material onto the Ti
substrate; it can also roughen and increase the surface area of the implant material [152]. It
was reported that the plasma spraying technique can facilitate and accelerate the formation
of a bone-to-implant interface [153].
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Figure 14. A schematic of a plasma spraying technique along with the affecting factors [23] (repro-
duced with permission number: 5071091227684, Elsevier).

Until now, numerous studies have been focused on plasma sprayed coatings on Ti
implant surfaces, showing their great potential to improve the properties and functionality
of Ti implants; meanwhile, hydroxyapatite (HA) and calcium phosphate coatings are of
special interest for enhancing the bioactivity of these surfaces [154–156]. Coating of com-
posite materials can also be achieved by the utilization of plasma spraying, Li et al. [157]
prepared a nano-TiO2/Ag coating to enhance bioactivity and bactericidal properties. Func-
tionally graded (HA)/Ti-6Al-4V composite coatings were produced by plasma spraying.
This three-layered structure, without any distinct interfaces among layers, had improved
and graded mechanical properties comparable to the natural bone, with enhanced tensile
adhesion strength and toughness [158]. Additionally, a biomimetic nano-porous composite
(50HA–50TiO2) was produced by plasma spraying for orthopedic applications on Ti6Al4V
alloy, showing the natural bone-like nano-porous morphology favorable for effective bone
bonding with an implant’s surface [159]. Hameed et al. [160] used axial suspension plasma
spraying (SPS) and atmospheric plasma spraying (APS) procedures to induce HA coating
and tailor a Ti6Al4V surface for orthopedic implant applications. In this study, various
coatings using different processing variables were produced, including two HA coatings by
APS (P1 and P2) and four coatings with SPS HA (S1, S2, S3, and S4). The results indicated
the optimal properties of S3 (1.3 times increased adhesion strength and 9.5 times higher
corrosion resistance compared to P1). After S3, the best results confirmed in the P1 sam-
ple, both of these samples have favorable biocompatibility [160]. Figure 15 shows a brief
illustration of the research. For the preparation of the S3 sample, the following parameters
were used: 150 (L/min) gas flow rate, 6.10 (kJ/mol) enthalpy, 220 A arc current, 70 mm
stand-off distance, and 36 μm coating thickness [160]. Briefly, the SPS method indicated
better hMSCs cell viability and corrosion performance.
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Figure 15. A schematic of SPS and APS methods, leading to different microstructures and wet-
tability; corrosion studies in 10% fetal bovine serum (FBS) with 0.1% sodium azide, and in vitro
biocompatibility experiments by hMSCs [160] (reproduced with permission number: 5071090717980,
Elsevier).

3.3.3. Pulsed Laser Deposition

The pulsed laser deposition (PLD) technique is one of the physical vapor deposition
(PVD) derivatives in which a high-power laser beam with a narrow frequency bandwidth
is utilized to vaporize the substrate. PLD techniques are generally used to produce a
variety of nanotubes, nanopores, nano-powders, and quantum dots. The most advanta-
geous aspect of PLD is that it can be applied to almost any target material [161,162]. In
addition, PLD has the potential to further tailor nanostructure morphology by changing the
process parameters such as wavelength, laser energy, gas pressure, etc. Many in vitro and
in vivo investigations show the beneficial aspects of PLD utilization in the production of
ceramic, titania, calcium phosphate-based, and silicon oxide coatings for biomedical appli-
cations [163,164], indicating the superior osseointegration properties of CaP functionalized
metallic implants via the PLD technique. PLD techniques can produce HA coatings (as a
popular surface strategy for Ti implants), including doped species. [165]. Overall, PLD is
one of the most favorable techniques for fabricating bioactive coatings on metallic implants.
PLD can promote implant cytocompatibility [166], corrosion resistance [167], antibacterial
effect [168], drug-eluting characteristics [169], osteogenesis [170], and mechanical proper-
ties [171]. Even some organic animal-based material can be used in the PLD method; for
example, Duta et al. [172] produced the ovine and bovine-derived hydroxyapatite thin films
on a Ti substrate with a rougher and more adhesive nature. Despite the numerous benefits
of PLD, it also has some limitations and shortcomings. PLD may lead to compositional
changes and irreversible destruction of chemical bonds and initial material structures. This
issue usually occurs in complex and delicate biomolecules, drugs, and biopolymers. Finally,
these compositional changes and destructions affect the quality of the deposited film [173].

4. Multifunctional Biomimetic Surfaces and Their Applications

Nature as the best teacher has numerous examples of multifunctional hierarchical
micro/nanostructures. These natural structures are generated to actively adapt to extremely
harsh environmental conditions. They also provide other required properties such as self-
cleaning, bactericidal effects, and even fabricating fascinating colors to attract the attention
of possible mates; some of these examples can be found in studies by Vijayan et al. [174] and
Hu et al. [175]. In this regard, tailoring a multifunctional biomimetic surface on Ti material,
as one of the most used materials in biomedical applications, is of high importance, and
has attracted much attention from academic society, with a sharp increase in the number
of studies conducted in this area; most of these studies on Ti focused on the fabrication
of bioactive, bactericidal, and drug loading structures. Figure 16 lists the strategies for
achieving bioactive and antibacterial properties on Ti surfaces through various types of
surface modification [176].
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Figure 16. The strategies for achieving bioactive and antibacterial properties on Ti surfaces through
various types of surface modifications [176] (reproduced with permission number: 5071090149493,
Elsevier).

Spriano et al. [177] produced two types of multifunctional Ti surface. The first one,
with an inorganic modification aiming to induce in vivo apatite precipitation with complex
micro/nano-roughness and modified chemistry (full of hydroxyls groups), showed en-
hanced wettability and protein adsorption. The second surface was additionally processed
with alkaline phosphatase (ALP) grafting. The results showed increased cell prolifera-
tion rates and higher osteoblast differentiation, with more filopodia in these nanotextures
compared to traditional polished and grit blasted samples [177]. Biomimetic growth of
nanostructured TiO2 can be performed through plasma treatment. Liu et al. [178] re-
ported the fabrication of bioactive nanostructured TiO2 surfaces with grain sizes less than
50 nm using plasma spraying following hydrogen plasma immersion ion implantation
(PIII), leading to bone-like apatite generation. It was seen that a hydrogenated surface
increases the negatively charged functional groups, and a refined microstructure improves
the surface adsorption, leading to the facilitation of apatite formation and bioactivity [178].
One of the well-known methods for the loading and releasing of various drugs, as well
as anti-inflammation and antibacterial compounds, in Ti implants is the production of
TiO2 nanotubes through electrochemical methods, which could be beneficial in orthopedic
implants [179]. A coating strategy can also be used to functionalize the Ti surface by the
utilization of antimicrobial peptides and amphiphilic oligopeptides. These peptides show
multifunctional behaviors including a reduction in pro-inflammatory cytokines, along
with the increment of anti-inflammatory cytokines, down-regulation of macrophage activa-
tion, prevention of the adhesion of bacteria, and increases in osteoblast viability [180–182].
Achieving simultaneous bioactive and antibacterial surfaces on Ti can be achieved by the
utilization of either inorganic (metallic ions, nanoparticles, and their oxides, e.g., Ag, Cu,
Zn, and Ce) or organic (antibiotics) antibacterial agents. It seems that the inorganic scheme
is better than the organic ones due to its capability to respond to polymicrobial infections
without having an issue with resistant bacterial strains, which is among the main issues in
antibiotics [176,183]. In addition to the so-called studies, Table 1 briefly introduces some of
the investigations about multifunctional Ti material production using various techniques,
some of which are not categorized in surface modification techniques. The advantages
of biomimetic multifunctional tailoring of Ti surfaces are vast and, because of that, make
it a crucial research topic with the potential to revolutionize biomedical engineering. As
such, the future of this field is dependent on developing new methods and improving the
current ones. This paper provides a brief review about these methods and aims to incite
future investigations.
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Table 1. The multifunctional properties in Ti and Ti6Al4V alloy, techniques, and surface types.

Substrate Technique Surface Type or Coating Multifunctional Properties Ref.

C.P. Ti Layer-by-layer
self-assembly

Phospholipid-based
multifunctional coating with

phospholipids-based polymers,
type I collagen (Col-I), and

Arg-Glu-Asp-Val (REDV) peptide

Inhibit platelet adhesion, smooth
muscle cells, and endothelial cells

proliferation
[184]

C.P. Ti Plasma electrolytic
processing (PEP)

Ag substituted
hydroxyapatite/TiO2 composite

Corrosion-resistant, bioactive,
antibacterial [185]

C.P. Ti Electrodeposition Cu-substituted carbonated
hydroxyapatite coating

Antibacterial function against
Escherichia coli, corrosion-resistant,

favorable osteoblast function
[60]

C.P. Ti Aqueous precipitation
(electrochemical)

Ag-doped β-Ca3(PO4)2/chitosan
hybrid composite coatings

Antibacterial, biocompatible,
corrosion-resistant [186]

C.P. Ti Micro arc oxidation Zn-incorporated TiO2 porous
coating Antibacterial, corrosion resistant [187]

C.P. Ti Micro arc oxidation Cu NP-incorporated TiO2 porous
coating

Antibacterial activity against
Staphylococcus aureus, the

enhanced cellular activity of
osteoblasts and endothelial cells

[188]

C.P. Ti
Micro arc oxidation +

dopamine dip coating +
AgNO3 reduction

Hierarchical coating by Ag NP
deposition on micro-nano-porous

TiO2

Anticorrosion, antibacterial
properties against Staphylococcus

aureus, optimal osteoblast cell
function

[189]

C.P. Ti Plasma electrolytic
oxidation

TiO2 + ZnO NP in
phosphate-based electrolyte

Anticorrosion, antibacterial effect
against both Gram-positive and

Gram-negative bacteria
[190]

C.P. Ti Electrostatic spraying Ag-incorporated hydroxyapatite
coating

Antibacterial activity against
Escherichia coli, optimal osteoblast

cell function
[191]

C.P. Ti
Anodic oxidation (TiO2)

and electrodeposition
(Ca-P)

TiO2 + calcium
Phosphate, (Ca-P) coating

Antibacterial function against
Staphylococcus aureus, anticorrosion [192]

C.P. Ti Anodic oxidation and
electrodeposition

Ag-Mn-doped double-layer
hydroxyapatite coating

Super-hydrophilic,
corrosion-resistant, improved

osteoblast cell function
[193]

C.P. Ti Electrochemical and heat
treatment

Ag-hydroxyapatite composite
coatings

Antibacterial function against
Escherichia coli [194]

C.P. Ti Hydrothermal method
Ag- and Sr-substituted

hydroxyapatite coating on
dopamine functionalized titanium

Antibacterial function against
Escherichia coli and Staphylococcus

aureus, reduction of Ag
cytotoxicity

[195]

Ti6Al4V Micro arc oxidation Multi-layer HA/TiO2 coatings
containing Ag

Enhancement of bioactivity,
antibacterial effect [196]

Ti6Al4V
Hybrid approach of

magnetron sputtering
and micro-arc oxidation

Zn-doped ZrO2/TiO2 porous
coatings

Antibacterial property against
Staphylococcus aureus,
corrosion-resistant,
cytocompatibility

[197]

Ti6Al4V Electrodeposition
Zn-halloysite nanotubes /Sr2+,

Sm2+ substituted
hydroxyapatite bilayer coating

Corrosion-resistant, bioactive,
favorable antibacterial function [198]
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5. Forthcoming Modern Implants

The development process in medical applications is extremely fast, especially in
relation to medical implants due to the growing number of the world’s aging population.
In this regard, many modern materials, procedures, and technologies have been proposed
and studied. In addition, in the case of implant surface technologies, new concepts have
been introduced which cannot be categorized in traditional classifications. This section
aims to present and discuss these modern technologies; some of them have not yet been
studied directly on titanium, but they may inspire future studies and pave the way for new
advances in the field.

Modern hydrophobic surfaces are highly interested in the dental and ophthalmological
communities. Hydrophobic surfaces can prevent dental enamel erosion [199] and have
many applications in the production of eye lenses [200]. A superhydrophobic surface
can be produced by various methods and shows promising properties. Ma et al. [201]
produced a fluorine-based superhydrophobic surface via electrochemical etching with
anticorrosion and anti-abrasion characteristics. Additionally, Bains et al. [202] fabricated
a hierarchical hydrophobic surface with long-term antibacterial properties, minimizing
wetting through biological secretions and inhibiting corrosion. They developed this kind of
superhydrophobicity by the production of benzimidazolium ionic liquids ILs-1(a–d)-based
metal hybrid nanocomposites by the utilization of different metals, such as silver, gold, and
copper. In addition, self-healing hydrophobic coatings with high transparency, excellent
stability, and favorable adhesion were introduced [203], which can be further improved
for use in the implant industry. A study by Tang et al. [204] proved the effectiveness of
TiO2 nanotube-based superhydrophobic surfaces, with more than 150◦ contact angle in
the prevention of bacterial contamination. The superhydrophobic surfaces of Ti show
considerable self-cleaning, prevention of bacterial adhesion, and enhanced anticoagulant
characteristics; these surfaces can be produced by various methods such as laser ablation,
electrochemical processes, high-speed micro-milling, electrodeposition, anodic oxidation,
and fluoroalkylsilane modifications [205]. Recently, new approaches in bone regeneration
of implants have also been introduced and practiced. Digital and visualized guided bone
regeneration (GBR) is among these new technologies, with promising benefits in precision
and controllability of bone augmentation procedures [206]. Yin et al. [207] used a novel
dental implant design to preserve the alveolar ridge height by mechanical memory in which,
through 3D printing technology, a micron-sized pore-channel structure was fabricated,
with a more bony ingrowth, thus assuring the required horizontal mechanical force and
mimicking natural teeth force. In this design, the pore-channel considerably assists stem
cell differentiation and tissue morphogenesis.

5.1. Four-Dimensional (4D) Printing

The production of shapeshifting materials using four-dimensional (4D) printing can
be a revolutionary approach in biomedical applications. These 4D printed materials
have the potential to reconfigure themselves upon demand when exposed to changes in
temperature, electric current, stress, etc. The future of 4D printing can address complex
medical issues and further improve and facilitate patient-specific designs. Through 4D
printing technology, a 3D physical object can be fabricated by adding smart material layer
by layer via computer-operated computer-aided design (CAD) data [208]. The smart
material function adds the fourth dimension, with the capability to transform over time, in
which the printed products become sensitive to parameters such as temperature, humidity,
time, electricity, magnetism, etc. [209]. The main applications for 4D printing in medicine
were reported in dentistry [210], prosthetics [211], and implants [212]. In addition, 4D
printing technology can be used in drug delivery systems, scaffolds [213], and stents [214].
The 4D printed drug delivery systems can be stimulated by external parameters to release
drugs, and 4D-printed containers [215,216] are popular examples, with the other example
being expandable gastroretentive devices [217].
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5.2. Metasurfaces and Metamaterials

Metamaterials are modern artificial composite structures with exceptional material
properties and applications displaying exotic physical properties that surpass or comple-
ment the usual properties seen in nature. Metamaterial, as a new frontier in science and
technology, is a multi-disciplinary field involving physics, material science, engineering,
and chemistry. Metamaterials (MM) as synthetic composite structures use a conventional
type of material such as metals and plastics, but they act entirely differently to bulk materi-
als, presenting exotic and exceptional properties. Metamaterials’ structures are composed
of microscopic patterns that can interact with light, electromagnetic, elastic, acoustic, and
thermal properties in unconventional ways.

Metasurfaces are thin-films which include individual elements that have been intro-
duced to defeat the obstacles that metamaterials are confronted with. The unique benefits
of metasurfaces and metamaterials can be utilized in biomedical applications. For instance,
the stress shielding issue mostly seen in orthopedic bone implants can be solved by lat-
tice and shell-type architecture in bone scaffolds, in which the varied topology of nodal
connections has great potential to control the relative rigidity of the metamaterial [218].
Three-dimensional printing technology, along with multi-objective genetic algorithm (GA)
optimization with the finite element (FE) simulation, can be used to produce an optimum
force-displacement response in designing printable tunable stiffness metamaterial for bone
healing [219]. Mechanical 3D metamaterial with a porous structure is among the best
materials for bone implants, with a graded Poisson’s ratio distribution to optimize stress
and micromotion distributions. In this regard, Ghavidelnia et al. [220] analytically de-
signed an auxetic 3D re-entrant structure with tailored elastic modulus and Poisson’s ratio,
and which has great potential to solve the stress shielding problem. Kolken et al. [221]
produced a novel meta-implant by 3D printing technology. Their designed non-auxetic
meta-biomaterials with a deformable porous outer layer were intended to be used in acetab-
ular revision surgeries. During implantation, the outer layer plastically deforms into the
defects, enhancing the initial stability and stimulating the surrounding bone ingrowth. This
space-filling behavior with 3D printed lattice (including six-unit cell) is highly beneficial
for improving the mechanical performance of implants and enhancing bone-mimicking
characteristics. Figure 17 shows this space-filling meta-implant.

 

Figure 17. The meta-implant design has the potential to deform and fill up defects, restoring the
physiological loading condition. The implants were compressed in bone-mimicking molds to evaluate
their deformability [221].

6. Conclusions

In recent years, titanium implant modification methods have shifted from improving
mechanical strength and reducing yield strength toward multifunctional designs. Multi-
functional surface designs can improve biocompatibility and osseointegration. They can
also lead to an optimal cellular response, wettability, roughness, and even drug loading and
antibacterial properties. In order to achieve all these crucial requirements in biomedical
applications, developing modern and optimum techniques is vital. Besides, the existing
methods must be improved and modified accordingly. Recent investigations in strength,
roughness, and wettability issues have shifted toward hierarchical structures, mimicking
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the periphery tissue (specifically bone, in the case of titanium), along with activating the
surface with organic, inorganic, and biochemical materials. Many techniques based on
mechanical, physical, chemical, and biochemical methods were introduced and explained
in the literature. Besides, the combination of these methods is highly interesting for the
community, since each of them has its advantages and disadvantages. Three-dimensional
printing technology emerged in the last decade and, despite its infancy, has opened new
horizons for developing modern implants with patient-specific properties. Based on the
literature review, it seems that the importance of micro/nano-gradation in the surface
modification of Ti and its alloys, along with providing multifunctional properties, is more
than the utilized technique; hence, in this paper, special attention was paid to tailoring
micro/nano-grade surface structures, which is well suited to cellular and biosystems’ di-
mensions and can actively mimic their functions. In this regard, firstly, basic requirements
such as roughness, wettability, biocompatibility, osteogenesis, and bactericidal properties
were discussed. Then, macro-, micro-, and nano-grade surface modification techniques
were thoroughly explained, including acid-etching, sandblasting, 3D printing, and laser
surface texturing in the macro-grade group, SLA techniques in the micro-grade group, and
electrochemical surface treatment, plasma spraying, and PLD in the nano-grade group.
Subsequently, the multifunctional biomimetic surfaces were discussed. Finally, the forth-
coming modern implants, with attention paid to 4D printing and novel metasurfaces and
metamaterials, were explained. It seems that these revolutionary techniques have a very
promising future in the medical implant industry. Overall, it was suggested that improving
the exciting traditional techniques, further modifying novel methods such as metasurfaces,
or designing new ones by combining the so-called methods, along with developing modern
procedures, will be highly beneficial. By collecting the required information from the litera-
ture, encompassing both traditional and modern procedures, this review paper can pave
the way toward tailoring modern and more efficient processes in the surface treatment of
Ti and its alloys.

Author Contributions: J.L. and P.Z. designed this study. P.Z. and H.S. analyzed the data and helped
in data collection. S.A. and J.L. participated in its design and wrote the paper. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by Youth Innovation Team of Shaanxi Universities of Education
Department of Shaanxi Provincial Government (Grant No. 2019-73), Education Department of
Shaanxi Provincial Government (Grant No. 20JK0700), Shaanxi Key Research and Development
Program of Shaanxi Science and Technology Department (Grant No. 2020GY-316).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in references.

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

References

1. Elias, C.N.; Lima, J.H.C.; Valiev, R.; Meyers, M.A. Biomedical applications of titanium and its alloys. JOM 2008, 60, 46–49.
[CrossRef]

2. Niinomi, M.; Boehlert, C.J. Titanium Alloys for Biomedical Applications. In Advances in Metallic Biomaterials; Springer:
Berlin/Heidelberg, Germany, 2015; pp. 179–213, ISBN 978-3-662-46836-4.

3. Chen, L.-Y.; Cui, Y.-W.; Zhang, L.-C. Recent development in beta titanium alloys for biomedical applications. Metals 2020, 10,
1139. [CrossRef]

4. Niinomi, M.; Liu, Y.; Nakai, M.; Liu, H.; Li, H. Biomedical titanium alloys with Young’s moduli close to that of cortical bone.
Regen. Biomater. 2016, 3, 173–185. [CrossRef] [PubMed]

5. Gode, C.; Attarilar, S.; Eghbali, B.; Ebrahimi, M. Electrochemical behavior of equal channel angular pressed titanium for
biomedical application. AIP Conf. Proc. 2015, 1653, 20041. [CrossRef]

6. Wang, L.; Lu, W.; Qin, J.; Zhang, F.; Zhang, D. Effect of precipitation phase on microstructure and superelasticity of cold-rolled
beta titanium alloy during heat treatment. Mater. Des. 2009, 30, 3873–3878. [CrossRef]

22



Coatings 2021, 11, 647

7. Wang, L.; Xie, L.; Lv, Y.; Zhang, L.; Chen, L.; Meng, Q.; Qu, J.; Zhang, D.; Lu, W. Microstructure evolution and superelastic
behavior in Ti-35Nb-2Ta-3Zr alloy processed by friction stir processing. Acta Mater. 2017, 131, 499–510. [CrossRef]

8. Zhang, L.; Chen, L. A review on biomedical titanium alloys: Recent progress and prospect. Adv. Eng. Mater. 2019, 21, 1801215.
[CrossRef]

9. Wang, L.; Xie, L.; Zhang, L.; Chen, L.; Ding, Z.; Lv, Y.; Zhang, W.; Lu, W.; Zhang, D. Microstructure evolution and superelasticity
of layer-like NiTiNb porous metal prepared by eutectic reaction. Acta Mater. 2018, 143, 214–226. [CrossRef]

10. Wang, L.; Wang, C.; Lu, W.; Zhang, D. Superelasticity of NiTi–Nb metallurgical bonding via nanoindentation observation. Mater.
Lett. 2015, 161, 255–258. [CrossRef]

11. Attarilar, S.; Yang, J.; Ebrahimi, M.; Wang, Q.; Liu, J.; Tang, Y.; Yang, J. The toxicity phenomenon and the related occurrence in
metal and metal oxide nanoparticles: A brief review from the biomedical perspective. Front. Bioeng. Biotechnol. 2020, 8, 822.
[CrossRef]

12. Liu, X.; Chu, P.K.; Ding, C. Surface modification of titanium, titanium alloys, and related materials for biomedical applications.
Mater. Sci. Eng. R Rep. 2004, 47, 49–121. [CrossRef]

13. Kirby, R.; Heard, S.; Miller, P.; Eardley, I.; Holmes, S.; Vale, J.; Bryan, J.; Liu, S. Use of the ASI titanium stent in the management of
bladder outflow obstruction due to benign prostatic hyperplasia. J. Urol. 1992, 148, 1195–1197. [CrossRef]

14. Khodaei, M.; Valanezhad, A.; Watanabe, I.; Yousefi, R. Surface and mechanical properties of modified porous titanium scaffold.
Surf. Coat. Technol. 2017, 315, 61–66. [CrossRef]

15. Kang, H.-G.; Jeong, Y.-S.; Huh, Y.-H.; Park, C.-J.; Cho, L.-R. Impact of surface chemistry modifications on speed and strength of
osseointegration. Int. J. Oral Maxillofac. Implants 2018, 33, 780–787. [CrossRef]

16. Huanhuan, J.; PengJie, H.; Sheng, X.; Binchen, W.; Li, S. The effect of strontium-loaded rough titanium surface on early
osseointegration. J. Biomater. Appl. 2017, 32, 561–569. [CrossRef]

17. Ratner, B.D. A Perspective on Titanium Biocompatibility. In Titanium in Medicine; Springer: Berlin/Heidelberg, Germany, 2001;
pp. 1–12.

18. Thomsen, P.; Larsson, C.; Ericson, L.E.; Sennerby, L.; Lausmaa, J.; Kasemo, B. Structure of the interface between rabbit cortical
bone and implants of gold, zirconium and titanium. J. Mater. Sci. Mater. Electron. 1997, 8, 653–665. [CrossRef]

19. Rupp, F.; Liang, L.; Geis-Gerstorfer, J.; Scheideler, L.; Hüttig, F. Surface characteristics of dental implants: A review. Dent. Mater.
2018, 34, 40–57. [CrossRef] [PubMed]

20. Swain, S.; Rautray, T.R. Effect of Surface Roughness on Titanium Medical Implants. In Nanostructured Materials and Their
Applications; Swain, B.P., Ed.; Springer: Singapore, 2021; pp. 55–80, ISBN 978-981-15-8307-0.

21. Bauer, S.; Park, J.; Faltenbacher, J.; Berger, S.; Von Der Mark, K.; Schmuki, P. Size selective behavior of mesenchymal stem cells on
ZrO2 and TiO2 nanotube arrays. Integr. Biol. 2009, 1, 525–532. [CrossRef]

22. Park, J.; Bauer, S.; von der Mark, K.; Schmuki, P. Nanosize and vitality: TiO2 nanotube diameter directs cell fate. Nano Lett. 2007,
7, 1686–1691. [CrossRef] [PubMed]

23. Xue, T.; Attarilar, S.; Liu, S.; Liu, J.; Song, X.; Li, L.; Zhao, B.; Tang, Y. Surface modification techniques of titanium and its alloys to
functionally optimize their biomedical properties: Thematic review. Front. Bioeng. Biotechnol. 2020, 8, 1–19. [CrossRef] [PubMed]

24. Prakash, C.; Kansal, H.K.; Pabla, B.; Puri, S.; Aggarwal, A. Electric discharge machining—A potential choice for surface
modification of metallic implants for orthopedic applications: A review. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 2016, 230,
331–353. [CrossRef]

25. Kim, Y.-W. Surface modification of Ti dental implants by grit-blasting and micro-arc oxidation. Mater. Manuf. Process. 2010, 25,
307–310. [CrossRef]

26. Brunette, D.M.; Tengvall, P.; Textor, M.; Thomsen, P. Titanium in Medicine: Material Science, Surface Science, Engineering, Biological
Responses and Medical Applications; Springer: Berlin/Heidelberg, Germany; New York, NY, USA, 2001; ISBN 3540669361.

27. Wang, L.; Qu, J.; Chen, L.; Meng, Q.; Zhang, L.; Qin, J.; Zhang, D.; Lu, W. Investigation of deformation mechanisms in β-type
Ti-35Nb-2Ta-3Zr alloy via FSP leading to surface strengthening. Met. Mater. Trans. A 2015, 46, 4813–4818. [CrossRef]

28. Xie, L.; Wang, L.; Jiang, C.; Lu, W. The variations of microstructures and hardness of titanium matrix composite (TiB+TiC)/Ti–
6Al–4V after shot peening. Surf. Coat. Technol. 2014, 244, 69–77. [CrossRef]

29. Guo, X.; Lu, W.; Wang, L.; Qin, J. A research on the creep properties of titanium matrix composites rolled with different
deformation degrees. Mater. Des. 2014, 63, 50–55. [CrossRef]

30. Attarilar, S.; Salehi, M.-T.; Djavanroodi, F. Microhardness evolution of pure titanium deformed by equal channel angular extrusion.
Met. Res. Technol. 2019, 116, 408. [CrossRef]

31. Attarilar, S.; Djavanroodi, F.; Irfan, O.; Al-Mufadi, F.; Ebrahimi, M.; Wang, Q. Strain uniformity footprint on mechanical
performance and erosion-corrosion behavior of equal channel angular pressed pure titanium. Results Phys. 2020, 17, 103141.
[CrossRef]

32. Zareidoost, A.; Yousefpour, M.; Ghaseme, B.; Amanzadeh, A. The relationship of surface roughness and cell response of chemical
surface modification of titanium. J. Mater. Sci. Mater. Med. 2012, 23, 1479–1488. [CrossRef]

33. Wei, Q.; Wang, L.; Fu, Y.; Qin, J.; Lu, W.; Zhang, D. Influence of oxygen content on microstructure and mechanical properties of
Ti–Nb–Ta–Zr alloy. Mater. Des. 2011, 32, 2934–2939. [CrossRef]

34. Li, J.; Wang, L.; Qin, J.; Chen, Y.; Lu, W.; Zhang, D. The effect of heat treatment on thermal stability of Ti matrix composite. J.
Alloys Compd. 2011, 509, 52–56. [CrossRef]

23



Coatings 2021, 11, 647

35. Rangel, A.L.R.; Falentin-daudré, C.; Natália, B.; Pimentel, S.; Eduardo, C.; Migonney, V.; Alves, A.P.R. Nanostructured titanium
alloy surfaces for enhanced osteoblast response: A combination of morphology and chemistry. Surf. Coat. Technol. 2020, 383,
125226. [CrossRef]

36. Tian, L.; Tang, N.; Ngai, T.; Wu, C.; Ruan, Y.; Huang, L.; Qin, L. Hybrid fracture fixation systems developed for orthopaedic
applications: A general review. J. Orthop. Transl. 2019, 16, 1–13. [CrossRef]

37. Wang, T.; Wan, Y.; Liu, Z. Effects of superimposed micro/nano-structured titanium alloy surface on cellular behaviors in vitro.
Adv. Eng. Mater. 2016, 18, 1259–1266. [CrossRef]

38. Lai, M.; Cai, K.; Hu, Y.; Yang, X.; Liu, Q. Regulation of the behaviors of mesenchymal stem cells by surface nanostructured
titanium. Colloids Surf. B Biointerfaces 2012, 97, 211–220. [CrossRef]

39. Moon, S.-K.; Kwon, J.-S.; Uhm, S.-H.; Lee, E.-J.; Gu, H.-J.; Eom, T.-G.; Kim, K.-N. Biological evaluation of micro–nano patterned
implant formed by anodic oxidation. Curr. Appl. Phys. 2014, 14, S183–S187. [CrossRef]

40. Sirdeshmukh, N.; Dongre, G. Laser micro & nano surface texturing for enhancing osseointegration and antimicrobial effect of
biomaterials: A review. Mater. Today Proc. 2021, 44, 2348–2355. [CrossRef]

41. Ständert, V.; Borcherding, K.; Bormann, N.; Schmidmaier, G.; Grunwald, I.; Wildemann, B. Antibiotic-loaded amphora-shaped
pores on a titanium implant surface enhance osteointegration and prevent infections. Bioact. Mater. 2021, 6, 2331–2345. [CrossRef]
[PubMed]

42. Zhang, C.; Zhang, T.; Geng, T.; Wang, X.; Lin, K.; Wang, P. Dental implants loaded with bioactive agents promote osseointegration
in osteoporosis: A review. Front. Bioeng. Biotechnol. 2021, 9. [CrossRef] [PubMed]

43. Tsimbouri, P.M.; Fisher, L.; Holloway, N.; Sjostrom, T.; Nobbs, A.H.; Meek, R.M.D.; Su, B.; Dalby, M.J. Osteogenic and bactericidal
surfaces from hydrothermal titania nanowires on titanium substrates. Sci. Rep. 2016, 6, 36857. [CrossRef] [PubMed]

44. Cai, Y.; Bing, W.; Xu, X.; Zhang, Y.; Chen, Z.; Gu, Z. Topographical nanostructures for physical sterilization. Drug Deliv. Transl.
Res. 2021, 1–14. [CrossRef]

45. López-Pavón, L.; Dagnino-Acosta, D.; López-Cuéllar, E.; Meléndez-Anzures, F.; Zárate-Triviño, D.; Barrón-González, M.; Moreno-
Cortez, I.; Kim, H.Y.; Miyazaki, S. Synthesis of nanotubular oxide on Ti–24Zr–10Nb–2Sn as a drug-releasing system to prevent the
growth of Staphylococcus aureus. Chem. Pap. 2021, 75, 2441–2450. [CrossRef]

46. Bonifacio, M.A.; Cerqueni, G.; Cometa, S.; Licini, C.; Sabbatini, L.; Mattioli-Belmonte, M.; De Giglio, E. Insights into arbutin
effects on bone cells: Towards the development of antioxidant titanium implants. Antioxidants 2020, 9, 579. [CrossRef] [PubMed]

47. Ueno, T.; Ikeda, T.; Tsukimura, N.; Ishijima, M.; Minamikawa, H.; Sugita, Y.; Yamada, M.; Wakabayashi, N.; Ogawa, T. Novel
antioxidant capability of titanium induced by UV light treatment. Biomaterials 2016, 108, 177–186. [CrossRef]

48. Ma, P.; Yu, Y.; Yie, K.H.R.; Fang, K.; Zhou, Z.; Pan, X.; Deng, Z.; Shen, X.; Liu, J. Effects of titanium with different micro/nano
structures on the ability of osteoblasts to resist oxidative stress. Mater. Sci. Eng. C 2021, 123, 111969. [CrossRef] [PubMed]

49. Gittens, R.A.; McLachlan, T.; Olivares-Navarrete, R.; Cai, Y.; Berner, S.; Tannenbaum, R.; Schwartz, Z.; Sandhage, K.H.; Boyan,
B.D. The effects of combined micron-/submicron-scale surface roughness and nanoscale features on cell proliferation and
differentiation. Biomaterials 2011, 32, 3395–3403. [CrossRef] [PubMed]

50. Wang, Z.; Yan, Y.; Qiao, L. Protein adsorption on implant metals with various deformed surfaces. Colloids Surf. B Biointerfaces
2017, 156, 62–70. [CrossRef] [PubMed]

51. Guglielmotti, M.B.; Olmedo, D.G.; Cabrini, R.L. Research on implants and osseointegration. Periodontology 2000 2019, 79, 178–189.
[CrossRef] [PubMed]

52. Grassi, S.; Piattelli, A.; De Figueiredo, L.C.; Feres, M.; De Melo, L.; Iezzi, G.; Alba, R.C., Jr.; Shibli, J.A. Histologic evaluation of
early human bone response to different implant surfaces. J. Periodontol. 2006, 77, 1736–1743. [CrossRef]

53. Wennerberg, A.; Albrektsson, T.; Johansson, C.; Andersson, B. Experimental study of turned and grit-blasted screw-shaped
implants with special emphasis on effects of blasting material and surface topography. Biomaterials 1996, 17, 15–22. [CrossRef]

54. Raines, A.L.; Olivares-Navarrete, R.; Wieland, M.; Cochran, D.L.; Schwartz, Z.; Boyan, B.D. Regulation of angiogenesis during
osseointegration by titanium surface microstructure and energy. Biomaterials 2010, 31, 4909–4917. [CrossRef]

55. Cochran, D.L.; Schenk, R.K.; Lussi, A.; Higginbottom, F.L.; Buser, D. Bone response to unloaded and loaded titanium implants
with a sandblasted and acid-etched surface: A histometric study in the canine mandible. J. Biomed. Mater. Res. 1998, 40, 1–11.
[CrossRef]

56. Gittens, R.A.; Olivares-Navarrete, R.; Schwartz, Z.; Boyan, B.D. Implant osseointegration and the role of microroughness and
nanostructures: Lessons for spine implants. Acta Biomater. 2014, 10, 3363–3371. [CrossRef] [PubMed]

57. Wennerberg, A.; Albrektsson, T. Implant surfaces beyond micron roughness. experimental and clinical knowledge of surface
topography and surface chemistry. Int. Dent. SA 2004, 8, 14–18.

58. Mustafa, K.; Wroblewski, J.; Lopez, B.S.; Wennerberg, A.; Hultenby, K.; Arvidson, K. Determining optimal surface roughness of
TiO2 blasted titanium implant material for attachment, proliferation and differentiation of cells derived from human mandibular
alveolar bone. Clin. Oral Implants Res. 2001, 12, 515–525. [CrossRef] [PubMed]

59. Rønold, H.; Lyngstadaas, S.; Ellingsen, J. Analysing the optimal value for titanium implant roughness in bone attachment using a
tensile test. Biomaterials 2003, 24, 4559–4564. [CrossRef]

60. Jemat, A.; Ghazali, M.J.; Razali, M.; Otsuka, Y. Surface modifications and their effects on titanium dental implants. BioMed Res.
Int. 2015, 2015, 1–11. [CrossRef] [PubMed]

24



Coatings 2021, 11, 647

61. Akkas, T.; Citak, C.; Sirkecioglu, A.; Güner, F.S. Which is more effective for protein adsorption: Surface roughness, surface
wettability or swelling? Case study of polyurethane films prepared from castor oil and poly(ethylene glycol). Polym. Int. 2013, 62,
1202–1209. [CrossRef]

62. De Jonge, L.T.; Leeuwenburgh, S.; Wolke, J.G.C.; Jansen, J.A. Organic-inorganic surface modifications for titanium implant
surfaces. Pharm. Res. 2008, 25, 2357–2369. [CrossRef]

63. Adabi, M.; Naghibzadeh, M.; Adabi, M.; Zarrinfard, M.A.; Esnaashari, S.S.; Seifalian, A.M.; Faridi-Majidi, R.; Aiyelabegan, H.T.;
Ghanbari, H. Biocompatibility and nanostructured materials: Applications in nanomedicine. Artif. Cells Nanomed. Biotechnol.
2017, 45, 833–842. [CrossRef]

64. Cedervall, T.; Lynch, I.; Foy, M.; Berggård, T.; Donnelly, S.C.; Cagney, G.; Linse, S.; Dawson, K.A. Detailed identification of plasma
proteins adsorbed on copolymer nanoparticles. Angew. Chem. Int. Ed. 2007, 46, 5754–5756. [CrossRef]

65. Vasak, C.; Busenlechner, D.; Schwarze, U.Y.; Leitner, H.F.; Guzon, F.M.; Hefti, T.; Schlottig, F.; Gruber, R. Early bone apposition
to hydrophilic and hydrophobic titanium implant surfaces: A histologic and histomorphometric study in minipigs. Clin. Oral
Implants Res. 2013, 25, 1378–1385. [CrossRef]

66. Berry, C.C.; Campbell, G.; Spadiccino, A.; Robertson, M.; Curtis, A.S. The influence of microscale topography on fibroblast
attachment and motility. Biomaterials 2004, 25, 5781–5788. [CrossRef] [PubMed]

67. Mata, A.; Hsu, L.; Capito, R.; Aparicio, C.; Henrikson, K.; Stupp, S.I. Micropatterning of bioactive self-assembling gels. Soft Matter
2009, 5, 1228–1236. [CrossRef]

68. Dalby, M.J.; McCloy, D.; Robertson, M.; Wilkinson, C.D.; Oreffo, R.O. Osteoprogenitor response to defined topographies with
nanoscale depths. Biomaterials 2006, 27, 1306–1315. [CrossRef] [PubMed]

69. Pérez-Garnes, M.; González-García, C.; Moratal, D.; Rico, P.; Salmerón-Sánchez, M. Fibronectin distribution on demixed nanoscale
topographies. Int. J. Artif. Organs 2011, 34, 54–63. [CrossRef]

70. González-García, C.; Sousa, S.R.; Moratal, D.; Rico, P.; Salmerón-Sánchez, M. Effect of nanoscale topography on fibronectin
adsorption, focal adhesion size and matrix organisation. Colloids Surf. B Biointerfaces 2010, 77, 181–190. [CrossRef] [PubMed]

71. Zhou, A.; Yu, H.; Liu, J.; Zheng, J.; Jia, Y.; Wu, B.; Xiang, L. Role of hippo-YAP signaling in osseointegration by regulating
osteogenesis, angiogenesis, and osteoimmunology. Front. Cell Dev. Biol. 2020, 8, 8. [CrossRef]

72. Damiati, L.; Eales, M.G.; Nobbs, A.H.; Su, B.; Tsimbouri, P.M.; Salmeron-Sanchez, M.; Dalby, M.J. Impact of surface topography
and coating on osteogenesis and bacterial attachment on titanium implants. J. Tissue Eng. 2018, 9. [CrossRef] [PubMed]

73. Le Guéhennec, L.; Soueidan, A.; Layrolle, P.; Amouriq, Y. Surface treatments of titanium dental implants for rapid osseointegration.
Dent. Mater. 2007, 23, 844–854. [CrossRef]

74. Lossdorfer, S.; Schwartz, Z.; Wang, L.; Lohmann, C.; Turner, J.D.; Wieland, M.; Cochran, D.L.; Boyan, B.D. Microrough implant
surface topographies increase osteogenesis by reducing osteoclast formation and activity. J. Biomed. Mater. Res. Part A 2004, 70,
361–369. [CrossRef]

75. Huo, S.-C.; Yue, B. Approaches to promoting bone marrow mesenchymal stem cell osteogenesis on orthopedic implant surface.
World J. Stem Cells 2020, 12, 545–561. [CrossRef]

76. Gulati, K.; Maher, S.; Findlay, D.M.; Losic, D. Titania nanotubes for orchestrating osteogenesis at the bone–implant interface.
Nanomedicine 2016, 11, 1847–1864. [CrossRef]

77. Shen, X.; Yu, Y.; Ma, P.; Luo, Z.; Hu, Y.; Li, M.; He, Y.; Zhang, Y.; Peng, Z.; Song, G.; et al. Titania nanotubes promote osteogenesis
via mediating crosstalk between macrophages and MSCs under oxidative stress. Colloids Surf. B Biointerfaces 2019, 180, 39–48.
[CrossRef]

78. Huang, J.; Zhang, X.; Yan, W.; Chen, Z.; Shuai, X.; Wang, A.; Wang, Y. Nanotubular topography enhances the bioactivity of
titanium implants. Nanomed. Nanotechnol. Biol. Med. 2017, 13, 1913–1923. [CrossRef]

79. Broggini, N.; McManus, L.M.; Hermann, J.S.; Medina, R.U.; Schenk, R.K.; Buser, D.; Cochran, D.L. Peri-implant inflammation
defined by the implant-abutment interface. J. Dent. Res. 2006, 85, 473–478. [CrossRef]

80. Teterycz, D.; Ferry, T.; Lew, D.; Stern, R.; Assal, M.; Hoffmeyer, P.; Bernard, L.; Uçkay, I. Outcome of orthopedic implant infections
due to different staphylococci. Int. J. Infect. Dis. 2010, 14, e913–e918. [CrossRef]

81. Gomes, F.I.; Teixeira, P.; Oliveira, R. Mini-review: Staphylococcus epidermidisas the most frequent cause of nosocomial infections:
Old and new fighting strategies. Biofouling 2014, 30, 131–141. [CrossRef] [PubMed]

82. Uppu, D.S.S.M.; Konai, M.M.; Sarkar, P.; Samaddar, S.; Fensterseifer, I.C.M.; Farias-Junior, C.; Krishnamoorthy, P.; Shome, B.R.;
Franco, O.L.; Haldar, J. Membrane-active macromolecules kill antibiotic-tolerant bacteria and potentiate antibiotics towards
Gram-negative bacteria. PLoS ONE 2017, 12, e0183263. [CrossRef] [PubMed]

83. Lakshmipraba, J.; Prabhu, R.N.; Sivasankar, V. Polymer Macromolecules to Polymeric Nanostructures: Efficient Antibacterial
Candidates. In Nanostructures for Antimicrobial and Antibiofilm Applications; Springer: Cham, Switzerland, 2020; pp. 209–232.
[CrossRef]

84. Li, S.; Dong, S.; Xu, W.; Tu, S.; Yan, L.; Zhao, C.; Ding, J.; Chen, X. Antibacterial hydrogels. Adv. Sci. 2018, 5, 1700527. [CrossRef]
[PubMed]

85. Vimbela, G.V.; Ngo, S.M.; Fraze, C.; Yang, L.; Stout, D.A. Antibacterial properties and toxicity from metallic nanomaterials. Int. J.
Nanomed. 2017, 12, 3941–3965. [CrossRef]

25



Coatings 2021, 11, 647

86. Gupta, N.; Santhiya, D.; Murugavel, S.; Kumar, A.; Aditya, A.; Ganguli, M.; Gupta, S. Effects of transition metal ion dopants (Ag,
Cu and Fe) on the structural, mechanical and antibacterial properties of bioactive glass. Colloids Surf. A Physicochem. Eng. Asp.
2018, 538, 393–403. [CrossRef]

87. Goudouri, O.-M.; Kontonasaki, E.; Lohbauer, U.; Boccaccini, A.R. Antibacterial properties of metal and metalloid ions in chronic
periodontitis and peri-implantitis therapy. Acta Biomater. 2014, 10, 3795–3810. [CrossRef] [PubMed]

88. Wennerberg, A.; Albrektsson, T. Effects of titanium surface topography on bone integration: A systematic review. Clin. Oral
Implants Res. 2009, 20, 172–184. [CrossRef] [PubMed]

89. Szmukler-Moncler, S.; Testori, T.; Bernard, J.P. Etched implants: A comparative surface analysis of four implant systems. J. Biomed.
Mater. Res. 2004, 69, 46–57. [CrossRef]

90. Li, D.; Ferguson, S.J.; Beutler, T.; Cochran, D.L.; Sittig, C.; Hirt, H.P.; Buser, D. Biomechanical comparison of the sandblasted and
acid-etched and the machined and acid-etched titanium surface for dental implants. J. Biomed. Mater. Res. 2002, 60, 325–332.
[CrossRef]

91. Roehling, S.K.; Meng, B.; Cochran, D.L. Sandblasted and Acid-Etched Implant Surfaces with or without High Surface Free Energy:
Experimental and Clinical Background BT. In Implant Surfaces and Their Biological and Clinical Impact; Wennerberg, A., Albrektsson,
T., Jimbo, R., Eds.; Springer: Berlin/Heidelberg, Germany, 2015; pp. 93–136, ISBN 978-3-662-45379-7.

92. Yang, G.-L.; He, F.-M.; Yang, X.-F.; Wang, X.-X.; Zhao, S.-F. Bone responses to titanium implants surface-roughened by sandblasted
and double etched treatments in a rabbit model. Oral Sur. Oral Med. Oral Pathol. Oral Radiol. Endodontol. 2008, 106, 516–524.
[CrossRef]

93. Ni, J.; Ling, H.; Zhang, S.; Wang, Z.; Peng, Z.; Benyshek, C.; Zan, R.; Miri, A.K.; Li, Z.; Zhang, X.; et al. Three-dimensional printing
of metals for biomedical applications. Mater. Today Bio 2019, 3, 100024. [CrossRef] [PubMed]

94. Tiainen, L.; Abreu, P.; Buciumeanu, M.; Silva, F.; Gasik, M.; Guerrero, R.S.; Carvalho, O. Novel laser surface texturing for
improved primary stability of titanium implants. J. Mech. Behav. Biomed. Mater. 2019, 98, 26–39. [CrossRef]

95. Klokkevold, P.R.; Johnson, P.; Dadgostari, S.; Davies, J.E.; Caputo, A.; Nishimura, R.D. Early endosseous integration enhanced
by dual acid etching of titanium: A torque removal study in the rabbit. Clin. Oral Implants Res. 2001, 12, 350–357. [CrossRef]
[PubMed]

96. Wang, D.; He, G.; Tian, Y.; Ren, N.; Liu, W.; Zhang, X. Dual effects of acid etching on cell responses and mechanical properties
of porous titanium with controllable open-porous structure. J. Biomed. Mater. Res. Part B Appl. Biomater. 2020, 108, 2386–2395.
[CrossRef]

97. Szmukler-Moncler, S.; Perrin, D.; Ahossi, V.; Magnin, G.; Bernard, J.P. Biological properties of acid etched titanium implants:
Effect of sandblasting on bone anchorage. J. Biomed. Mater. Res. 2004, 68, 149–159. [CrossRef] [PubMed]

98. Yabutsuka, T.; Mizuno, H.; Takai, S. Fabrication of bioactive titanium and its alloys by combination of doubled sandblasting
process and alkaline simulated body fluid treatment. J. Ceram. Soc. Jpn. 2019, 127, 669–677. [CrossRef]

99. Baleani, M.; Viceconti, M.; Toni, A. The effect of sandblasting treatment on endurance properties of titanium alloy hip prostheses.
Artif. Organs 2000, 24, 296–299. [CrossRef] [PubMed]

100. Li, D.-H.; Liu, B.-L.; Zou, J.-C.; Xu, K.-W. Improvement of osseointegration of titanium dental implants by a modified sandblasting
surface treatment. Implant Dent. 1999, 8, 289–294. [CrossRef]

101. Lubas, M. The impact of an innovative sandblasting medium on the titanium-dental porcelain joint. Ceram. Mater. 2019, 71,
276–285.

102. Yuda, A.W.; Supriadi, S.; Saragih, A.S. Surface modification of Ti-alloy based bone implant by sandblasting. In Proceedings of
the 4th Biomedical Engineering’s Recent Progress in Biomaterials, Drugs Development, Health, and Medical Devices, Padang,
Indonesia, 22–24 July 2019; p. 020015.

103. Attarilar, S.; Ebrahimi, M.; Djavanroodi, F.; Fu, Y.; Wang, L.; Yang, J. 3D Printing technologies in metallic implants: A thematic
review on the techniques and procedures. Int. J. Bioprint. 2020, 7. [CrossRef]
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Abstract: Implant-associated infections (IAIs) are among the most intractable and costly complica-
tions in implant surgery. They can lead to surgery failure, a high economic burden, and a decrease in
patient quality of life. This manuscript is devoted to introducing current antimicrobial strategies for
additively manufactured (AM) titanium (Ti) implants and fostering a better understanding in order
to pave the way for potential modern high-throughput technologies. Most bactericidal strategies rely
on implant structure design and surface modification. By means of rational structural design, the
performance of AM Ti implants can be improved by maintaining a favorable balance between the me-
chanical, osteogenic, and antibacterial properties. This subject becomes even more important when
working with complex geometries; therefore, it is necessary to select appropriate surface modification
techniques, including both topological and chemical modification. Antibacterial active metal and
antibiotic coatings are among the most commonly used chemical modifications in AM Ti implants.
These surface modifications can successfully inhibit bacterial adhesion and biofilm formation, and
bacterial apoptosis, leading to improved antibacterial properties. As a result of certain issues such as
drug resistance and cytotoxicity, the development of novel and alternative antimicrobial strategies is
urgently required. In this regard, the present review paper provides insights into the enhancement of
bactericidal properties in AM Ti implants.

Keywords: additive manufacturing; porous titanium; implant coatings; antibacterial agent

1. Introduction

Bone infection is one the most serious and destructive risks associated with bone
implant surgeries. According to the results of the International Consensus Meeting on
Musculoskeletal Infection in 2018, the infection incidences for all orthopedic subspecialties
ranged from 0.1% to 30%, and the cost of each patient ranged from USD 17,000 to 150,000 [1].
Staphylococcus aureus is considered to be the most common pathogen isolated from implant-
associated osteomyelitis [2], and an increasing number of cases (more than 50%) are caused
by refractory methicillin-resistant S. aureus (MRSA) strains [3]. Implants act as carriers
for bacterial growth, increasing the bacterial virulence on the surface [4]. Bacteria adhere
to the implant surface, before cell proliferation and biofilm formation [5]. A biofilm is
a type of microbially derived fixation community that is characterized by cells that are
irreversibly adhered to a substrate or interface between them, embedded in a matrix made
up of their own extracellular polymeric substances [6]. Bacterial biofilms are resistant
to antimicrobial treatments and evade host defenses by providing a physical barrier [7].
As a result of restricted blood flow, it is difficult to deliver antibiotics to the area around
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the implant, and due to recurrence and drug resistance, the infection is often difficult to
treat and will become chronic [8]. As a result, in these cases, the removal of the implant is
sometimes necessary.

In recent years, various novel approaches have been proposed to prevent and treat
implant-associated infections (IAIs). In order to endow titanium (Ti) implant surfaces with
effective antimicrobial properties, two models were proposed: Passive antimicrobial mecha-
nisms, which prevent the initial bacterial attachment, and active antimicrobial mechanisms,
which release antimicrobial agents to kill adherent or planktonic bacteria. In addition, the
local innate immune response should be enhanced, in order to stimulate immune cells
to kill the bacteria [9]. Passive antimicrobial surfaces do not release antimicrobial agents;
by changing the physicochemical properties of the surface, such as the roughness, hy-
drophilicity, or nanotopological structure, or by covalently immobilizing active molecules
on the surface, they inhibit surface bacterial adhesion or kill bacteria by contact [10]. Active
antimicrobial surfaces are loaded with antimicrobial agents through a variety of surface
modification processes. They facilitate the controlled local release of antimicrobial agents
that kill bacteria on the surface of the implant and around the tissue. Antibiotics [11],
antibacterial active metals (such as silver (Ag) [12–14], copper (Cu) [15], zinc (Zn) [16]),
and metal oxides [17] are widely applied in the study of implant antimicrobial surfaces. In
a meta-analysis of 23 studies, Tsikopoulos et al. showed that a combination of active and
passive antibacterial surfaces reduced the risk of IAIs [18].

Additive manufacturing (AM), often referred to as “3D printing”, enables the fab-
rication of scaffolds with high geometric complexity [19]. AM technology enables the
fabrication of patient-tailored and structurally optimized porous implants through the pre-
cise design of external and internal structures [20–22]. Metal AM is composed of electron
beam melting (EBM) [23,24], selective laser sintering (SLS) [25,26], selective laser melt-
ing (SLM) [27], laser engineered net shaping (LENS) [28,29], direct metal laser sintering
(DMLS) [30,31], and laser aided AM methods [32]. Figure 1 shows several widely applied
metal AM processes.

Figure 1. Schematic illustrations of the widely applied metal additive manufacturing (AM) processes: (a) Selective laser
melting (SLM). Reprinted with permission from ref. [33]; (b) electron beam melting (EBM). Reprinted with permission from
ref. [34]. Copyright 2017 Elsevier; (c) laser metal deposition (LMD). Reprinted with permission from ref. [35]. Copyright
2019 Elsevier.

At present, most implants in clinical use are bulk solid Ti with an elastic modulus
much higher than that of bone, resulting in stress shielding [36]. The mechanical mismatch
between the implant and the surrounding natural bone results in bone resorption [37]. AM
technology enables the fabrication of patient-tailored and structurally optimized porous
implants through the precise design of external and internal structures. Porous Ti implants
have a suitable porosity and topological structure. This is achieved by mimicking the tra-
becular structure of natural bone tissue so that their mechanical properties match with the
surrounding tissue, which can effectively transfer loads, reduce the stress shielding effect,
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and promote osseointegration [38–40]. In addition, trabecular-like porous implants provide
an open interconnecting space for cell growth and the transport of nutrient and metabolic
waste. Osteoblasts and mesenchymal cells migrate and proliferate within the pores, which
is accompanied by vascularization, facilitating bone ingrowth [41,42]. Although, at present,
there is no consensus criteria, most studies show that improving porosity and pore size
promotes bone tissue ingrowth into pores and the osseointegration of the implants on the
basis of ensuring mechanical properties [41,43,44].

For metallic AM implants, a large number of studies focus on conferring antimicrobial
properties through indirect means. For instance, the additional surface area of a porous or
specially shaped AM implant is used to enhance the antimicrobial properties of surface
biofunctionalized implants for protection against IAIs [45]. The same biofunctionalization
treatments in in vitro tests showed that porous implants with an increased surface area re-
lease a significantly higher amount of antimicrobial agent and have an increased inhibition
zone size as compared to solid implants with the same dimensions [46]. The difference
is that for AM polymer implants, which are manufactured by fused deposition model-
ing (FDM) or stereolithography (SLA), antimicrobial agents such as antibiotics [47,48],
quaternary ammonium salts [49,50], chitosan [51], and antimicrobial metal particles [52]
are usually added to the raw material during the manufacturing stage to facilitate the
generation of bactericidal surfaces. At present, there are very few studies on the direct
preparation of antimicrobial Ti implants using AM. The following are various starting
points from which to approach this: (1) Improving the AM processing parameters to obtain
optimized surface physical properties and reduce bacterial adhesion [53]; (2) developing
nano-AM technology to prepare nanoantibacterial structures on the implant surface [54]; (3)
adding antimicrobial metal elements and exploring the appropriate proportion of elements
to prepare the antimicrobial alloy using AM [55].

From another point of view, a porous structure is more conducive to bacterial growth
than implants with smooth surfaces, and the increased surface area may also increase
the number of bacteria that survive the disinfection process or cling to the surface before
surgery [45]. There is, however, no clear evidence proving that porous implants have a
higher incidence of IAIs than solid implants [56]. For example, trabecular metal implants
are known as implants that have a porous structure. A great number of clinical trials
compare the prognosis of trabecular metal implants and nontrabecular metal implants.
Different clinical centers reported different revision rates for IAIs of the two types of im-
plants, but the results were not statistically significant (p > 0.05) [57–59]. It may be inferred
that the increased surface area of AM porous implants has more effect on the antibacterial
properties of the coating than the residual bacteria on the surface before surgery.

This review summarizes the various recently proposed strategies that improve the
antibacterial properties of AM Ti implants. Firstly, the effect of AM technology on the
antimicrobial properties of implants is discussed, and optimization schemes are proposed.
Then, from the perspective of antimicrobial drug loading, drug release is explored through
drug filling and implant surface bio-functionalization. Finally, the typical methods of
antimicrobial functionalization of AM implants are listed, such as antibiotic coatings and
antimicrobial active metal coatings.

2. The Effect of AM Technology on Antimicrobial Properties

An in vitro study found that Ti discs produced using the AM DMLS method could
change the distribution of microbial species in subgingival biofilm and decrease the total
counts of Porphyromonas gingvalis, which is the most widespread pathogen found in peri-
implantitis [60]. Currently, AM processing parameters are being optimized and new AM
technologies are being developed to improve antimicrobial performance.

Research shows that AM processing parameters were able to change the surface pa-
rameters and roughness of a Ti scaffold, such as the inclination angle, laser power, and
beam diameter [61]. The inclination angle is a key design parameter, and it has been shown
to be selective for the attachment of bacteria and tissue cells [53,62,63]. In the manufactur-
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ing stage, by reducing the SLM build inclination angle, a lower biofilm-covered surface
morphology can be constructed without changing the surface chemical properties of the
scaffolds, which is characterized by a reduction in partially melted metal particles, leading
to a decrease in the roughness and hydrophobicity (Figure 2) [53]. Villapún et al. [62]
established a mathematical model to optimize the orientation of customized SLM implants,
which can accurately predict and optimize the surface roughness of scaffolds. A case study
focusing on the customized implant proved the feasibility of this method. The optimization
of the inclination angle facilitates the rapid fabrication and functionalization of implants
in a single-step process, without postprocessing or with only local processing. Ginestra
et al. [64] found that the inclination angle has a limited effect on surface topography, high-
lighting the influence of different AM processing techniques on surface properties. It is not
a simple task to explore the influence of a single parameter on antibacterial properties, and
further in vitro and in vivo studies are required to this end.

Figure 2. The SLM build inclination angle affects the surface roughness, which in turn affects bacterial adhesion. (a) Three-
dimensional model of the build inclination angle, SEM micrograph images, and topographic scan of as-built Ti6Al4V
samples with sloping angles from 20◦ to 90◦; (b) measured arithmetic mean height (Ra), root mean squared height (Rq),
and maximum height of profile (Rz) as average values of 20 scans, where * signifies p-value < 0.05 for Ra. (c) After 24 h of
colonization, the biomass of S. epidermidis was quantified using crystal violet staining. Reprinted with permission from
ref. [62]. Copyright 2020 Elsevier.

In the manufacturing process, the surface of the Ti implant inevitably retains some
residual powders or partially melted particles. According to the report, it should be noted
that this can inhibit the osteogenic activity of human bone marrow mesenchymal stem cells
and enhance bacterial adhesion [65]. Therefore, AM scaffold surfaces are not suitable for
direct use. Appropriate post-treatment care must be carried out before use [66]. The most
common post-treatment methods include ultrasonic cleaning, sandblasting, chemical pol-
ishing, mechanical polishing, etc. The ability of ultrasonic cleaning to remove residual
powder between the trabeculae on the surface is poor. In contrast, chemical polishing
has a superior ability to remove powder residue and correlates with a decreased number
of staphylococcal cells on the surface [67]. Junka et al. [68] speculated that fluoride and
nitrogen on the surface of scaffolds could inhibit biofilm formation after chemical polishing.
Sand blasting is a standard process for improving the surface finish in SLM production.
However, it is worth noting that sandblasting may increase the risk of bacterial adhesion
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on the implant surface if the sandblasting medium is not adequately removed [66,69].
Interestingly, Szymczyk-Ziolkowska et al. [70] found that different microorganisms have
a species-specific ability to form biofilms on different types of implant modification. For
patients with a history of S. aureus, Pseudomonas aeruginosa, or Candida albicans infection,
the use of as-built, sandblasted, or acid-etched alloys are not recommended, respectively.

Metal AM technology is common and is processed on the microscale. For example, the
surface arithmetic mean roughness (Ra) of SLM is 5–20 μm and the EBM is 20–50 μm [71].
Several AM technologies with a nanoscale resolution have been developed, such as electron
beam induced deposition (EBID) [72] and two-photon polymerization (TPP) [73]. TPP can
produce 3D nanostructures and trigger the polymerization process by applying laser pulses
on photosensitive materials. This is a 3D prototype technology for precisely controllable
sub-100 nm AM structures [73,74]. EBID uses a focused electron beam to decompose the
precursor molecules into two parts: The volatile part is desorbed and discharged, and
the nonvolatile part is left on the substrate to form a nanosized deposition layer [75–77].
These nanoscale AM technologies are expected to produce specific nanotopographies to
kill bacteria by, for example, inducing excessive levels of strain through a mechanical
process [45]. Ganjian et al. [54] used EBID to fabricate nanopillars with precisely controlled
dimensions within the osteogenic range on silicon wafers (Figure 3). To the authors’
knowledge, nanoscale AM technology has not been applied to Ti implants, and the printing
of antimicrobial nanopatterns on Ti implants requires further exploration.

Figure 3. Schematic representation of (a) two-photon polymerization (TPP) (Reprinted with permis-
sion from ref. [78]. Copyright 2015 Royal Society of Chemistry) and (b) electron beam induced depo-
sition (EBID); (c) schematic diagram showing the bactericidal behavior of a nanopattern structure,
including deformation and being sunk on the nanopattern due to the penetration of the nanocolumn
into the bacterial cell wall; (d) SEM image of damaged Escherichia coli bacteria on the surface of a
nanopattern after 18 h of culture, observed from the above [54]. (CCD: Charge-coupled device).

3. AM Implants with Antimicrobial Loading

Oral or intravenous drug administration in the treatment of IAIs does not often work
very well. This is due to the concentration of the drug in the blood, which is affected by the
peak-and-valley effect. Additionally, drug release kinetics are often unpredictable, some-
times reaching toxic levels and sometimes falling below the therapeutic level. Moreover,
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inadequate blood perfusion restricts the blood supply in the bones, and only very small
quantities of the drug reach the target site. Under these circumstances, utilizing the implant
as a loader of the local drug delivery system is a promising method: It facilitates controlled
and sustained release, a high local drug concentration, and minimizes the treatment period
required [79,80]. Current implant drug loading methods generally include drug filling
through implant design, a surface coating that releases drugs, and drug reservoirs through
surface modification [81].

3.1. Hollow Implants

Ti implants with void volumes were designed to be filled with antimicrobial agents.
These are known as hollow implants. The geometric freedom of AM technology facilitates
the manufacturing of complex internal structures that would not be achievable with tradi-
tional methods. Park et al. [82] implanted hollow Ti implants perforated with microholes
and loaded with a dexamethasone-based cartridge into the tibia of rabbits. The plasma
pharmacokinetic behavior in these samples showed that the agent could be released contin-
uously up to 7 weeks after implantation. Furthermore, a stainless-steel porous-wall hollow
implant designed by Gimeno et al. [83] was filled with the synthetic antibiotic linezolid
and was shown to exhibit good anti-infection properties in a model of tibia infection in
sheep. It seems that drug-filled hollow implants may represent a novel approach to treat
or prevent IAIs that do not require repeated injections or timely oral administration to
maintain critical drug concentrations.

For the design of drug release routes, using microchannels for hollow implants is a
typical method. The release profile can be predesigned by selecting the number of channels
in order to achieve a rapid initial release and a slow, sustained, long-term release [84]. With
the assistance of AM technology, hollow Ti implants with different channel orientations
can be manufactured. It was found that channel orientation can affect the accuracy of the
channel dimension [85,86], the back-pressure porosity of the injection material, the drug
elution rate, and even the direction of drug release (Figure 4) [85]. Bezuidenhout et al. [87]
designed a Ti alloy cube with channels. Polyethersulfone membrane discs were placed
at the opening of each channel. It was able to control the release rate for the drug, and
repeatable filling with antibiotics was possible through polyethersulfone membranes. Thus,
antibiotic levels could be maintained above the minimum inhibitory concentration (MIC)
for an extended period and drug resistance could be avoided. AM technology can also
provide thin permeable walls with different porosities for hollow Ti implants. With the
increase in porosity, the pattern of drug release profiles changes [88].

Figure 4. SLM Ti6Al4V implants containing a reservoir. Adapted with permission from ref. [85]. Copyright 2016 Elsevier.
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(a) Schematics of implants with horizontal, inclined, and vertical pore channels; (b) coronal slice of antibiotic-loaded cement
within implants; (c) zones of bacterial inhibition around implants with horizontally orientated pore channels showing
directionality; (d) cumulative release of antibiotic from cement cylinders and cement-filled implants with different pore
orientations; (e) re-engineered functional implant.

The filling material plays a pivotal role in the release spectrum, and its material type
and solubility affect the reaction; for example, drugs with a higher water solubility exhibit
a faster drug release rate [84]. The second factor is the state of the material that is filled. If
the drug is directly filled, the elution involves one stage, and the drug is directly released
from the channel. If the medium contains antibiotics, such as mesoporous silica particles or
bone cement, the elution involves two stages: The drug is first desorbed from the medium
and then released through the implant channels [85,89]. This two-stage eluting device has
the ability to precisely control the drug release rate, because the drug medium and the
hollow implant channel can be controlled independently.

The drug loading and drug eluting of these hollow Ti implants had promising an-
tibacterial effects [85,88,90], which indicates that an optimized drug release profile could
be achieved by rational structural design; however, a complete design scheme has not been
proposed to date.

3.2. Porous Implants
3.2.1. Bioactive Coating

As a result of the increased surface area of porous implants, there is great poten-
tial for loading antimicrobial agents through coatings and surface treatments. Burton
et al. [91] studied eight unit cell types of AM porous lattices and determined that the
original Schwartz lattice geometry with 10% volume filling maintains the loading capacity,
while allowing the maximum void volume in all lattice designs to load more antimicrobial
agents. In addition to a homogeneous porous lattice structure, AM technology can also be
used to manufacture implants with gradient porosity or surface blind pores. Sukhorukova
et al. [92] used SLS to prepare a square blind holes network structure for loading antibiotics
onto the surface of Ti plates. This had an obvious antibacterial effect, which was superior
to the standard plate that contained a higher concentration of antibiotics.

Active coatings release preincorporated antimicrobial agents, such as antibiotics [93],
inorganic antimicrobials [94,95] (e.g., silver (Ag), zinc (Zn), copper (Cu), gallium (Ga)), an-
tiseptics [96], antimicrobial peptides [97], or certain types of metal oxides, to downregulate
infection [45,98]. The biocompatibility of the implants should be ensured while considering
the antimicrobial properties. Inspired by the extracellular matrix and proteins, organic
and inorganic (hydroxyapatite) components, and composition combinations of living bone
tissue, many bioactive materials can be used as candidates for antibacterial agents to coat
implant surfaces [99]. Such coatings are not only effective in loading antimicrobial agents,
but they also have the potential to promote tissue integration. These coatings include
durable/biodegradable polymers, nanofibers, hydroxyapatite and gels [81], and titania
nanotubes (TNT), which can mimic the nanoscale topology of bone and are among the
most promising implant coatings. When antibacterial agents are mixed with these bioactive
materials, the final drug release from the AM porous Ti implant surface is determined by
the complex interaction between the coating characteristics, the drug properties, and the
in vivo conditions [100].

There are many emerging surface treatment methods. During surface treatment and
the coating of porous Ti implants, it is key to form a uniform surface over the entire
specimen, reaching the entire inner surface. Some traditional coating techniques, such as
plasma spraying, result in poor control over the thickness and surface topography and
are not suitable for porous implants with complex geometries [99]. Therefore, chemical
or electrochemical technology is a better choice, in order to reach the inner surface of the
porous structure [45,101]. Technologies such as dipping, biomimetic deposition, chemical
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surface treatment using acidic and alkaline solutions, anodic oxidation, electrophoretic
deposition, and plasma electrolytic oxidation are widely used in this field [45,99,102].

3.2.2. Nanometer Coating

In general, the nanomorphology of Ti surfaces with an antibacterial function is usually
designed as nanotube and nanocoating forms [103]. TNT is easily adapted to AM porous
structures and can be prepared on three-dimensional nonplanar surfaces [104]. A uniform
layer of TNT can be formed on porous implants by liquid phase electrochemical treat-
ment, e.g., anodizing [105,106] and micro-arc oxidation (MAO) [107–109]. In addition to
the macroporous structure of AM technology, the microstructure of partially melted Ti
microspheres on the surface of AM implants and TNT together constitutes a unique dual
micro- to nanotopography (Figure 5) [110–112]. Biocompatibility and good corrosion resis-
tance were demonstrated in TNT-coated Ti implants [113], and various promising results
were reported in terms of improving the osteogenic activity around implants [111,114,115],
especially regarding the dual micro- to nanotopography of AM porous scaffolds [111,116].
The hydrophilic surface of TNT has a positive effect on reducing bacterial adhesion, but the
antibacterial performance of TNT is still poorer than that of mechanically polished samples,
because the roughness of TNT affects its antibacterial properties [105].

Figure 5. AM Ti implants with unique micro- and nanotopography, which can be used as a nano drug delivery system by
combining AM technology and anodization. Adapted with permission from ref. [116]. Copyright 2020 Elsevier.

Nanotube structures with highly specific surface areas and pore volumes are both
well organized and controllable and represent a good strategy for drug delivery and
antibacterial activity [117]. Drug-eluting nanotubes significantly reduced bacterial adhesion
to the surface when researchers filled the nanotubes with the antibiotic gentamicin [115].
Moreover, various parameters involved in anodizing (such as pore size and length) can
precisely control the size of nanotubes [118], which, in turn, can control the drug release
rate [119]. Drug-loaded TNT can be combined with other functional coatings, such as
polymers [120] and hydrogels [116], which cover the openings of the TNTs and prolong the
drug release time [121]. Maher et al. [122] proposed an innovative antimicrobial surface
preparation method using SLM technology and electrochemical anodization to prepare the
surfaces nanotopography of Ti alloys, thus promoting the nucleation reaction and growth
of sharp nanospears through the hydrothermal process. The sharp triangular-shaped
nanospears effectively destroyed bacteria by mechanically damaging their cell walls.

The majority of the research on nanocoatings focuses on metal nanoparticles [46,106,109]
and nanocarriers, which aim to deliver antibacterial agents [123,124]. Metal nanoparticles
have excellent antimicrobial effects [125]. Nanocoatings that do not contain antimicrobial
agents are gradually being developed. Hu et al. [105] found that the composite effect of
TNT and nanophase CaP on SLM Ti surfaces also exhibited good antibacterial activity.
Furthermore, these antibacterial properties mainly come from the surface nanorough-
ness [105,123,126]. Rifai et al. [127] demonstrated that a nanodiamond (ND) coating can
improve interface properties to inhibit bacterial colonization, and NDs coatings were ap-
plied on SLM Ti scaffolds using dip coating technology. Interestingly, it was found that
controlling the embeddedness of nanoparticles is very helpful for maintaining the cell
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adhesion and osteogenic differentiation potential of TNT, especially when the nanoparticles
do not completely cover the nanotubes [123].

4. Application of Antimicrobial Functionalization of AM Implants

4.1. Antibiotic

Antibiotics are the standard clinical tool for the local and systemic treatment of various
infections caused by broad-spectrum pathogens. The concentration of local antibiotics is
much higher than that achieved through parenteral administration. It can even be delivered
to nonvascular areas, which can reduce the risk of antibiotic resistance and systemic
toxicity [128,129]. Antibiotic implant materials, such as bone cement and temporary bone
cement spacers, have exhibited effective antibacterial activity. AM porous Ti implants
provide a variety of strategies for local antibiotic administration, among which surface
coating technology is the most widely studied. In addition, from the perspective of implant
structure design, antibiotic-added reservoirs are an important emerging method (see
Section 3.1).

AM porous Ti implants have inherent advantages, such as their high porosity and large
surface area, which provide adhesion sites for antibiotics. Moreover, they can be loaded
with more antibiotics. Griseti et al. [129] found that the antibacterial effect of 3D porous Ti
loaded with antibiotics lasted for 7 days, which was similar to that of early antibiotic bone
cement. Smooth Ti alloy beads loaded with antibiotics demonstrated a limited inhibition
effect before the second day. The change in the surface topology also improved the release
profile of antibiotics and significantly increased the release amount [107,123].

There are several factors that need to be considered when choosing the type of antibi-
otic. The first is the antibacterial spectrum of the antibiotics, followed by its compatibility
with the coating processing technology, and its stability and solubility, which determine the
release profile. Gentamicin and vancomycin are the most widely used antibiotics for the
prevention and treatment of IAIs. They are active against both Gram-negative and Gram-
positive bacteria. Gentamicin and tobramycin, which have broad-spectrum antimicrobial
properties and high temperature resistance, were approved by the United States Food
and Drug Administration (FDA) for incorporation into bone cement for the treatment of
prosthetic joint infections [130]. Vancomycin belongs to the glycopeptide antibiotics family
and is effective against MRSA [131]. With the increase in bacterial resistance, and even the
emergence of vancomycin-resistant strains [132], there is an urgent need for the application
of novel antibiotics or combinations of antibiotics to treat refractory IAIs. Molina-Manso
et al. tested the drug susceptibility of staphylococcal biofilms with a variety of antibiotics
and found that rifampicin and tigecycline exhibited superior anti-biofilm activity to other
antibiotics, which could be applied on the surface of implants to treat or prevent IAIs [133].
In addition, daptomycin [134,135] and minocycline [136] demonstrated efficacy against
MRSA biofilms [137].

Current studies on antibiotic coatings focus on optimizing the release kinetics of
eluting antibiotics. One important consideration is the duration of drug release, which
must take into account both early and delayed IAIs. Another is the concentration of the
released drug, which can help to avoid the development of bacterial resistance. In general,
the release of antibiotics can be divided as follows: There is an initial outbreak period,
during which the drug concentration reaches a high level; then, the release continues above
MIC and stops before the development of antibiotic resistance (Figure 6). Stigter et al. [138]
used the biomimetic coprecipitation method to incorporate antibiotics into the HA coating
of titanium implants. Among the eight antibiotics studied, cephalosporins containing
carboxylic groups were more strongly bound to the coating, with higher incorporation, a
slower release rate, and more durable and effective antimicrobial activity.
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Figure 6. Ideal antibiotic release profile. The initial explosive release can kill bacteria effectively,
and then the sustained release above the minimum inhibitory concentration (MIC) can maintain the
antibacterial effect for a long period without antibiotic resistance.

Researchers have explored a variety of biocompatible coatings that stabilize adhesion to
the Ti scaffold and load antibiotics. Common examples include dopamine [107], chitosan [139],
gelatin [140], hyaluronic acid [141], and a variety of organic polymers [123,142–144]. Yavari
et al. [140] applied multiple layers of gelatin- and chitosan-based coatings containing
vancomycin and verified that the coating was almost completely degraded after 8 weeks.
This timely biodegradation ensures the release of high doses of antibiotics during the
perioperative period, while minimizing the risk of antibiotic resistance caused by long-
term exposure to sub-MIC doses of antibiotics. Ghimire et al. [145] found that chitosan-fixed
Ti implants significantly increased the sensitivity of adherent bacteria to antibiotics. Various
innovative coatings, such as silk fibroin [146], bacterial cellulose [147], and phase-transited
lysozyme [141], have also been proposed. Drug release from this conventional coating is
continuous regardless of the occurrence of IAIs. In recent years, intelligent antimicrobial
coatings have gradually emerged [148]. When the implant is invaded by bacteria and IAIs
occurs, it is stimulated by temperature [149], pH [150], and electrical signals [151] to release
antibiotics. Thus, the unnecessary release of antimicrobial agents in the uninfected state is
avoided, and the risk of bacterial resistance is minimized.

Various processing and assembly methods have been explored that need to be suit-
able for customized scaffolds with complex shapes to ensure the continuous release of
antibiotics. These include electrophoretic deposition (EPD) [128,143,146], electrospray
deposition [123], covalent binding, layer-by-layer self-assembly [124,152], and electrospin-
ning [142]. The advantage of EPD is that it can simply add a variety of antibacterial agents
(such as antibiotics and nanoparticles) into different hydrogels and control the thickness
and uniformity of the coating [143]. Given the hydrophilicity of antibiotics, EPD is a good
approach. Bakhshandeh et al. [128] prepared chitosan and gelatin coatings in this way,
and the antibiotics could be continuously released at a concentration higher than MIC for
21 days, thus achieving a long-term and highly effective bacteriostatic effect. Jahanmard
et al. [142] applied antibiotic-loaded poly(ε-caprolactone) (PCL) and poly‘1q‘(lactic acid-co-
glycolic acid) (PLGA) nanofiber coatings to lattice Ti implants by means of electrospinning.
In this approach, the combination of specific drug–polymer interactions with bi-layer
structures is crucial to prolong the inhibitory drug concentration, and, for the first time, it
was shown that the antibacterial effect can last more than 6 weeks, preventing the early and
delayed onset of IAI (Figure 7). Layer-by-layer self-assembly technology has great advantages
in the stable fixation and continuous release of antibiotics. The self-assembled membrane
prepared by Vaithilingam et al. [152] released less than 60% of the drug after 6 weeks.
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Figure 7. Various assembly and in vitro antibiotic release profiles of drug-loaded nanofiber-filled lattice implants. Reprinted
with permission from ref. [142]. (a) The structure of the bi-layer nanofiber filled with PCL/Van as the inner layer and
PLGA/Rif as the outer layer. (b) The structure of the core–shell nanofiber is composed of PCL/Van in the core and PLGA/Rif
in the shell. The core–shell structure was verified by transmission electron microscope. Cumulative release of Van (c) and
Rif (d) from three different nanofiber-filled lattice structures within 6 weeks. (Abbreviations: PCL, poly(ε-caprolactone);
PLGA, poly‘1q‘(lactic-co glycolic acid); Van, vancomycin; Rif, rifampicin.).

The traditional view is that antibiotics are not cytotoxicity, and most antibiotic coatings
demonstrate good biocompatibility [128]; however, Sukhorukova et al. [139] found that
a standard dose of gentamicin (40 mg/mL) had short-term toxicity at an early stage and
inhibited the proliferation of osteoblasts. Because the strong antimicrobial activity due to
early rapid drug release compromises biocompatibility, caution is needed when using high
concentrations of antibiotics.

4.2. Antibacterial Active Metal
4.2.1. Silver

In order to improve the antibacterial properties of AM implants, Ag has been widely
studied for its broad-spectrum antibacterial activity and low toxicity to mammalian
cells [153]. Table 1 shows the antibacterial effect of the Ag coating prepared on AM
implants by different methods.

The toxic effects of Ag on microorganisms are attributed to the production of Ag
ions [154]. Ag ions produce three main mechanisms of antibacterial action [155]: (1) Ag+-
induced direct membrane damage, through which Ag+ can cause physical damage to the
membrane and interact with sulfur-containing membrane proteins [156]; (2) through the
reactive oxygen species (ROS) related to Ag+, wherein the concentration of ROS is not
related to the form of Ag, but is mainly related to the final concentration of Ag+ [157]; (3) the
cells uptake Ag+ as a result of membrane perforation, resulting in the interruption of ATP
production and the inhibition of DNA replication [155]. Compared with Gram-positive
bacteria, Ag+ has faster, longer, and more effective bactericidal effects on Gram-negative
bacteria [106,108,158]. This may be due to the existence of a thick peptidoglycan layer in S.
aureus, which can inhibit the transport of Ag ions through the cell membrane and has a low
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sensitivity [28]. Because of Ag’s various antibacterial mechanisms, it is not easy to appear
drug resistance, and it even has a strong antibacterial effect against MRSA [46].

To construct multifunctional porous implants, Ag ions are often combined with surface
topological modification techniques to improve the osteogenic properties, as is the case for
anodized TNT loaded with Ag [46,159]. Plasma electrolytic oxidation (PEO) can completely
disperse and firmly adhere Ag nanoparticles (AgNPs) to the surface of the implant in a
very short time by adding AgNPs into the electrolyte. AgNPs are encapsulated in an in-
depth growth oxide layer to prevent the free circulation of AgNPs in the blood. The oxide
layer causes AgNPs to become completely fixed, which can further prevent the potential
nanotoxic effects [46]. Ag usually exists in the form of Ag2O in PEO coatings. Gao et al.
prepared TNT arrays embedded with Ag2O nanoparticles on the surface of titanium using
magnetron sputtering and anodic oxidation. Compared with the direct incorporation of
Ag+ into TNT, the Ag+ release rate of Ag2O was slower and the biocompatibility was
better [106]. In addition to surface topological modification, composite biological coatings
such as multifunctional hydrogels [160], polydopamine [108], chitosan [139], calcium
phosphate [126], or silk protein [161] can be used to further enhance the biocompatibility
of implants. Devlin-Mullin et al. [162] coated the surface of SLM 3D Ti scaffolds with an
Ag nanolayer using atomic layer deposition, which produced good antibacterial properties
and biocompatibility in vitro and in vivo. It also promoted angiogenesis and osteogenesis
after implantation in rat tibia.

It is very important to improve antibacterial effects and prolong the anti-infection time,
as it takes a long time (3 months) to achieve normal osseointegration. AM porous scaffolds
and surface topological modification increase the depth of the reservoir, thereby increasing
the ability to immobilize antimicrobial agents [108]. On this basis, compared with simple
solution soaking [163], electrodeposition [159] and polydopamine-assisted coating [108]
can form an Ag coating with stronger adhesion properties, providing Ag ion release
for longer, and enhancing biocompatibility and the antibacterial properties. Shivaram
et al. [159] prepared Ag coatings using electrodeposition and reported the most persistent
in vitro release of Ag+ to date (27 weeks), with the release of Ag+ being within the potential
toxicity limit of cells of 10 ppm (g/mL). In vivo experiments at 12 weeks showed good
osteointegration properties and biocompatibility, but the long-term antimicrobial effects
were not reported. Polydopamine (PDA) is a mussel-inspired multifunctional material,
which can be deposited in situ onto TiO2 via covalent cohesion. It can also chelate and
reduce noble metal ions, inhibit the oxidative dissolution of AgNPs, and facilitate the long-
term sustained dynamic release of Ag+. In this way, the rigid TiO2/PDA/Ag coating can be
easily constructed on Ti [164]. Jia et al. [108] achieved an ultra-high loading capacity and a
sustained release of Ag+ through Mao, PDA, and Ag deposition. The antibacterial activity
of scaffolds against planktonic/adherent bacteria (Gram-negative and Gram-positive) and
even existing biofilms lasted for 12 weeks.

The synergistic effects of Ag and antibiotics on biofilm destruction have been observed.
For instance, Ag can enhance the antibacterial activity of antibiotics. As Ag ions increase
bacterial membrane permeability (even at sublethal concentrations), drug-resistant bacteria
become sensitive to antibiotics [165]. AgNPs can promote free Ag+ and antibiotics to
kill biofilm bacteria through degrading the main components (polysaccharides, proteins,
and nucleic acids) of the biofilm [108,166]. The special combination of Ag and antibiotics
slows the release of the two drugs and avoids an initial sudden release. Furthermore, the
release rate of each bactericide depends on the presence of other antibacterial components,
such as Ag ions and antibiotics. The eradication of planktonic bacteria and adherent
bacteria confirmed the synergistic effect of Ag and antibiotics. Moreover, reducing the drug
concentration is beneficial in order to avoid the toxicity from Ag ions or antibiotics [128,158].
The slow release of Ag+ provides very good antibacterial protection after the depletion of
the antibiotic reservoirs [158].

Many in vitro antibacterial studies show that Ag ions have good antibacterial activ-
ity against bacteria and biofilms; however, Ag ions are somewhat toxic to mammalian
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cells, such as human mesenchymal stromal cells (hMSCs) [163], osteoblast-like cells [128],
and macrophages [167]. The early explosion of Ag ions may lead to osteoblast toxicity;
however, in the later stage, the toxicity is weakened when the Ag ion concentration is
reduced, and the proliferation activity of osteoblasts is enhanced, which can offset the side
effects in the early stage [108,161]. Two different outcomes were found when Ag-loaded
chitosan-coated implants were implanted into the body. In the absence of infection or a
low bacterial challenge, the host reaction can overcome the cytotoxicity of Ag, exhibiting
a good antibacterial effect. When the host faces a high bacterial challenge, 0.1–1 μm Ag
particles trigger inflammation and are released from the implant surface, which mediates
local over-inflammation; kills neutrophils, so there is no antibacterial effect; and even
aggravates infection-mediated bone remodeling [139]. Therefore, further in vivo studies
are needed before Ag-coated implants will be ready for clinical use.

Table 1. The antibacterial effect of Ag coating prepared on AM implants.

Implant
AM

Technology
Microorganism

Coating
Technology

Result Duration Reference

Ti6Al4V SLM MRSA

PEO using
electrolytes

based on Ca/P
species and

AgNPs

Release of Ag
ions;

In vitro,
antibacterial

behavior
against MRSA;

Ex vivo, murine
femoral

infection model

4 weeks;
24 h;
NR

[46,168,169]

Ti6Al4V EBM E. coli and S.
aureus

MAO and
PDA/Ag

treatments

In vitro,
antibacterial

behavior
against E. coli
and S. aureus

both planktonic
and in biofilm

12 weeks [108]

Ti6Al4V EBM S. aureus

Electrophoretic
deposition of

Ag and calcium
phosphate

nanoparticle
layers

In vitro,
antibacterial

behavior
against S.

aureus

17 h [126]

Ti SLS E. coli, S. aureus
and N. crassa

TiCaPCON-Ag
films by

magnetron
sputtering and

loaded with
gentamicin and
amphotericin B

In vitro,
antibacterial

behavior
against E. coli, S.

aureus and N.
crassa

3 days [158]

Ti LENS NA

Anodized TNT
followed by

electrodeposi-
tion of

Ag

Release of Ag
ions 27 weeks [159]

Ti DMP S. aureus

AgNO3 were
mixed with

chitosan
followed by

EPD

In vitro,
antibacterial

behavior
against S.

aureus;
In vivo, tibia

intramedullary
implant model
inoculated with

S. aureus

1 week;
NR [139]
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Table 1. Cont.

Implant
AM

Technology
Microorganism

Coating
Technology

Result Duration Reference

Ti6Al4V EBM S. aureus

Hydrothermal
growth of a

titanate layer,
on which

nanosilver
encapsulated

silk fibrin
multilayers

were anchored
through

PDA-assisted,
silk-on-silk

self-assembly

In vitro,
antibacterial

activity against
clinical

pathogenic S.
aureus both

planktonic and
in biofilm

6 weeks [161]

Ti SLM S. epidermidis
and MRSA

Atomic layer
deposition of an
Ag nanolayer

In vitro,
antibacterial

behavior
against S.

epidermidis and
no antibacterial
activity against

MRSA;
In vivo,

vascularization
and osseointe-

gration
tendency

4 days;
NR [162]

Ti DMP S. aureus

Anodized TNT
followed by
soaking in

AgNO3
solution

In vitro,
antibacterial

behavior
against S.

aureus

2 weeks [163]

Ti DMP S. aureus

Vancomycin
and AgNO3
were mixed
with the Chi-
tosan/gelatin

compound
followed by

EPD

In vitro,
antibacterial

behavior
against S.

aureus both
planktonic and

in biofilm

3 weeks [128]

Abbreviations: SLM, selective laser melting; EBM, electron beam melting; SLS, selective laser sintering; LENS, laser engineered net shaping;
DMP, direct metal printing; MRSA, methicillin-resistant S. aureus; PEO, plasma electrolytic oxidation; MAO, micro-arc oxidation; EPD,
electrophoretic deposition; AgNPs, Ag nanoparticles; PDA, polydopamine; TNT, titania nanotubes; NR, never report.

4.2.2. Copper

Cu is a potential broad-spectrum inorganic antimicrobial agent. It is a necessary
trace element in the human body and participates in the synthesis of enzymes. Cu is less
cytotoxic than Ag [170] and can be metabolized by the human body. Therefore, Cu may
be an effective substitute for Ag. It not only exhibits antibacterial activity against E. coli
and S. aureus [171], but also demonstrates antibacterial and antibiofilm properties against
the oral-specific bacteria Streptococcus mutans and Porphyromonas gingivalis [172], which is
beneficial for using in dental materials. However, high doses of Cu can cause cytotoxicity.
It is important to find the optimal concentration of Cu ions that can inhibit bacterial growth
while avoiding cytotoxicity. Fowler et al. [173] studied the effect of Cu on the viability of
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MC3T3 cells and Staphylococcus epidermidis in vitro, and the minimum inhibitory concentration
of Cu ions in these two species ranged from 9 × 10−5 to 9 × 10−6 g/mL. As a result of species-
specific and in vivo and in vitro differences, further studies are needed. At appropriate
concentrations, Cu-modified implants also exhibited anti-inflammatory, proangiogenic,
and osteogenic effects [174].

The antimicrobial mechanism of Cu can be divided into two elements: The direct
mechanism and the indirect mechanism. The direct bactericidal mechanism involves
Cu ions interacting with bacteria or biofilms. A large number of Cu ions flow into the
bacteria, blocking the cell respiration chain and disturbing DNA synthesis. Then, a large
amount of ROS are produced, leading to changes in the permeability of bacterial cell walls
and leakage of the bacterial contents [175]. Cu inhibits the expression and transcription
of positive biofilm regulators such as sae and agr, which inhibits biofilm formation [176].
The indirect bactericidal mechanism involves Cu activating the bactericidal ability mediated
by macrophages. Cu can improve the ability of macrophages to uptake and kill bacteria,
and it kills bacteria through the ROS pathway [177]. The concentration of copper ions
required for the activation of macrophages is far lower than that required by the direct
bactericidal mechanism, which can effectively help to avoid the cytotoxicity caused by
high concentrations.

Similar to the method used for the preparation of the Ag coating, ion implanta-
tion [178], PEO [16], sol-gel [179], and electrodeposition [180] are applied in the preparation
of copper coatings. For AM implants with complex geometries, PEO [16] and electro-
chemically assisted deposition [180] seem to be the superior methods. Interestingly, the
application of copper as an antibacterial active substance in implants is not only through
surface modification; copper-containing titanium alloy has also received much interest
from researchers [181–183]. In the additive manufacturing process, Cu is added into the
material by in situ alloying; thus, the process flow is simplified to a single-step process.
In addition, it can help to avoid the wear and tear associated with surface coating and
is expected to provide a lasting antibacterial effect. The antimicrobial properties of AM
copper-containing titanium alloy are related to the Cu content, AM processing parame-
ters, and heat treatment [181,183,184]. The majority of researchers consider 5 wt.% Cu to
be appropriate for antibacterial function [184]. Furthermore, the in situ alloying of Cu
increases the hardness and compressive strength of the material [185], which maintains
good corrosion resistance in simulated body fluids [184].

In the preparation process, the phase transformation of antibacterial active metals
inevitably occurs, such as during electrochemical treatments or powder processing at high
temperatures, which may lead to the oxidation of the metal. Shimabukuro et al. [186]
embedded Cu in the TiO2 layer on the implant surface using MAO. They found that Cu
existed in the form of Cu2O and exerted an antibacterial effect. Therefore, it is necessary to
further explore the antibacterial effects of metal oxides. The oxides of Cu are Cu2O and
CuO. Zhao et al. mixed Cu2O nanoparticles of different concentrations into the ceramic
oxide layer using MAO. They found that the addition of Cu2O improved the antimicrobial
performance of the MAO coating in a dose-dependent manner. It has also been demon-
strated that Cu+ is the key factor in terms of the antibacterial properties [187]. By comparing
the minimum inhibitory concentrations and minimum bactericidal concentrations of Cu2O
and CuO against four kinds of periimplantitis-related bacteria, it can be inferred that Cu2O
has a superior antibacterial activity to CuO [17].

4.2.3. Zinc

Compared with Ag, Zn has been less studied as an antimicrobial active substance, but
its interesting biological effects have been gradually attracting attention. Zn is an essential
trace element in the human body, which is involved in a variety of physiological processes,
such as bone metabolism, cell signaling pathways, and immune regulation. Zn regulates
the expression of bone morphogenetic protein gene, increases the activity of alkaline
phosphatase, inhibits the bone resorption of osteoclasts, and induces the differentiation of
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osteoblasts, thus promoting bone formation. In addition, Zn ions and their nanoparticles
have good antibacterial properties. Zn ions (positive charge) and the cell wall of bacteria
(negative charge) are attracted to each other by electrostatic interaction, resulting in the
destruction of the bacteria cell wall. Moreover, Zn ions enter the bacteria and interfere
with DNA replication [188]. Not only does Zn itself have the ability to kill bacteria directly,
but it can also inhibit bacterial infection by regulating host immune defenses [189]. Wang
et al. prepared ZnO films on a titanium surface using magnetron sputtering. The results
of the in vivo experiments demonstrated a stronger antibacterial effect than in the in vitro
experiments, indicating that Zn further enhanced the antibacterial effect by regulating the
immune system response in vivo.

Similar to Ag and Cu, electrochemical deposition [190], MAO [191], and layer-by-layer
self-assembly [192] are used to introduce Zn onto the implant surface. Liu et al. [192]
constructed a bio-multilayer structure containing Zn ions using the self-assembly tech-
nique, which promoted the biological activity and function of osteoblasts and produced
antibacterial activity at the same time. Different from the inert surface of pure titanium, the
Zn-containing surface has the ability to induce osteogenesis while avoiding IAIs, which is
a promising modification method for biological implants.

In the Zn-doped TiO2 layer prepared using EPO, Zn mainly exists in the form of
ZnO. Surprisingly, when the MAO coating containing Zn was immersed in normal saline,
the chemical state of the surface Zn changed from Zn2+ to ZnO, leading to an increase
in antibacterial activity [191]. ZnO nanoparticles have attracted much attention because
of their biocompatibility, low toxicity, chemical stability, antimicrobial activity, and their
selective killing effect on normal cells and cancer cells. In particular, the small size effect of
ZnO nanoparticles plays an important role in their antibacterial behavior, inhibiting the
growth of a variety of bacteria [193,194].

4.2.4. Other Metals

Other metals such as gold (Au) [194], magnesium (Mg) [195], iron (Fe) [196], and
their oxides also exhibit antibacterial effects. Au has stable chemical properties, good
biocompatibility, and has the potential to promote the proliferation and differentiation
of mesenchymal stem cells [197]. In addition, gold nanorods have special photophysical
properties, which produce photothermal effects under the excitation of near-infrared light
and exhibit antibacterial activity against a variety of bacterial strains [198]. The superpara-
magnetism of iron oxide nanoparticles makes targeted drug delivery possible. Moreover, it
enables iron oxide nanoparticles to target the biofilm in the infected site and have a strong
killing effect on drug-resistant strains [196].

4.2.5. Comparison

Ag, Cu, and Zn are the most commonly used inorganic antimicrobial agents. A
comparison of their biological effects is necessary to improve their various applications.
The MIC of Cu and Zn is much higher than that of Ag, with a difference of about two orders
of magnitude. The antimicrobial activity of Ag is higher than that of Cu and Zn, i.e., Ag
can produce a high level of antimicrobial activity at a lower concentration [16]. However,
Ag is more likely to cause cytotoxicity, and its half maximal inhibitory concentration (IC50s)
to osteoblasts MC3T3-E1 is only 2.77 μM, while Cu and Zn show good biocompatibility
in the appropriate concentration range, with IC50s of 15.9 and 90.0 μM, respectively [199].
A combination of antimicrobial agents provides a way to solve these two problems. The
combination of two or more antibacterial agents has a synergistic antibacterial effect and
reduces the minimum inhibitory or bactericidal concentration [169,180,200]. For exam-
ple, the combination of Ag and Zn can reduce the required concentration of Ag by two
orders of magnitude, while maintaining the same antibacterial activity, greatly reducing
cytotoxicity [169]. Strontium (Sr), a metal ion with osteogenic activity, was doped with
Ag on the implant surface. It not only exhibited strong synergistic antibacterial behavior
against drug-resistant strains, but also polarized macrophages (M2) through favorable
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immune regulation, thus further promoting the differentiation of preosteoblasts [168,201].
Shimabukuro et al. also investigated the biodegradation behavior of antibacterial active
metal surfaces and found that their antibacterial properties had a time transient effect.
When the antibacterial surface was soaked in normal saline for 28 days, the chemical states
of the antibacterial active elements changed separately, leading to completely different
changes in the antibacterial activity. The antimicrobial activity of the silver-coated speci-
mens was gradually weakened, and Cu showed no significant change, while Zn showed
enhanced antimicrobial activity [170].

Finally, it is important to note that although these antimicrobial active metals have
shown excellent antimicrobial efficacy, they have not been approved as antimicrobial active
ingredients in implants by the Food and Drug Administration (FDA) and Environmental
Protection Agency (EPA) due to their potential cytotoxicity. Extreme caution should be
exercised in the clinical application of these metal active ingredients until in vivo safety is
further determined.

5. Conclusions

AM technology is increasingly being applied in orthopedics and stomatology, and the
significant production freedom enables various innovative designs that cannot be achieved
by traditional manufacturing methods. Through AM topological design, the mechanical
properties and osteogenic properties of implants have been greatly improved. However,
further optimization is needed to produce clinical applications. It is necessary to apply the
surface modification technology of traditional solid titanium implants to the post-treatment
of AM implants. Kirmanidou et al. [202] summarized a variety of surface modification
methods to improve the mechanical properties, osteogenic properties, and antibacterial
properties of titanium implants. Whether these surface modification methods are suitable
for AM implants depends on whether they can be uniformly treated on surfaces with
complex geometrical shapes, such as anodizing, acid/alkali treatments, and other liquid
environments, in which surface modification methods are suitable. Sandblasting does not
produce uniform modification of internal and external surfaces and is not suitable for AM
implants with complex geometrical shapes.

In order to ensure the service life and suitability of AM Ti implants, antibacterial
activity is not inconsequential. In this paper, various recent antimicrobial strategies ap-
plied to AM Ti implants are reviewed; however, the design of structural and antimicrobial
coatings based on AM Ti implants remains a long way off. In the future, a balance between
mechanical properties [203], microstructures and cell response [204], osteogenic properties,
and antibacterial properties should be pursued in structural design. For antibacterial
coatings, the release kinetics of antibacterial drugs might be further improved to suppress
drug resistance and reduce the immune response caused by coating wear. The direct ma-
nipulation of AM technology to produce surfaces with inherent antimicrobial properties on
AM Ti implants is also extremely promising. On the one hand, the antibacterial strategies
of traditional Ti implants should be further applied to AM Ti implants, with emphasis on
the development of surface treatment technologies suitable for complex geometries. On the
other hand, novel and alternative strategies should be sought to combat IAIs, especially
through the development of AM technology to improve antimicrobial performance and
simplify the processing method. For the clinical application of these implants with bacteri-
cidal or bacteriostatic properties, and in order to improve the biocompatibility and prolong
the functional life of implants, further research is needed. In particular, in vivo trials are
necessary before clinical human trials can commence.
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Abstract: Ti and Ti alloys have charming comprehensive properties (high specific strength, strong
corrosion resistance, and excellent biocompatibility) that make them the ideal choice in orthopedic
and dental applications, especially in the particular fabrication of orthopedic and dental implants.
However, these alloys present some shortcomings, specifically elastic modulus, wear, corrosion, and
biological performance. Beta-titanium (β-Ti) alloys have been studied as low elastic modulus and
low toxic or non-toxic elements. The present work summarizes the improvements of the properties
systematically (elastic modulus, hardness, wear resistance, corrosion resistance, antibacterial property,
and bone regeneration) for β-Ti alloys via surface modification to address these shortcomings.
Additionally, the shortcomings and prospects of the present research are put forward. β-Ti alloys
have potential regarding implants in biomedical fields.

Keywords: beta titanium alloy; elastic modulus; wear resistance; corrosion property; surface modifi-
cation; osseointegration

1. Introduction

Titanium and its alloys have been widely used as bone implants in clinical dentistry
and orthopedics, especially CP Ti (α) and Ti-6Al-4V (TC4, α + β) [1]. However, the
development of CP Ti and TC4 was restricted because of high elastic modulus and toxic
element vanadium (V). Low elastic modulus and non-toxic β-Ti alloys were designed to
solve these problems. β-Ti alloys majorly represented a β-phase-dominated microstructure
after annealing and air cooling to room temperature with the BCC form of titanium (called
beta). The alloying elements in the titanium matrix can be one or more of these metals,
including molybdenum (Mo), vanadium (V), niobium (Nb), tantalum (Ta), zirconium (Zr),
manganese (Mn), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), and copper (Cu) [2–4].
The combination of different types and contents of elements leads to a variety of β-Ti alloys
with distinct properties; the resultant β-Ti alloys usually have excellent formability and
facile welding characteristics [5,6].

As shown in Table 1, these Ti alloys have been applied as implants in clinical surgery.
Nevertheless, the low wear resistance of Ti alloys became the new issue. Researchers devel-
oped varieties with modified processing and technology to enhance the wear resistance
and endowed β-Ti alloys with antibacterial properties and bone regeneration.

Coatings 2021, 11, 1446. https://doi.org/10.3390/coatings11121446 https://www.mdpi.com/journal/coatings
59



Coatings 2021, 11, 1446

Table 1. The uses, advantages, and disadvantages of Ti and its alloys.

Materials Type Advantages Disadvantages Applications
Clinical
Surgery

Ref.

CP Ti α Good biocompatibility Low strength and poor
wear resistance Dental implants

√
[7]

Ti–3Al–2.5V α + β
Good strength and
corrosion resistance Toxicity elements (Al, V) Dental implants

√
[8]

Ti-6Al-4V
(TC4) α + β

Excellent strength and
corrosion resistance

High elastic modulus,
toxicity elements (Al, V),
and poor wear resistance

Bone fixation plates
and stem of artificial

hip joints

√
[1]

Ti–6Al–7Nb α + β Good wear resistance Toxicity element (Al)

Dental prostheses
knee, wrist, and
femoral stems,

fasteners, fixation
plates, and screws

√
[9]

Ti–5Al–2.5Fe α + β Good wear resistance Toxicity element (Al) Hip prostheses
√

[1]

Ti-2.5Al-2.5Mo-
2.5Zr (TAMZ) α + β

High compatibility,
toughness, fatigue resistance Toxicity element (Al)

Hip stems,
endosseous,

subperiosteal, or
transosteal implants

in dentistry

√
[10]

Ti-12Mo-6Zr-
2Fe (TMZF) β

Low elastic modulus, high
fracture toughness, good

wear resistance, and
corrosion resistance

Head-neck taper fretting
and corrosion,

flexural rigidity

Femoral neck shaft,
acetabular implant,
and femoral stems

√
[11]

Ti-13Nb-13Zr near β

Low elastic modulus, low
density, paramagnetic

properties, low
thermal conductivity

Low hardness
and resistance

Head and
acetabulum of hip

endoprostheses

√
[12]

Ti-24Nb-4Zr-
8Sn (Ti2448) β

High biocompatibility and
mechanical properties Low wear resistance Artificial hip joints

and dental roots
√

[13,14]

Ti-15Mo β

More biocompatible,
lower modulus,

better processability
Lower strength Femoral hip

implant components
√

[15]

Ti-28Nb-24.5Zr β

Low elastic modulus,
high strength and

toughness, excellent
mechanical properties
and biocompatibility

Poor wear property Surgical and
orthopedic implants

√
[16]

The elastic modulus is one of the most specific mechanical characteristics and among
the vitally prominent physical indicators that substantially affect the long-term stability of
implants in medical applications. In this regard, the maximum elastic modulus of human
bone is 15–30 GPa, while the elastic modulus of CP Ti (100 GPa) and TC4 (112 GPa) is
far higher than that of human bone [1]. The elastic modulus of β-Ti is more than 50 GPa,
which is higher than that of human bone [17–20]. Because of the mismatch in stiffness,
most of the stress is concentrated on the implants. Human bone grows and rebuilds during
the whole process. Thus, the bone density may decrease due to a lack of load in the
long-term surrounding the implants, which causes bone resorption or nonunions and a
stress shielding phenomenon while affecting usual recovery [21]. On the other hand, low
elastic modulus material will severely deform after being stressed and lose its supporting
effect [22]. Moreover, achieving an intimate attachment of implanted Ti alloys to the
biological tissue is challenging and may lead to implant fracture and fall off the tissue.
Thus, it is necessary to explore the relationship between the elastic modulus and chemical
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composition, hardness, and porosity. To overcome the issue regarding stress shielding,
different chemical compositions and microstructures of β-Ti alloys were developed; some
of them have been used in the biomedical field (Table 1), and some are still at the research
stage. In Figure 1, some researchers reported an approach to control the elastic modulus by
designing the material microstructures. Hardness improvement without affecting other
properties is of particular importance in β-Ti alloys for implants [23,24].

 
Figure 1. Design of the elastic modulus by changing the material microstructures. Reproduced with permission from [25],
copyright Elsevier, 2020.

The Ti alloys always present low wear resistance. The high coefficients of friction
and large wear loss are considered as the negative factors of the tribological behaviors.
Although there is high corrosion resistance, the protective oxide layer on the surface
of Ti alloys can be destroyed during infection in body fluid with low oxygen content
and biomolecules. The wear and tear of the prosthetic components (femoral head and
cup of a hip implant) creates metallic wear debris with the size of 0.05 μm that leads
to adverse cellular responses, toxicity, and inflammation, ultimately causing osteolysis,
implant loosening, or the formation of a pseudo-tumor [26–29]. The wear debris percentage
is about 4%–5% of all the implant failure cases.

The electrochemical performance (corrosion resistance) of Ti and its alloys’ implants
has a decisive role in human health. In the body fluid environment, the toxic ions (for
example, Co, Cr, Ni, Al, and V ions) release into the surrounding tissues and even organs by
body fluids via corrosion, increasing the risk of cytotoxic and even genotoxic and allergic
responses in medical implantation. The corrosion of objects may produce adverse effects,
reduce the implant life, and endanger the safety of human life. In addition, the implants
may cause failure due to corrosion-fatigue under the effect of cyclically load. The reason
for corrosion failure is related to implant design. The number and size of defects (including
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porosity, grain, and inclusions) decides the quality of implants. Due to the micro-current
effects between the different phases and almost non-toxic elements, β-Ti alloys have broad
prospects in biomedicine compared with other Ti alloys [29].

Another crucial requirement for long-term implant stability is related to their favorable
biological response. In this regard, bacterial infection is one of the main reasons for the
failure of Ti alloys in human implants [30]. It is reported that the implants’ failure rate
reaches 0.5%–5% due to bacterial infection [29]. Regarding bacterial infection, particular
pathogens result in biofilms and microbial reproduction on the surface of implants after
adhering, colonizing, and proliferating, leading to bone destruction [31]. The biofilm is
hard to remove, which results in revision surgeries. In order to promote the biomedical
application of β-Ti alloys, it is of crucial importance to increase the antibacterial abilities of
β-Ti alloys.

The excellent bone regeneration decides the stability and service life of implants.
Generally, Ti and Ti alloys are bio-inert [32]. The factors affecting the bone regeneration
process are the patient’s age and bone quality, and anatomical location [29]. The elastic
modulus, hardness, wear resistance, and corrosion resistance may cause low bone-implant
contact then implant failure.

Hence, these properties are mutually influencing and closely connected. The stress
shielding, toxicity, and poor wear resistance are difficult to overcome [33]. Developing
novel β-Ti alloys without toxic elements is the only choice to solve these problems. The
elastic modulus of β-Ti is lower than other Ti alloys implants. Moreover, the wear resistance
can be improved by surface modification.

There are many literature studies that have reported a variety of methods for address-
ing these shortcomings, such as substrate (surface) modification methods and deposition of
surface coatings. The common surface modification techniques involve in friction stir pro-
cessing (FSP), ultrasonic nanocrystal surface modification (UNSM), laser surface treatment
(LST), surface mechanical attrition treatment (SMAT), and equal channel angular pressing
(ECAP). The surface coating deposition methods include chemical vapor deposition (CVD),
acid and alkali treatment [34], evaporation, sputtering, and laser cladding [35,36]. The
exclusive focus of the present review is the literature on the surface modification methods.

In the recent literature, there are many review articles on Ti alloys and on Ti alloys
for biomedical applications via the surface modification method to improve their proper-
ties [1,37,38]. The previous reviews did not focus exclusively on orthopedic and dental
applications and did not focus exclusively on substrate (surface) modification methods but
also included coating deposition methods.

The purpose of the review is to perform a critical review of the literature on the
surface modification methods, with an emphasis on the improvement in the hardness,
wear resistance, friction coefficient, corrosion resistance, antibacterial activity, and bone
regeneration performance of β-Ti alloys in orthopedic and dental applications. Moreover,
the review also includes a brief discussion of the shortcomings of this body of literature.

2. Elastic Modulus

In the field of orthopedic implants, elastic modulus is one of the most crucial physical
indicators. The maximum elastic modulus of human bone is 30 GPa, while the elastic
modulus of Ti alloy is generally above 80 GPa. A high elastic modulus of a metallic implant
will cause stress shielding and affect normal recovery [39]. The “stress shielding” effect
is associated with the disproportional load distribution between a bone and an adjacent
implant due to the elastic modulus mismatch. The metallic implant materials are usually
considerably stiffer as compared to bones. Eventually, the elastic modulus mismatch may
lead to bone resorption and loosening or failure of the implant. The elastic modulus of
β-Ti alloys matches with cortical bone. In addition, porous Ti alloys are found to potential
choices to develop low elastic modulus Ti alloys [40–43]. The elastic modulus of common
β-Ti alloys is summarized in Figure 2.
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Figure 2. The elastic modulus of different composition and modified β-Ti alloys (BPF -impregnated
by bisphenol F epoxy resin). Reprinted with permission from ref. [40,44–50]. Copyright Elsevier,
2018, 2019, 2020, and 2021.

Modern surface modification treatments, such as dealloying, have been proven to
reduce the elastic modulus and nonporous structure [51,52]. Okulov et al. [53] synthesized
the Ti–Mg interpenetrating phase composite material with a low elastic modulus by liquid
metal dealloying. The elastic modulus (17.6 GPa) of the composite material was several
times lower than those of the individual component phase, namely Mg (45 GPa) and
Ti (110 GPa). In another study, they [43] developed a design strategy of light-weight
nano-/microporous alloys by selective corrosion in liquid metal. The elastic modulus
could be adjusted between 4.4 and 24 GPa, which affords matching to bone.

In fact, low elastic modulus material deforms easily after being stressed [46]. Thus, Ti
alloys are difficult to closely adhere to the biological tissue. Eventually, the implants break
and fall off from the tissue. It is vital to keep the elastic modulus in an appropriate range.

3. Hardness

There are many ways to measure the hardness of materials with their specific me-
chanical meanings, such as Brinell, Vickers, and nano-indentation methods. As shown in
Figure 3, the hardness of unstrengthened β-Ti alloy is much higher than human materials,
such as bones and femurs [24]. The combination of high hardness, low elastic modulus,
and excellent biocompatibility is desirable but difficult to achieve simultaneously, so it is of
great importance to improve the hardness without reducing other properties.

Heat treatment plays a vital part in the improvement of hardness. It is reported that
Ti–xNb–3Zr–2Ta alloys (x = 33, 31, 29, 27, 25) (wt.%) were carried out by water quenching
and air cooling, respectively. The hardness value of both the water quenching and air-
cooling group enhanced significantly with the reduction in niobium content. However,
there are two different mechanisms to increase the hardness between water quenching and
air cooling. For the water quenching group, with the volume fractions of the martensite
phase, the hardness increased. For the air cooling group, the improvement of hardness was
attributed to the lattice distortion of the β matrix [54].
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Figure 3. The hardness of different composition and modified β-Ti alloys. Reprinted with permission
from ref. [45,55–60]. Copyright Elsevier, 2003, 2013, 2015, 2019, and 2021.

FSP, as a novel solid-state surface modification technique, is an attractive method for
inducing localized thermomechanical effects [61]. In order to modify the surface of the
newly developed Ti-35Nb-2Ta-3Zr (wt.%) alloy, Wang et al. [56] explored the microhardness
value of deformation pass from single pass to three passes at the same rotation speed.
The microhardness increased from 189 HV to 208 HV via FSP. After three passes, the
microhardness was up to 247 HV. In addition, the ECAP method can produce considerable
uniform plastic strains to refine grains and enhance mechanical properties. It is reported
that the hardness values of β Ti–35Nb–3Zr–2Ta biomedical alloy with refined grains and
uniform microstructures after four passes reached 216 HV. Moreover, a low elastic modulus
of about 59 GPa was obtained [59].

Niinomi et al. [62] reported that TNTZ could effectively inhibit bone atrophy and
enhance bone remodeling in vivo. Additionally, TNTZ exhibits a low elastic modulus that
is approximately half of TC4 [63,64]. However, due to its relatively low wear resistance,
TNTZ cannot satisfy the requirements for biomedical implants [65]. Hence, there is a
substantial motivation to improve the wear resistance of TNTZ by increasing the hardness
while maintaining its relatively low elastic modulus. The TNTZ samples after aging
exhibited varying hardness values at different temperatures. Within a definite temperature
range, the hardness increased as the temperature rose.

The UNSM technique as a branch of the physical methods is controlled by a computer
numerical system. Therefore, innovative processed surfaces with complex geometric
shapes and microstructures can be created via accurate parameter selection to improve the
properties of surfaces [60]. Besides, researchers investigating the performance of coatings
on the surface of Ti alloys have proposed various schemes to compensate for some of the
shortcomings of Ti alloys [66,67]. Kheradmandfard et al. [68] processed the TNTZ alloy
with the UNSM technique to enhance its hardness. The result showed that the hardness at
the surface improved from 195 Hv to 385 Hv; by moving away from the surface, the rate of
increase in surface hardness decreases. However, the reason for the hardness increment by
UNSM is attributed to grain refinement and a working hardening phenomenon. It was
seen that the samples have a thin diffusion layer with a weak bonding to the substrate
after diffusion [67].

Chauhan et al. [69] used laser surface heat treatment (LST) to modify the surface mi-
crostructure of VT3-1 α-β-Ti alloy. LST was carried out at various laser powers (100–250 W)
and scanning speeds of 150–500 mm/min. EBSD)analysis of the laser-affected zone exhib-
ited a distinct microstructure across the depth of the specimen, and it changed with laser
power and scanning speed. At a lower scanning speed (150 mm/min) and high laser power
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(200 W), an almost complete β-containing microstructure was developed at the surface
with a high hardness level of 750 Hv. Obtaining dendritic microstructure and homogenous
elemental distribution is helpful in hardness improving.

A laser was also used in the study of remelting on Ti-35Nb-2Ta-3Zr by Zhang et al. [58].
It was found that the average microhardness value increased from 165 Hv up to 264 Hv,
which could be ascribed to the surface of the material changing from an equiaxed crystal to
a needle-like structure after laser remelting.

Most of research is concentrated on improving the hardness of β-Ti alloys by thermo-
mechanical effects. The use of more advanced digital control systems to accurately select
parameters for processing, which includes heat treatment and complex microstructure
building, may be a further development direction.

4. Wear Resistance

Generally, medical Ti alloys show poor wear properties, and it is easy to become worn
in the human body [70–72]. Prosthetic components’ wear will produce pieces, causing
adverse cellular behavior and inflammatory reactions, eventually leading to implant loos-
ening [17]. The presence of particle corrosion and wear products in the surrounding tissues
of implants may cause osteoporosis and eventually lead to the failure of implants [73].
Therefore, it is important to clarify the wear mechanism and find the solution to increase
wear resistance.

The wear mechanisms of Ti alloys mainly include oxidation wear, adhesive wear, abra-
sive wear, and layered wear. However, different loading sliding velocities, matrix material,
and ambient temperature conditions will change the wear mechanism [74–76]. According
to Archard’s laws, the sliding wear resistance is proportional to the alloy hardness [77].
Additionally, the friction coefficient can also affect the wear resistance of the material.
Generally, a low friction coefficient is beneficial to the wear resistance of the material. Some
researchers designed β-Ti via modification processes to decrease the friction coefficient on
the material surface, as shown in Table 2.
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In addition to the above factors, wear property can be evaluated by wear resistance
indices (H/E and H3/E2

eff). The Ti-Nb-Sn-Cr alloy was designed during adjusting Sn
and Cr. After measurement and calculation, Ti-25Nb-1Sn-2Cr displayed the highest H/E
(0.03327) and H3/E2

eff (0.00261 GPa) [84]. Tong et al. [78] reported the difference in the
wear resistance between β-type Ti–24Nb–38Zr–2Mo and CP Ti. The samples exhibited an
excellent wear resistance compared with CP Ti because of the Nb2O5 oxide-containing
passivation film. Based on that, Majumdar et al. [73] designed Ti-13Zr-13Nb-0.5B and
evaluated the wear rate and wear mechanism. The wear rate after furnace cooling and
aging treatment was the lowest. The main wear mechanism was microcutting in a dry
condition, while the wear mechanism was abrasive wear in the case of bovine serum.
Liu et al. [31] developed the hybrid coating on Ti-35Nb-2Ta-3Zr substrate and improved
the wear resistance. It involved abrasive wear and adhesive wear by analyzing the friction
coefficient and the wear morphology. It is reported [82] that the UNSM treatment on a new
β-type TNTZ alloy resulted in a nanostructure surface layer fabrication. The wear volume
of the UNSM-treated (1.02 × 10−3 mm3) sample was more than seven times higher than
that of the untreated (0.14 × 10−3 mm3) one.

The issue of poor wear resistance of Ti alloys needs to be solved as soon as possible.
At present, the design of alloys based on the chemical composition is a good approach to
improve the wear resistance. In addition, several technologies have been developed to
prepare a modified layer with high wear resistance. The wear resistance has improved,
and the friction coefficient has decreased in the meantime. However, the layers via some
modified processes are easy to peel off because of a weak bonding force.

5. Corrosion Resistance

Some specific Ti alloys are not good for the human body because of the release of toxic
ions [85]. This phenomenon has a negative effect on bone repair and body health. Moreover,
the study has proven that TC4 showed toxicity or lead to intoxication after implanting
for 3 years [86]. The patient showed sensory–motor axonal neuropathy and hearing loss,
which was related to high concentrations of V in the blood (6.1 μg/L) and urine (56.0 μg/L).
Moreover in another study, neurotoxic of aluminum (Al) was demonstrated [87]. Besides,
some other elements (such as Ni and Cr) can cause bone resorption, mobility, and breaking.
Although TC4 presents excellent corrosion resistance, it is not the best choice for implants.

β-Ti alloys are widely studied due to their non-cytotoxic nature (without toxic al-
loying elements) and excellent corrosion resistance [88,89]. However, the applicability of
these alloys should be further verified as it is necessary to understand and improve the
corrosion resistance of β-Ti alloys. Surface modification technologies are widely utilized to
additionally improve the corrosion resistance of β-Ti alloys. Usually, the electrolytes are
Hank’s, Ringer’s, and SBF solution in experiments of corrosion resistance. In addition to
the modulation of alloys’ chemical composition, the common surface treatment involves
plasma electrolytic oxidation (PEO), plasma injection, vapor deposition, sputtering, alkali
treatment, and other technologies, which can fabricate oxide layers on the alloy surface.
The electrochemical behavior of Ti alloys mainly depends on Eb and Ipass. Thus, higher Eb,
higher Ep, and lower Ipass in the polarization curves exhibit great corrosion resistance.

It is reported that the corrosion current densities (3–4 nA/cm2) and the film resistances
(105 Ω·cm2) of the low-cost Ti-4.7Mo-4.5Fe are close to those of TC4 in Ringer’s solution [90].
Great corrosion resistance can be attributed to the stability of the oxide film on the Ti-4.7Mo-
4.5Fe surface. The Ti-13Nb-13Zr alloy exhibited similar corrosion resistance compared with
TC4 because the source of the Ti-13Nb-13Zr and TC4 corrosion resistances is the same; both
Ti alloys produced TiO2 film in Hank’s solution [91].

Jin et al. [92] fabricated TiNbZrFe alloy via surface mechanical attrition treatment
and reached the nanocrystalline size of 10–30 nm. Due to the fabricated stable and dense
passive layer on the nanocrystallized surface of the TiNbZrFe alloy, the corrosion resistance
improved significantly.
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Prakash et al. [93] studied a new method of surface modification on β-Ti alloy Ti-
35Nb-7Ta-5Zr using HA hybrid electrical discharge machining. The method can deposit
the biomimetic nanoporous HA layer in situ. The deposited layer was composed of
titanium, niobium, tantalum, zirconium, oxygen, calcium, and phosphorus. As shown
in Figure 4, the samples treated with the electrical discharge machining (EDM) technique
showed superior and higher corrosion resistance than the untreated samples in Ringer’s
simulated body fluid. Moreover, the HA-deposited bio-ceramic layer indicated excellent
corrosion resistance.

Chen et al. [94] successfully developed the PEO coating on the Ti-39Nb-6Zr alloy
and studied the electrochemical corrosion and wear behavior of the Ti-39Nb-6Zr alloy
before and after modification in PBS solution. The results showed that, after PEO surface
treatment, the corrosion and wear resistance of the Ti-39Nb-6Zr alloy in the PBS solution
was significantly improved. Wang et al. [95] conducted a systematic study on the MAO
treatment of Ti-35Nb-2Ta-3Zr alloy in sodium silicate electrolyte. The results showed
that the Ti-35Nb-2Ta-3Zr alloy had good film-forming properties, and a layer of porous-
structure-nested film is formed on the surface of Ti-35Nb-2Ta-3Zr alloy. The relative
content of the biologically active anatase phase was much higher than that of the rutile
phase, which can effectively improve the deposition ability of HA. In addition, since the
surface of Ti-35Nb-2Ta-3Zr treated by micro-arc oxidation has a Nb2O5 phase, an oxide film
with the denser and thicker condition is formed, leading to excellent corrosion resistance.
Gu et al. [96] also developed Ti-35Nb-2Ta-3Zr alloy by means of surface modification. They
used fabricated TiO2/Ti-35Nb-2Ta-3Zr anticorrosion micro/nano-composites with different
amounts of TiO2 particles via FSP. The refined surface microstructure could increase the
compactness of the surface oxide films that eventually affect the corrosion performance.
Material with the most TiO2 content has Icorr magnitude five times less than the substrate;
hence, the corrosion resistance can be further improved by the TiO2 micro/nano-composite
layer. Figure 5 displays the potentiodynamic polarization curves and EIS patterns of the
substrate and TiO2 micro/nano-composite layers of Ti-35Nb-2Ta-3Zr substrate and FSPed
in Hank’s solution. Icorr reduced with the increasing amount of TiO2 incorporation at
the same rotation speed. The capacitances of the outer and inner layer are less than the
substrate, which was attributed to the surface topography and thickness of the passive film.

 

Figure 4. The enhancement of corrosion resistance, hardness, and bioactivity on HA-deposited
surface (surface modification of β-phase Ti implant by hydroaxyapatite mixed electric discharge
machining to enhance the corrosion resistance and in-vitro bioactivity). Reproduced with permission
from [93], copyright Elsevier, 2017.

Liu et al. [97] proposed a unique method that combined alkali treatment with natural
cross-linking agent proanthocyanidin to form a sub-micron porous structure (pore size
100–300 nm). The dense inner oxide layer mainly provided enhanced corrosion resistance
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for the Ti2448 alloy stent. Pina et al. [98] found that Ti30Nb4Sn alloys containing Sn have
excellent chemical resistance. Bahl et al. [99] studied the tribo-electrochemical behavior of
different β-Ti alloys sintered by powder metallurgy. According to the results, the active
and passive dissolution rates increased by attaining the Sn content of 2% and 4%, leading
to enhanced mechanically activated corrosion under the friction corrosion condition.

Diomidis et al. [100] tested the open circuit potential and anodic current of Ti-13Nb-
13Zr and Ti-29Nb-13Ta-4.6Zr alloys. Ti-13Nb-13Zr and Ti-29Nb-13Ta-4.6Zr showed the
ability to restore their passive state during the fretting process. The excellent potential of
these β-Ti alloys to restore their passive state during the fretting process was related to the
interaction of the mechanical properties of the passive surface layer and its contact pressure.
In addition, they also studied the effect of the bovine serum albumin addition, hyaluronic
acid, and triglyceride dipolyphosphate on the fretting corrosion of the Ti-12.5Mo alloy.
The results showed that the addition of the sliding film leads to a decrease in the friction
coefficient, the elastic adjustment of displacement, and the wear rate of the alloy.

However, the human body environment is very complicated. In addition to electro-
chemical corrosion, biomedical β-Ti alloy implants also need to satisfy the friction corrosion
conditions. In addition, the material quality, the effect of mechanical force, the chemical
composition of the medium, and the alloy itself will affect the β-Ti alloy. Under such cir-
cumstances, the biomedical β-Ti alloy needs further research on corrosion resistance [85].

 

Figure 5. The corrosion behavior of the substrate and TiO2 micro/nano-composite layers in Hank’s solution:
(a–h) potentiodynamic polarization curves, (g–j) EIS pattern: (g) Nyquist diagram with equivalent circuit, (h) Bode diagrams
of TiO2 micro/nano-composite layers at the different rotation speeds, (i) Bode diagrams of TiO2 micro/nano-composite
layers at the different amount of TiO2 added, (j) schematic diagrams of the substrate and TiO2 micro/nano-composite layers.
Reproduced with permission from [96], copyright Elsevier, 2019.
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6. Biological Response

6.1. Antibacterial Property

Antibacterial property refers to the ability of a material to remain effective under the
action of bacteria or microorganisms. High antibacterial performance is one of the vital
requirements in human implant materials [101]. Bacterial infection has been indicated
as one of the main factors in the failure of metallic implants [102]. β-Ti alloys have been
widely used in medical and surgical implants, but they are currently facing the challenge
of implant-related infections [83]. Hence, it is crucial to improve the antibacterial property
of the β-Ti alloys.

Chang et al. [103] utilized the fully automated fiber laser system (Micro Laser Systems)
for laser nitriding of Ti-30Nb-4Sn in the open air. A set of samples was prepared by
varying the duty cycle from 5% to 100%. In Figure 6, the studied laser-nitrided samples are
displayed, including DC5-DC100. The results showed a significant difference in the total
bacterial adherence/biofilm formation on the surface coverage of the untreated samples
and the laser-nitrided samples. The untreated sample had the highest biofilm coverage of
29.8%, and the total biofilm coverage was significantly decreased and reached 2.9% (DC60).

 

Figure 6. Bacterial coverage results for the untreated and laser-nitrided surfaces after 24h culture with S. aureus.
(a) Representative images showing bacterial adherence/biofilm coverage on each sample. Images were obtained by
live/dead staining and fluorescence microscopy. Live (viable) bacteria are stained green, and dead (non-viable bacteria)
stained red. (b) Percentage biofilm coverage on each treated sample and untreated sample as determined by image analysis
(* denotes significant difference, **: p < 0.01. ****: p < 0.0001). (c) Ratio of live: dead bacteria on each image analyzed for
each sample and untreated sample control and data displayed as a heat-map. The scale shows samples with a greater
proportion of live bacteria represented in green and greater proportion of dead bacteria represented in red. Reproduced
with permission from [103], copyright Elsevier, 2020.

A laser nitriding treatment was performed on the Ti-35Nb-7Zr-6Ta surface [104].
Biological studies of the laser-nitrided surfaces included in vitro culture for 24 h using
mesenchymal stem cell (MSC) fluorescence staining and Staphylococcus aureus (S. aureus)
live/dead staining. The bacteria coverage percentage was decreased from more than 5% to
less than 1%, so it can be claimed that the laser-nitrided surfaces (laser power: 45 W) led to
a significant antibacterial effect.

Shi et al. [105] fabricated a low elastic modulus Ti-13Nb-13Zr-5Cu alloy with a good
antibacterial property (against S. aureus > 90%) as the precipitation of the Ti2Cu phase.
Liu et al. [106] prepared SLA–TiCu by sandblasting and large-grits etching (SLA) to avoid
implant-related infection and promote early bone integration. Studies had shown that the
antibacterial rate of SLA–TiCu surface increased from 36.6% to 99.9% against S. aureus.
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Most β-Ti alloys do not present an antibacterial property. After being implanted in
the human body, the implants are prone to infection, which may cause implant failure,
especially in the early stage after implantation, causing pain and an economic burden to
the patients. Therefore, it is of great significance to endow the antibacterial property of
β-Ti alloys (incorporation of antibacterial particles) via surface modification.

6.2. Bone Regeneration

In recent years, the surface morphology modification effect on the biological activ-
ity of titanium implants has been extensively studied. Topography investigations from
the bionics perspective revealed that the more similar micro-topography of the implant
surface to the human bone structure led to more effectiveness in the biological activity
improvement of the implant. More and more shreds of evidence show that the surface
microenvironment structure can affect cell growth, which, in turn, affects osseointegra-
tion [107]. Micromorphology has been identified as a potential stimulating factor for stem
cell osteogenic differentiation and new bone formation. It was reported that Ti, Zr, Nb,
Ta, Au, Mo, and Sn are highly biocompatible elements [108]. Hence, subsequent surface
processing of β-Ti alloys that includes high biocompatible elements can effectively improve
bone regeneration performance. Researchers have proposed various surface modification
strategies to produce micron or sub-micron surface topography on titanium implants, such
as sandblasting, acid etching, anodizing, spin-coating, sputtering deposition, etc.

Scholars applied some exceptional processes in combination with the characteristics
of the alloy itself to directly construct the micro-topography on the surface without intro-
ducing other active materials to improve the bone regeneration performance [109–111].
Micro-scale surface topographies can enhance bio-mechanical interlocking and increase
bone-anchoring. Kheradmandfard et al. [68] fabricated a gradient nanostructure layer on
the TNTZ surface by UNSM technology. The microstructure of the top surface layer was
composed of nanoflakes with a width of 60–200 nm. The results showed that the nanostruc-
tured titanium surface induced enhanced cell adhesion, osteoblast differentiation, and im-
proved osseointegration toward mesenchymal stem cells. The micro-pattern will assist the
TNTZ implants in attaining high biological activity and bone regeneration performance.

Li et al. [112] prepared hierarchical nanostructures on the surface of Ti-24Nb-4Zr-7.9Sn
alloy through anodic oxidation, forming a nanoscale bone-like structure and nanotubes.
They observed the behavior of bone marrow stromal cells on the surface of the sample
through in vitro culture. They also conducted histological analysis after implanting the
modified materials in vivo to evaluate the biocompatibility and osseointegration of the
implant surface. The results showed a generation of a hierarchical structure with nano-scale
bone-like layers on the surface of Ti-24Nb-4Zr-7.9Sn. The BIC value was 65.48 ± 8.0% com-
pared with 33.21 ± 6.05% of untreated specimen, and the bone area reached 55.28 ± 14.92%
compared with 20.64 ± 10.28% of untreated. The Ti-24Nb-4Zr-7.9Sn surface showed high
biocompatibility with bone marrow mesenchymal stem cells in vitro and osseointegration
in vivo.

Fu et al. [113] found that the behavior of murine mesenchymal stem cells (MSCs) and
murine preosteoblastic cells (MC3T3-E1) is regulated by the cell-material interface. They
used selective laser melting and alkaline heat treatment techniques on titanium implants
and constructed ordered-micro and disordered-nano patterned structures. Compared
with untreated specimens, the expression level of osteogenic genes in the treated implants
increased by 3.43 times. The optimal bone formation structure had a steady wave structure
(horizontal direction: ridge, 2.7 μm; grooves, 5.3 μm; and vertical direction: distance,
700 μm) with the appropriate density of nano-branches (6.0 per μm2). Ordered grooves
provided direction guidance for cells, and disordered branches influenced the shape of cells
by maintaining nanostructures with different spacing and densities. Micro-nano patterned
structures can provide biophysical clues to guide the development of cell phenotypes,
including cell size, shape, and direction, thereby affecting cell survival, growth, and
differentiation processes. Therefore, the superimposed isotropic and anisotropic cues,
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ordered-micro and disordered-nano patterned structures, can promote integrin α5, integrin
β1, cadherin 2, Runx2, and Opn by activating Wnt/β-catenin signaling and Ocn, thereby
further transferring and changing the cell shape and inducing nuclear orientation (as
shown in Figure 7). The osteogenic differentiation induced by the ordered-micro and
disordered-nano pattern structure is related to Wnt/β-catenin signaling and was further
proved by the common Wnt signaling inhibitor Dickkopf1. Ordered micro-topography
and disordered nano-topography pattern structures can lead to osteogenic differentiation
in vitro and bone regeneration in vivo.

The osseointegration ability of β-Ti alloys increases in comparison to the material be-
fore modification, which is essential for implants. The surface microenvironment structure
plays an important role in cell growth, which, in turn, affects osseointegration. Many modi-
fied methods, including sandblasting, anodizing, and so on, can provide microstructure
and even nanostructure. Additionally, the osseointegration behaviors of β-Ti alloys increase
in comparison to the material before modification, which is essential for implants. There is
a trend of constructing the micro-topography directly on the alloy surface without intro-
ducing other active materials. Furthermore, the principle of the complex microstructure
improving bone regeneration requires further study.

 

Figure 7. Schematic illustration of patterned Ti for osteogenic differentiation. Function 1: Activa-
tion of integrin α5β1 heterodimers and regulation of cell morphology. Function 2: Stimulation of
MSCs and MC3T3-E1-related gene and β-catenin expressions to promote osteogenic differentiation.
Reproduced with permission from [113], copyright Elsevier, 2020.

7. Shortcomings and Prospects

β-Ti alloys show notable potential in orthopedic and dental applications, mainly as
low modulus and low or non-toxic elements. However, low wear resistance is a challenge
for β-Ti alloys, which causes abrasive particles running in the body fluid environment.
Additionally, corrosion behavior may lead to infection and implant failure. Besides, despite
excellent biocompatibility, antibacterial ability and bone regeneration are also necessary
with β-Ti alloys for bone recovery. Researchers have studied and developed various novel
β-Ti alloys, but there is a lack of systematic optimization. The traditional methods of
selecting chemical compositions have high time costs. This results in most of the β-Ti alloys
still being in the fundamental research stage rather than clinical surgery. Thus, a general
standard is necessary to be formulated. Moreover, the relationship of hardness, friction
behavior, and corrosion resistance is not clarified yet. It seems that the new strategy may
be to explain the relationship between these characteristics by computer simulation. The
single and comprehensive model of the simulated environment needs to be designed to
reduce unnecessary animal experiments in vivo. In short, β-Ti alloys present considerable
prospects in the future for orthopedic and dental applications.
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8. Conclusions

The performance of the β-Ti alloy consists of more adaptation to the required demands
of biomedical materials compared to other alloys, but it is still far from the requirements
of biomedical materials. It is necessary to develop novel targeted β-Ti alloys rapidly. The
computer simulation to search for and optimize the composition of Ti alloys may be a
suitable approach to solve the issue. The utilization of surface modification techniques can
improve the mechanical properties, wear resistance, corrosion resistance, and biological
responses of β-Ti alloys. However, the specific relationship between these aspects is
complicated and needs to be clarified by considering the deeper mechanisms rather than
just adjusting the parameters during the processes. The improvements of β-Ti alloys
deserve continuous attention. The successful development of β-Ti alloys is beneficial for
clinical surgery in the orthopedic and dental fields.
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Abstract: As a laser technology, the femtosecond laser is used in biomedical fields due to its excellent
performance—its ultrashort pulses, high instantaneous power, and high precision. As a surface
treatment process, the femtosecond laser can prepare different shapes on metal surfaces to enhance
the material’s properties, such as its wear resistance, wetting, biocompatibility, etc. Laser-induced
periodic surface structures (LIPSSs) are a common phenomenon that can be observed on almost any
material after irradiation by a linearly polarized laser. In this paper, the current research state of
LIPSSs in the field of biomedicine is reviewed. The influence of laser parameters (such as laser energy,
pulse number, polarization state, and pulse duration) on the generation of LIPSSs is discussed. In
this paper, the applications of LIPSSs by femtosecond laser modification for various purposes, such
as in functional surfaces, the control of surface wettability, the surface colonization of cells, and the
improvement of tribological properties of surfaces, are reviewed.

Keywords: laser-induced periodic surface structures; femtosecond laser processing; functional
surfaces; application

1. Introduction

In 1954, Charles Towns et al. [1] made the first maser, the precursor of the laser. It
opened the door to a series of astonishing inventions and discoveries. D. E. Spence et al. [2]
obtained the first laser with titanium-doped sapphire as the gain medium in 1991, which is
considered to be the first femtosecond laser of real significance. Femtosecond lasers are
used in various fields, such as information, environment, medicine, defense, and industry,
because of their short pulses, high energy, and high peak power [3–13].

The femtosecond laser (fs-laser) has good application prospects in the biomedical
field. There are various ways to improve the biocompatibility of medical implants, such
as changing the alloy composition [14], designing porous structures [15], and various
processes [16,17]. As a surface treatment process, the femtosecond laser can prepare
different shapes on metal surfaces to enhance the material’s properties, such as wear
resistance, wetting, and biocompatibility [18–20]. Surface modification technologies in-
clude mechanical methods (e.g., friction stirring [21,22], burnishing [23]), chemical meth-
ods (e.g., anodic oxidation [24], chemical vapor deposition [25]) and physical methods
(e.g., thermal spraying [26], physical vapor deposition [27]). Compared with traditional
surface modification technology, laser surface modification has outstanding advantages,
such as high precision, flexibility, versatility, etc.

In this paper, the application of femtosecond laser surface modification is reviewed
in various fields and for various purposes, including in patterns, the coloration of func-
tional surfaces, the control of surface wettability, the surface colonization of cells, and the
improvement of tribological properties of nanostructured metal surfaces, and we explore
the connection between femtosecond laser parameters and patterns to provide a reference
for future applications.
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2. Laser-Induced Periodic Stripe Structure (LIPSS) with Femtosecond Laser

A laser-induced periodic surface structure (LIPSS) is a surface relief composed of
periodic lines that can be observed on almost any material after irradiation of a linearly
polarized laser beam, especially when using ultrashort laser pulses of durations in the
range of picoseconds to femtoseconds [28–36].

A lot of work has been performed to study the formation mechanism of the femtosec-
ond laser on LIPSSs. A LIPSS can be classified according to the characteristic ratio of its
spatial periods (Λ) to the irradiation wavelength (λ) and the polarization direction of the
linear laser beam used to produce them [37–39]. Figure 1a provides a general classification
of LIPSSs observed on irradiation with femtosecond laser pulses. The period of low spatial
frequency LIPSSs (LSFL) is slightly equal to or less than the laser wavelength. They are per-
pendicular (LSFL-I) or parallel (LSFL-II) to the polarization direction of the laser. In contrast,
the period of high spatial frequency LIPSSs (HSFL) is smaller than half of the irradiation
wavelength and may be formed as deep surface gratings (HSFL-I, depth-to-period aspect
ratio A > 1) or as shallow surface gratings (HSFL-II, depth-to-period aspect ratio A < 1).
Figure 1b [37] provides an LSFL-I type structure on a Ti6Al4V surface after femtosecond
laser irradiation. The double arrows indicate the direction of the laser beam polarization.
The LSFL structure has a period of ΛLSFL~620 ± 80 nm and is perpendicular to the po-
larization direction of the laser beam. Figure 1c shows the HSFL-II structure formed on
the laser irradiation surface [40]. The HSFL structures have periods of less than 100 nm
(ΛHSFL~80 ± 20 nm) and are parallel to the direction of the laser beam polarization.

Figure 1. (a) General classification of fs-laser-induced periodic surface structures. SEM micrographs [37]
of near wavelength LSFL-I (b) and sub-wavelength HSFL-II (c) on Ti6Al4V surfaces after irradiation
with fs-laser in the air (pulse duration τ = 30 fs, center wavelength λ = 790 nm, pulse repetition
frequency 1 kHz). The double arrows in (b) mark the direction of laser beam polarization.

The current theories on the formation of LIPSSs can be divided into two classes, i.e.:
(i) Electromagnetic theories describing the deposition of optical energy into a solid. By
introducing the η of efficacy factors, the researchers analyzed the interaction of electro-
magnetic radiation with microscopic rough surfaces through theoretical and experimental
combinations [41]. (ii) Matter reorganization theory, which is based on the redistribution of
the surface matter (Figure 2 [38,42]). The researchers believe that HSFL is formed through
the self-organization of irradiated materials and is related to the surface instability caused
by atomic diffusion and surface erosion effects [43–46]. The difference between both classes
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can be summarized as follows: electromagnetic scattering and absorption effects sow the
spatial signature of the structure during laser irradiation, and the reorganization of matter
takes longer. Figure 2a shows that static thermal melting or ablation from a sample occurs
on shorter time scales. The laser beam is marked in green. Figure 2b shows a dynamic
response via self-organization from a laser-produced instability.

Figure 2. Ref. [42] Fundamental processes occur during LIPSS formation according to (a) electromag-
netic models and (b) matter reorganization models. The laser irradiation is marked in green.

3. Laser Parameters That Control LIPSS

Studies have shown that laser peak fluence, the number of laser pulses, laser polarization state,
pulse duration, and the processing environment are all key parameters affecting LIPSS [47–52].

3.1. Laser Fluence

The laser fluence has a large impact on the morphology of LIPSSs; different types
of LIPSS are obtained by varying the laser fluence on the same material [49–51,53,54].
J. Bonse [55] obtained both LSFL and HSFL on the surface of titanium by varying the laser
fluence, and the laser fluence affects the periodicity of LIPSSs. Georg Schnell et al. [50]
report the formation of nano- and micro-structures on Ti6Al4V evoked by different scanning
strategies and fluences with an fs-laser. Figure 3 shows the SEM microstructure images of
the femtosecond laser pulses of different energy fluences. As shown in Figure 3a [50], the
surface morphology is LIPSS when the laser fluence is 0.14 J/cm2, the surface topography
is micron spacing grooves when the laser fluence is 0.86 J/cm2, and the surface morphology
is cones and micro craters at a laser fluence of 4.76 J/cm2. Shi-zhen Xu et al. [56] explore the
influence of laser scan fluence on the formation of micro/nanostructures on the surfaces
of fused silica. At a fixed laser scan speed (1.7 mm/s), the HFSL was observed at a low
fluence region (1.8–2.5 J/cm2). A transition from HSFL to LSFL occurred when a critical
energy fluence threshold (2.5 J/cm2) was exceeded (Figure 3b). The phenomenon can help
to form process design guidelines to tailor large-scale surfaces with self-organized features,
and can be used in future studies. For most materials, the periodicity of LIPSSs increases as
the laser fluence increases. Better surface topography can be obtained at a low laser fluence
approximate to the material ablation threshold. To achieve high efficiency for industrial
applications, the ablation rate is increased by increasing the laser fluence. However, the
processing quality is significantly reduced due to the thermal damage caused by the highly
effective penetration depth. To avoid adverse effects on the sample, a suitable fluence is an
advantageous condition to realize cold processing.
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Figure 3. (a) Ref. [50] SEM images of structured surfaces with increasing laser fluence. (b) Ref. [56]
Microstructures of femtosecond laser irradiation regions with different fluence.

3.2. Number of Pulses

The higher the number of laser pulses, the easier it is to obtain a more regular LIPSS.
Evangelos Skoulas et al. [57] studied the effect of pulse number on the formation of LIPSSs.
As the number of pulses increases, the surface roughness increases, and the period of LIPSS
decreases. At the same time, as the number of pulses or the laser fluence increases, the depth
of the pit and the height of the microstructure increase. Xu Ji et al. [58] prepared nanoholes
on the silicon surface by a femtosecond laser. Figure 4 provides the SEM images of the
depth of the surface pit and the height of the microstructure with the different numbers of
pulses. As shown in Figure 4a, a shallow modified zone is formed with pulses. As shown in
Figure 4b, when N is 4, the rectangular nanoholes were created on the silicon surface. As the
number of pulses increases, the energy is absorbed more efficiently along the direction of
laser polarization. This results in two rows of nanohole chains, forming LSFL, as shown in
Figure 4c. For the pulse number, N = 8, the nanoholes become larger and deeper, as shown
in Figure 4d. The deeper and larger nanoholes can be created on the surface by increasing
the pulse number and fluences. When the pulse number increases to 10, most of the HSFL
is broken, as shown in Figure 4e. Rao Li et al. [59] obtained the femtosecond laser-induced
damage threshold (LIDT) by measuring the damage morphology under different energies
and pulse numbers of the femtosecond laser. For the multi-pulse radiation, the LIDT of
the thin film decreases as the number of pulses increases due to the accumulation effect.
To obtain a high-quality periodic structure, it is necessary to accurately measure the laser
damage threshold of the material.
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Figure 4. Ref. [58] SEM images of periodic structures induced on the surface of a silicon wafer by
femtosecond laser at a fixed laser fluence (F = 0.22 J/cm2) with different pulse number (N): (a) N = 2,
(b) N = 4, (c) N = 6, (d) N = 8 and (e) N = 10, respectively. The arrow shows the direction of laser
polarization.

3.3. Polarization States

The structure characteristics of the material surface after femtosecond laser modification
are related to the polarization state of the laser beam [60,61]. The orientation and shape of
the laser-induced periodic structure are determined by the polarization of the incident light.
For example, circularly polarized beams can acquire triangular periodic structures [62–64],
and elliptically polarized beams can acquire spherical nanoparticles [65–67]. When a linearly
polarized laser beam is applied, the ripple direction is perpendicular or parallel to the polar-
ization direction of the incident laser beam. Zhang Hao et al. [48] used the finite-difference
time-domain method (FDTD) to study the surface morphology of LIPSSs under various polar-
ization states (linear, circular, radial and azimuthal). The surface morphology simulated using
circular polarization lasers is consistent with the triangular LIPSSs and spherical nanopar-
ticles reported in the literature [62,68]. Evangelos Skoulas et al. [57] obtained a nanoscale
controllable periodic structure on the nickel surface by laser direct writing with radial and
azimuthal polarization beams, which mimicked the placoid structures found in the skin of
sharks. Figure 5 shows the characteristic surface morphologies attained in SEM micrographs
obtained at a scanning speed v = 0.5 mm/s and a laser fluence F = 0.24 J/cm2, for linear
Gaussian (a,b), radial (c,d) and azimuthal (e,f) cylindrical vector beams, respectively. The
images (b,d,f) are higher magnifications of areas of the red dashed squares. As shown in
Figure 5a, linear laser direct writing obtains LIPSSs on the surface. Figure 5b shows how the
radial and azimuthal beams were irradiated to obtain a rhombus-like structure.

3.4. Pulse Duration

Pulse duration is a relevant parameter in laser processing, and different laser sys-
tems (e.g., nanosecond, picosecond, femtosecond) obtain different surface morphologies.
Sun Yuanyuan et al. [69] used a continuous laser, nanosecond laser, and femtosecond
laser to modify the surface of a ferromanganese alloy. The results show that the effect of
the continuous laser and nanosecond laser on the material is mainly melted generation.
Surface grooves in the micron range can be obtained using nanosecond lasers. Femtosec-
ond laser ablation generates LIPSSs on the surface of the material without altering the
crystal structure. LSFL can be obtained under laser irradiation with a nanosecond pulse
duration or longer, while HSFL with periods much smaller than λ is only suitable for
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the irradiation of ultrashort pulsed lasers in the range of picoseconds to femtoseconds.
Sungkwon Shin et al. [70] ablated the Invar sheets with a laser with different pulse dura-
tions, and the results show that the femtosecond laser treatment obtained high precision
micro-holes with no thermal damage (i.e., Figure 6). Figure 6a–c shows SEM images of
laser pulses irradiating Invar, corresponding to the pulse durations of 10 ns, 15 ps, and
300 fs, respectively. In the ns laser processing with a laser fluence of 5 J/cm2, a pulse
repetition rate of 50 Hz, and a wavelength of 248 nm, the surface is observed to produce
burrs. High-precision micro-holes with no thermal damage at the edges were obtained by
fs laser processing with F = 0.29 J/cm2, f = 200 kHz, and λ = 1035 nm.

 

Figure 5. Ref. [57] The SEM images depicting line scans produced by linearly (a,b), radially (c,d), and
azimuthally polarized (e,f) beams, respectively, at v = 0.5 mm/s, and F = 0.24 J/cm2. The images
(b,d,f) are higher magnifications of an area inside the red dashed squares and reveal the biomimetic
shark skin-like morphology of the processed areas.

Figure 6. Ref. [70] SEM images of micro-holes on Invar were processed at three pulse durations of
(a) 10 ns, (b) 15 ps, and (c) 300 fs, respectively. The ns laser parameters are F = 5 J/cm2, f = 50 Hz, and
λ = 248 nm. For the ps and fs laser, F = 0.29 J/cm2, f = 200 kHz, and λ = 1035 nm.

3.5. Ambient Medium

In addition to the above laser-related parameters, the ambient medium around the
sample also has a significant impact on the surface morphology of laser processing. Zhiduo
Xin et al. [71] reported the results of femtosecond laser texturing and femtosecond laser ni-
triding experiments on Ti6Al4V. After femtosecond laser texturing, as shown in Figure 7a,c,
cuboid structures of 125 × 125 × 130 mm3 were formed on the surface. After nitriding,
as shown in Figure 7b,d, a uniform crack-free TiN coating was prepared on the top of the
textured structures with a thickness of 40–60 mm. As shown in Figure 7e, the morphology
analysis shows that only slight height variations are introduced into the textured structures
by femtosecond laser nitriding. Vadim Yalishev et al. [72] reported the surface morphology
changes and wettability of titanium processed by femtosecond lasers in both the air and a
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vacuum. The results show that the laser texture obtained under vacuum conditions can
form a permanent superhydrophilic surface. Yang Yang et al. [73] studied the microstruc-
ture of the titanium action of femtosecond lasers in three different liquid environments.
Cavities and islands were observed on the sample surface. After femtosecond laser mod-
ification in the supersaturated Hydroxyapatite (HA, Ca10(PO4)6(OH)2) suspension, the
biocompatible element Ca-P is firmly deposited on the surface. Thus, the corresponding
functional surface can be obtained by changing the ambient medium, which also provides
a new way to understand the ablation mechanism of the femtosecond laser.

Figure 7. Ref. [71] The surface morphology and cross-section microstructure of the samples
pro−cessed by Femtosecond laser texturing (FLT) and FLT+Femtosecond laser nitriding (FLN);
(a) SEM image of FLT, (b) SEM image of FLT+FLN, (c) 3D morphology of the cross-section of FLT,
(d) 3D morphology of the cross-section of FLT+FLN, (e) Profile curves corresponding to (c,d).

In summary, LIPSSs (ripples) can be obtained when the fluence of the laser is slightly
greater than the ablation threshold of the material. Increasing the laser energy will obtain
the surface morphology of grooves, pits, etc. In addition, the orientation and shape of
LIPSSs are affected by the polarization state of the laser. An increase in the number of
pulses will make the surface pits deeper. The laser processing environment is also one of the
important parameters that affects surface morphology. Although the relevant parameters
that affect the formation of LIPSSs have been reported, there is still a lack of a general
algorithm to control the regularity of LIPSSs. In the future, artificial intelligence (AI) and
algorithms will discover and control the regularity of LIPSSs.
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4. Application of LIPSS

Surface texturing by laser irradiation can change various materials’ properties and
create multifunctional surfaces [74–78]. Materials can be better applied by customizing
functional surfaces.

4.1. Structural Color

One of the most obvious applications of LIPSSs is optics. Since their period is in
the same range as the radiation wavelength of visible light, they can effectively act as a
diffraction grating, producing a “structural color”. B. Dusser et al. [79] studied how to
change the direction of the ripples to transmit information onto metal surfaces, creating a
portrait of Vincent van Gogh on stainless steel surfaces (Figure 8A). Wang Chao et al. [80]
prepared LIPSSs on a Ti6Al4V surface by laser irradiation, and observed differences in the
laser texture color under natural light, and the surface color changes with the changes in
the laser parameters (Figure 8B). Figure 8B(a) shows an optical image of the sample after
laser irradiation, which includes “nine-squares” and “JLU”. Figure 8B(b) lists the laser
parameters corresponding to each square. As shown in Figure 8B(c), when captured in
a dark environment, the difference in colors in the “nine squares” is evident. Moreover,
as shown in Figure 8B(d), when changing the shooting angle, the “JLU” could present
various colors. The results in Figure 8 show that the LIPSS has potential applications
for Ti6Al4V surface coloring. Different colors can be observed by changing the laser
parameters to regulate the period and direction of the LIPSS, as well as the incident light
and the viewing angle [81–85]. High-quality and regular LIPSSs are prepared in large areas
on metal surfaces, making it possible to apply them to optical sensors, anti-counterfeiting,
decoration, and laser marking, etc.

4.2. Wetting Behavior

The wetting behavior of LIPSSs has attracted the attention of many researchers. In
general, the wettability of liquids to solid surfaces depends on three major factors: (1) the
surface energy of the solids and liquids, (2) the viscosity of the liquids, and (3) the surface
morphology of the solids. Surface topography can significantly affect the contact angle of
droplets placed on the surface. Figure 9 shows that the surface morphology has a great
effect on surface roughness and contact angle. The variation in the contact angles (θM)
measured for 15 samples irradiated at different laser fluences is presented in Figure 9a.
As the laser fluence increases, the contact angle increases. Figure 9b shows different sur-
face morphologies and the increase in contact angle of the water droplets on different
surface structures. The water contact angle measurement shows that the femtosecond laser
treatment of Au turns its originally hydrophilic surface (θM~74◦) into a hydrophobic sur-
face (θM~108◦). The θM measurements indicate that as the surface nano/microstructures
increase, the θM significantly increases as well. Numerous studies [32,35,86–89] have
shown that bioinspired surfaces with superwettability can be prepared using ultrashort
pulse lasers. Alexandre Cunha et al. [90] generated hydrophilic surface textures on the
surface of Ti–6Al–4V alloys by femtosecond laser processing. They show that the sur-
face treatment of metal surfaces with femtosecond lasers is an effective technique for
improving surface wettability. A. Y. Vorobyev et al. [91] prepared superhydrophobic
and self-cleaning multifunctional surfaces using femtosecond laser pulses. Research by
Erin Liu et al. [92] demonstrates that femtosecond fiber lasers can form layered structures
on metal surfaces, demonstrating superhydrophobic, self-cleaning, and light-trapping
properties. Sohail A. Jalil et al. [93] investigated the surface structure of femtosecond laser-
induced gold (Au) and its effect on hydrophobicity. The result shows that the femtosecond
laser processing turns originally hydrophilic Au into a superhydrophobic surface. It can
be seen that surfaces with superwettability have a significant impact on other fields, such
as for sensors, thermal management, biomedicine, etc. The long-term stability of LIPSSs’
surface wetting properties (e.g., hydrophobicity or hydrophilicity) in applications will be a
popular topic in the future.
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Figure 8. (A) Ref. [79] A portrait of Vincent van Gogh on stainless steel surfaces. (B) Ref. [80]
(a) Optical images of the sample after laser irradiation, and (b) the corresponding laser parameters
(P, Laser power; f, Laser repetition frequency; r, Pulse overlap rate between two adjacent scanning
lines). (c) shows the optical images “nine-squares” captured in the dark environment, and (d) shows
the color change in “JLU” when changing the shooting angle.
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Figure 9. Ref. [93] (a) The measured contact angle values as a function of laser fluence. (b) The
contact angle values measured on the initial surface roughness at low fluence. Corresponding surface
morphologies are depicted in the insets.

4.3. Biomedical Applications

Another promising application area for LIPSS is biomedicine, which can inhibit the
formation of bacterial biofilm and affect cell growth. Laser texturing has been used in
the biomedical field as a method of altering surface morphology to potentially improve
osseointegration [94–97]. Research [98–101] has shown that different surface topographies
have a great influence on cell growth. Kai Borcherding et al. [102] described the adhesion
and shape of osteoblast-like cells (MG-63) after laser treatment of titanium alloys. Compared
to pure titanium, the cell viability was improved on the structured surface, indicating good
cytocompatibility. Alexandre Cunha et al. [94] prepared three types of surface textures by
femtosecond laser: LIPSSs, nanopillars, and microcolumns covered with LIPSSs. Compared
with the polished reference group, the cell area and adhesion area of human mesenchymal
stem cells on the surface of the laser-treated titanium alloy are reduced. Xiao Luo et al. [103]
applied femtosecond laser irradiation to produce three types of nano-ripples on the surface
of pure titanium, and to investigate their anti-bacterial behavior and their biocompatibility.
The three types of nano-ripples include LIPSSs (type 1 textures), nano-ripples interrupted
by grooves (type 2 textures), and columns with overlapping LIPSS (type 3 textures). The
control group is the mechanical polishing group. The results shows that three types of
nano-ripples can prevent bacterial colonization and biofilm formation. As demonstrated
in Figure 10a, the staining of F-actin and the nucleus shows the adhesion states of rat
mesenchymal stem cells on the substrate surfaces. The red fluorescence is from Rhodamine
cyclopeptide-stained F-actin. The blue fluorescence is from the DAPI-stained cell nucleus.
The arrow indicates the direction of cell diffusion. As can be seen from Figure 10b, the
spread of cells is oriented. Compared to the polished titanium, the spreading areas of
laser-fabricated samples are significantly larger, which means the adhesion sites offered
by the three types of nano-ripples are beneficial to cell attachment. Ning Liu et al. [54]
uses femtosecond laser surface modification to establish a nano-ripple structure on the
Fe-30Mn alloy surface. Compared to the polished sample, the nano-ripple structure surface
exhibited a significant improvement in the biodegradation rate. Cell growth depends on
the size of the surface topography of the material, so controlling the size of the surface
morphology may be a key factor in controlling cell function. By using femtosecond lasers
for surface modification, different surface properties can be prepared on the implant. Using
a femtosecond laser to fabricate nano-ripples and grooves on the surface of materials is a
promising way to improve the performance of the implant material.
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Figure 10. Ref. [103] Mesenchymal stem cells’ adhesion on the polished surfaces and three types of
nano-ripples after 72 h of incubations. (a) Fluorescence images of cytoskeletons; (b) SEM images of
MSCs’ adhesion states for the three types of nano-ripples. The both arrow indicates the direction of
cell diffusion.

4.4. Reduction in Friction and Wear

LIPSS can exhibit beneficial tribological properties by reducing frictional wear. Surface
topography and roughness have a significant impact on friction and wear [104]. Numerous
studies [105–108] have shown that laser processing to prepare specific surface textures is
an effective technique to improve surface friction performance. Jörn Bonse et al. [109] pre-
sented the latest advances in femtosecond laser surface texturing, observing the tribological
properties of steel and the titanium alloy surface morphology (ripples, grooves, and spikes).
Compared to the wear tracks on the surface of the polished sample, the wear tracks in
the femtosecond laser processing area are almost invisible. The reason for its significant
abrasion resistance is the LIPSS generated during the laser surface treatment. Figure 11
shows a sketch of the reciprocating sliding tribological test geometry (Figure 11a) along
with top-view optical micrographs of the generated wear tracks on the polished Ti6Al4V al-
loy surface (Figure 11b) and the Spike-covered surface (Figure 11c). Additionally, top-view
SEM micrographs revealing details from the wear tracks are presented (Figure 11d: initially
polished, Figure 11e: LSFL, Figure 11f: Grooves, Figure 11g: Spikes). It is evident that on
all laser-generated morphologies, the topmost regions have been partly worn, but the struc-
tures were not removed. The wear track and surface damage left on the polished surface is
much larger than that in the laser-processed regions. The research of C. Florian et al. [110]
demonstrated that femtosecond laser ablation forms a nanoscale morphology on the metal
surface, resulting in a significant reduction in its coefficient of friction. Femtosecond laser
treatments of metal surfaces inhibit adhesion tendencies by reducing the contact area, and
the improvement in the tribological properties is due to the combined effect of LIPSSs.

4.5. Other Applications

Several other technical applications of LIPSS have been explored. Laser processing ab-
lation obtains the desired surface features on the metal; such modified surfaces can be both
beneficial and durable in phase-change heat transfer applications. Surface modification by
ultra-short pulse lasers alters the heat transfer performances of the boiling system [111].
Since the LIPSSs can significantly increase the absorption rate of the surface, they will
simultaneously lead to an increase in thermal radiation. Another potential application of
LIPSS is related to catalytic activity in electrochemical processes [4], in which the active sur-
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face area of the electrode material is critical to the efficiency of the electrochemical reaction.
LIPSSs can be applied to energy-saving components and sensors [5]. Another application
of LIPSSs is in chemical analyses based on surface-enhanced Raman spectroscopy. In the
future, many will explore the established and new surface functions that be created through
LIPSSs, so that these materials can be better applied in mechanical engineering, healthcare,
aerospace, energy, and other fields.

Figure 11. Ref. [110] Tribological performance of the samples after irradiation. (a) Sketch of the
tribology setup using a steel ball of 100 Cr6 on the surface of the Ti6Al4V alloy sample. The final
wear track achieved after 1000 sliding cycles is shown in (b) for the free surface and in (c) for a
Spike-covered area as optical micrographs. SEM micrographs of the wear track on the different areas
are shown in (d) for the initially polished surface, (e) LSFL, (f) Grooves, and (g) Spikes.

In summary, various patterns can be prepared by femtosecond lasers to improve the per-
formance of materials. Due to the versatility of the femtosecond laser process, the correlation
between surface morphology and alloy properties still has great research potential.

5. Summary and Outlook

The femtosecond laser is applied to biomedical materials as a surface modification
technology. The laser-induced periodic structure generated by fs-laser action can improve
the wear resistance, corrosion resistance, wetting, and biocompatibility of material surfaces.
Although there have been many relevant reports, the mechanism of action of laser ablation
materials to form special structures on the surface is still being explored. The correlation
between surface patterns and material properties still needs to be studied continuously. In
the future, numerical simulations will predictively simulate the laser processing parameters
of the desired surface topography with the help of machine learning algorithms. The
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relevant control parameters of functionalized surfaces are identified for better industrial
applications. Another trend will be continuing to explore the creation of LIPSSs and their
surface capabilities so that they can be better applied in mechanical engineering, healthcare,
aerospace, information, and other fields.
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Abstract: In this work, ZK60 magnesium alloy was employed as a substrate material to produce
ceramic coatings, containing Ca and P, by micro-arc oxidation (MAO). Atmospheric plasma spraying
(APS) was used to prepare the hydroxyapatite layer (HA) on the MAO coating to obtain a composite
coating for better biological activity. The coatings were examined by various means including an
X-ray diffractometer, a scanning electron microscope and an energy spectrometer. Meanwhile, an
electrochemical examination, immersion test and tensile test were used to evaluate the in vitro
performance of the composite coatings. The results showed that the composite coating has a better
corrosion resistance. In addition, this work proposed a degradation model of the composite coating
in the simulated body fluid immersion test. This model explains the degradation process of the
MAO/APS coating in SBF.

Keywords: ZK60 magnesium; micro-arc oxidation; atmospheric plasma spraying; corrosion

1. Introduction

As a crucial research field in the study of the emerging clinical applications of ortho-
pedics, some metal materials benefit from excellent machining performance, low cost, and
compatibility with the human body, advantages which have drawn tremendous attention
in the last several years [1–6]. Stainless steels and titanium alloys are usually the most com-
monly used biomedical metallic materials due to their satisfactory mechanical properties
and comparative biocompatibility. However, there is a large gap in terms of elastic moduli
between the natural bones and the materials mentioned above. Furthermore, patients
usually suffer as a result of pain and financial burdens when using these metal materials
because such materials are difficult to degrade in the human body and, therefore, a second
operation is often required [7–10].

Compared with stainless steels, zirconium alloys and titanium alloys, magnesium
alloys exhibit unique advantages including biodegradability, similar density and moduli
to the bones, and reliable bone induction [11–15]. Owing to their comparative moduli,
magnesium and its alloys are enabled to serve as bone implants and fixation materials.
Unfortunately, such an extremely fast degradation rate of magnesium alloys can produce
a large amount of hydrogen in the human body, leading to severe alkalosis, which sig-
nificantly limits the applications of magnesium alloys as a biologically active material.
Therefore, reducing the degradation rate to match the bone healing rate while considering
its excellent biological activity has been considered to be the key factor for the performance
of magnesium alloys [16–20]. Recently, preparing a coating with good biological activity
and corrosion resistance by using micro-arc oxidation is one of the most common strategies
to achieve surface modification for bio-implanted magnesium alloys [21].
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Micro-arc oxidation (MAO) (also known as plasma electrolytic oxidation (PEO)) is
a surface modification technology developed based on anodic oxidation. MAO uses
instant high-temperature sintering in the micro-arc discharging zone to generate a coating
with high hardness, high strength, insulation, wear resistance, corrosion resistance, high-
temperature resistance, and other excellent properties in the valve metals [22–24]. The
coating fabricated by this technology can be firmly attached to the magnesium alloy
substrate with good compactness and excellent corrosion resistance. Besides, the whole
MAO process is stable and reliable, with good repeatability and environmental friendliness.
Compared with other surface modification technologies, the MAO coating shows high
porosity and favorable corrosion resistance, which are considered by many researchers to be
important characteristics in terms of achieving high-performance coatings [25–29]. During
the MAO process, the surface of the metal substrate undergoes a breakdown discharge
process under the instantaneous high voltage input, which results in the formation of
countless discharge channels. Furthermore, phenomena such as melting, solidification
and accumulation would take place in the channels that formed on the surface of the
MAO coating. It should be noted that the coating is porous; hence, these pores can serve
as the channels that lead to the ingression of the corrosive medium. To overcome this
drawback, the researchers fabricated an additional coating with high-performance and
bio-active substances on the surfaces of the MAO coatings via post-treatment, which could
improve the corrosion resistance and enhance the biological activity of the magnesium
implants. New research suggests that bioceramics hydroxyapatite (HA), with a Ca/P
atomic ratio of 1.67, is a major inorganic component of bone tissue (such as human and
animal bones and teeth). HA is not only non-toxic but also has good biocompatibility and
osteoinductivity [30–34], and has gradually become an indispensable biological medium in
the fabrication of the composite coatings on the surface of magnesium alloys.

However, pure HA still has shortcomings such as poor mechanical properties, high
brittleness, low strength and poor fatigue resistance in the physiological environment,
which limits its application in the field of clinical medicine. To overcome these shortcom-
ings, the favorable biological activity and osteoinductive properties of the HA materials
are utilized in order to directly deposit or coat them on the metal surface to form a coating
that combines physical and biological properties, which has set off a wave of revolution in
the area of surface modification technology [35].

Atmospheric plasma spraying (APS) is a technology that is widely used in the prepa-
ration of coatings [36–40]. Tremendous efforts have been made in the development of
composite biological coatings involving the use of MAO and APS methods [41]. Daroon-
parvar et al. [42] fabricated an MAO coating on the surface of magnesium alloy, and
then a nano-TiO2 coating was coated on the MAO by using atmospheric plasma spraying
technology. The results show that nano-TiO2 particles can penetrate the micropores and
defects produced during the MAO process after plasma spraying, effectively preventing the
corrosive medium from penetrating the magnesium implants. Xizhi et al. [43] fabricated
a Yb2SiO5 coating on the surface of magnesium alloy MAO coating by plasma spraying,
achieving a good sealing effect on the MAO coating. In addition, the composite coating
exhibits satisfactory performance, such as good compatibility and strong bonding force
between the composite coating and the substrate. In addition, for biomedical implant mate-
rials, understanding the degradation behavior of the coating in the biological environment
is the prerequisite for regulating the degradation rate. Gu et al. [44,45] found that a coating
of corrosion product was deposited on the surface of the sample during the immersion
process in the simulated body fluid. It is demonstrated that the corrosion product coating
enables a reduction in the corrosion rate of the sample in the simulated fluid. Xiao et al. [46]
showed that the degradation process of MAO coating is accompanied by the generation of
degradation products and the deposition of the Ca–P product coating. Yao et al., Jie et al.
and Wang et al. [47–49] analyzed the degradation behavior of the coating through the elec-
trochemical impedance spectrum (EIS) test and proposed a chemical reaction mechanism
that promotes the formation of the corrosion product coating.
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In this work, a composite bio-coating was fabricated on the ZK60 magnesium surface
via the combination of micro-arc oxidation and plasma spraying surface modifications,
which aims to obtain favorable surface performance, good biological activity, and better
corrosion resistance for the magnesium implants. First, the MAO treatment was used to
fabricate a bio-coating on the ZK60 magnesium alloy. Then, the HA powder was selected
to coat on the MAO coating by plasma spraying in order to obtain the HA contained
MAO/APS composite bio-coating. Finally, a long-term immersion test was performed
on the prepared composite bio-coating to investigate its corrosion behavior in simulated
body fluid.

2. Materials and Methods

2.1. MAO/APS Composite Coating Structure Design

In this work, a micro-arc oxidation coating is first prepared on the surface of ZK60
magnesium alloy, and after that, the HA coating is prepared by plasma spraying on the
surface of the MAO coating. Such a composite coating is considered to effectively combine
excellent corrosion resistance and good biological activity. Thus, a biological composite
coating with excellent performance is designed.

2.1.1. MAO Process

Wrought ZK60 magnesium alloy with the dimension of Φ 25 mm × 5 mm is used as
the substrate material in this work. Before the MAO process, the substrates were polished
using a Veiyee M-1 metallographic pre-mill machine (ZhiJin matelreader, Laizhou, China)
in sequence with 600, 800, 1000, 1200 grit SiC waterproof sandpaper, and then treated by
grit blasting. Finally, the roughened ZK60 substrate was placed in an ultrasonic cleaner for
10 min and dried in air for use. The chemical compositions of the substrates are shown in
Table 1.

Table 1. Compositions of the wrought ZK60 magnesium alloy (wt.%).

Element Zn Zr Impurities Mg

Content 4.8–6.2 >0.45 ≤0.30 balance

The MAO equipment utilizes the WHD-20 bipolar AC pulse device (Harbin Institute
of Technology, Harbin, China). During the MAO test, the Mg alloy sample was used as the
anode and the stainless-steel tank was used as the cathode. The magnesium alloy substrate
was fixed with aluminum alloy by screw connection, and then the sample was completely
immersed in the electrolyte in a hanging manner. During the test, the bio-electrolyte
was cooled by circulating water and its temperature was kept below 30 ◦C. The specific
parameters of the bio-electrolyte are shown in Table 2, where NaOH is used to maintain the
pH of the bio-electrolyte at 13. The parameters of micro-arc oxidation are shown in Table 3.

Table 2. Composition of bio-electrolyte for MAO on ZK60 alloy.

Composition. Na2SiO3 Ca(AC)2 (NaPO3)6 NaH2PO4 NaOH

Concentration/(g/L) 6.0 0.5 0.8 0.5 -

Table 3. Parameters of micro-arc oxidation.

Power Control
Mode

Current
Density/(A/dm2)

Frequency/Hz Duty Cycle/%
Response
Time/min

Constant current 20 500 +40/−60 15
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2.1.2. Plasma Spraying Process

Before plasma spraying, the HA powder was dried at 200 ◦C for 3 h in a furnace. The
average size of HA powder particles is 12 μm, the Ca/P ratio is about 1.67, the purity is
about 99%, and the powder is spherical. The particle morphology is shown in Figure 1. The
prepared micro-arc oxidation sample was placed in the fixture that was used for spraying,
and the plasma jet was used to sweep the surface of sample 1 to 2 times to dry its surface,
which avoids the breakdown of the coating. The detailed spraying parameters are shown
in Table 4.

 

Figure 1. The SEM images of HA powder.

Table 4. Plasma spraying parameters selected for depositing HA coating.

Parameters Spraying

Voltage (V) 60
Current (A) 500

Powder feed rate (g/s) 0.3
Spray step (mm) 3

Gun traverse rate (mm/s) 100
Main gas Ar (dm3/s) 4.1

Secondary gas N2 (dm3/s) 1
Feed gas Ar (dm3/s) 2.1

Distance to the substrate (mm) 110

2.2. Microstructural Characterization

A scanning electron microscope (SEM, JSM-6480A, JEOL, Tokyo, Japan), equipped
with an energy dispersive X-ray spectrometer, was used to characterize the corrosion
morphology of the coating and simulated body fluid at different periods and analyze the
constituent elements of the corrosion sample.

The phase constituents of the coating and the corrosion products after immersion in
simulated body fluid were characterized by X-ray diffraction (XRD, Shimadzu Corporation,
Tokyo, Japan) with a scanning speed of 2◦/min, scanning range (2θ) of 20–90◦, and an
accelerating voltage of 40 kV.

2.3. Tensile Tests

The bonding strength of the coating was examined by using the CMT5205 tester
(SKYAN, ShenZhen, China). The test method is based on the GB/T8642-2002 standard that
was specially designed for plasma-sprayed coatings. The initial surface of the MAO/APS
coatings was subjected to grit blasting. Then, the tested surface was glued to the tensile
fixture, and reinforced with screws. The glued samples were placed in air for 3 h, and then
placed in the furnace at 100 ◦C for 4 h of heat treatment. Finally, the samples were cooled
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to room temperature for the tensile test. The loading speed of the tensile force was set to
165 N/s.

2.4. Electrochemical Tests

The AC impedance method was used to analyze the corrosion behavior of the coating
in the SBF. The electrochemical impedance test in this experiment was also carried out
on the CS2310 electrochemical workstation (CorrTest, Wuhan, Hubei, China), and the
measured frequency range was 100 kHz~100 mHz. The reference electrode was a saturated
calomel electrode, the auxiliary electrode was a platinum electrode, the sample was a
working electrode, the medium used was the SBF solution, the salt bridge was a saturated
KCl solution, and the temperature was 37 ◦C. The equivalent circuit was fitted by using
the ZSimpWin software (V3.60, eDAQ, Colorado Springs, CO, USA) to characterize the
corrosion resistance of the coatings.

2.5. MAO Experiment

ZK60 magnesium alloys with and without the surface treatment were selected for
a 20-day simulated body fluid immersion experiment. The ion content in the simulated
body fluid (Simulated Body Fluid, SBF) used was the same as that in human blood (as
shown in Table 5), and the reagents and dosages used to configure 1000 mL of SBF are
shown in Table 6. When configuring, the container was placed in a constant temperature
water bath at 36.5 ± 0.5 ◦C, the reagents were completely dissolved in the order listed in
the table, and finally, the pH value of the SBF was adjusted to 7.45 with Tris and HCl. The
static weight-loss method was used to measure the changes of the sample weight during
the immersion test. The pH value of the SBF was measured by using the Banter-920-UK
precision pH meter (Want Balance Instrument, ChangZhou, China). The immersion test
was conducted with three sets of samples.

Table 5. Ion concentration of SBF and blood plasma (mol/L).

Solution Na+ K+ Mg2+ Ca2+ Cl− HCO3− HPO4
2− SO4

2−

SBF 142.0 5.0 1.5 2.5 148.8 4.2 1.0 0.5
Blood Plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5

Table 6. Reagents and dose for 1000 mL SBF.

Reagent NaCl NaHCO3 KCl K2HPO4·3H2O MgCl2·6H2O 1.0M-HCl Na2SO4 CaCl2

Dosage (g) 8.035 0.355 0.225 0.231 0.311 39 mL 0.072 0.278

Before immersion, each sample (including substrate) was weighed to establish its
original mass (M) with a balance, then each sample was soaked in a plastic container with
SBF, and the container was placed in a constant temperature water bath at 37 ◦C. The ratio
of the exposed area of the sample (cm2) to the volume of SBF (mL) was 1:10. The sequential
pH value of SBF was recorded and the SBF was replaced by a new one every 24 h. Samples
were taken out every five days, cleaned and dried, and their corroded masses were weighed
(M1). The weight loss rate is:

Rwt = (M − M1)/M

where:
Rwt—weight loss rate;
M—the mass of the sample before corrosion (g);
M1—the mass of the sample after corrosion (g).
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3. Results and discussion

3.1. Surface Morphology of MAO/APS Biological Composite Coating

Figure 2 shows the surface morphology of MAO coating under optimized parameters
and MAO/APS composite coating. Figure 2a reveals that MAO coating after sandblasting
pretreatment has an uneven distribution of micropores, with small pores in some specific
areas. The reason for this situation is that the surface of the substrate after the sandblasting
pretreatment is extremely uneven, with considerable tiny pits. The surface condition
extends the ion transmission path and causes the reaction to require more energy supply.

 

Figure 2. Morphologies of coatings: (a) surface morphology of MAO coating; (b) surface morphology MAO/APS coating.

Figure 2b shows the surface morphology of MAO/APS composited coating under an
optimized spraying process. It reveals that HA particles are heated by plasma jet to form
small spherical molten droplets with a diameter of about 8–10 μm and impact the MAO
coating at a high speed. At this moment, the small spherical molten droplets were stacked
and spread out on the MAO coating surface, and finally, the HA coating was formed after
the spraying process.

At this time, the interface between HA particles became blurred, and the melting
degree of the particles increased. There were no obvious unmelted particles on the coating.
The particles were flattened to a high degree and finally formed the uniform HA coating.

3.2. Analysis of Bonding Strength and Fracture of MAO/APS Composite Biological Coating

The test results show that the composite coating that exhibits good bonding strength
is 20.2 MPa. Du et al. [50] showed that the bonding strength of the lower coating under
the MAO process is 40–50 MPa. Since the MAO coating is produced in situ, the bonding
strength of the composite coating has decreased [51].

Figure 3a shows the morphology of the cross-section of the composite coating. It
reveals that the thickness of the MAO coating is 36.14 μm, and the thickness of the HA
spray coating is 59.59 μm. There is no obvious interface between the two coatings, which
means the coating is well combined. The MAO coatings have no obvious cracks and
micropores, all of which are blind holes. This greatly improves the corrosion resistance
of MAO coatings [52]. Figure 3b shows the macroscopic fracture of stretched sample and
reveals that the fracture position of the composite coating is mainly at the junction of the
HA coating and the MAO coating. There is still a small amount of HA remaining on the
MAO coating, which is scattered on the MAO coating. Figure 4a shows the microscopic
morphology of the coating fracture, which is enlarged, as shown in Figure 4b. As seen
from Figure 4b, it can be found that the fracture is smooth and the remaining powder is
uniform. The fracture of the composite coating is a mainly brittle fracture, with almost no
plastic deformation area.
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Figure 3. Cross-section morphology of MAO/APS coating: (a) macroscopic fracture morphology of sample; (b) macroscopic
fracture morphology of MAO/APS coating.

 

Figure 4. Tensile fracture morphology of the sample: (a) ×200; (b) ×500.

In short, the bonding method between the HA coating and the MAO substrate is
mainly mechanical bonding. However, there is also a metallurgical bond in the local gap
area of the MAO coating, which shows that it is not easy for the HA coating to completely
fall off from the MAO substrate [53].

3.3. Phase Analysis

Figure 5 shows the XRD pattern of the MAO/APS biological composite coating.
The XRD pattern shows that compared with the original HA powder diffraction peaks,
the intensity of the HA coating diffraction peaks is weaker, indicating that the HA after
spraying has a reduced crystallinity and the decomposition phase Ca3(PO4)2 is produced
in the coating. During the spraying, hydroxyapatite will undergo different degrees of
dehydroxylation reaction to produce OHA (Oxyhdroxyapatite, Ca10(PO4)6(OH)0.5O0.75),
which contains a small number of hydroxyl groups and OA (Oxyappatite, Ca10(PO4)6O),
while OHA and OA can be transformed to HA when heated in a water vapor environment.
In addition, the amorphous calcium phosphate (ACP) in the coating is mainly caused
by OHA during the quenching process. When the temperature is higher than 1050 ◦C,
hydroxyapatite mainly undergoes the following decomposition reactions [54]:

Ca10(PO4)6(OH)2→CaO + Ca3(PO4)2 + H2O (1)
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Figure 5. XRD patterns of composite coating and original HA powder.

The generation of ACP in the decomposition products has been reported and different
opinions have been raised. Gross et al. [55] believed that the generation of ACP in the
thermal spraying process is caused by HA powder. The dehydroxylated OHA in the
coating is produced during the rapid cooling process. This statement mainly implies that
three main factors are affecting the production of ACP: one is the degree of dehydroxylation
of the HA particles during spraying; the other is the impact of the particles on the surface of
the substrate; the third is the temperature of the substrate surface. Weng et al. [56] believe
that the composition of the amorphous phase is mainly OA, and it is claimed that due to
the high temperature during the spraying process, the hydroxyl group of HA particles is
gradually lost, and finally, OA forms.

Ca9Mg(PO4)6(OH)2, namely, MgHA, is presented in the composite coating, and its
formation process may be related to the crystal structure of HA itself. The HA crystal struc-
ture belongs to the hexagonal crystal system, and its lattice constants are a = b = 0.9432 nm,
c = 0.9875 nm [57], as shown in Figure 6. The main component of the MAO coating is MgO,
and magnesium oxide is an ionic compound. During the plasma spraying process, the
instantaneous temperature is high. When the plasma jet contacts the MAO coating, free
Mg2+ is easily generated, which easily enters the HA crystal. The Ca2+ vacancy formed at
high temperature forms MgHA. Some cytotoxicity experiments have proved that MgHA
has better biocompatibility, and animal experiments have also proved that compared with
pure HA, MgHA has better osteoconductivity and bone resorption [58].

Figure 6. Diagrammatic sketch of the crystal structure of HA.
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3.4. Degradation Behavior of MAO/APS Composite Coating in Simulated Body Fluid
3.4.1. pH Changes of Simulated Body Fluids and Weight Loss of Samples

The degradation rate of magnesium alloy in the human body is too fast, which will
cause the generation of hydrogen. The reaction Equations are shown in (2) and (3). The
hydrogen evolution reaction will lead to an increase in the pH value around the bone
tissue, which will seriously affect the living environment of bone cells [59]. Therefore,
detecting the pH change of the simulated body fluid during the immersion process can
reflect the hydrogen evolution rate of the magnesium alloy. Figure 7 shows the pH of SBF
as a function of immersion time. It can be seen from the figure that the pH values of the
SBF immersed with the bare sample and the MAO sample are always higher than those of
the MAO/APS sample during immersion for 20 days.

Mg(s)→Mg2+ + 2e− (2)

2H2O(l) + 2e−→2OH− + H2(g) (3)

Mg2+ + 2OH−→Mg(OH)2(s) (4)

 
Figure 7. pH values of the SBF during immersion test.

The early stage of immersion is 0–6 days, which is tagged with 1 in Figure 7; middle-
term of immersion is 7–13 days, which is tagged with 2 in Figure 7; late-term immersion is
14–20 days, which is tagged with 3 in Figure 7.

In the early stage of immersion, the pH value of the SBF immersed with the bare
sample increases rapidly from 7.2 to 10.0, and the pH value is about 9.6 on the fourth day.
From this point onwards, the pH value is stable. This shows that bare magnesium alloys
are easily corroded in the SBF, and the main reactions that take place during this period are
shown in Equations (2)–(4) [60].

Compared with the bare sample, the pH value of the SBF during the coating immersion
process after the MAO treatment is slighter. Due to the low corrosion reaction rate of the
MAO sample, the pH value of the SBF at the initial stage of immersion slowly increases [60].

For the composite coatings, the pH value during the immersion process is always at
a relatively low level, and the change over time shows a “V” shape. The change process
consists of three parts. As shown in the figure, the pH value of the SBF solution in the
first stage is at a stable stage; it is basically unchanged. The second stage has a certain
decrease. After 15 days, it enters the third stage, and the pH value of SBF begins to rise
gradually. At the initial stage of immersion, the composite coating may only dissolve part
of the amorphous phase in the simulated body fluid. Since the amorphous structure in the
local area of the composite coating cannot be fully crystallized, it will dissolve faster during
the immersion process [17,61,62]. Therefore, in the initial immersion process, the coating
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mainly locally dissolves, and the pH value of SBF is almost unchanged. The dissolution
of the amorphous structure produces the Ca2+ and PO4

3− in the SBF solution. As time
goes by, calcium and phosphorus compounds may be deposited on the local area of the
composite coating. During the experiment, it is found that the surface of the coating is
white. The production of corrosion products consumes OH– in the SBF during this process;
hence, the pH value of the SBF drops. With the prolongation of the immersion time (the
third stage), the surface of the composite coating has undergone local dissolution and
deposition, and the coating becomes loose. At this moment, the corrosive medium in the
SBF enters the coating, causing a corrosion reaction; hence, the pH value of the system
begins to gradually rise.

Figure 8 shows the weight loss of the sample during immersion in simulated body
fluid. It can be seen from Figure 8 that the weight loss rates of bare samples, MAO samples
and MAO/APS samples decrease in the SBF. For bare samples and MAO samples, as the
immersion time increases, the substrate or coating is gradually corroded and degraded;
hence, the weight loss rates of the samples gradually increase. As for the MAO/APS
sample, there is the dissolution of the amorphous phase and the deposition of corrosion
products during the immersion. Therefore, the weight loss rate of the MAO/APS sample
gradually increases in the initial stage.

 
Figure 8. Weight loss rate of samples over time.

When the immersion was carried out for 15 days, the weight loss ratio of the sample
showed a negative value for the first time. It could be indicated that the deposited amount
of the corrosion products on the surface was greater than the dissolved amount of the
coating. The degradation process of the composite coating in the immersion test becomes
more complicated.

The surface coating of HA coating is beneficial in terms of inducing the accumulation
of corrosion products containing Ca–P in the solution during the immersion process,
the inner coating of MAO and the outer coating of HA, under the joint action of the
coating. For this reason, the substrate is significantly protected from corrosion by corrosive
media. Comparing the bare sample and the MAO sample, it can be seen that the corrosion
resistance of the MAO/APS sample is greatly improved. During the 20-day simulated
body fluid immersion process, the total weight loss rate is only 0.58%.

3.4.1.1. Changes in the Macroscopic Corrosion Morphology of the Sample

Figure 9 shows the comparison of the morphology of the bare sample, MAO sample,
and MAO/APS sample after immersion in SBF solution for different numbers of days. It
can be seen that during the degradation process of the bare sample in the SBF solution,
uniform corrosion and local corrosion take place, and the local corrosion always takes
precedence over the uniform corrosion (Figure 9a). With the extension of the immersion
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time, the corrosive medium gradually enters from the corrosion pit and/or from the
corners to the center. On the 20th day, the corner area begins to fall off, and the surface is
extremely rough.

 
Figure 9. Macro morphology of samples after immersion: (a) bare; (b) MAO; (c) MAO/APS.

The degradation of the MAO sample in the SBF solution is stable (Figure 9b). In the
long-term immersion process, the corrosion mainly takes place at the corners of the sample
and finally leads to the peeling off of the MAO coating. On the 20th day, a small amount of
the MAO coating on the surface of the sample is still present.

For the MAO/APS sample, there was no obvious change during the 20-day immersion
process. On the 20th day, the sample still maintained the original integrity, and no obvious
corrosion degradation on the surface is found.

Figure 10 shows the surface micro-topography of MAO/APS samples with immersion
time. The surface of the MAO/APS sample before immersion is rough and uneven. At
the initial stage of immersion, the surface of the sample is formed by a considerable
number of ellipsoidal particles. As the immersion time is prolonged, the phenomenon of
the accumulation of clumps can be observed in local areas. The cracks gradually spread,
which divide the surface into a large number of irregular tiny polygonal shapes. Because
the HA coating on the surface of the composite coating is not completely crystallized, it
contains the amorphous structure and decomposition phases produced during the spraying.
The decomposition phases that follow the immersion time are speculated to be hydroxy-
carbonate-apatite (HCA) [63]. These decomposition products degrade in SBF solution.
The rate is much higher than the degradation rate of HA crystals [64]. Therefore, in the
initial stage of immersion, the ACP and decomposition phase in the coating preferentially
dissolve. Due to the production of ACP and decomposition phases, supersaturated Ca2+

and PO4
3+ are produced in the SBF solution, and the deposition of Ca–P compounds is

prone to take place with the extension of the immersion time, as shown in Figure 10c.
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Figure 10. Morphology of samples after immersion: (a) 5 days; (b) 10 days; (c) 15 days; (d) 20 days.

In Figure 10b–d, the existence of cracks (yellow dotted line position) can be clearly
observed. As the immersion time increases, the cracks gradually spread from scattered
small shapes to continuous thick and deep shapes. Li et al. [65–67] reported that cracks are
produced as a result of the volume shrinkage effect caused by the loss of moisture in the
coating during the drying process. Apparently, such a statement cannot fully explain this
phenomenon. The occurrence of the spreading of cracks may be related to the phenomenon
of local corrosion [68]. Due to the inhomogeneity of the surface HA coating composition,
the degradation rate of the local area is inconsistent; hence, corrosion is easily introduced
at the interface position. As the immersion time increases, the corrosion gradually spreads,
causing the cracks to expand. The coating is gradually divided into small pieces when the
cracks are connected, which eventually causes the coating to fail.

3.4.1.2. Corrosion Products on the Surface of Coatings

Table 7 shows the changes of element content on the surface of the coating under
different immersion times. It can be found that the contents of Ca and P elements increase
with the immersion time, which reaches the maximum value after 15 days of immersion.
The weight loss ratios of the samples can also show that the MAO/APS sample has a
slight increase in weight on the 15th day, indicating that the amount of Ca–P compound
deposited is greater than the local dissolution of the coating. In the later stage of immersion,
Si is presented in the coating, and this element is a constituent element of the MAO coating,
indicating that the composite coating, at this time, has begun to gradually fall off the
HA coating.

Table 7. Variation of elements contents of the coating over immersion time (at.%).

C O Mg Ca P Na

5 days 20.06 ± 1.34 56.29 ± 0.61 0.80 ± 0.19 12.90 ± 0.11 9.41 ± 0.04 0.32 ± 0.10
10 days 15.36 ± 1.29 59.20 ± 0.58 1.11 ± 0.20 13.90 ± 0.12 9.82 ± 0.03 0.48 ± 0.11
15 days 15.46 ± 1.30 55.02 ± 0.60 0.80 ± 0.24 17.31 ± 0.09 10.28 ± 0.05 0.58 ± 0.12
20 days 16.25 ± 1.35 59.10 ± 0.62 0.99 ± 0.22 13.01 ± 0.11 9.32 ± 0.03 0.40 ± 0.11

It can be seen from XRD in Figure 11 that under different immersion times, the
product on the surface of the coating is mainly HA. On one hand, the initial dissolution
of the amorphous phase and the decomposition phase promotes the induction of HA.
In the initial stage, the surface of the implant forms certain osseointegration with bone
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tissue, which has good biological characteristics. On the other hand, there is no obvious
compound of C in the XRD pattern; hence, it is speculated that the C element may be due to
the formation of CO3

2− containing calcium-deficient hydroxyapatite (hydroxy-carbonate-
apatite, HCA). HCA is similar to the human body’s natural bone composition, so it is also
called “hydroxyapatite-like”. The main reason for its formation is that the CO3

2− ions
in the simulated body fluid replace the hydroxyl or phosphate in the HA crystal lattice,
forming the A-type, B-type or AB-type substituted hydroxyapatite carbonate [69].

Figure 11. XRD patterns of MAO/APS coatings immersed for different numbers of days.

Figure 12 shows the Nyquist diagrams of the immersed samples; it can be found
that the radius of the capacitive reactance loop and the impedance value at the low-
frequency end of the MAO/APS, immersed for the tenth day, are at their maximum, and
that the charge transfer resistance Rct, during the corrosion reaction, is the largest. At this
moment, the sample shows good corrosion resistance. The reason may be that when the
sample is immersed for the tenth day, the deposition of Ca–P compound on the surface
is preferentially formed at the defect, which has a good inhibitory effect on the further
penetration of the corrosive medium into the coating. It can also be seen from the fitted
data that the resistance Rcp, representing the corrosion product, exhibits a maximum
value at this time. When immersed for 20 days, the Rct was the smallest, which indicates
that the deposition rate of Ca–P compound on the surface was significantly lower than
the degradation rate of the coating. It can be seen from Figure 10 that the coating was
dissolved after 15 days of immersion. Meanwhile, a certain amount of active Ca and P
elements could be produced in the SBF solution during the degradation process. Hence,
the biological activity of the composite coating presents a gradient change during the SBF
solution immersion process, which is different from the immersion process of the MAO
coating. To sum up, good corrosion resistance and biocompatibility can be received from
the MAO/APS composite bio-coating.
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Figure 12. Nyquist plots of immersion samples in SBF.

According to the degradation model of AZ31 magnesium alloy in SBF, proposed
by Gu et al. [70] and Khalajabadi et al. [71] to describe the degradation behavior of
Mg/HA/MgO nanostructured materials prepared by powder metallurgy in SBF, combined
with MAO/APS sample immersion process phenomena and analysis test results, the degra-
dation model, and the equivalent circuit, are proposed. These are considered in accordance
with the MAO/APS composite coating in SBF, which are mainly divided into the following
three stages, and Table 8 lists the fitted result of EIS:

Table 8. EIS data of MAO/APS samples after immersion in SBF for various durations.

Immersion Time Rs Rcp Rh Rm Rct

5 days 19.03 - 1.1670 × 104 2861 4.934 × 105

10 days 52.20 3053 1.6200 × 104 3748 5.030 × 105

15 days 0.2342 272.1 271.9 101.1 4724
20 days 149.1 0.07597 54.79 472.4 3409

1. Early stage of immersion

During the initial immersion process of the composite membrane, a dissolution process
mainly occurs. The Ca and P ions produced by the dissolution accumulate on the surface
in a short time. These free Ca and P ions are easily absorbed by the damaged bone tissue to
promote its growth. Therefore, part of the amorphous structure and decomposition phase
existing in the HA coating is conducive, to a certain extent, to the recovery and growth
of damaged bones. The equivalent circuit is shown in Figure 13a, which mainly includes
three pairs of Constant Phase Element (CPE), where Rs, Rh, and Rm represent solution
resistance, HA coating resistance, and MAO coating resistance, respectively.

2. Middle period of immersion

On the one hand, due to the inconsistency of the decomposition phase (HCA), amor-
phous structure and crystalline HA degradation rate at the initial stage of immersion, the
microcracks generated at the interface between each other expand during the middle stage
of immersion, as shown in Figure 13b. On the other hand, the large amount of calcium and
phosphorus ions produced by the rapid degradation of the amorphous structure and the
decomposition phase produce supersaturation in the local area of the composite coating,
especially at the surface defects of the composite coating. These ions react with the ions in
the SBF. Ca–P compounds are formed at the coating defects and deposited on the surface.
The possible reactions are represented in Equations (5) and (6). It should be noted here that
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HA may be crystalline hydroxyphosphorus. Greystone may also be hydroxyapatite-like,
but both have good biological activity. On the other hand, as shown in Figure 13, new HA
formation occurs, at this time, on the surface of the membrane, as well as the continuous
expansion of cracks, and the continuous penetration of simulated body fluids into the
membrane. This phenomenon is conducive to the recovery of the implant in the bone
injury tissue during the formation of osseointegration. Due to the formation of the new
phase of HA, the corrosion product resistance Rcp appears in the equivalent circuit.

10Ca2+ + 8OH− + 6HPO4
2−→Ca10(PO4)6(OH)2 + 6H2O (5)

10Ca2+ + 8OH− + 2OH−→Ca10(PO4)6(OH)2 (6)

 

Figure 13. A physical model of the degradation process of MAO/APS samples in the SBF solution with equivalent circuits
for fitting the EIS data: (a) initial-term of immersion; (b) middle-term of immersion; (c) late-term immersion.

3. Late time of immersion

With the progression of the immersion test, the existence of cracks and micropores
causes the surface HA coating to further fail and gradually fall off. The corrosive medium
further penetrates the interior and contacts the substrate. Due to the existence of the MAO
coating, the service cycle of the implant during bone healing is prolonged. During the
continuous immersion process, the MAO coating will gradually degrade, participate in the
normal metabolism of bone growth, and be excreted from the body.

4. Conclusions

In this work, ZK60 Mg alloy was micro-arc oxidized (MAO) before undergoing the
atmospheric plasma spraying process. After the examinations of microstructures, bound
strength, phase constituents, immersion tests, and electrochemical measurements, some
key points can be concluded as follows:
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1. The surface particles of the composite coating have a higher degree of melting and
flattening, and the coating is more uniform. The thickness of the MAO coating
is 36.14 μm, the thickness of the HA sprayed coating is 59.59 μm, and the average
bonding strength is 20.2 MPa. Fracture analysis shows that the binding mode between
the composite coatings is mechanical occlusion.

2. The pH value of the composite coating sample during the SBF immersion process
showed a “V” shape with time and was at the lowest level of the three, showing the
lowest degradation rate, which can effectively protect the magnesium alloy substrate.

3. The decomposition phase and amorphous structure in the HA coating on the surface
of the composite coating have a faster degradation rate in the SBF solution, which ef-
fectively promotes the deposition of Ca–P compounds on the surface of the composite
coating. In addition, elemental analysis and XRD tests show that the Ca–P compound
is a mixture of hydroxyapatite and carbonated hydroxyapatite, which is beneficial
in terms of promoting the formation of the bone bond between the implant and the
damaged bone tissue at the initial stage.

4. The degradation model of the composite biological coating in SBF is proposed in
accordance with this experiment, and the degradation mechanism of the composite
coating in the SBF, at different stages, is explained in detail. During the initial immer-
sion process of the composite membrane, a dissolution process mainly occurs. In the
middle of immersion, due to the formation of new phase of HA, corrosion product
resistance, Rcp, appears in the equivalent circuit. Furthermore, during the later stages
of immersion, the MAO coating will gradually degrade, participate in the normal
metabolism of bone growth, and be excreted from the body.
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Abstract: In order to enhance the bioactivity and wear resistance of titanium (Ti) and its alloy
for use as an implant surface, a multilayer Ca/P (calcium/phosphorus) bio-ceramic coating on a
Ti6Al4V alloy surface was designed and prepared by a laser cladding technique, using the mixture of
hydroxyapatite (HA) powder and Ti powder as a cladding precursor. The main cladding process
parameters were 400 W laser power, 3 mm/s scanning speed, 2 mm spot diameter and 30% lapping
rate. When the Ca/P ceramic coating was immersed in simulated body fluid (SBF), ion exchange
occurred between the coating and the immersion solution, and hydroxyapatite (HA) was induced and
deposited on its surface, which indicated that the Ca/P bio-ceramic coating had good bioactivity. The
volume wear of Ca/P ceramic coating was reduced by 43.2% compared with that of Ti6Al4V alloy by
the pin-disc wear test, which indicated that the Ca/P bio-ceramic coating had better wear resistance.

Keywords: laser cladding; Ca/P bio-ceramic coating; biocompatibility; bioactivity; wear resistance

1. Introduction

With the aging of the population and increase in joint injuries caused by traffic ac-
cidents, the demand for artificial joint replacements is growing. Titanium and its alloys,
due to their excellent biocompatibility, biomechanical properties and corrosion resistance,
have become the preferred materials for artificial joints [1–3]. However, these compounds
are biologically inert, and have poor bone conductivity. As a result, the stem of a Ti alloy
artificial joint cannot form an osseous bond with bone tissue, and long-term use in the
body will cause aseptic loosening [4–6]. In addition, under the wear and corrosion of the
fretting environment in vivo, Ti alloy artificial joint stems are prone to producing wear
debris and metal ions, leading to the expression of bone resorption in osteoclasts and short-
ening of service life [7,8]. On the other hand, Ca/P bioactive materials, such as bio-glass
(S520) [9], hydroxyapatite (HA) [10] and tri-calcium phosphate (TCP, Ca3(PO4)2) [11], are
regarded as attractive bone substitute materials owing to their similarity to bone apatite
and biocompatibility, due to their ability to induce HA deposition in vivo to form a stable
osseous bond with natural bone to achieve biological fixation [12,13]. However, the defects
of these bioactive materials, such as their high degree of brittleness, low tensile strength,
and poor wear resistance, limit their application in body bearing sites, such as hip and
knee joints [14–16]. Therefore, combining the biological properties of bioactive materials
and the mechanical properties of Ti alloys has become a research hotspot.

Some scholars have used surface modification techniques such as ion implantation [17],
pulsed laser deposition [18], sol-gel [19], magnetron sputtering [20], and plasma spray-
ing [21] to fabricate bio-ceramic coatings on the surface of Ti alloys. However, these
techniques have shortcomings, such as poor interface bonding strength between substrate
and coating, insufficient coating thickness, and insufficient biological activity. However,
laser cladding technology [22] has some benefits such as rapid melting and solidification
and good controllability, which can be used to prepare coatings with high bonding strength,
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controllable thickness, and suitable physicochemical properties. Therefore, it is a very
promising technique for the preparation of bio-ceramic coatings [23,24].

Liu [25] prepared a bioactive coating on a Ti6Al4V surface by laser cladding using a
powder comprising CaHPO4·2H2O, CaCO3, and Ti as a precursor, composed of HA, β-TCP,
etc. However, obvious large cracks appeared in the coating, and the mechanical properties
needed to be improved. Yang [26] fabricated a coating on the surface of Ti6Al4V by a
laser cladding process using a powder comprising HA and SiO2. The coating contained
CaTiO3, Ca3(PO4)2, Ca2SiO4 and other phases, and showed good biocompatibility and
bioactivity. However, there were obvious pores and cracks in the interface between the
coating and the substrate which limited the bearing capacity of the coating to some extent.
Bajda et al. [9] applied a laser cladding technique to a prepare bioactive ceramic coating
on a Ti6Al4V surface, using S520 bioactive glass powder as a precursor. The coating was
approximately 100 μm thick and had a hardness range of 265–290 HV. A large amount
of spherical calcium and phosphorus deposition appeared on the coating surface after
immersion in simulated body fluids (SBF), which indicated that it had good biological
activity. However, there were many defects, such as pores, cracks and so on. Pei [27]
prepared a functional gradient carbon nanotubes/hydroxyapatite coating on the surface of
a Ti substrate by laser cladding. The hardness of the coating surface was about 280.5 HV;
this gradually increased with an increase in coating depth, with a maximum value of
433.5 HV, but decreased to the hardness of pure titanium (153 HV) in the transition zone.
With the addition of carbon nanotubes, the hardness of the coating increased to nearly
twice that of the pure hydroxyapatite coating, while exhibiting similar biological activity
to a pure hydroxyapatite coating. Bioactive ceramic coatings prepared by laser cladding
generally have too many defects, such as cracks and pores, due to the difference between
the thermal properties of bioactive ceramic materials and Ti alloys. At the same time, the
mechanical properties of the coating only remain in the hardness level, and the coatings are
prone to wear. It is necessary to resolve these issues by improving the preparation process
of the coating, thereby improving the performance of the coating.

In this paper, a multilayer Ca/P bio-ceramic coating on a Ti6Al4V surface prepared
by laser cladding is proposed. The interface between the bio-ceramic coating and the Ti
alloy should yield a good bonding strength, while the surface layer of the coating should
display good bioactivity and a reasonable wear resistance. A multilayer powder layer was
designed and preplaced on the Ti alloy surface as precursor, which included a transition
powder layer and a bioactive powder layer. The transition powder layer was mixture of
50 wt% HA and 50 wt% Ti powder with a similar linear expansion coefficient and elastic
modulus, while the bioactive powder layer was 100 wt% HA powder which was rich in
calcium and phosphorus. A laser cladding technique was used to prepare the multilayer
Ca/P bio-ceramic coating on the surface of the Ti alloy. Finally, the biological properties
of the multilayer Ca/P bio-ceramic coating, e.g., biocompatibility and bioactivity, were
investigated, and the mechanism of bioactivity was analyzed.

2. Materials and Methods

2.1. Experimental Materials

Ti6Al4V plates (Baoji Inite Medical Titanium Co. Ltd., Baoji, China), 30 mm long,
15 mm wide and 4 mm thick, were used as a substrate. The precursor powder materials
used in the laser cladding were HA powder (particle size 80–85 μm, purity ≥ 99.9%,
Shanghai Naiou Nano Technology Co. Ltd., Shanghai, China) and Ti powder (particle
size 5–8 μm, purity ≥ 99.9%, Shanghai Naiou Nano Technology Co. Ltd., Shanghai,
China). In order to reduce cracking and other problems caused by the huge difference
in the thermal expansion coefficient between the coating and substrate [28], a preplaced
multilayer powder was designed, which was divided into a transition powder layer and
a bioactive powder layer. The transition powder layer was 50 wt% HA and 50 wt% Ti
mixed powder (represented by HT in the equations below), while the bioactive powder
layer was 100 wt% HA powder. The design of the multilayer powder on each sample is
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shown in Table 1. Table 2 lists the thermo-physical parameters of Ti6Al4V, Ti, HA, and HT.
The thermo-physical parameters of HT were calculated as follows [29]:

MH +MT = 1 (1)

VT = MT/ρT (2)

VH = MH/ρH (3)

VH + VT = 1 (4)

LtHT = LtH(1 − VT) + LtTVT (5)

CpHT = CpH(1 − MT) + CpTMT (6)

ρHT = ρH(1 − MT)+ ρTMT (7)

where M, V, ρ, Lt, Cp represent mass fraction, volume fraction, density, linear expansion
coefficient, and specific heat capacity, respectively. The subscripts H, T and HT are ab-
breviations of HA, Ti and HA/Ti mixed powder, respectively. Table 2 shows that the
difference in the linear thermal expansion coefficient between HT and Ti6Al4V is less
than that between HA and Ti6Al4V, and therefore, that the preplaced multilayer powder
facilitates the binding of the coating to the Ti alloy substrate.

Table 1. Table of preplaced multilayer powder.

Layer
Mass Fraction/wt%

Weight/g
HA Ti

The Transition Powder Layer 50 50 0.1
The Active Powder Layer 100 0 0.2

Table 2. Thermo-physical parameters of Ti6Al4V, Ti, HA, and HT at room temperature.

Material
Linear Thermal Expansion Coefficient

1/◦C
Melting Point

◦C
Specific Heat Capacity

J/(kg·◦C)
Density
kg/m−3

Ti6Al4V 9.41 × 10−6 1646 ± 42 520 4430
Ti 8.8 × 10−6 1688 528 4500

HA 13.3 × 10−6 1923 766 3156
HT 11.446 × 10−6 1923 647 3828

2.2. Laser-Cladding Setup and Process

The laser cladding setup adopted in this paper is shown in Figure 1. The process
required a laser system, a motion-control system, a computer-control system and auxiliary
devices in the laser cladding system. The most important components were the RFL-
500 medium power fiber laser (Wuhan Raycus Fiber Laser Technology Co., Ltd., Wuhan,
China) and the BT-230 laser head (Raytools AG, Oberburg, Switzerland), which were
connected through a QBH standard connector. The motion platform and laser cladding
parameters were controlled by a computer. The two-dimensional movement of the sample
was achieved by the motion platform, which made it possible to produce multitrack
cladding. Auxiliary devices such as an argon protection device and a water-cooling device
made the process more stable.
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Figure 1. Schematic diagram of laser cladding set-up.

The surfaces of the Ti alloy substrates were polished with 100#, 240# or 600# SiC
polishing film to remove the oxide layer, and then cleaned using an ultrasonic cleaner
in ethanol or deionized water. The process of preplacing the multilayer powder on the
substrate was as follows. First, 0.1 g HT powder was mixed with the sodium silicate binder,
stirred evenly, and preplaced on the surface of the substrate to form a transition powder
layer. It was then left to dry naturally for 15 min. Second, 0.2 g HA powder was mixed
with the sodium silicate binder and preplaced on the surface of the transition powder layer
to form an active powder layer. The total thickness of the multilayer powder was about
0.8 mm. Third, the sample with the preplaced multilayer powder was placed on a heating
platform (60 ◦C) and dried for 30 min.

The sample with the multilayer powder was placed in the laser cladding system, as
shown in Figure 1, to fabricate the bioactive coating using the laser cladding process. Based
on a large number of previous experimental tests, a set of optimized laser cladding process
parameters was applied, as follows: laser power of 400 W, scanning speed of 3 mm/s, spot
diameter of 2 mm, lap rate of 30%, and argon flow rate of 10 L/min. Figure 2 shows the
laser cladding process for the preparation of the multilayer Ca/P bio-ceramic coating.

Figure 2. Flow diagram of the laser cladding process.
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2.3. Microscopic Analysis of the Coating
2.3.1. Phase Test of the Coating

After cladding, the sample was placed in deionized water and cleaned with an ultra-
sonic cleaner. The surface phases of the coating were analyzed using Advance D8 X-ray
diffraction (Bruker, Berne, Switzerland). X-ray scanning was performed using Cu/Kα

radiation, a tube voltage of 40 kV, a tube current of 40 mA, a scanning speed of 2◦/min,
and a repetition accuracy of 0.001◦; the test was performed in the range of 20◦ to 75◦.

2.3.2. Microstructure Test of Coating

The sample was cut to a size of 15 mm × 6 mm × 4 mm along the direction perpen-
dicular to the laser scanning direction. The sample section was polished and corroded
with an etching agent (HF:HNO3:H2O = 2:5:93) for 15 s. A MIRA3 field emission scanning
electron microscope (SEM, Tescan, Brno, Czech Republic) and an energy spectrum analyzer
(EDS, Oxford Inc., Oxford, UK) were used to observe the surface morphology and test the
elemental composition of the coating.

2.4. Biological Test of Coating
2.4.1. Biocompatibility Test

The biocompatibility of the ceramic coating was evaluated by a cell culture test
in vitro. The cells used were MG-63 human osteosarcoma cells (Cellular Biology Institute,
Shanghai, China). The medium used was a mixture of 10% fetal bovine serum (GeminiBio
FoundationTM, West Sacramento, CA, USA), 1% penicillin/streptomycin (Regen Biotech-
nology Co. Ltd., Beijing, China) and 89% DMEM low-glucose medium (CellGro-Mediatech
Inc., Manassas, VA, USA). The test was conducted in a thermostatic incubator (Thermo
Fisher Scientific, Waltham, MA, USA) at a temperature of 37 ◦C and a carbon dioxide
concentration of 5%.

In this test, the Ti6Al4V substrate was used as the control, and the test sample size
was 10 mm × 10 mm × 4 mm. First, the samples were sterilized in a high temperature
sterilizer (121 ◦C, 25 min). Then, the sterilized samples were placed into 24-well plates,
and each was inoculated with 9000 cells per 1.5 mL. The constant temperature incubation
periods were 1 day, 3 days, or 5 days (The culture medium was replaced every 48 h). The
number of samples was six per culture cycle. The cell morphology and cell diffusion were
observed using a MIRA3 TESCAN field emission scanning electron microscope. Based on
the MTT cell count method, the cell proliferation of the samples was determined using a
Spark 10 M enzyme linked immunoassay (TESCAN, Brno, Czech Republic).

2.4.2. Bioactivity Test

The bioactivity of the Ca/P ceramic coating was evaluated by a simulated body fluid
(SBF) immersion test. Table 3 presents the recipe of the SBF solution used in the test [30].

Table 3. Preparation reagent and dosage of SBF per liter.

Order Reagent Dosage/g

1 NaCl 8.035
2 NaHCO3 0.355
3 KCl 0.225

4 a K2HPO4 0.231
5 MgCl2·6H2O 0.311
6 1.0 mol/L HCl 39 mL
7 CaCl2 0.292
8 Na2SO4 0.072
9 Tris 6.118

10 b 1.0 mol/L HCl 0–5 mL
a K2HPO4 alternatives K2HPO4·3H2O. b HCl acts as a pH regulator to maintain a solution pH of 7.40.
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The test sample size was 10 mm × 10 mm × 4 mm, and the Ti6Al4V substrate was
also used as the control. The volume of SBF solution required for the immersion of the
sample was calculated using the following Equation (8) [31]:

S/V = 0.05 cm−1 (8)

where S is the coating immersion area and V is the volume of SBF solution.
The duration of the SBF immersion tests were 6, 12, 24, and 48 h. An ICAP7400

inductively coupled plasma emission spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) was used to detect the concentrations of Ca and P in the solution for each immersion
period. The number of replicates for the ICAP test was three, and the average value of the
three tests was considered the final value. After 48 h of immersion, the morphologies of
the coating surface were observed by MIRA3 field emission scanning electron microscopy
(Tescan, Brno, Czech Republic); the elemental composition of deposition zone on the
coating surface was analyzed by energy dispersive spectroscopy (EDS, Oxford Inc., Oxford,
UK), and the phases of the deposition zone on the coating surface were analyzed by
micro-area diffraction (Rigaku Rapid IIR, Akishima City, Tokyo, Japan).

2.5. Mechanical Properties Test of the Coating
2.5.1. Microhardness Test

A HVS-1000Z automatic digital Vickers hardness tester was used to measure the
microhardness of the coating section. The load was 1.96 N and the load retention time was
20 s. The hardness of different areas along the depth direction of the coating section was
measured. The hardness in the same depth direction was tested three times, the average of
which was taken as the final value.

2.5.2. Wear Resistance Test

A TRB3 pin-disc friction and wear tester (Anton Paar, Graz, Austria) was used to test
the friction and wear properties of the coatings. The grinding pair used in the test was
an Al2O3 ceramic ball (diameter: 6 mm; hardness: 1650 HV0.2). The wear resistance test
parameters are listed in Table 4. At least three wear tests were performed for each test
condition. The wear volume of the coating could be obtained by observing the abrasion
contour with a VHX-5000 Ultra-depth microscope, and then applying Equation (9).

Vs = 2πr · A (9)

where Vs represents the wear volume, A is the wear area of the wear contour curve (mm2),
and r is the rotation radius of the grinding ball (mm).

Table 4. Experimental parameters of the wear test.

Parameter Value Unit

Load 5 N
Temperature 36.5 ± 1 ◦C

Wear time 30 mins
Rotation radius 3 mm
Rotation speed 400 r/min

3. Results and Discussion

3.1. Microstructure of the Coating
3.1.1. Phases of the Coating Surface

Figure 3 shows the X-ray diffraction pattern of the top surface of the multilayer
coating fabricated by the laser cladding process. The corresponding diffraction peaks,
crystal planes and phase mass fractions (RIR method) are listed in Table 5. It is seen that the
coating was mainly composed of Ca2P2O7, CaO, and CaTiO3. Among these compounds,
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Ca2P2O7 can achieve osseous binding with bone tissue after implantation in the human
body, and its binding strength is proportional to implantation time; additionally, it shows
good biocompatibility and bioactivity [32]. CaO is one of the components of bioactive glass.
Bioactive glass has good bioactivity, biocompatibility, and degradability, and is widely
used in dentistry, orthopedics, and as a drug carrier [33]. In addition, CaTiO3 has high
hardness and superior mechanical properties, and is also used as an intermediate material
to improve the adhesion between bioactive substances and metals [34,35].

Figure 3. X-ray diffraction pattern of Ca/P ceramic coating top surface.

Table 5. The phases of the coating surface and their corresponding diffraction peaks, crystal planes,
and phase mass fractions (RIR method).

Phase Pdf Card Diffraction Peaks/Plane
Mass Fraction

(%)

Ca2P2O7 09-0346 29.5◦/[0 0 8] 7.5

CaO 82-1691
37.4◦/[2 0 0] 64.2◦/[3 1 1]

65.6
54.0◦/[2 2 0] 67.4◦/[2 2 2 ]

CaTiO3 65-3287
33.3◦/[1 1 0] 59.5◦/[2 1 1]

26.9
47.8◦/[2 0 0] 69.9◦/[2 2 0]

The formation process of new phases of CaO, Ca2P2O7, and CaTiO3 is as follows.
Under irradiation via a high-energy laser beam, a molten pool is formed on the surface
of the preplaced powder layer. The HA powder then begins to decompose, releasing
water vapor and forming Ca3(PO4)2 and CaO. Through the process of heat conduction
and convection, the HA powder in the transition layer also decomposes and melts into
the molten pool, while elemental Ti in the transition layer and the titanium alloy substrate
also enter the molten pool. Ti is a rather reactive element, and reacts with HA and its
decomposition products, generating CaTiO3, CaO, Ca2P2O7, and other compounds. The
specific reaction equations are as shown as (10)~(16) below [35–37].

The formation mechanism of CaO, Ca2P2O7, and CaTiO3 can be qualitatively analyzed
by calculating the Gibbs free energy (ΔGθ) of the reactions listed below. According to
the thermodynamic manual of inorganic materials [38], the Gibbs free energy (ΔGθ) of
reactions (10)–(16) can be obtained as shown in Figure 4. The Gibbs free energies (10)–(16)
are all negative after the temperature reaches 1100 K, which proves that the above reactions
can occur spontaneously when the temperature reaches that point. Among them, reactions
(10), (11), (15) occur most readily, all of which yield Ca3(PO4)2. It was shown that HA
decomposes easily and reacts at high temperature, which is the main reason for the low
HA content in the cladding coating. In addition, as one of the decomposition products of
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HA, Ca3(PO4)2 will continue to react with Ti to form CaTiO3 and CaO. Therefore, the final
compositions of coating surface are mainly CaO, CaTiO3, Ca2P2O7.

Ca10 (PO4)6 (OH)2
1529.1K→ 3Ca3 (PO4)2 + CaO + H2O (10)

2Ca10 (PO4)6 (OH)2+ 5Ti → 5CaTiO3 + 5CaO + 2Ca3 (PO4)2 + 2Ca2P2O7 + H2O (11)

2Ca3 (PO4)2 +2Ti → 2CaTiO3 + 4CaO + P4O6 ↑ (12)

2Ca2P2O7 + 2Ti → 2CaTiO3 + 2CaO + P4O6 ↑ (13)

P4O6 + 3Ti → 3TiO2 + 4P (14)

Ca10 (PO4)6 (OH)2 + TiO2 → CaTiO3 + 3Ca3 (PO4)2 + H2O (15)

CaO + TiO2 → CaTiO3 (16)

Figure 4. Gibbs free energy of Equations (10)–(16).

3.1.2. Phases of the Coating Section

Figure 5a shows the cross-section morphology of the Ca/P ceramic coating prepared
by laser cladding. The coating consisted of two layers corresponding to the preplaced
multilayer powder. Figure 5b shows the microscopic morphology of the bioactive layer (BL),
which is mainly composed of dendritic granular grains. According to XRD (Figure 3) and
EDS energy spectrum analyses, the phase composition of the granular grains was CaTiO3.
Figure 5c shows the microscopic morphology of the transition layer (TL), which was mainly
composed of rod-like grains surrounded by a Ti matrix. Figure 6 shows the X-ray diffraction
pattern of the transition layer in the coating. The corresponding diffraction peaks, crystal
planes and phase mass fractions (RIR method) are listed in Table 6. According to the EDS
energy spectrum analysis, the rod-like grains were composed of Ti and P. According to the
X-ray diffraction of the transition layer, their corresponding diffraction peaks and crystal
planes, and the Ti-P binary phase diagram (as shown in Figure 7), it can be seen that the
rod-like crystals were eutectoid products of Ti3P and Ti.
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Figure 5. (a) Microstructure morphology of Ca/P ceramic coating section (b) bioactive layer (c) transition layer.

Figure 6. X-ray diffraction pattern of the phase of the transition layer.

Table 6. The phases of the transition layer in the coating and their corresponding diffraction peaks,
crystal planes, and phase mass fractions (RIR method).

Phase Pdf Card Diffraction Peaks/Plane Mass Fraction(%)

Ti 89-5009

35.1◦/[1 0 0] 63.1◦/[1 1 0]

50.6
38.4◦/[0 0 2] 70.7◦/[1 0 3]
40.2◦/[1 0 1] 76.3◦/[1 1 2]
53.0◦/[1 0 2] 77.5◦/[2 0 1]

Ti3P 89-2416

37.1◦/[3 2 1]
38.2◦/[1 1 2]
40.4◦/[4 0 1]
41.5◦/[1 4 1]

44.4◦/[2 2 2]
46.4◦/[3 1 2]
70◦6/[2 6 2]

49.4
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Figure 7. Ti-P binary phase diagram.

3.2. Biological Properties of the Coating
3.2.1. Biocompatibility

Figure 8 shows the cell morphology of MG-63 cells cultured on the substrate (control
group) and the coating surface for 1 day, 3 days, and 5 days. The biocompatibility of the
coatings could be evaluated by comparing the morphology and number of cells on the
surface of the substrate and coating. After 1 day of culture, the cells began to spread and
adhere to the surface of the substrate and coating, and showed a spindle shape. After 3 days
of culture, the number of cells on the surface of both the substrate and coating increased
significantly, and the cells began to appear pseudopodia, which may have promoted cell
adhesion and migration [39]. After 5 days of culture, the number of cells on the substrate
and coating was further increased, and the cells were tiled on the surfaces.

Figure 8. Morphology of MG-63 cells cultured on substrate (a–c) and coating (d–f) after 1, 3 and 5 days.
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Figure 9 shows the quantitative statistics of the active MG-63 cells after 1, 3, and 5 days
of culture on the surface of the substrate and coating. From a statistical point of view, there
was no significant difference in the number of cells between the Ca/P ceramic coating
surface and the substrate surface, indicating that the prepared Ca/P ceramic coating also
had good biocompatibility.

Figure 9. Quantitative statistics of active MG-63 cells after 1, 3, and 5 days of culture on the surface
of the substrate and coating (ns stands for no significant difference).

3.2.2. Bioactivity

Figure 10 shows the micromorphology of the deposition on the Ti6Al4V surface
(control group) and Ca/P ceramic coating surface after immersion in simulated body fluid
(SBF) for 48 h. The bioactivity of the coatings was evaluated by comparing their ability
to induce deposition of apatite layers in simulated body fluids. Figure 10a shows that
there was only a little bit of granular deposition on the Ti alloy surface. Spectrum A shows
that particle A comprised a granular deposition composed of Ca, P, O, and other elements,
in which the atomic ratio of Ca to P was 1.41. Spectrum B shows that particle B was
composed of Ca, C, and O, while no P was detected. Except for the deposition of a small
number of particles, there was no obvious change on the Ti6Al4V surface before and after
immersion. Figure 10b shows the micromorphology of the deposition layer on the surface
of the Ca/P ceramic coating. The deposition layer was composed of a large number of
spherical particles, which is a characteristic morphology of apatite [26,40]. Spectrum C
and D show that the deposition layer was composed of Ca, P, and O, in which the atomic
ratios of Ca and P were 1.7 and 1.36, respectively. To further prove the existence of apatite,
the phases of the coating surface were detected before and after immersion, as shown in
Figure 11. The CaO phase in the coating disappeared after immersion, and the diffraction
peak intensity of Ca2P2O7 decreased. In addition, the ceramic coating surface did not have
an HA phase before immersion, while the deposition layer of ceramic coating did after 48 h
of immersion, indicating that the coating could induce the deposition of apatite.
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Figure 10. Micromorphology of surface deposits of substrate (a) and Ca/P ceramic coating (b) after 48 h of immersion in
SBF solution.

Figure 11. X-ray diffraction pattern of Ca/P ceramic coating before and after SBF immersion.

Figure 12a,b show the concentration fluctuations of Ca and P in the immersion solution
and the variation rate of these elements throughout the immersion period, respectively.
Each point in Figure 12a is the average value of the Ca or P concentrations obtained from
three ICAP tests. The average value was used to obtain the variation rates of Ca and P,
as shown in Figure 12b. As shown in Figure 12a, during the immersion period of 0–12 h,
the concentration of Ca in the coating immersion solution was higher than that of the SBF
standard solution, while the concentration of P was lower than that of the SBF standard
solution, indicating that the dissolution of the coating phase and the precipitation of
solution element occurred simultaneously at this stage, and that the dissolution rate of Ca
was higher than the precipitation rate. In contrast, the dissolution rate of element P was less
than the precipitation rate. During the immersion period of 12–24 h, the deposition rate of
the solution was higher than the dissolution rate of the coating, which was reflected by the
decrease of the concentrations of Ca and P in the solution. During the immersion period of
24–48 h, the deposition rate of the solution was less than the dissolution rate of the coating,
as reflected by the increase in the concentrations of Ca in the solution. There are two
possible reasons for the increase of Ca ion concentration at 48 h. On the one hand, apatite
deposition is a dynamic process that occurs simultaneously along with dissolution and
precipitation [41]. On the other hand, in the process of apatite-induced deposition, some
intermediate products are produced, including ACP amorphous apatite, ACPP amorphous
calcium pyrophosphate, etc. These intermediate products are precursors of HA, which
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may release Ca ions during the process of conversion to HA. The hydrolytic conversion of
amorphous calcium phosphate into apatite accompanied the sustained release of calcium
and orthophosphate ions [42,43]. However, during the immersion period of the Ti6Al4V
alloy, the concentrations of Ca and P in the solution continued to decrease slowly, and the
Ti6Al4V alloy did not show any ion exchange with the SBF solution.

Figure 12. Concentrations of Ca and P in the immersion solution (a), the variation rate of the elements
(b) during the immersion period of the coating and Ti6Al4V alloy.

Figure 12b shows the variation rates DC and DP of Ca and P ions in the solution
during the immersion process of the Ti6Al4V substrate and coating:

DPn = Pn+1 − Pn/Pn (17)

DCn = Cn+1 − Cn/Cn (18)

where DPn is the variation rate of the concentration of P ions in the period from tn to tn+1,
and DCn is the variation rate of the concentration of Ca ions in the period from tn to tn+1.
Time t1, t2, t3 and t4 correspond to 6 h, 12 h, 24 h and 48 h, respectively. It can be seen
from Figure 12b that ion exchange occurred between the coating and SBF solution during
the immersion period, while the Ti6Al4V alloy did not show ion exchange with the SBF
solution. In addition, the variation rates of the Ca and P concentrations in the coating
immersion solution were much higher than in the Ti6Al4V alloy immersion solution, that
is, the deposition rate of elements in the coating immersion solution was higher than in
the Ti6Al4V alloy immersion solution. This is consistent with the SEM observation that
less deposition had occurred on the surface of the Ti6Al4V alloy, while significant apatite
deposition had occurred the coating surface.

Therefore, according to the ICAP, SEM, and XRD test results, it can be concluded that
the Ca/P ceramic coating has the ability to induce hydroxyapatite, and has good bioactivity,
while the titanium alloy substrate has no biological activity. This is attributed to the fact
that only one deposition mode occurred during the immersion period of the titanium alloy,
i.e., component nucleation, while two deposition modes occurred during the immersion
period of the coating, i.e., component nucleation and structure nucleation.

During the immersion process of the titanium alloy, due to the molecular movement of
saturated Ca2+ and PO3−

4 in SBF solution, the solution locally reached the nucleation site of
the components, and then the component nucleation deposits; however, the deposition was
slow, so there was far less deposition on the surface of titanium alloy. However, during the
immersion process of the coating, active substances CaO and Ca2P2O7 formed nucleation
sites containing -OH on the surface of the coating through hydrolysis, promoting the
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adsorption of Ca2+ and PO3−
4 in succession, and inducing the nucleation and growth of

apatite, that is, structural nucleation deposition. At the same time, the Ca2+, PO3−
4 , and

OH− dissolved in the coating reached a supersaturated state in the solution, accelerating
the movement of molecules and allowing the solution to more rapidly reach the nucleation
sites of the components, so that apatite component nucleated out, as shown in Figure 13.
Thus, after immersion for 48 h, an apatite deposition layer formed on the surface of the
coating. The dissolution and precipitation equations are as follows [40,44,45]:

CaO + H2O → Ca2+ + OH (19)

Ca2P2O7 + H2O → Ca2+ + PO4
3 (20)

OH− + Ca2+ + PO4
3− → Ca10(PO4)6(OH)2 (21)

Figure 13. Schematic diagram of coating induced deposition of apatite.

3.3. Mechanical Properties of the Coating
3.3.1. Microhardness

Figure 14 shows the microhardness distribution of a ceramic coating section in the
direction of depth. In the direction of depth, the sample can be divided into three regions:
a coating zone (BL, TL), heat affected zone (HZ) and substrate zone (TS). In the coating
area, the bioactive layer (BL) thickness was about 0.2 mm, the average microhardness
was 440 HV0.2, the transition layer (TL) thickness was about 0.4 mm, and the average
microhardness is 889.75 HV0.2. The thickness of the heat-affected zone with an average
microhardness of 655.67 HV0.2 was about 0.3 mm, and the microhardness showed a de-
creasing trend within this range. The average microhardness of the substrate is 340 HV0.2.
The results show that, compared with the substrate, the microhardness of the bioactive
layer and the transition layer had increased by 24.1% and 161.7%, respectively. This was
due to the formation of the hard phase CaTiO3 in the bioactive layer and the eutectoid
products Ti3P and Ti in the transition layer. This indicates that the coating not only ensured
good biocompatibility and bioactivity, but also achieved a significant improvement in
hardness compared with the Ti6Al4V substrate and the related coatings, as reported by
Bajda et al. [9] and Pei.

Figure 14. Microhardness distribution diagram of coating section along depth direction.
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3.3.2. Wear Resistance

The wear contour curves of the Ti6Al4V alloy (control group) and coating are shown in
Figure 15a, and the wear volumes taken from three repeated tests are shown in Figure 15b.
The friction and wear properties of the coating can be evaluated by analyzing the wear
contour and volume of both the coating and Ti6Al4V alloy. The average wear-section
width and depth of the Ti6Al4V alloy were 1570 μm and 44 μm, respectively, and that
of the coating were 1190 μm and 35 μm, respectively. The wear volume of the Ti6Al4V
alloy was 0.829 mm3, while that of the coating was 0.471mm3. The variation of the wear
volume conformed to the Holm-Archard wear law [46], that is, wear volume is inversely
proportional to hardness. The results showed that the wear volume of the ceramic coating
was reduced by 43.2% relative to the Ti6Al4V alloy, and therefore, that the ceramic coating
had better wear resistance.

Figure 15. The wear contour curves (a) and wear volume (b) of Ti6Al4V alloy and coating.

4. Conclusions

A multilayer Ca/P bioactive ceramic coating was prepared on the surface of a Ti6Al4V
alloy by the application of a laser cladding technique. The biocompatibility and bioactivity
of the coating were evaluated by in vitro cell culture and simulated body fluid immersion
tests, respectively. The wear resistance of the Ca/P ceramic coating was evaluated by
microhardness and wear tests. The main conclusions are as follows:

1. The multilayer Ca/P bio-ceramic coating was mainly composed of CaO, CaTiO3,
Ca2P2O7, Ti3P, and other phases.

2. The multilayer Ca/P bio-ceramic coating exhibited biocompatibility equal to that of
Ti6Al4V alloy, which is widely used in the field of medical implants.

3. The multilayer Ca/P bio-ceramic coating had good bioactivity in vitro, and could
induce and deposit hydroxyapatite on its surface when immersed in SBF solution.
Specifically, the coating showed obvious ion exchange during the immersion period,
whereas the titanium alloy substrate did not.

4. The multilayer Ca/P bio-ceramic coating showed better microhardness and wear
resistance than the Ti alloy substrate. Compared with the substrate (340HV0.2), the
microhardness of the bioactive layer (440HV0.2) and the transition layer (889.75 HV0.2)
increased by 24.1% and 161.7%, respectively. Additionally, the wear volume of the
coating was 0.471 mm3, i.e., 43.2% less than that of Ti6Al4V alloy (0.829 mm3).
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Abstract: Stainless steel has been the most demanded material for surgical utensil manufacture due
to superior mechanical properties, sufficient wear, and corrosion resistance. Surgical grade 420A
stainless steel is extensively used for producing sophisticated surgical instruments. Since these
instruments are used under bright light conditions prevalent in operation theatres, the reflection
from the material is significant which causes considerable strain to the eye of the surgeon. Surgical
instruments with lower reflectance will be more efficient under these conditions. A low reflective thin
-film coating has often been suggested to alleviate this inadmissible difficulty. This paper reports the
development of an optimum parametric low reflective magnetite coating on the surface of SS 420A
with a black color using chemical hot alkaline conversion coating technique and its bioactivity studies.
Coating process parameters such as coating time, bath temperature, and chemical composition
of bath are optimized using Taguchi optimization techniques. X-ray photoelectron spectroscopy
(XPS) analysis was used to identify the composition of elements and the chemical condition of the
developed coating. Surface morphological studies were accomplished with a scanning electron
microscope (SEM). When coupled with an energy-dispersive X-ray analysis (EDAX), compositional
information can also be collected simultaneously. Invitro cytotoxicity tests, corrosion behavior, the
effect of sterilization temperature on adhesion property, and average percentage reflectance (R) of
the developed coating have also been evaluated. These results suggest adopting the procedure for
producing low reflective conversion coatings on minimally invasive surgical instruments produced
from medical grade 420A stainless steel.

Keywords: magnetite; conversion coating; optimization; invitro cytotoxicity; corrosion

1. Introduction

Martensitic stainless steel of grade 410, 420A, 420B, and 420C has been widely used
for the manufacturing of cutting and non-cutting surgical instruments [1,2]. In addition to
biocompatibility, martensitic stainless steel has high strength, hardness, stiffness, rigidity,
resilient, and non-corrosive nature [3]. Titanium (Ti) and its alloys are also used in various
biomedical applications. Conventional as well as modern surface modification technologies
have emerged in the recent decades. The mechanical, chemical, and biological properties
are improved by adopting various surface modification methods. Conventional methods
like sand blasting, alkali treatment, and plasma treatment have minor enhancements
in the surface properties due to the intricate geometry of the work piece. To overcome
these kinds of limitations, many modern surface modification methodologies such as
laser surface modification, physical vapor deposition (PVD), and plasma spray-PVD show
better performance in surface properties [4]. Key-hole or laparoscopic surgeries have
been the focus of the emerging medical advancements. A detailed review of different
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laparoscopic surgical staplers and mechanical components such as gears, links, pivots,
and sliders used in performing their required functions is available. This aids in the
identification of individual mechanisms used for certain tasks. It will make it easier to
grasp the interrelationships between each sub-component that is required or will be used to
complete difficult tasks [5]. Minimally invasive surgical instruments are generally made of
420A grade stainless steel. High intensity bright lights are used during minimally invasive
or key-hole surgeries to improve the efficacy of surgeon by enhancing proper visualization
of the operating field. But the reflection of incident light from the top layers of instruments
hinders surgeon’s visual field and leads to lack of precision in key-hole surgeries [6]. Low
reflective top layers are key to reducing the disturbances caused due to reflection from
bright surgical surfaces [7]. Conversion coating techniques are a widely used method
for blackening ferrous materials. Hot aqueous alkaline process is a chemical conversion
coating process. In such a process, the substrate surface is converted to black color due to
chemical reaction between metal and molten salts, salt solution having an alkaline nature or
with air at elevated temperatures [8]. The oxide layers developed on the substrate surface
does not change the chemical state of the underlying surface.

In recent years various techniques have been adopted for blackening materials for
different applications. Solar absorber made of AISI 316L has been deposited with a black
coating using electrochemical deposition technique to reduce reflection [9]. Grey cast
iron used for manufacturing electric stove was blackened by using a mixture of sodium
hydroxide and sodium nitrate. The major component of the black oxide layer was magnetite
and this oxide layer protects the hot plates of the electric stove [10]. The chemical conversion
coating process has also been utilized to develop black formation on copper and its alloys.
These coatings enhance bonding strength between copper and various polymers [11,12].
The anodizing method has been adopted to modify AZ31 Mg alloys to enhance corrosion
resistance and biocompatibility, especially used for biomedical devices [13]. Electroless
nickel coating technique has also been adopted to produce coating on the substrate surface
to improve various properties of the base material [14]. A black film of titanium aluminum
nitride and titanium carbon nitride has been produced on the stainless steel by physical
vapor deposition which reduced the undesired light reflection, especially for minimally
invasive surgical instruments [3,6]. Diamond-like carbon (DLC) coating has been developed
on surgical instruments to enhance the intracorporeal instrument surface and durability of
devices by using ionized evaporation method [15]. Despite the fact that many methods
for coating metals with black oxide have been established, the scope of reducing reflection
from surgical grade 420A stainless steel, which is extensively used for surgical instruments,
has not been studied at length.

This paper reports the development of a black iron oxide (magnetite, Fe3O4) coating
on the SS 420A surface using a hot aqueous alkaline treatment technique having a black
color. The coating parameters such as coating duration, chemical composition of bath,
temperature of salt solution, pickling effect, and pH value influence the anti-reflection
characteristics of the coating developed [11,16–19]. Taguchi optimization technique was
used to obtain optimal parameter low-reflective coating on the substrate surface. The XPS
analysis, SEM analysis invitro toxicity, corrosion behavior, and sterilization effect of the
developed coating were also studied extensively as a part of this research work.

2. Methodology

2.1. Sample Preparation and Coating Procedure

Surgical grade 420A stainless steel sample with the size of 25 mm × 25 mm × 3 mm
has been produced from the ingot. The impurity from the surface was removed by blasting
process. Glass beads with 60–80 screen size and 0.250–0.180 mm grain size were employed
for an efficient blasting process. Further, it was degreased using an alkaline solution. The
sample was pickled by using 20% dilute hydrochloric acid and cleaned in running water.
For each experimental trial, laboratory-grade sodium hydroxide (NaOH), sodium nitrate
(NaNO3), and sodium dichromate (Na2Cr2O7)—(Nice Chemicals Ltd., Kerala, India) were
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dissolved in distilled water to prepare alkaline salt solution. The prepared alkaline mixture is
poured into a stainless steel bath. The temperature of the bath can be controlled by using a
regulator circuit together with a heating coil capable of heating 200 ◦C. Further, the samples
were immersed inside the alkaline bath for the coating process. The Equations (1)–(3) describe
the chemical reactions between stainless steel 420A and as prepared alkaline salt solution
which causes the formation of magnetite. Further, the samples were cleaned in de-ionized
water and allowed to dry in the air.

4Fe + NaNO3 + 5NaOH → 3Na2FeO2 + FeO + H2O + NH3 (1)

7Fe + 5Na2FeO2 + Na2Cr2O7 + 2NaNO3 + 5NaOH + 13H2O
→ 3Fe3O4 + Fe2O3 + FeO + 2Cr(OH)3 + 19 NaOH + 2NH3

(2)

7Fe + 5Na2FeO2 + Na2Cr2O7 + 2NaNO3 + 13H2O
→ 3Fe3O4 + Fe2O3 + FeO + 2Cr(OH)3 + 14NaOH + 2NH3

(3)

The ranges of coating parameters of the hot alkaline conversion treatment process were
fixed by conducting numerous trials. The development of a homogeneous coating on the SS
420A surface is reliant on different coating variables, such as coating time, bath temperature,
and chemical composition of salt solution. The alkaline salt solution is prepared by varying
the weight percentage (wt.%) of sodium dichromate in the composition. Three different
wt.% of sodium dichromate were considered. Wt.% of 250, 300, and 350 g/L were fixed after
conducting the number of trial experiments. It was seen that no uniform black color coating
was formed at less than 250 g/L and the coating changed into golden yellow color when
we used more than 350 g/L. The coating time was adjusted between 50 and 60 min and
the bath temperature was regulated between115 and 125 ◦C. Experimental trials showed
that lower bath temperature and duration in alkaline solution produced non-uniform black
traces on the substrate surface. The duration and bath temperature above 60 min. and
125 ◦C lead to a change in color, which is undesirable. The wt.% of sodium hydroxide,
sodium nitrate, and the pH value of the bath are maintained at constant values of 400 g/L,
320 g/L, and 8 respectively. The images of non-coated and coated stainless steel 420A
substrate is as shown in Figure 1. The average percentage reflection (R) is a measurement of
the amount of light reflected in the visible region from the substrate surface. A Varian Cary
5000 UV-VIS-NIR spectrophotometer (spectral range of 175–3300 nm, Agilent Technologies,
Santa Clara, CA, USA) was used to measure the reflection of incident light (visible range)
from the coated surface.

Figure 1. Non-coated and coated stainless steel 420A substrate.

2.2. Taguchi Design of Experiments

To determine the optimal parameter combination for minimizing the average percent-
age reflection (R), Taguchi orthogonal array (OA) was utilized. The coating time (D), bath
temperature (T), and weight % of sodium dichromate (C) are selected as control elements
and their levels are as shown in Table 1. The signal-to-noise (S/N) ratio was performed
using Minitab-17 software. It is mainly categorized according to the required output char-
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acteristics, that are lower-the-better, higher-the-better, or nominal-the-better [20]. Average
percentage reflectance (R) should follow lower-the-better criteria, since lower R value is ap-
preciable to obtain a low-reflective coating on SS 420A substrate surface. Higher-the-better
condition is adopted to obtain the optimum combination of control factors from the main
effect plot [21]. Since a high S/N ratio value indicates the optimum coating parameters in
order to avoid the experimental noises as much as possible. Analysis of variance (ANOVA)
and regression analysis were also conducted. Contour plots were used to investigate the
relationship of output characteristics and two different control variables by analyzing
discrete contours [22]. A conventional L9 OA for a 3 parameters 3 levels are as given in
Table 2.

Table 1. Selected parameters and experimental levels.

Input Parameter Symbol
Levels

A B C

Coating Time (min) D 50 55 60
Bath temp (◦C) T 115 ± 2 120 ± 2 125 ± 2

Wt.% of sodium dichromate (g/L) C 250 300 350

Table 2. The L9 OA, experimental results for avg. percentage reflectance.

Sample Code
OA

Avg. Percentage
Reflectance

S/N Ratio

D T C R (%) R (dB)

I 1 1 1 9.75 −19.7801
II 1 2 2 9.64 −19.6815
III 1 3 3 7.93 −17.9855
IV 2 1 2 9.01 −19.0945
V 2 2 3 8.21 −18.2869
VI 2 3 1 8.27 −18.3501
VII 3 1 3 7.9 −17.9525
VIII 3 2 1 9.04 −19.1234
IX 3 3 2 7.93 −17.9855

2.3. X-ray Photoelectron Spectroscopy (XPS)

XPS was used to identify the compositional and chemical states of the coating pro-
duced on the SS 420A substrate.Spectrum were plotted using a XPS, PHI 5000 Versa Probe
II, (ULVAC-PHI Inc, Hagisono, Japan) having test parameters with beam spot of 200 μm,
power of 15 KV monochromatic X-ray stimulation source Al-Kα (hv=1486.6 eV). Survey
scans were recorded with an X-ray source power of 50 W and pass energy of 187.85 eV.
High-resolution spectra of the major elements were recorded at 46.95 eV pass energy. The
morphological studies and elemental composition of the coating were also analyzed using
a scanning electron microscope (JEOL Model JSM-6390LV, JEOL, Tokyo, Japan) equipped
with an energy dispersive X-ray analysis (EDAX, Oxford XMX N, Wiesbaden, Germany).

2.4. Cytotoxity Assessment

Direct extract method according to ISO 10993-5 standard was used for invitro cyto-
toxicity assessment [23,24]. The L-929 cell line was used for the study. The coated and
non-coated substrates were disinfected by autoclaving before conducting the assessment.
The cultures were incubated in a minimum essential medium (MEM) supplemented with
fetal bovine serum (FBS) for 24–26 h at 37 ◦C. For extract preparation, the disinfected speci-
mens were submerged in the culture medium for 72 ± 2 h and kept at 50 ± 2 ◦C. Positive
and negative controls were prepared by diluting phenol solution and incubating ultra-high
molecular weight polyethylene (UHMWPE) for 72 ± 2 h at 50 ± 2 ◦C with culture medium.
The prepared extract was adjusted to 100, 50, and 25 percentages respectively by mixing
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the very similar cell culture. To determine the cytotoxic effects, various concentrations of
test samples as well as positive and negative controls were seeded on the L-929 cell line
and kept at 37 ± 1 ◦C for 24–26 h. The cellular reaction was investigated by analyzing the
incubated cells cultured with positive, negative, and test controls using a microscope.

2.5. Corrosion Analysis

Quantitative assessment of corrosion was investigated using potentiodynamic polar-
ization (PDP) tests according to ASTM standard G5-94 [25]. A standard three-electrode
with 250 mL capacity cell was used for corrosion analysis. The electrochemical workstation
was fitted with saturated calomel electrode (SCE) as the reference electrode, and platinum
was employed as auxiliary electrode respectively. Coated, non-coated (control) SS 420A
samples were used as working electrode during corrosion test. The electrolyte used for
performing corrosion analysis was simulated body fluid (SBF) having a pH of 7.4 to cre-
ate a natural tissue environment. The methodology adopted to create SBF was Kokubo
method [26,27]. The SBF electrolyte was regulated at a temperature of 37 ± 1 ◦C.

A 1-cm2 area of the working electrode was kept in contact with the prepared electrolyte.
The specimens were allowed to remain in contact with the solution for duration of 3600 s
until a constant open circuit potential (OCP) was achieved. The OCP was increased from
an initial value of −1000 mV to1000 mV. The sweep rate was set at 0.0005 mV/s. After
conducting the potentiodynamic test on both the coated and non-coated SS 420A, Tafel
extrapolation was conducted on polarization curves to calculate the corrosion current
density (Icorr). The other corrosion parameters were measured to verify the corrosion
resistance properties of non-coated and coated samples.

The ASTM B117 standard was followed for performing the salt spray test [28]. The
reliability of the test is extremely influenced by the specimen type, evaluation criteria
selected, and operating variables. The solution was formed by dissolving 5 ± 1 parts
by mass of NaCl in 95 parts of water. The specific gravity and pH value was kept be-
tween 1.0268–1.0413 and 6.5–7.2 at 35 ◦C. During the testing, samples were exposed to a
temperature of 35 ± 2 ◦C in the salt spray chamber for 24 h.

2.6. Repeated Sterilization and Morphology Studies

A repeated sterilization test was performed as per ISO 17665-1 standard for assessing
the effect of sterilization temperature on the adhesion property of the black oxide coat-
ing [29]. In the conventional method, the temperature of the steam varies from 121–134 ◦C
for a period of 15−21 min to ensure adequate sterilization. In rapid cycle, the samples were
held at 134 ◦C for 3 min in an autoclave. To complete the sterilization process, samples
were later allowed to cool. The entire sterilization procedure requires 45 min to one hour.
Moreover, surface morphological studies of optimal parameter combination black oxide
(Fe3O4)-coated SS 420A sample were accomplished with a scanning electron microscope
(JEOL Model JSM-6390LV, JEOL, Tokyo, Japan).

3. Results and Discussion

3.1. Process Parameter Optimization

Table 2 shows the observed responses for different combinations of trials as well as
the computed S/N ratios corresponding to avg. percentage reflectance (R). The obtained
avg. S/N ratios for each level of input parameters are tabulated in Table 3. The ranks
are assigned based on the statistical delta values. The parameter corresponding to the
highest rank has a major influence on the coating process. From Figure 2, the highest mean
S/N ratio for avg. percentage reflectance correspond to 60 min. coating time, 125 ◦C bath
temperature, and 350 g/L wt.% of sodium dichromate. Therefore, the predicted optimal
parameter combination for getting low avg. reflectance using Taguchi method were found
as D = 60 min., T = 125 ◦C, and C = 350 g/L and it is represented as D3-T3-C3.
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Table 3. Avg. S/N ratios for reflectance.

Level D T C

1 −19.15 −18.94 −19.08
2 −18.58 −19.03 −18.92
3 −18.35 −18.11 −18.07

Delta 0.8 0.92 1.01
Rank 3 2 1

Figure 2. Mean effect plot for reflectance(R).

Table 4 shows the conformation test results for verifying Taguchi’s estimated avg.
reflectance parameter combination. When comparing S/N ratios of estimated and optimum
process parameters, it was found that they were almost identical. On comparing the S/N
ratio value of the preliminary parameter combination, an improvement of 2.217 dB was
noticed for the Taguchi estimated parameter combination. Additionally, the %R value
decreased by 29.21% with respect to the preliminary parameter combination. Hence, the
estimated ideal combination was adopted to produce an excellent low-reflective coating on
stainless steel 420A with the least R value.

Table 4. Confirmation test for Taguchi predicted optimum parameter combination.

Output Characteristics Preliminary
Parameter Combination

Optimal Combination of Parameter

Predicted Values Experimental Values

Level D1-T1-C1 D3-T3-C3 D3-T3-C3
Avg. reflectance (%) 9.75 D3-T3-C3 7.546

S/N ratio (dB) −19.7801 −17.1491 −17.5631
S/N ratio enhancements (dB) 2.217 - -

Percentage decrement in R 29.21% - -

Analysis of variance (ANOVA) results were obtained corresponding to the output
characteristics and summarized in Table 5. The p values corresponding to input parameters
clearly depict the considerable influence of parameters during magnetite formation on
SS 420A. The contributions of each parameter in terms of percentage were calculated and
wt.% of sodium dichromate has remarkable influence in the formation of magnetite.

Equation (4) shows the mathematical model was formulated between output char-
acteristics and input variables using regression analysis. The corresponding R-sq value
is 85.41%, which denotes the effectiveness of the developed linear regression equation in
predicting R within the given input range. The confirmation tests were also conducted to
verify the validity of the developed mathematical model. Taguchi predicated optimum
combination was considered as input values and the obtained results are summarized
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in Table 6. From the table, it is observed that, the R value predicted by the formulated
mathematical model is nearer to the experimental results, which is desirable.

Avg. percentage reflectance (R) = 26.26 − 0.0817 × (D) − 0.0843 × (T) − 0.01007 × (C) (4)

Table 5. ANOVA results for average reflectance value (R).

Parameters DF SS MS F P
%

Contribution

Coating time (D) 2 1.08179 0.54088 224.33 0.004 24.55
Bath temp (T) 2 1.56349 0.78174 324.23 0.003 35.49

wt.% of Na2Cr2O7 (C) 2 1.75582 0.87991 364.11 0.003 39.85
Error 2 0.00482 0.00241 - - -
Total 8 4.40589 - - - -

Table 6. Validation of developed mathematical model.

Coating
Characteristics

Optimal Parameter
Combination

Predicted Value
Experimental

Value

Reflectance (R) D3-T3-C3
(60 min, 125 ◦C, 350 g/L)

7.296% 7.546%

Figure 3A–C shows the contour plots that illustrate the desirable average percentage
reflectance and corresponding control factors. It is seen that higher bath temperature,
longer coating duration, and larger wt.% of sodium dichromate lead to generate coating
with low reflectance.

Figure 3. Cont.
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Figure 3. (A) Effect of bath temperature and duration of coating on reflectance. (B) Effect of wt.% of
sodium dichromate and duration of coating on reflectance. (C) Effect of wt.% of sodium dichromate
and bath temperature on reflectance.

3.2. XPS Analysis of Coating

The surface survey according to XPS indicated the presence of C 1s (85.3%), O 1s
(14.1%), Fe 2p3 (0.4%), and Cr 2p3 (0.17%) as in Figure 4. Figure 5A,B represents the
high resolution spectrum of C 1s and O 1s. The Fe 2p3/2 spectrum was fitted with major
and minor peaks of Fe3+ and Fe2+ corresponding to the binding energy of 712.4 eV and
709.9 eV as shown in Figure 5C and it is well in accordance with the values of magnetite
found. The details about FeO and γ-Fe2O3 can be provided easily by separating the
corresponding satellite structure [30]. Therefore, the developed black oxide coating is
magnetite (Fe3O4) [31,32]. The high-resolution spectrum of Cr 2p3/2 displays metallic
species of Cr and formation of Cr2O3 corresponding to 573.6 eV and 576.1 eV respectively
as in Figure 5D. The multiplet splitting at Cr 2p3/2 peak is only because of the presence of
chromic oxide (Cr3+) since only trivalent chromium out of the possible oxides of Cr shows
pronounced multiplet splitting [33]. To ensure the presence of chromium, the elemental
composition of the coating is also analyzed by SEM-EDAX. From Figure 6, the presence of
chromium is ensured in the developed coating.

Figure 4. The XPS survey spectra recorded from a thin film magnetite on SS 420A.
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Figure 5. The XPS high-resolution spectrum from the fractured surface of coated sample (A) C 1s,
(B) O 1s, (C) Fe 2p3/2, (D) Cr 2p3/2.

Figure 6. Microstructure and EDAX spectra of Fe3O4-coated SS 420A.

3.3. In Vitro Cytotoxicity Study

Cellular response of L-929 cell line cultured with extracts of different samples was
graded and evaluated. The cytotoxicity was evaluated by comparing the cell response
grade of test samples with negative and positive controls. Negative and positive controls
gave grades 0 and 4 as expected. The three diluted extracts, 100%, 50%, and 25% of non-
coated (control) and coated SS 420A samples have given a grade of 2, which is acceptable by
ISO 10993-5 [23,24]. Figure 7A–F are the microscopic images of the L-929 cell line exposed
for a duration of 24 h with 100%, 50% and 25% proportions of extracts of non-coated and
coated SS 420A. From the figure, it has been shown that up to 50% of cells are round, devoid
of cytoplasmic fine particles, showing no cellular lysis, with vacant spaces between cells.
These findings suggest that the developed low reflective chemically formed magnetite on
stainless steel 420A is non-toxic.
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Figure 7. Microscopic image of L-929 cells exposed to different proportions (100%, 50% and 25%) of extract media of (A–C)
non-coated SS 420A (D–F) coated SS 420.

3.4. Potentiodynamic Polarization and Salt Spray Studies

The corrosion behavior of control and coated SS 420A was evaluated using an electro-
chemical workstation together with simulated body fluid (SBF) environment and repeated
at least three times. The polarization curves for different samples are given in Figure 8.
The measured electrochemical parameters from PDP curves are tabulated in Table 7. From
the table, it was noticed that corrosion current density (Icorr) having a strict linear relation-
ship with corrosion rate (CR). Thus, the lower the Icorr value the greater the resistance to
corrosion [34]. Hence the magnetite over-layered SS 420A sample has slight improvement
in resistance to accelerated corrosion. Moreover, the higher Ecorr value of magnetite layered
SS 420A, indicates chemical inertness and the lowest corrosion tendency. The measured Rp
value also indicates that the coated substrate shows slight improvement against applied ac-
celerated corrosion compared to the non-coated SS 420A. The corrosion resistance of coated
samples was also verified by the salt spray test. Samples were visually inspected and no
rust was formed after 24 h test and it shows the developed coating can withstand corrosion.

Figure 8. Potentiodynamic polarization curves of non-coated (control) and coated SS 420A.
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Table 7. Polarization parameters of coated and non-coated SS 420A in SBF.

Sample

Corrosion Parameters

Ecorr

(mv)
Icorr

(mA/cm2)
βa

(mV·decade−1)
βc

(mV·decade−1)

Rp

(Ω Cm2)

Corrosion
Rate (mm/y)

SS 420A Coated Sample −283.57 0.0239 −910.88 392.74 8855.7 0.310
SS 420A Non coated

(Control Sample) −308.51 0.0351 −863.36 379.16 8029.1 0.413

3.5. Effect of Repeated Sterilization on Coating

The SEM images (20 kV and 1000× magnification) of coated samples before and after
conducting 100 cycles of repeated sterilization as per ISO standards are shown in Figure 9.
No damages like discoloration peel off were observed after the repeated autoclaving pro-
cess. From Figure 9B, minor stress relief cracks were observed. This is due to sudden
cooling of the coating and the substrate from treatment temperature to room tempera-
ture [35]. If the developed coating detaches due to the sterilization temperature from the
instrument during the surgery, it can lead to serious damages to surrounding tissues. The
average percentage reflectance (R) value was measured to analyze the effect of repeated
sterilization on coatings. The average percentage reflectance graph of coated SS420A before
and after steam sterilization is given in Figure 10A,B. The measured average percentage
reflectance value of coated substrate before steam sterilization is 7.546%. From Figure 10B,
the coating exhibits excellent antireflective property with a minimum R value in the visible
region of 8.32% after undergoing100 cycles of repeated sterilization on uniform black
magnetite forming SS 420A. There is smaller variation in the R value of coated sample
before and after repeated sterilization procedure. Even though the reflection of light com-
paratively is much lesser than not coated SS 420A. This indicates, repeated sterilization
does not adversely affect the antireflective property of the developed coating.

Figure 9. SEM images of coated SS 420A (A) before sterilization (B) after 100 cycles of sterilization.
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Figure 10. The average percentage of reflectance in the visible region (A) before steam sterilization
(B) after 100 cycles of steam sterilization.

4. Conclusions

A low reflective black iron oxide (magnetite) coating was produced on stainless steel
420A using chemical hot aqueous alkaline conversion coating technique. The coating
parameter values of alkaline conversion coating process were optimized using the Taguchi
optimization technique. The optimum coating parameter combination for minimum
average percentage reflection (R) value is obtained as D3-T3-C3 (D = 60 min., T = 125 ◦C
and C = 350 g/L). The R value of uniform black coated SS 420A is reduced to 7.546% from
a value of 56.14% of non-coated samples. It is seen that the chemical composition of bath
and bath temperature has greatest impact in magnetite formation on SS 420A. This coating
reduces the undesired difficulties of surgeons due to scattering and reflection of incident
light in the visible spectrum from the exteriors of surgical equipment manufactured by SS
420A. The developed coating was characterized using XPS analysis and the formation of
magnetite (Fe3O4) was identified. An invitro cytotoxicity test was performed using the
L-929 cell line and confirmed the non-toxic behavior of the developed coating. Corrosion
studies showed that magnetite layered SS 420A has better corrosion resistance properties
than the non-coated substrate. A repeated sterilization test was conducted to measure
the ability of the developed coating to withstand the sterilization process. The average
percentage reflectance (R) value slightly increased to 8.32% after 100 cycles of autoclaving,
which is desirable. These results suggest that the developed coating may be used for
producing a biocompatible low-reflective black coating for surgical equipment composed
of medical grade 420A stainless steel.
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Abbreviations

Nomenclature
SS Stainless steel
XPS X-ray photoelectron spectroscopy
R Average percentage reflection
AISI American iron and steel institute
DLC Diamond-Like Carbon
CVD Chemical vapor deposition
PVD Physical vapor deposition
wt.% Weight percentage
D Duration of coating
T Bath temperature
C wt% of sodium dichromate
S/N Signal-to-noise
OA Orthogonal Array
DF Degrees of freedom
SS Sum of squares
MS Mean square
F Fisher’s ratio
P Probability value
MEM Minimum essential medium
FBS Fetal bovine serum
UHMWPE Ultra-high molecular weight polyethylene
SCE Saturated calomel electrode
PDP Potentiodynamic polarization
SBF Simulated body fluid
OCP Open circuit potential
Icorr Corrosion current
Ecorr Corrosion potential
Rp Polarization resistance
βa Anodic Tafel slope
βc Cathodic Tafel slope
CR Corrosion rate
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Abstract: The 0.1–0.7 wt.% graphene oxide (GO)-reinforced Ti-matrix composites (TMCs) were
prepared by the hot-pressed sintering method. The effects of GO content on the mechanical properties
of TMCs were investigated. The microstructure of TMCs was analyzed. The results show that the
microstructure of Ti and TMCs is equiaxed α. The average grain size of TMCs decreases with GO
increasing. GO can react with Ti to form TiC at high temperatures. Meanwhile, GO is also presented
in the matrix. The hardness of TMCs is higher than that of pure Ti. The maximum hardness is 320 HV,
which is 43% higher than that of pure Ti. The yield strength of Ti-0.5 wt.% GO sintered at 1373 K
is 1324 MPa, 77% more than pure Ti. The strengthening mechanism of TMCs is the fine-grained
strengthening and the reinforcement that bear the stress from the matrix. The friction coefficient of
Ti-0.3 wt.% GO sintered at 1373 K comes up to 0.50, which is reduced by 0.2 compared with pure Ti.

Keywords: Ti-matrix composites (TMCs); graphene oxide (GO); mechanical properties; reinforcement

1. Introduction

Ti and Ti alloys, with their excellent mechanical properties, corrosion resistance and
relatively low density, are essential materials for structural applications in aerospace,
defense, automotive, etc. [1–5]. In the past, a large amount of research has been carried
out to improve the properties of Ti alloys by adding reinforcing phases, such as graphite,
carbon nanotubes, TiC and TiB, etc. [6–10].

Compared with the common materials, graphene has excellent mechanical properties,
thermal and electrical conductivity [11–14]. As a reinforcing phase, graphene was widely
used to improve the properties of metal-matrix composites [15–19]. Shin et al. [20] reported
that few-layer graphene-reinforced Al-matrix composites by powder metallurgic method.
The compressive strength of Al-matrix composites with 0.7 vol.% graphene was twice that
of pure Al. Chen et al. [21] Added different graphene contents into the Cu matrix, the
results showed that the yield strength of Cu-matrix composites with 0.6 vol.% graphene
was about twice as pure Cu, and the friction coefficient of the composite was about 0.25,
which was about 40% of that of pure Cu. There are hydroxyl, carboxyl and oxidizing
functional groups on the surface of graphene oxide (GO), which can improve the dispersion
of GO in the matrix [22]. Shuai et al. [23] prepared GO-reinforced magnesium alloy by laser
melting method, and the research results showed that the compression yield strength of
the magnesium alloy with 1wt.% graphene was increased by 30%. Mu et al. [24] prepared
graphene nanosheets discontinuous reinforced Ti-matrix composites (TMCs) by powder
metallurgy. The test results showed that the ultimate strength of TMCs containing 0.1 wt.%
graphene nanoplates (GNPS) was 54.2% higher than that of the Ti matrix. Cao et al. [25]
synthesized GNPs-reinforced TMCs with 1.2 vol.% GNPs. Compared with the monolithic
titanium alloy, the composite with 1.2 vol.% GNPs exhibits significantly improved elastic
modulus and strength. The sliding wear test shows that the wear volume loss of composite
with 1.2 vol.% GNPs decreased by 18% than pure Ti. Dong et al. [26] fabricated oxide
nanosheets (GONs)-reinforced TMCs composites. It was revealed that yield strength and

Coatings 2022, 12, 120. https://doi.org/10.3390/coatings12020120 https://www.mdpi.com/journal/coatings
149



Coatings 2022, 12, 120

ultimate tensile strength of TMCs with the 0.6 wt.% GONs were increased by 7.44% and
9.65% as compared to those of pure Ti. Cao et al. [27] reported the tensile strength at room
temperature after R&A can reach 1206 MPa for 0.3 wt.% GNP-reinforced TMCs, which
increased by 46% compared with pure Ti.

These reported TMCs demonstrated that the interface between graphene and Ti matrix
owns effective load-transfer ability due to the strong Ti-C ionic bond and TiC reaction
products effect to enhance mechanical properties. However, graphene is not easy to be
uniformly dispersed in matrix attributed to graphemic nano-characters and strong Vander
Waals forces between graphene, limiting the improvement of mechanical properties. In
this paper, powder metallurgy (PM) is a favorable method in MMCs due to its low cost,
flexibility, and ease of control. Irregular Ti powder has a much higher apparent volume
than spherical powders, which is beneficial for the uniform distribution of GO. GO at a low
content level usually exhibit excellent strengthening effect in TMCs, which can be attributed
to its various oxygen functional groups (hydroxyl, carboxyl acid, and epoxy) on the surface
and sheet edges, improving dispersibility in solvents. The interface wettability between
in-situ TiC and titanium matrix is excellent, which can significantly improve the interface
bonding and matching, and improve the interface strength. In this work, GO-reinforced
TMCs were prepared and microstructures were observed. In addition, the mechanical
properties and strengthening mechanisms of GO-reinforced TMCs are discussed.

2. Experimental Procedure

The particle size of pure Ti powder is about 150 um. The dispersion of GO was mixed
with pure Ti by ultrasonic stirring method and then GO-reinforced TMCs were sintered
in a vacuum hot-pressed sintering furnace. The mass percentages of GO are 0.1 wt.%,
0.3 wt.%, 0.5 wt.% and 0.7 wt.% respectively. The sample was sintered for 1 h (1273 K,
1373 K, pressure of 30 MPa, vacuum of 1 × 10−3 Pa) in a vacuum hot-pressed sintering
furnace. The details of TMCs reinforced with 0–0.7 wt.% GO are shown in Table 1.

Table 1. Materials of different GO content at different sintering temperatures.

Materials GO Content (wt.%) Sintering Temperature (K)

Ti1 0 1273
TMC1 0.1 1273
TMC2 0.3 1273
TMC3 0.5 1273
TMC4 0.7 1273

Ti2 0 1373
TMC5 0.1 1373
TMC6 0.3 1373
TMC7 0.5 1373
TMC8 0.7 1373

The microstructure was analyzed by optical microscope (OM, Olympus-BX53, Olym-
pus, Tokyo, Japan) and scanning electron microscope (SEM, NOVA, NanoSEM 230, FEI,
Hillsboro, OR, USA). The phase analysis of the sample was carried out by X-ray diffraction
(XRD, D-max 2550 V, Japan Science Corporation, Tokyo, Japan) with a Cu-Kα radiation
source (5–100◦, 5◦/min). The accelerating voltage and tube current are 30 KV and 25 mA.
The average grain size was measured by the average interception method. The hardness of
the sample was measured by hardness tester (MH-VK, Shanghai Taiming Optical Instru-
ment Co., Ltd., Shanghai, China) at 200 N for 15 s. Nine different points were taken for each
sample to be averaged. Room compression test was conducted on Zwick–Z020 (Zwick,
Ulm, Germany). The compression rate is 0.6 mm/min. The size of compression samples is
∅4 mm × 6 mm. A tribological test was conducted on a friction and wear testing machine
(HT-1000, Zhongke Kaihua Technology Development Co., Ltd., Lanzhou, China). The
method of dry friction of the ball plate was adopted. GCr15 ball with a diameter of 6 mm
was used as friction pair. The sliding time was 1200 s under a regular load of 3 N. Friction
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and wear experiments were repeated three times to take the average value. The wear width,
depth and volume were measured by surface profiler (MT-500, producerZhongke Kaihua
Technology Development Co., Ltd., Lanzhou, China).

3. Result Discussion

3.1. Phase Analysis

Figure 1 shows the XRD pattern of TMCs. Figure 1a,b show samples sintered at 1273 K
and 1373 K. The peak of α-Ti is detected by XRD. The C peak is at 26.5◦ (002). Figure 1c is
the locally enlarged view of 25–28◦ in Figure 1b. The peak of TiC appeared at 41.08 (200).
Figure 1d is the locally enlarged view of 40.4–42◦ in Figure 1b. The peak of TiO is at 29.4◦
(101) and 30.8◦ (103). It is evident that the intensity of TiC increases with the increase of
the GO content. The result indicates that GO reacts with Ti at high temperatures. The
Gibbs free energy of TiC from the reaction of GO with Ti can be calculated by the following
formula [28].

Ti + C = TiC (1)

ΔG = −184571.8 + 41.382t − 5.042 Tlnt + 2.425 × 10 − 3T2 − 9.79 × 105/T
(T < 1939 K).

(2)

Figure 1. X-ray diffraction of Ti and TMCs sintered at: (a) 1273 K; (b) 1373 K; (c) 25–28◦ in (b); (d)
40.4–42.0◦ in (b).

The calculated Gibbs free energy of TMCs sintered at 1273 K and 1373 K are about
−157.75 kJ/mol and −174 kJ/mol. It shows that the hard second phase TiC can be formed
spontaneously via a reaction between GO and Ti during hot-pressed sintering.
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3.2. Microstructure

The SEM micrographs of TMCs are outlined in Figure 2. The grain boundary is
relatively apparent. The microstructure of Ti and TMCs is equiaxed α. There are no well-
defined pores in the material. With the increase of GO content, the GO aggregation can
be displayed in Figure 2e,i,j. With the increase of sintering temperature, Ti atoms in the
composites can migrate effectively, thus achieving better densification. The average grain
size of TMCs decreases with GO increasing. The average grain sizes of Ti and TMCs are
listed in Table 2. The average grain size of TMC8 is about 38.3 μm, which decreases by
52% compared with that of Ti2. In the process of grain growth, GO and TiC can hinder the
movement of the grain boundary, and the grain growth is restricted. So, the grain size of
TMCS is smaller than pure Ti.

 

Figure 2. The SEM diagram of TMCs. (a) Ti1; (b) TMC1; (c) TMC2; (d) TMC3; (e) TMC4; (f) Ti2;
(g) TMC5; (h) TMC6; (i) TMC7; (j) TMC8.
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Table 2. Average grain Size of Ti and TMCs.

Materials Average Grain Size (μm) Materials Average Grain Size (μm)

Ti1 78.5 ± 0.4 Ti2 80.3 ± 0.6
TMC1 70.6 ± 0.8 TMC5 76.5 ± 0.8
TMC2 57.2 ± 0.7 TMC6 63.4 ± 0.7
TMC3 43.5 ± 0.9 TMC7 50.6 ± 0.8
TMC4 36.7 ± 0.6 TMC8 38.3 ± 0.5

The EDS of TMC8 is shown in Figure 3. Location 1 is the enrichment area of O and C,
and location 2 is the enrichment area of C. Ti is less at 1 and 2 locations. Figure 4 is the EDS
of TMC8, which contains both strip-like second phase and granular matter. Figure 4a is the
line scanning of striped second phase matter. The content of C and O is higher than that in
other areas, and the content of Ti is lower than that in other areas. According to the XRD
analysis results, it is inferred that it was undamaged flake-like GO. The result is consistent
with Dong’s work [29]. Figure 4b is the analysis results of granular matter. The C appears,
and the content of Ti is reduced compared with other areas. Combined with the analysis of
XRD results, it is judged that this is TiC generated by the reaction of GO and Ti. Similar
results have been reported [30,31].

 
Figure 3. EDS of TMC8. (a) Surface scanning of TMC8; (b) Ti distribution in (a); (c) O distribution in
(a); (d) C distribution in (a).
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Figure 4. EDS of TMC8. (a) Line scanning surface of striped second-phase matter; (b) line scanning
surface of granular matter.

3.3. Properties Analysis
3.3.1. Hardness

The hardness of Ti and TMCs is shown in Figure 5 and Table 3. The hardness of
the TMCs becomes higher and higher with the increase of GO content. The hardness of
TMC4 and TMC8 are 300 HV and 320 HV, which is separately increased by 42% and 43%
compared with that of pure Ti. As is mentioned above, GO reacts with pure Ti to form
TiC at high temperature. The hard second phase TiC can resist local plastic deformation
of TMCs and improve the hardness of TMCs. The higher the temperature, the greater the
activation energy and the more TiC, which raises the hardness of TMCs sintered at 1373 K.

Table 3. Hardness of Ti and TMCs.

Materials Hardness/HV Materials Hardness/HV

Ti1 210 ± 3 Ti2 223 ± 5
TMC1 239 ± 6 TMC5 241 ± 6
TMC2 245 ± 4 TMC6 250 ± 4
TMC3 268 ± 2 TMC7 280 ± 3
TMC4 300 ± 5 TMC8 320 ± 4
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Figure 5. Hardness of Ti and TMCs.

3.3.2. Compression Properties

Figure 6a,b show the compressive stress–strain curves of Ti and TMCs sintered at
1273 K and 1373 K. The detail data are listed in Table 4. The yield strength of TMC4 is
1024 MPa, which is increased by 42% compared with that of Ti1. The yield strength of
TMC7 is 1324 MPa, which is increased by 77% compared with that of Ti2. The yield strength
detail of Ti and TMCs is listed in Table 3. The yield strength increases with the increase of
GO content sintered at 1273 K. But, the yield strength of TMC8 is lower than TMC7. This is
due to the agglomeration of GO. Similar results have been reported by Liu [32].

Figure 6. Stress–strain curve of Ti and TMCs sintered at (a) 1273 K and (b) 1373 K.

Table 4. Compressive properties of Ti and TMCs.

Materials Yield Strength/MPa Materials Yield Strength/MPa

Ti1 721 ± 3 Ti2 748 ± 5
TMC1 859 ± 5 TMC5 1025 ± 7
TMC2 906 ± 6 TMC6 1135 ± 8
TMC3 977 ± 4 TMC7 1324 ± 6
TMC4 1024 ± 7 TMC8 1146 ± 9

155



Coatings 2022, 12, 120

Figure 7 shows the OM diagram near the compression fracture of TMC7. Elongated
α-Ti grains and fractured reinforcement are observed in Figure 7. It can be inferred that
the reinforcement bears the load during the compression process, thereby improving the
strength of the TMCs.

 

Figure 7. OM diagram near the compression fracture of TMC7.

There are two reasons for strengthening TMCs.

1. The reinforcement GO and TiC bear part of the load during the deformation process.
The shear hysteresis model is usually used to evaluate the strength of TMCs. The
yield strength (σc) can be expressed as [20,33]

σc = σrVr(1 − lc
2l
) + σm(1 − Vr) (3)

σm is the yield strength of Ti matrix, σr is the fracture strength of reinforcement, Vr
is the volume fraction of reinforcement, l is the length of reinforcement, and lc is the
critical length of the reinforcement.

lc= σr
Al
τmS

(4)

τm is the shear strength of Ti matrix. A is the cross-sectional areas of reinforcement, S
is Ti-reinforcement interfacial areas. A = wt, S = (w + t) l, w and t is the width and
thickness of reinforcement.

2. The change of yield stress can be calculated using the Hall–Petch formula [22]:

σy= σ0 + kD−0.5 (5)

where σy is the yield stress; σ0 is the friction force to be overcome by dislocation
motion; k is the constant related to the material, k = 0.68 MPa·m0.5; D is the grain size.
The grains of TMCs are smaller than that of pure Ti. The yield stress increases with
the average grain sizes decreasing. The yield stress of TMCs are bigger than that of Ti.

3.3.3. Tribological Properties

The Friction coefficient of Ti and TMCs under dry conditions is shown in Figure 8 and
listed in Table 4. Figure 8a shows friction coefficients of Ti and TMCs sintered at 1273 K.
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There is a pre-grinding period at the beginning of friction, and the friction coefficient is
rising sharply. The friction coefficient is stable in the period of 300–900 s. Such as Table 4,
in Table 5, average friction coefficient of Ti1, TMC1, TMC2, TMC3 and TMC4 are 0.82, 0.70,
0.64, 0.55 and 0.67, respectively. Compared with Ti1, the friction coefficient of the TMCs is
reduced. It indicates that GO may play a lubrication role. The friction coefficient of TMCs
sintered at 1373 K is shown in Figure 8b. During 300–900 s, average friction coefficients of
Ti2, TMC5, TMC6, TMC7 and TMC8 are 0.70, 0.68, 0.50, 0.72 and 0.64 respectively. With
the increase of GO content, the friction coefficient decreases to some extent, but when the
GO content is 0.5 wt.% and 0.7 wt.%, the friction coefficient increases. The reaction degree
between GO and Ti is stronger with the increase of sintering temperature, and the retention
of the GO structure is less, so the friction property decreases.

Figure 8. Friction coefficients of Ti and TMCs sintered at (a) 1273 K and (b) 1373 K.

Table 5. Friction coefficient of Ti and TMCs.

Materials Friction Coefficient Materials Friction Coefficient

Ti1 0.82 ± 0.003 Ti2 0.70 ± 0.002
TMC1 0.70 ± 0.005 TMC5 0.68 ± 0.004
TMC2 0.64 ± 0.004 TMC6 0.50 ± 0.003
TMC3 0.55 ± 0.006 TMC7 0.72 ± 0.007
TMC4 0.67 ± 0.003 TMC8 0.64 ± 0.005

Figure 9 shows the three-dimensional wear trace morphology and wear volume of
TMCs under sliding dry friction. Compared with pure Ti, the wear degree of the TMCs is
slower, and the wear resistance is consistent with the friction coefficient.

Figure 10 shows the friction surface morphology of TMC6. As is shown in Figure 10a,
Obvious friction marks can be observed. Under the action of stress, granular debris is
crushed and flattened, and then apparent abrasive wear marks are formed in Figure 10b.
Figure 10d is an EDS analysis of the wear marks of the TMC6 in Figure 10c. It shows
that there is C of GO is squeezed to the surface due to the friction force. Then, a film
with lubrication is formed on the contact surface between the friction pair and the matrix,
thus reducing the wear of the friction pair to the matrix. And, there are Fe elements only
in friction pairs. Results show that material transfer of friction pair and surface element
oxidation occurs in the friction and wear process. The wear mechanism is adhesive wear
and oxidation wear.
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Figure 9. Depth of wear marks and wear volume of Ti and TMCs. (a) Depth of wear marks of Ti
and TMCs sintered at 1273 K. (b) Wear volume of Ti and TMCs sintered at 1273 K. (c) Depth of wear
marks of Ti and TMCs sintered at 1373 K. (d) Wear volume of TMCs sintered at 1373 K.

Fi 1 F i i l f h l f TMC6 ( ) S f k f TMC6 (b) b i f TMC6 ( ) Ab

Figure 10. Frictional surface morphology of TMC6. (a) Surface wear mark of TMC6; (b) abrasive
wear of TMC6; (c) a Abrasive particle of TMC6; (d) EDS of TMC6 in (c).
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4. Conclusions

0.1–0.7 wt.% of GO /Ti composites were prepared by hot-pressed sintering at 1273 K
and 1373 K. The results demonstrated that this method is simple and highly efficient to
fabricate GO/Ti composites with remarkably high mechanical properties, which will meet
the industrial development of lightweight, high-strength materials. The results of the
current investigation are as follows:

1. The microstructure of Ti and TMCs is equiaxed α. The average grain size of TMCs
decreases with GO increasing. GO and TiC exists in TMCs simultaneously.

2. The hardness of TMCs is higher than that of pure Ti. The hardness of TMCs with
0.7 wt.% GO sintered at 1373 K is the biggest, 320 HV, which is 43% higher than that
of pure Ti. The yield strength of 0.5 wt.% GO sintered at 1373 K is 1324 MPa, 77%
more than pure Ti. The strengthening mechanism is that reinforcement bears the load
from matrix and fine-grain strengthening.

3. Compared with pure Ti under the same condition, the friction coefficient of TMCs
decreases. The friction coefficient of TMCs containing 0.5 wt.% GO sintered at 1273 K
and 0.3 wt.% GO sintered at 1373 K is 0.55 and 0.5, which are 0.27 and 0.2 lower
than that of pure Ti. The wear mechanism is abrasive wear, adhesive wear and
oxidation wear.
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Abstract: Studies of the microstructure, phase composition and mechanical characteristics, namely
the microhardness of metal–ceramic composites made of Fe 90 wt.%–Cu 10 wt.% powder and
hydroxyapatite (Fe-Cu-HA), are presented in the manuscript. The composite material was obtained
using additive manufacturing based on the 3D-printing method, with different content levels of
powder (40, 45 and 50%) and polymer parts (60, 55 and 50%). It is shown that varying the proportion
of Fe-Cu-HA powder does not significantly affect the elemental and phase compositions of the
material. The X-ray phase analysis showed the presence of three phases in the material: alpha iron,
copper and hydroxyapatite. It is shown in the experiment that an increase in the polymer component
of the composite leads to an increase in the defectiveness of the structure, as well as an increase in
microstresses. An increase in the mechanical properties of the composite (Vickers microhardness),
along with a decrease in the percentage of Fe-Cu-HA powder from 50 to 40%, was established. At the
same time, the composite containing 45% Fe-Cu-HA powder demonstrated the maximum increase in
the microhardness of the composite by ~26% compared to the composite containing 50% Fe-Cu-HA
powder, which is due to the more uniform distribution of components.

Keywords: composite; additive manufacturing; 3D printing; bioresorbable Fe-Cu-hydroxyapatite composite

1. Introduction

In the past few decades, biodegradable metallic materials have served as one of the
most promising strategies in regenerative medicine [1]. Biodegradable metals have excel-
lent mechanical properties, providing sufficient temporary support to resist the applied
load, while the potential risk of long-term complications is effectively eliminated due to
the progressive degradation of metals in the body [2]. In addition, there is no need to
per-form a second operation to remove the implant, since biodegradable bone implants in
the form of rods, plates, screws and anchors should provide initial mechanical support and
gradually dissolve in the physiological environment without causing infection, since they
do not contain toxic components. Therefore, biodegradable metal implants are best fit for
the stabilization of damaged bone tissue and directed bone healing. However, from the
point of view of biological safety, there are strict requirements for the choice of material,
such as a certain resorption rate, a balanced decrease in mechanical properties during bone
tissue regeneration and the metabolism of resorption by-products in the body [2].

Iron is the most abundant metal in the human body and is involved in a wide range
of metabolic processes, such as oxygen transport, energy metabolism, enzyme function
and DNA synthesis [3]. In particular, it is known for its vital role in bone homeostasis,
and iron deficiency causes bone disease and impairs bone mineralization [4]. Despite its
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great potential for use in biodegradable orthopedic implants, its use is limited by its low
corrosion rate in physiological environments [5,6].

The doping of iron alloys with copper makes it possible to increase the rate of re-
sorption due to the formation of a Fe-Cu galvanic pair and to provide the antibacterial
properties of the material implanted in the body [7]. In addition, bicomponent Fe-Cu
nanoparticles can suppress antibiotic resistance in bacteria [7]. However, copper in large
quantities can cause allergies to the implanted product [8].

In order to allow bone ingrowth and promote a stable implant–bone interface, the
surface of the artificial material must be bioactive to promote osteoconductivity through
bone cell growth and biological apatite generation [9,10]. Hydroxyapatite (HA) with
stoichiometry Ca10(PO4)6(OH)2 is widely used in the field of medical materials science as a
bioactive bone substitute due to its excellent biocompatibility and chemical similarity with
the mineral phase of human bone [11,12]. Hydroxyapatite has already been successfully
added to iron [13,14] and magnesium [15,16] matrices to improve the bioactivity of these
materials and use them in medicine.

According to the literature data, the Vickers hardness of iron is 0.6 GPa [17], and that
of copper is ~0.3 GPa, which is insufficient when the Fe–Cu composite material is used as a
bone implant for the reconstruction of damaged bone tissues. Hydroxyapatite not only has
excellent biocompatibility and a similar chemical and phase composition to bone tissue but
also has a significantly higher hardness of ~5–6 GPa [18,19]. The addition of HA particles
to the Fe-Cu composition will make it possible to obtain a composite material with higher
strength characteristics.

However, in the case of iron implants, the problem of a low resorption rate remains
relevant even in the case of alloying such materials with copper and hydroxyapatite. This
problem can be solved by the formation of porous structures, using the 3D printing meth-od
from a material based on iron powder alloyed with copper and hydroxyapatite to im-prove
the biological properties of the final product. In addition, the manufacture of im-plants by
this method allows us to avoid further mechanical processing of these products, which will
positively affect the cost of the final medical device. However, for the formation of a metal
product by this method, the addition of plasticizing binders is required.

The most commonly used controlled-release polymer in implant materials is ethylene
vinyl acetate (EVA), which is a biocompatible, insoluble and non-toxic thermoplastic co-
polymer of ethylene and vinyl acetate (VA). The content of VA in the EVA copolymer
can vary from 0 to 40%. The EVA brand in this work was chosen after the following
considerations. The properties of copolymers differ depending on the concentration of VA.
Higher content results in increased polarity, adhesion, impact resistance, flexibility and
compatibility of EVA with other polymers. At the same time, a higher VA content causes a
decrease in the crystallinity, stiffness, softening and melting point of the copolymer [20].
Based on these two competing factors, the prospective polymer is EVA EA28025 with a
content of 28 wt.% VA [21].

In the manufacture of composite materials, tall oil rosin is also widely used as a
plasticizing component. Rosin acids, present in tall oil rosin, provide it with unique
properties, such as solubility in many organic solvents, good compatibility with many
polymeric materials, plasticity and relative adhesion. Tall oil rosin is characterized as a
linear oligomer whose hydrogen bonds increase its mechanical strength, while maintaining
elasticity [22].

The aim of this work was to produce a porous biodegradable composite material
based on iron, copper and hydroxyapatite powders that has antibacterial and bioactive
properties, using the 3D printing method, with the addition of plasticizing binders in the
form of polymers.

2. Materials and Methods

As a feedstock for the production of composites, we used a nanopowder with a
nominal composition: Fe—90 wt.% and Cu—10 wt.% (Fe90-Cu10), obtained by the method
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of electric explosion of wire (EEW), with a diameter of d = 0.35 and d = 0.10 mm grades
ST1 and M1, respectively, with the same length of 120 mm. The detailed EEW process and
the schematic diagram of the installation are described in detail in References [23,24]. The
production of nanopowder was carried out in an argon atmosphere, at a pressure of 3 atm.,
with a capacitor discharge of 2.4 μF and a voltage of 19 kV.

The obtained theoretical density of the powder Fe-Cu was 8 g/cm3. The powder of
stoichiometric hydroxyapatite Ca10(PO4)6(OH)2 (ISSCM SB RAS, Novosibirsk, Russia) [25]
was added to the metal part of the composite in the amount of 5 wt.%, at a density of
3.16 g/cm3. The total density of the powder cermet mixture in these ratios was 7.76 g/cm3.

For the subsequent 3D printing, a polymer component was produced with the fol-
lowing nominal composition: 75 wt.%—tall oil rosin; 15 wt.%—1.6 hexanediol; and
10 wt.%—ethylene vinyl acetate.

The cermet and polymer parts were mixed in the following ratios: 50 to 50 (50Fe-
Cu-HA), 45 to 55 (45Fe-Cu-HA) and 40 to 60 wt.% (40Fe-Cu-HA), respectively. For the
uniform elements’ distribution, the resulting mixture was mixed in a Schatz laboratory
mixer model C 2.0 “Turbula” (Vibrotechnik, St. Petersburg, Russia) for 30 min. To prevent
further oxidation of the metal part of the powder, the polymer part was plasticized by
heating under acetone at a temperature of 50 ◦C in an ultrasonic bath, Ferroplast VU-09-
”Ya-FP”-03 (Ferroplast, Yaroslavl, Russia), which allowed us to limit the direct contact of
the atmosphere with Fe and Cu particles.

The resulting material was passed through a screw extruder 4 times, with a gradual
decrease in the nozzle diameter from 2.0 to 0.8 mm, which also increases the uniformity
of the mixture’s composition. The desired shape for 3D printing was a cylinder with a
diameter of 20 mm and a height of 2.5 mm. Printing was carried out on a 3D printer, Prusa
i3 (Prusa Research, Prague, Czech Republic), with a modified wire feed system for printing
powders with a polymer component. The following printing parameters were used in the
manufacture of the “green part”: layer height, 0.25 mm; print speed, 60 mm/min; nozzle
diameter, 0.5 mm; substrate temperature, 90 ◦C; and nozzle temperature, 140 ◦C.

To remove the polymer component of the workpiece, the product was subjected to
solution debinding in acetone for 24 h. At this stage, tall oil rosin and 1.6 hexanediol were
removed, while ethylene vinyl acetate is insoluble in acetone and allows us to keep the
shape of the “green product” until the sintering of the cermet part.

Sintering was carried out in a Nabertherm vacuum furnace. Exposure at the tempera-
ture T1 (450 ◦C) ensures the removal of ethylene vinyl acetate from the final product, and
at the temperature T2 (1000 ◦C), the particles of the ceramic–metal part are consolidated,
and the product is finally formed. A general flowchart of the composite material samples is
shown in Figure 1.

Figure 1. General scheme of sample production.
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Sample preparation was carried out by grinding on SiO2 abrasive with a gradual
decrease in grain size from M180 to M1000 (GOST 6456-82). The polishing of the sample
was carried out with a diamond suspension and abrasive 1/0 (GOST 25593-83). The sample
was washed with ethanol to remove the remaining particles of a larger fraction at each stage
of sample preparation. The microstructure was revealed by etching the sample surface for
5 s with a reagent of the following composition: 90 vol.%, H2O; and 10 vol.%, HNO3.

The study of the structure and the elemental analysis of materials were carried out
using the following methods: optical microscopy (Altami MET 1MT (Altami, St. Petersburg,
Russia)), scanning electron microscopy (Apreo S LoVac (Thermo Fisher Scientific, Waltham,
USA) and LEO EVO 50 (Zeiss, Jena, Germany)) with attachments for energy-dispersive
analysis and transmission electron microscopy (JEOL JEM-2100 (Tokyo Boeki Ltd., Tokyo,
Japan)). The phase composition of the samples was identified by X-ray diffraction analysis
(DRON 8N (Bourevestnik, St. Petersburg, Russia)). The processing of X-ray patterns
was performed in the Match! 3 software, using the database COD from 18.07.2022. The
phase-unit cell parameter was calculated in the FullProf additional software package. To
determine the instrumental FWHM, the data from SiO2 specimen were used, the diffraction
peaks of which were approximated using the Laplace function. The crystalline size and
microstrains were calculated using the Williamson–Hall method. The distribution of Fe90-
Cu10 powder particles was studied by sedimentation analysis on a CPS DC24000 UHR
centrifuge (Analytik Ltd., Cambridge, UK).

The hardness tests of the materials were carried out by indentation, using an Affri
DM8 microhardness tester with a Vickers diamond tetrahedral tip at various indentation
loads in the range from 0.25 to 9.8 N for 10 s. For each composition, 3 samples were used.
For each load cycle, 10 measurements were carried out in different parts of the sample,
after which the results were averaged.

The Vickers hardness values were determined through the diagonal of the print
obtained after the indenter was pressed in, according to Equation (1):

HV = 1.854· P
d2 (1)

where P is the applied load, N; and d is the print diagonal, μm.
The measurement of porosity in sintered composites was carried out using the method

of hydrostatic weighing in kerosene.

3. Results and Discussion

Figure 2 represents the TEM image and selected area electron diffraction with the
Miller indices of the corresponding phases of the initial metal powder Fe90-Cu10. The
selected area electron diffraction pattern indicates the presence of two phases in the powder
particles. The first component of the picture is the point diffraction, for which the lattice
parameters are close to the α-Fe phase. The second component is the ring-shaped diffraction
of the Cu phase. The general diffraction pattern indicates that the particles of nanopowders
consist of a matrix of the α-Fe phase, where Cu clusters are distributed, and the sizes do not
exceed several tens of nanometers, since the ring shape of the diffraction pattern indicates
multiple misorientations of the Cu lattice.

The EDS spectrum analysis showed (Figure 3) that the composition of the powder is
close to the nominal (Fe, 86.2 wt.%; Cu, 13.8 wt.%). Copper clusters are mainly located in
the bulk of α-Fe phase particles, forming with it single metal particles.

Figure 4 shows the X-ray diffraction pattern of the Fe90-Cu10 nanopowder obtained
by the EEW.

The presence of two α-Fe and Cu phases was established in the metal powder, and
the exact quantitative content of the second phase cannot be established due to the low
intensity of reflections in relation to the first phase. Table 1 represents the calculated lattice
parameters of the α-Fe phase. The parameters of the Cu phase were not calculated due to
the low intensity.
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(a) (b) 

Figure 2. TEM image of Fe90-Cu10 powder (a) with corresponding selected area electron
diffraction (b).

  
(a) (b) 

 
(c) 

Figure 3. TEM image of Fe90-Cu10 powder (a) with element distribution map (b) and overall EDS
spectrum (c).
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Figure 4. X-ray diffraction pattern of the Fe90-Cu10 powder.

Table 1. Calculated lattice parameter of phase in Fe90-Cu10 powder.

Phase Sample Lattice Parameter a, Å Unit Cell Volume, Å3 Crystallite Size, nm ε*, %

α-Fe
Reference data

(COD 96-110-0109) 2.868 23.590 - -

Fe90-Cu10 2.869 ± 0.001 23.62 ± 0.02 33 14.3
ε*—microstrains.

The calculated lattice parameter for the α-Fe phase coincides with the reference data
within the measurement error. The powder has a high level of microstresses due to the
method of production, which produces a metal with a high level of defects.

Figure 5 shows the particle distribution of the 90Fe-10Cu metal powder obtained by
the EEW method. The distribution has a monomodal character, and the average particle
size was 50 ± 20 nm. The powder contained particles larger than 100 nm, but their volume
fraction did not exceed 5%. The data from X-ray analysis are comparable with the EEW
method. The difference in crystallite size values is due to the presence of dislocations and
atoms in the powder particles.
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Figure 5. Particle size distribution of 90Fe-10Cu powder.
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Figure 6 represents SEM images and maps of the elements’ distribution on the surface
of samples produced with the addition of different amounts of Fe-Cu and HA powders
(50, 45 and 40%). The surface of all samples is characterized by the presence of pores and
HA particles. From the image and maps of the calcium and phosphorus distribution, it can
be seen that, in the sample with 50% Fe-Cu-HA (Figure 6a), there are small pores with an
average size of 1.5 μm and a small number of HA particles with a larger size of 6.8 μm. In
addition, copper is uniformly distributed on the surface of the composite in the form of
small inclusions not exceeding 1 μm (Figure 6b).

Figure 6 showed SEM images of the surface and maps of the elements (Fe, Cu,
Ca and P) distribution of the produced samples: 50Fe-Cu-HA (a), 45Fe-Cu-HA (b) and
40Fe-Cu-HA (c).

Reducing the proportion of Fe-Cu and HA powders to 45% (Figure 6b) leads to a more
uniform distribution of HA powder particles and an increase in their amount. At the same
time, the average pore size does not change with a decrease in the powder concentration
to 45%, and the average size of HA particles decreases to 5.5 μm. The EDS maps show a
uniform distribution of iron and copper, while calcium and phosphorus are concentrated in
places where large HA particles are found. The surface of the sample with 40% Fe-Cu and
HA (Figure 6c) is characterized by large HA particles with an average size of 10 ± 5 μm and
pores with an average size of 1.8 μm. The maximum amount of the polymer component in
this sample led to less homogeneous mixing of the Fe-Cu-HA powder in the feedstock.

Figure 7 represents the dependence of the area occupied by HA particles and pores
on the surface of composites vs. content of Fe-Cu-HA powder in the feedstock. With an
increase in the Fe-Cu-HA powder content from 40 to 50% and a decrease in the polymer
component of the feedstock, the total area occupied by HA particles and pores decreases
from 16 to 10%. At the same time, as follows from the SEM results, the pattern of particles
distribution in the composite varies depending on the amount of Fe-Cu-HA powder added.
The hydrostatic weighing method showed that the open porosity of the composites does
not depend on the amount of the polymer part (≈14%).

Optical images of the microstructure of composites after etching are shown in Figure 8.
The structure of the samples after sintering is represented by the grains of α-Fe phase

(light areas) with an average size of d = 10 ± 5 μm, with small inclusions of the Cu phase
(orange areas), with an average size of d = 1 ± 0.5 μm, and some grains are separated from
each other by wide grain boundaries (dark elongated areas). In addition, their fraction
increases with the increasing of the polymer component before sintering.

Figure 9 shows X-ray diffraction patterns of composites based on Fe-Cu-HA after
sintering. As a result of the X-ray diffraction analysis, intense peaks of the α-Fe phase were
found. The presence of copper and hydroxyapatite in any state was not identified by this
method. Table 2 represents the calculated lattice parameters of the main phase of iron, as
well as the values of crystallite sizes and microstrains of the corresponding phases.

Powder consolidation leads to a decrease in microstrain values and an increase in
crystallite size for the samples 50Fe-Cu-HA and 45Fe-Cu-HA. The 40Fe-Cu-Ha sample is
characterized by the opposite change in values, which is due to the more defective structure
of the α-Fe phase (Table 2). The unit cell volume and the lattice parameter of the main phase
in all composites correspond to the reference data within the measurement error. However,
with a decrease in the Fe-Cu-HA powder concentration and an increase in the polymer
component concentration in the composite after sintering, an increase in the microstrains
and a decrease in the crystallite size occur (Table 2). As mentioned above, the composites
are characterized by the same value of open porosity; however, the values of the crystallite
size and microstrains indicate an increase in the defectiveness of the structure, implying an
increase in the amount or average size of closed pores with a change in the concentration
of the polymer component of composites before consolidation.

167



Coatings 2023, 13, 803

   
(a) (b) (c) 

Fe    
(d) (e) (f) 

Cu    
(g) (h) (i) 

Ca    

(j) (k) (l) 

P    

(m) (n) (o) 

Figure 6. SEM images (a–c) of the surface and maps of the elements (Fe, Cu, Ca, P)
distribution (d–o) of the produced samples 50Fe-Cu-HA (a,d,g,j,m), 45Fe-Cu-HA (b,e,h,k,n),
40Fe-Cu-HA (c,f,i,l,o).
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Figure 7. Dependence of the area occupied by HA particles and pores on the surface of composites
vs. content of Fe-Cu-HA powder in the feedstock.

   
(a) (b) (c) 

Figure 8. Optical images of the microstructure of 50Fe-Cu-HA (a), 45Fe-Cu-HA (b) and 40Fe-Cu-HA
(c) composite samples after etching.

 
Figure 9. X-ray diffraction patterns of composite samples with varying polymer fraction
before sintering.
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Table 2. Calculated lattice parameters of α-Fe phase according to X-ray diffraction data
for compo-sites.

Sample Lattice Parameter a, Å Unit Cell Volume, Å3 Crystallite Size, nm ε, %

Reference (COD 96-110-0109) 2.868 23.590 - -

50Fe-Cu-HA 2.867 ± 0.001 23.58 ± 0.02 53 11.7

45Fe-Cu-HA 2.868 ± 0.001 23.59 ± 0.02 45 13.6

40Fe-Cu-HA 2.869 ± 0.001 23.60 ± 0.02 37 15.7

Figure 10 and Table 3 represent the obtained dependences of average Vickers micro-
hardness (HV) of composites on applied loads (P). Microhardness measurements were
carried out on three materials of different composition. The microhardness of samples
was measured by the Vickers indentation method for three samples in each composition.
For each sample, 10 indentations were performed for each load. A multiply coefficient
of 9.807 was used to convert Vickers hardness values from HV to MPa. The statistical
analysis shows that the distribution of the random value of microhardness corresponds to
the normal (Gaussian) law. The plot shows that with an increase in load from 0.25 to 10 N,
the microhardness of all the samples changes from 1655 to 860 MPa.

Figure 10. Vickers microhardness vs. load applied to composite specimens.

Table 3. Vickers microhardness values for composites.

P*, H
HV**, MPa

50Fe-Cu-HA 45Fe-Cu-HA 40Fe-Cu-HA

0.25 1525 ± 40 1625 ± 120 1655 ± 140

0.49 1300 ± 170 1315 ± 35 1380 ± 110

0.98 1050 ± 50 1255 ± 45 1120 ± 75

1.96 955 ± 50 1185 ± 90 1040 ± 100

2.94 940 ± 70 1140 ± 45 1050 ± 45

4.9 870 ± 7 1160 ± 30 1020 ± 55

9.8 860 ± 40 965 ± 85 950 ± 40
P*—indenter load; HV**—Vickers microhardness.
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The 50Fe-Cu-HA sample is characterized by the lowest microhardness; it decreases
from 1525 to 860 MPa. This is due to the small amount of HA particles nonuniformly
distributed in the sample bulk.

The 40Fe-Cu-HA sample is characterized by a higher value of microhardness. As the
load is increased, the microhardness of the sample decreases from 1655 to 950 MPa. It
should be noted that a great number of large HA particles separated from each other were
observed in this sample, indicating a heterogeneous structure. At the same time, a high
concentration of HA particles in the sample contributes to an increase in microhardness
compared to the 50Fe-Cu-HA sample.

The highest microhardness values were observed during the 45Fe-Cu-HA samples’
tests. The microhardness of these samples decreased from 1625 to 965 MPa as the load
was increased from 1 to 10 N. This result corresponds to the SEM results. A more uniform
distribution of iron and HA particles in the samples contributed to an increase in the
microhardness compared to the 50Fe-Cu-HA and 40Fe-Cu-HA samples.

In this case, the maximum scatter occurs in the lower range of loads and decreases as
the applied load increases. At the same time, under such a load, the largest scatter of values
is also visible, which indicates the inhomogeneity (HA particle distribution, porosity and
feedstock component mixing) of the surface.

As a result of the research, the influence of the concentration of Fe-Cu-HA powder in
the feedstock on the average Vickers hardness of the obtained composites was established.

In particular, the maximum values of microhardness under all loads were observed for
the samples with the 45Fe-Cu-HA composition. Similar hardness values were obtained for
other implant materials in the literature. In the reference [26]. the vickers microhardness of
β Ti-40Nb alloy for implants at the indentation load 4.9 N varies between 266 and 181 HV
(2608 and 1775 MPa).

The microhardness of these bioresorbable composites is higher than that of magnesium
alloys, but in acceptable ranges for medical devices [27].

4. Conclusions

In the work, the bulk composite based on powders of the Fe-Cu system and hydroxya-
patite was obtained using additive manufacturing based on the extrusion of materials.

Varying the amount of added Fe-Cu-HA powder from 50 to 40% led to the change
in the morphology, phase and elemental compositions, as well as the microhardness of
the resulting composites. The 45Fe-Cu-HA samples were characterized by the highest
microhardness values, 1623-965 MPa at a load of 0.25-10 N, which is, on average, 26%
higher than for the 50Fe-Cu-HA samples with the lowest microhardness values. This
result is in a good agreement with the results obtained by the SEM method. In the 45Fe-
Cu-HA composite, the most uniform distribution of iron and HA particles was observed,
which contributed to an increase in its mechanical. Thus, a composite with a ratio of 45
to 55 wt.% of the cermet and polymer parts showed a higher microhardness compared to
other composites and a more uniform distribution of antibacterial copper particles and
bioactive hydroxyapatite particles, which can improve the biological properties of the
material. In the future, a comparative study of the in vitro biological properties of three
groups of composites is planned.

The study showed that the creation of a biocomposite material by 3D printing based on
Fe-Cu bimetallic powder and hydroxyapatite is a promising approach for the manufacture
of biodegradable implants for medical use.
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8. Kręcisz, B.; Kieć-Świerczyńska, M.; Chomiczewska-Skóra, D. Allergy to orthopedic metal implants—A prospective study. Int. J.
Occup. Med. Environ. Health 2012, 25, 463–469. [CrossRef]

9. Radulescu, D.-E.; Neacsu, I.A.; Grumezescu, A.-M.; Andronescu, E. Novel Trends into the Development of Natural
Hydroxyapatite-Based Polymeric Composites for Bone Tissue Engineering. Polymers 2022, 14, 899. [CrossRef]

10. Hou, X.; Zhang, L.; Zhou, Z.; Luo, X.; Wang, T.; Zhao, X.; Lu, B.; Chen, F.; Zheng, L. Calcium Phosphate-Based Biomaterials for
Bone Repair. J. Funct. Biomater. 2022, 13, 187. [CrossRef]

11. LeGeros, R.Z. Calcium Phosphate-Based Osteoinductive Materials. Chem. Rev. 2008, 108, 4742–4753. [CrossRef] [PubMed]
12. Yamasaki, H.; Sakai, H. Osteogenic response to porous hydroxyapatite ceramics under the skin of dogs. Biomaterials 1992, 13,

308–312. [CrossRef] [PubMed]
13. Lozhkomoev, A.S.; Lerner, M.I.; Pervikov, A.V.; Kazantsev, S.O.; Fomenko, A.N. Development of Fe/Cu and Fe/Ag Bimetallic

Nanoparticles for Promising Biodegradable Materials with Antimicrobial Effect. Nanotechnol. Russ. 2018, 13, 18–25. [CrossRef]
14. Ulum, M.; Arafat, A.; Noviana, D.; Yusop, A.; Nasution, A.; Kadir, M.A.; Hermawan, H. In vitro and in vivo degradation

evaluation of novel iron-bioceramic composites for bone implant applications. Mater. Sci. Eng. C 2014, 36, 336–344. [CrossRef]
15. Razavi, M.; Huang, Y. Effect of hydroxyapatite (HA) nanoparticles shape on biodegradation of Mg/HA nanocomposites processed

by high shear solidification/equal channel angular extrusion route. Mater. Lett. 2020, 267, 127541. [CrossRef]
16. Gu, X.; Zhou, W.; Zheng, Y.; Dong, L.; Xi, Y.; Chai, D. Microstructure, mechanical property, bio-corrosion and cytotoxicity

evaluations of Mg/HA composites. Mater. Sci. Eng. C 2010, 30, 827–832. [CrossRef]
17. Tobita, T.; Nakagawa, S.; Takeuchi, T.; Suzuki, M.; Ishikawa, N.; Chimi, Y.; Saitoh, Y.; Soneda, N.; Nishida, K.; Ishino, S.; et al.

Effects of irradiation induced Cu clustering on Vickers hardness and electrical resistivity of Fe–Cu model alloys. J. Nucl. Mater.
2014, 452, 241–247. [CrossRef]

18. Ramesh, S.; Tan, C.; Sopyan, I.; Hamdi, M.; Teng, W. Consolidation of nanocrystalline hydroxyapatite powder. Sci. Technol. Adv.
Mater. 2007, 8, 124–130. [CrossRef]

19. Zyman, Z.Z.; Tkachenko, M.V.; Polevodin, D.V. Preparation and characterization of biphasic calcium phosphate ceramics of
desired composition. J. Mater. Sci. Mater. Med. 2008, 19, 2819–2825. [CrossRef]

20. Genina, N.; Holländer, J.; Jukarainen, H.; Mäkilä, E.; Salonen, J.; Sandler, N. Ethylene vinyl acetate (EVA) as a new drug carrier for
3D printed medical drug delivery devices. Eur. J. Pharm. Sci. 2016, 90, 53–63. [CrossRef]

21. Shelenkov, P.G.; Pantyukhov, P.V.; A Popov, A. Highly filled biocomposites based on ethylene-vinyl acetate copolymer and wood
flour. IOP Conf. Ser. Mater. Sci. Eng. 2018, 369, 012043. [CrossRef]

22. Aslamazova, T.R.; Lomovskoy, V.A.; Shorshina, A.S.; Zolotarevskii, V.I.; Kotenev, V.A.; Lomovskaya, N.Y. Temperature–Frequency
Domains of Inelasticity in the Rosin–Copper and Rosin–Cellulose Composites. Russ. J. Phys. Chem. A 2022, 96, 222–229. [CrossRef]

23. Pervikov, A.; Glazkova, E.; Lerner, M. Energy characteristics of the electrical explosion of two intertwined wires made of dissimilar
metals. Phys. Plasmas 2018, 25, 070701. [CrossRef]

172



Coatings 2023, 13, 803

24. Lerner, M.I.; Pervikov, A.V.; Glazkova, E.A.; Svarovskaya, N.V.; Lozhkomoev, A.S.; Psakhie, S.G. Structures of binary metallic
nanoparticles produced by electrical explosion of two wires from immiscible elements. Powder Technol. 2016, 288, 371–378.
[CrossRef]

25. Chaikina, M.V.; Bulina, N.V.; Vinokurova, O.B.; Prosanov, I.Y.; Dudina, D.V. Interaction of calcium phosphates with calcium
oxide or calcium hydroxide during the “soft” mechanochemical synthesis of hydroxyapatite. Ceram. Int. 2019, 45, 16927–16933.
[CrossRef]

26. Santos, R.F.M.; Ricci, V.P.; Afonso, C.R.M. Influence of Swaging on Microstructure, Elastic Modulus and Vickers Microhardness of
β Ti-40Nb Alloy for Implants. J. Mater. Eng. Perform. 2021, 30, 3363–3369. [CrossRef]

27. Elambharathi, B.; Kumar, S.D.; Dhanoop, V.; Dinakar, S.; Rajumar, S.; Sharma, S.; Kumar, V.; Li, C.; Eldin, E.M.T.; Wojciechowski, S.
Novel insights on different treatment of magnesium alloys: A critical review. Heliyon 2022, 8, e11712. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

173





Citation: Burduhos-Nergis, D.-P.;

Cimpoesu, N.; Epure, E.-L.; Istrate, B.;

Burduhos-Nergis, D.-D.; Bejinariu, C.

Ca–Zn Phosphate Conversion

Coatings Deposited on Ti6Al4V for

Medical Applications. Coatings 2023,

13, 1029. https://doi.org/10.3390/

coatings13061029

Academic Editor: Liqiang Wang

Received: 5 May 2023

Revised: 28 May 2023

Accepted: 29 May 2023

Published: 1 June 2023

Copyright: © 2023 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 (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

Ca–Zn Phosphate Conversion Coatings Deposited on Ti6Al4V
for Medical Applications

Diana-Petronela Burduhos-Nergis 1, Nicanor Cimpoesu 1, Elena-Luiza Epure 2, Bogdan Istrate 3,

Dumitru-Doru Burduhos-Nergis 1 and Costica Bejinariu 1,*

1 Faculty of Materials Science and Engineering, Gheorghe Asachi Technical University, 700050 Iasi, Romania;
nicanor.cimpoesu@academic.tuiasi.ro (N.C.)

2 Department of Natural and Synthetic Polymers, Faculty of Chemical Engineering and Environmental
Protection, “Gheorghe Asachi” Technical University of Iaşi, Str. Prof.dr.doc. D. Mangeron nr. 73,
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Abstract: This paper aims to study the possibility of improving the chemical and surface characteris-
tics of the Ti6Al4V alloy by depositing phosphate layers on its surface. Accordingly, an innovative
phosphating solution was developed and used in a chemical conversion process to obtain Ca–Zn
phosphate layers on the base material surface. Moreover, the chemical composition of the phosphate
solution was chosen considering the biocompatibility of the chemical elements and their possibility
of contributing to the formation of phosphate compounds. The obtained layer was characterized
by optical microscopy (OM), scanning electron microscopy (SEM), energy dispersive spectroscopy
(EDS), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and potentiodynamic
polarization tests. The wetting of the Ca–Zn sample surface was also investigated using water and
two liquids similar to body fluids, namely, Ringer and Dulbecco solutions. According to the surface
energy study, the polar component is almost two times larger compared with the dispersive one. The
SEM and EDS tests revealed a uniformly coated surface with intercalated crystals leading to a rough
surface. Furthermore, the XRD results showed not only the presence of hopeite and scholzite but also
of phosphophyllite. By the vibrations of the PO4

−3 groups, the FTIR test confirmed the presence of
these phases. The potentiodynamic tests revealed that the samples coated with the Ca–Zn phosphate
layer present better corrosion resistance and a lower corrosion rate compared with the uncoated ones.

Keywords: titanium alloy; phosphate layer; conversion coating; biomaterial; zinc phosphate; scholzite

1. Introduction

The number of people who need implants is increasing over time, either in response
to trauma caused by accidents or degenerative bone diseases. Bone tissue engineering is
concerned primarily with finding new biomaterials with superior properties or improving
existing ones on the market [1]. Titanium is one of the most popular materials used in the
medical field; it is found in hip prostheses, knee prostheses, dental implants, etc. This is due
to the fact that, in addition to being biocompatible, it has superior mechanical properties as
well as acceptable corrosion resistance [2,3].

However, there is a risk of implant rejection or failure due to titanium’s bioinert sur-
face [4]. Therefore, over time, different methods have been tried to promote the osteogenic
activity and stability of titanium (or titanium alloy) implants. These methods include
mechanical processing [5–7] (grinding, polishing, sandblasting, laser cavitation, etc.) and
acidic treatments [8,9] that are conducted to obtain a surface with high roughness. The
surface roughness is important to promote tissue regeneration and the anchoring of further
deposited layers. Several studies were also investigated the protection of Ti implants
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against corrosion by coating their surfaces with different types of thin layers. For example,
many researchers have been studying the deposition of hydroxyapatite on the Ti surface
since the 1980s until now [10,11]. Hydroxyapatite layers can be deposited by different
methods, including micro-arc oxidation [12], the sol–gel method [13], the plasma spraying
method [14], electrodeposition [15], the ion-beam deposition method, etc. [16–18]. Other
researchers have deposited nitride layers, such as zirconium nitride, titanium nitride, etc.,
using different methods such as the Physical Vapor Deposition method (PVD) [19–21].
Using the same techniques as previously mentioned, the osseointegration of titanium can
also be promoted by coating its surface with different types of oxides, such as CuO, ZnO,
ZrO2, etc. [22]. Considering the advantages related to their ease of use, electrodeposition
and PVD are two of the most used methods to cover a Ti surface.

Due to the importance of human health and the high use of titanium implants, it is
still of great interest to find new solutions or to improve existing ones that contribute to
Ti implant acceptance and biointegration. Accordingly, in recent years, numerous studies
have focused on the improvement of titanium alloy characteristics by depositing different
types of phosphate layers. Due to its multiple advantages, this chemical conversion process
has garnered great interest from different industries (automotive, construction sector, etc.),
but its suitability for bioengineering was only discovered recently [23]. Some of the strong
points of this process are its low economic cost, high adherence to the substrate, and,
of course, the high corrosion resistance of the resultant coating [24,25]. Considering the
versatility of the phosphate solutions (they can incorporate different types of metals),
biocompatible elements that can promote the osseointegration of the substrate can be
deposited onto its surface while also protecting the base materials against corrosion [26,27].
The characteristics of the phosphate layer and its anchorage to the substrate surface are
strongly influenced by multiple factors. Liu et al. [28] studied the influence of the pH of
the phosphate solution on the structure of the Ca–Zn phosphate layer deposited on pure
titanium. According to their publication, both hopeite and scholzite phases can be deposited
on the substrate surface. Hopeite is created in higher amounts at pHs between 2.50–3.25,
while higher quantities of the scholzite phase can be observed at pHs between 3.50–4.25.
In this case, corrosion tests revealed that the samples with a higher content of hopeite
had superior corrosion resistance to those where scholzite was predominant. The same
group of researchers also published another study regarding the influence of temperature
on the crystals’ structure [29]. In their publication, they observed that by increasing the
immersion time and temperature, the coating structure (compactness) and thickness could
be improved. Zhao et al. [30] studied the effect of voltage and temperature on the formation
of Ca–Zn phosphate layers. Compared with the previously cited studies, in this research,
the coating was obtained through an electrolysis-induced phosphate chemical conversion
method. Accordingly, the authors observed that the corrosion resistance and the structural
characteristics of the deposited layer can be improved if the voltage is decreased and
the temperature is increased. Liu et al. [31] also studied the biocompatibility of scholzite
coatings deposited on the surfaces of pure Ti and Ti6Al4V, demonstrating that this type of
process and coating can be used in order to promote the osteointegration of titanium and
its alloys.

According to the reviewed studies, the deposition of phosphate layers by chemical
conversion is a suitable method for promoting the biointegration of Ti implants; however,
there are very few studies that consider Ti6Al4V as a substrate, and many of the parameters
that influence layer formation were not considered. Furthermore, the literature is very poor
in terms of the types of phosphating solutions that can be used to obtain protective layers
for Ti implants. In this study, an innovative phosphating solution was developed, which
was further used in a chemical conversion process to obtain Ca–Zn phosphate layers on
the Ti6Al4V surface. Moreover, the chemical composition of the phosphate solution was
chosen considering the biocompatibility of the chemical elements and their possibility of
contributing to the formation of phosphate compounds. Accordingly, a new phase was
confirmed in the structure of the deposited layer, while relevant tests were employed to
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analyze the layer morphology and its corrosion resistance in two types of corrosive media
(Ringer and Dulbecco solutions) relevant for bioengineering applications.

2. Materials and Methods

2.1. Materials

Due to their biocompatibility and good mechanical properties, titanium alloys are
widely used for implant manufacturing. In this study, Ti6Al4V purchased from AEMMetal
(Hunan, China) was used as a substrate. The material was supplied in a round bar form,
and its chemical composition, provided by the supplier, is presented in Table 1.

Table 1. Chemical composition of Ti6AL4V used as substrate.

Element Al V Fe O C Ti

wt.% 6.14 4.22 0.12 0.11 0.028 bal.

2.2. Sample Preparation

The Ti6Al4V bars were cut into specimens with a size of Ø10 mm and a thickness
of 3 mm. In order to promote the biointegration of the titanium alloy, a phosphate layer
was deposited onto the surface of the obtained samples by a chemical conversion process
(phosphating). First, the samples were ground with 400, 600, 800, 1000, and 1200 grit SiC
abrasive paper. After a homogenous surface was obtained, the samples were degreased by
immersing them successively in an ultrasonic bath with acetone, ethyl alcohol, and distilled
water for 10 min. Following that, the surface was pickled and activated by immersing the
samples in a 2% HF solution for 15 s, followed by 30 s in a 3 g/L titanium colloidal solution
(Na4TiO (PO)2 0–7H2O). Then, a Ca–Zn phosphate layer was deposited on the samples
surfaces by immersing them in a phosphating solution. The phosphating step took place for
60 min at 90 ◦C. The chemical composition of the phosphating solution used in this research
is different from the ones previously presented in the literature. The solution used here
contains the following accelerators and inhibitors: HNO3, NaOH, NaNO2, Na5P3O10, and
NaF in different quantities—the influence of each component was described in Ref. [32]. In
addition, in this solution, Ca(NO3)2, Zn chips, Fe powder, and H3PO4 were added to obtain
the metal cations and compounds that will conduct to the phosphate layer formations.
Afterwards, the samples were rinsed in cold water and dried at room temperature. A
schematic representation of the phosphating process is presented in Figure 1.

Figure 1. The process flow chart of sample coating.

2.3. Methods

The morphology and the chemical composition of the deposited layer were studied
using an optical microscope (Zeiss Imager Axio a1M) and a scanning electron microscope
(Vega Tescan LMH II) equipped with an energy dispersive detector (EDAX Bruker). The
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chemical composition of the layer was determined by making 5 measurements at different
points of the surface of the samples; in this study, the measurement closest to the average
is presented.

The type of crystals which were formed on the surface of the titanium alloy Ti6Al4V
was determined using an X-ray diffractometer (PANalytical X’Pert PRO MPDR) using
Cu-Kα1 radiation. This study used a 2θ angle ranging between 5◦–70◦, the number of
steps was 6474, and the step size was 0.0131◦ every 60 s with a scanning speed of 0.054 ◦/s.
In order to highlight the compounds specific to the obtained phosphate layer, a Fourier-
transform infrared spectroscope (Bruker Hyperion 1000 FTIR spectrometer) was used with
a wavenumber range between 4000 cm−1 and 600 cm−1 at a spectral resolution of 4 cm−1

and several 64 scans for each analyzed surface.
Because this material was designed to be used as an implant, an indispensable property

is the hydrophilic surface. To determine this kind of characteristic, the contact angle was
evaluated. For this determination, a Drop Shape Analyzer (DSA100, Kruss) with a software-
controlled dosing system was used, and the contact angle was measured through the
sessile-drop method. The wettability of the metal surface was tested by deionized water,
ethylene glycol, and Ringer and Dulbecco solutions at room temperature. The volume of
the drop deposited on the metal piece was 4 μL. After the drop was deposited, the contact
angle was recorded for 60 s. The metal surface was cleaned with high-purity ethanol and
dried before the contact angle tests. For each liquid sample, measurements were carried out
at least five times. The average of all the individual measurements was used to compute
the contact angle value [33]. Additionally, the Owens–Wendt–Rabel–Kaelble (OWRK)
method [34] based on contact angle was used to calculate the sample’s surface energy.

The corrosion properties of the Ca–Zn phosphate layer were analyzed by poten-
tiodynamic polarization in two different corrosion media. In this study, Ringer solu-
tion (pH = 6.18) and Dulbecco’s phosphate-buffered saline solution without Ca and Mg
(pH = 7.4) were used to evaluate the corrosion resistance of the obtained samples. The po-
tentiodynamic polarization tests were conducted using an OrigaFlex potentiostat equipped
with a three-electrode cell. The cell includes a reference electrode (saturated calomel elec-
trode), a platinum counter electrode, and the working electrode (the analyzed sample). The
analyzed sample has an exposed area of 0.785 cm2. The obtained results were processed
with OrigaMaster 5 software (Version 2.5.0.3.). The polarization curves were obtained at a
potential range of (−300) to (+300) mV vs. o . . . pen circuit potential (OCP), with a scan rate
of 0.5 mV/s. The electrochemical tests were repeated 3 times to ensure their repeatability.

3. Results and Discussion

3.1. Characterization of the Ca–Zn Phosphate Layer

Optical and scanning electron microscopy were used to study the structure and the
uniformity of the coating. Figure 2 presents the images obtained by OM at a magnification
of 5×, 10×, and 20×, while Figure 3 shows the SEM micrographs for the Ca–Zn phosphate
layer deposited on the Ti6Al4V surface.

Figure 2. Optical microstructure of the Ca–Zn phosphate layer deposited on the Ti6Al4V surface
viewed at (a) 5×, (b) 10×, and (c) 20× magnification.
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Figure 3. The morphology of the Ca–Zn phosphate layer deposited on the Ti6Al4V surface viewed at
(a) 500×, (b) 250× and (c) 100× magnification.

A morphology specific to many crystals of different sizes can be observed uniformly
deposited all over the surface of the titanium alloy (Figure 3c). Due to the areas between
the crystals, called inter-crystalline areas, the surface of the layer is rough, which is specific
to phosphate layers deposited by the chemical conversion process. The average roughness
value (Ra) of the obtained coatings, determined by profilometry, was around 1.34 μm.
This aspect represents an advantage of these layers since they can facilitate cell adhesion,
similarly to the porous structure of bones. The formed crystals are compact, having an
acicular shape in some areas (Figure 3b) and a flower shape in others (Figure 2b,c). The
flower-like structure is specific to the hopeite compound created after phosphating, and its
presence was confirmed by XRD analysis. Compared with other phosphate layers based on
Zn and Ca, the morphology of those obtained in this study is different from that obtained
by Liu et al. [31]. In their study, the authors observed that the crystals they obtained
have the typical morphology of scholzite, being composed of smaller and thicker lamellar
crystals. Another study [29] shows that the structure of crystals obtained on a pure Ti
surface looks like flakes, with their dimensions depending on the temperature (25 ◦C, 55 ◦C,
75 ◦C) of the phosphate solution. Therefore, the structure of the Ca–Zn phosphate layer
differs depending on the process parameters (immersion time, phosphating temperature,
coupled systems, coupling voltage, sample preparation process, etc.) and very much on the
chemical composition of the phosphating solution. In this case, the crystal’s dimensions
could be higher than those presented previously due to the high phosphating temperature
(90 ◦C).

In order to observe the uniformity of the chemical composition of the deposited
layer, the sample surface was analyzed by EDS and examined from five different points of
view from the chemical composition point of view. Figure 4 shows the chemical element
distribution in the area of the Ca–Zn phosphate layer, where the chemical composition is
close to the average of the five different points. In addition, the chemical composition and
the energy spectra of this zone are presented in Figure 5. The SEM and EDS analyses were
also used to evaluate the thickness of the obtained phosphate layer. Figure 6 shows the
morphology of the coated samples in cross-section; the average thickness layer is around
63 μm.

As can be seen from Figure 4, the elemental distribution confirms the presence of P, O,
Zn, Ca, and Fe all over the analyzed surface. The presence of Ti, V, and Al is explained by
the penetration of X-rays up to the interface between the phosphate layer and the titanium
alloy substrate in those areas where the phosphate layer is thinner. This aspect was also
observed by other researchers looking at phosphate conversion coatings deposited on
titanium or other alloys [30,32].
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Figure 4. EDS area scan of the Ca–Zn phosphate layer.

Figure 5. Energy spectra and the chemical composition of the Ca–Zn phosphate layer.
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Figure 6. SEM–EDS image of the cross-section of the coated sample.

In order to determine the phase formed on the surface of the Ti6Al4V by depositing
a Ca–Zn phosphate layer through the chemical conversion process, an XRD analysis was
conducted. The XRD diffractogram of the coated sample is presented in Figure 7.

Figure 7. XRD diffractogram of the Ca–Zn phosphate layer.
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The XRD pattern presents significant peaks of specific phases which can be indexed as
scholzite (CaZn2(PO4)2·2H2O, PDF 04-010-2736), hopeite (Zn3(PO4)2·4H2O, PDF 04-015-
0707), and phosphophyllite (Zn2Fe(PO4)2·4H2O, PDF 01-074-6617 and PDF 04-011-6924).

As can be observed, the strongest diffraction intensity is specific to the phosphophyllite
phase at a 2θ degree of 19.7◦ corresponding to the (002) crystal plane. Furthermore,
the Zn2Fe(PO4)2·4H2O phase is detected at 2θ degree of 9.9◦, 26.4◦, 31.5◦, 41.2◦, 43.4◦
corresponding to the (100), (112), (312), (400), and (414) crystal planes. Regarding the zinc
phosphate tetrahydrate compound, hopeite shows many significant peaks, including one
with high intensity at a 2θ degree of 39.6◦ corresponding to the (080) crystal plane. Due to
the introduction of Ca in the phosphate solution, another phase formed is scholzite, which
has two peaks with remarkable intensity at a 2θ degree of 10.1◦ and 31.7◦ corresponding
to the (200) and (1422) crystal planes, respectively. According to the XRD analysis, the
highest number of peaks is specific to hopeite. Thus, the addition of Ca and Fe in the
phosphate solution formed specific compounds which will improve the characteristics of
the TI6Al4V substrate.

An FTIR spectrum of the Ca–Zn phosphate layer is shown in Figure 8. As can be seen,
the vibration band between 600–700 cm−1 has a significant peak at 607 cm−1; this band can
be assigned to the stretching vibration of hydroxyl groups or PO4

−3 groups [35]. The O-H
group can appear due to the motion of the absorbed water [36]. In addition, significant
peaks are presented between 3100–3600 cm−1, which can also be attributed to O-H groups
that can indicate the existence of crystal water [30]. This aspect is available also for the peak
between 1500–1700 cm−1. The peak at 1041 cm−1 can be attributed to the PO4

−3 group,
which is part of all the identified phases from the XRD results. Furthermore, the peak at
964 cm−1 and the vibration band between 900–1200 cm−1 correspond to the P-O stretching
in HPO4

2 [37].

Figure 8. FTIR spectra of the Ca–Zn phosphate layer.

3.2. Corrosion Characteristics

Figure 9 shows the potentiodynamic polarization curves of Ti6Al4V coated with a Ca–
Zn phosphate layer (Ca–Zn) and Ti6Al4V uncoated samples, tested in Dulbecco solution
(Figure 9a) or Ringer solution (Figure 9b). The corrosion parameters of Ecorr, Icorr, βa,
βc, polarization resistance (Rp) and corrosion rate (CR) were calculated with formulas
presented in a previous study [25] and are summarized in Table 2. In both cases, Ti6Al4V
specimens were tested as control samples in order to reveal the influence of the coating on
the corrosion properties of the titanium alloy.
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(a) (b)

Figure 9. Potentiodynamic polarization curves of uncoated Ti6Al4V or Ti6Al4V coated with a Ca–Zn
phosphate layer tested in Dulbecco solution (a) or Ringer solution (b).

Table 2. Electrochemical corrosion parameters determined for the Ca–Zn phosphate layer and
uncoated Ti6Al4V tested in the two corrosive media.

Sample
Corrosive

Media
Ecorr

mV
Icorr

μA/cm2
βa

mV/dec.
βc

mV/dec.

Rp

kΩ·cm2
CR

μm/Year

Ti6Al4V
Dulbecco

−177 0.63 172 −270 87.8 13.15

Ca–Zn −95 0.02 53 −131 419.5 0.46

Ti6Al4V
Ringer

−448 0.86 100 −106 17.9 18.03

Ca–Zn −213 0.04 38 −59 101.1 0.95

As can be seen from Figure 9, the anodic curve specific to the Ca–Zn sample presents a
slope change near 0 mV, indicating the start of a passivation plateau within the increase of
potential. Moreover, for both cases, the curves of the phosphate sample shifted to a positive
direction of corrosion potential while current density decreased significantly compared
with the values of the uncoated Ti6Al4V samples. These results show that the phosphate
samples present a higher corrosion resistance due to the small values of Icorr (0.02 and
0.04 μA/cm2) and more positive values of Ecorr (−95 and −213 mV) compared with the
high values of Icorr (0.63 and 0.86 μA/cm2) and more negative values of Ecorr (−177 and
−448 mV) for uncoated samples. It is also well known that a high value of polarization
resistance indicates a good corrosion resistance; therefore, the values of Rp for the Ca–Zn
sample are about five times higher compared with Ti6Al4V samples. At the same time, the
corrosion rate decreased significantly from 13.15 and 18.03 μm/year for uncoated samples
to 0.46 and 0.95 μm/year for the coated ones. Furthermore, regardless of the sample type
(coated or uncoated), the results show that the Ringer solution is more corrosive compared
with the Dulbecco solution.

Another study [31] regarding the deposition of scholzite and hopeite on the surface of
titanium by phosphating revealed an improvement of corrosion resistance in 0.9% NaCl
solution. As in this research, the corrosion potential for the coated samples exhibited more
positive values (from −440 mV to −310 mV) and lower current density values (from 0.53
to 0.37). Compared with the results of our study, even though the corrosive media are
different, we can observe an improvement of corrosion resistance due to the presence of
the phosphophyllite phase.
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3.3. Surface Wettability

The contact angle values can be influenced by surface texture, chemistry, and cleanli-
ness. Other variables that affect the contact angle measurement include the experimental
temperature, the volume, and the kind of liquid employed. The contact angle was tested
for water, ethylene glycol, and Ringer and Dulbecco solutions at room temperature. The
measurements were carried out for 60 s following/after the drop’s deposition. For all
liquids, it was found that the contact angle dramatically decreases in the first 10 s, then
stabilizes in the next 20–60 s, reaching a plateau value. The decreasing contact angle values
could be explained by a very low spreading of the drop until this reaches thermodynamic
equilibrium. In this case, the droplet spreading occurs on a fast-time scale with minimal
fluid penetration into the surface layer, the surface being porous as revealed by SEM. After
the spreading phase is through, the volume loss from the droplet to the substrate occurs on
a slow-time scale [38]. The average of all measurements for each liquid sample is shown in
Table 3, along with its standard deviation.

Table 3. Contact angle values of the liquids deposited on the Ca–Zn sample.

No. Solution Contact Angle (◦)

1 Water 58.3 ± 2.1
2 Ringer solution 56.0 ± 5.2
3 Dulbecco solution 68.5 ± 5.2
4 Ethylene glycol 34.5 ± 3.2

Images of the water, Ringer, and Dulbecco solution droplets deposited on the metal
surface are shown in Figure 10.

Figure 10. The sessile drop of water (a), Ringer solution (b), Dulbecco solution (c) and ethylene glycol (d).

All testing solutions, having a contact angle less than 90◦, wet the Ca–Zn coated
sample (Table 3). Comparing the liquids related to the body fluids, the capacity to wet the
metal surface is almost the same for the water and Ringer solution, with a slightly better
value for the latter one. Amongst the three body fluids, the Dulbecco solution has the
lowest surface-wetting capacity, presenting the highest contact angle value. Because of its
lower contact angle, the Ringer solution is more attracted to and retained on the sample’s
surface. The coating appears to have grown permeable over time, enabling liquid to pass
through it and moisture to reach the underlying material and start corrosion processes.
The test corrosion revealed that the Ringer solution is more corrosive than the Dulbecco
solution, which has a bigger contact angle than the Ringer solution. An inverse correlation
between contact angle values and corrosion rates was reported for super-hydrophobic
surfaces [39], but with a different explanation for this phenomenon. The metal surface is
hydrophilic, as evidenced by the contact angle between the water and the sample, which is
58.3 ± 2.1◦.

The spread of the liquid drops over the metal surface is due to cohesive (the magnitude
of the interactions among a material’s molecules) and adhesive forces (intensity of the
interactions with molecules from other materials) that develop on the liquid’s molecules.
In this regard, surface energy is a reliable indicator of the degree of wettability [34]. Based
on contact-angle values, the sample’s surface energy was calculated using the Owens–
Wendt–Rabel–Kaelble (OWRK) method [34], based on Fowkes’ theory. According to this
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theory, the surface energy is the sum of dispersion, polar, hydrogen, induction, and acid-
base interactions. In the OWRK methods, the interactions were divided into two types:
dispersive (van der Waals) and polar (Equation (1)).

γs = γd
s + γ

p
s (1)

where γd
s and γ

p
s are the dispersive and polar components of the surface energy of the

solid, respectively.
At least two test liquids with well-known polar and dispersive interactions are neces-

sary for the OWRK model (Equation (2)) [40]. Thus, two liquids with different polarities
were used to determine the surface energy of the metallic sample: water (polar solvent)
and ethylene glycol (partially polar solvent).

√
γd

s γd
l +

√
γ

p
s γ

p
l = 0.5[γl(1 + cosθ)] (2)

where γd
s , γ

p
s are dispersive components and γd

l , γ
p
l are polar components of the solid and

liquid surface energies, respectively; γl is the surface tension of the liquid; and θ is the
contact angle.

It was calculated that the total surface energy (γs) of the coated sample is 42.49 (±1.64)
(mN/m). The polar and dispersive components of the total surface tension of the solid
are as follows: γ

p
s = 27.57 (±0.79) (mN/m) and γd

s = 14.92 (±0.85) (mN/m). The higher
polar component of the surface energy is due to the Ca–Zn phosphate layer, which was
also highlighted by the XRD and FTIR studies. The long-range London dispersion forces
are responsible for the dispersive forces. The significant part of the polar component can
explain the affinity of the metal sample for polar liquids.

4. Conclusions

In this study, a new phosphating solution for obtaining a Ca–Zn phosphate layer on
the Ti6Al4V surface was developed. In addition, relevant analyses were conducted to
validate the formation of the coating layer and its potential improvements in the corrosion
resistance of the base material.

A Ca–Zn phosphate layer was deposited on the surface of Ti6Al4V in order to study
the possibility of improving the osteointegration of implants by increasing the corrosion
resistance and the surface roughness. The SEM micrographs revealed that the deposited
layer has a crystalline structure, specific to the zinc phosphate layer, where crystals are
intercalated. The EDX, XRD, and FTIR analyses showed that hopeite, phosphophyllite, and
scholzite crystals were formed all over the titanium alloy surface.

Both the coated and the base materials have been tested in two corrosion media (Ringer
and Dulbecco solutions). The electrochemical tests revealed that the Ti6Al4V corrosion
resistance was highly improved by depositing a Ca–Zn phosphate layer onto its surface,
and the polarization resistance significantly increased by almost five times for the coated
samples in both corrosion media. Moreover, the experiments revealed that the Ringer
solution is a more aggressive corrosion media than the Dulbecco solution.

All solutions considered show satisfactory surface wettability. The wettability gradu-
ally increased from the Ringer solution to water and finally to the Dulbecco solution. From
surface energy calculations, it was found that the coated Ti6Al4V has a predominantly
polar surface, with the polar component being almost two times larger compared with the
dispersive one. This polarity of the surface created by phosphating can be suitable for cell
adhesion; therefore, future studies should be conducted on this topic.
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Abstract: It is still crucial to improve the mechanical characteristics of polyvinyl alcohol (PVA) films
without resorting to chemical cross-linking. In this study, boric acid (BA) was used to enhance
the mechanical characteristics of PVA films while maintaining their excellent transparency and
biodegradability. The hydrogen bond interaction between PVA and BA resulted in a 70% increase
in tensile strength (from 48.5 to 82.1 MPa) and a 46% increase in elongation at break (from 150 to
220%). To introduce antibacterial properties, polyhexamethylene guanidine hydrochloride (PHMG)
was incorporated into PVA/BA composite films resulting in PVA/BA/PHMG composite films. The
PVA/BA/PHMG films exhibited 99.99% bacterial inhibition against Escherichia coli and Staphylococcus
aureus with negligible leaching of PHMG. The PVA/BA/PHMG films maintained a tensile strength of
75.3 MPa and an elongation at a break of 208%. These improved mechanical and antimicrobial prop-
erties make PVA/BA and PVA/BA/PHMG films promising for applications in food and medicinal
packaging.

Keywords: PVA films; boric acid; polyhexamethylene guanidine hydrochloride; mechanical
properties; antimicrobial properties

1. Introduction

In recent years, there has been an increasing interest among researchers of various
sciences in polymers that exhibit excellent biocompatibility, biodegradability, and poten-
tial for modification [1,2]. Polyvinyl alcohol (PVA) has been widely used in films [3–5],
hydrogels [6–9], fibers [10–12], nanobody-based beads [13], and other fields due to its
good mechanical properties, oxygen barrier [14–16], optical transparency, biocompatibility,
and biodegradability. Water-soluble PVA film is an emerging green and environmentally
friendly material that is non-polluting, non-toxic, and suitable for food and pharmaceutical
packaging [17–20].

A crucial need is for the PVA film to have excellent mechanical characteristics. The
mechanical characteristics of PVA film were typically enhanced by physical mixing and
cross-linking modification. One of the key techniques for producing high-performance
polymer compounds is physical mixing [21,22]. The additives, such as graphene oxide
(GO) [22], silver nanoparticles [23], and silica [24], might interact with the hydroxyl group
on PVA. Zhu et al. [22] combined GO and single-walled carbon nanotubes with PVA
films to boost their tensile strength from 34.6 to 62.8 MPa. Fan et al. [23] found that
adding silver-loaded nano-cellulose enhanced the tensile strength of PVA films, and the
nanocomposite films displayed reduced moisture absorption and efficient antibacterial
properties. The cross-linking of PVA films includes radiation cross-linking and chemical
cross-linking [25,26]. Irradiation cross-linking can form new linkage bonds via the free
radicals generated by radiation. In order to create three-dimensional porous foam structures,
Sabourian et al. [25] exposed PVA/polyvinylpyrrolidone mixes to γ rays. This enhanced
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the tensile strength of PVA foams from 0.43 to 0.54 MPa and the elongation at break from
30 to 205 percent. Macromolecular chains are connected to create a network structure using
chemical cross-linking. According to Chen et al. [26] the PVA that had been cross-linked
with sodium borate under these circumstances increased in tensile strength (from 23.3 to
66.5 MPa) but decreased in elongation at break (from 60% to 30%), and its degradable
characteristics deteriorated. The antimicrobial properties of PVA films are also in great
demand. Blending [27–29] and graft modification of PVA [30] are the common methods to
obtain antimicrobial PVA films.

A quick and effective way to achieve antibacterial characteristics is by physical mixing.
Antimicrobial PVA was created using a variety of antimicrobial substances, including
chitosan [27,28], TiO2 [29], and silver [30]. Growing interest is being paid to TiO2 and other
photo-catalytical antibacterial substances with potent bactericidal properties. Ma et al. [29]
created a TiO2/N-halamine nanoparticles/PVA composite film that, in 30 min, rendered
99.97% of S. aureus and 100% of E. coli inactive. The antibacterial composite PVA films
also showed outstanding storage stability, regeneration potential, and UV light stability.
Physical blending has the drawback of causing the blended antimicrobial ingredient to seep
from the modified film, reducing the antimicrobial characteristics’ longevity. Antimicrobial
agent leaching may be reduced by graft modification. Mei et al.’s in situ green synthesis
approach was used to create N-halamine compound-grafted PVA electrospun nanofibrous
membranes with rechargeable antibacterial activity. In order to reduce the amount of
E. coli by 6 log CFU in only one minute, the chlorinated dimethylol-5,5-dimethylhydantoin
(DMDMH)-grafted PVA nanofiber film shows a combination of qualities, including long-
term durability and great mechanical strength. However, processing and the complexity of
incompletely reacted monomers continue to be issues. As a reinforcing agent in this study,
boric acid (BA), a substance with water solubility, non-toxicity, and bacteriostatic qualities,
was selected. Because of its aqueous solubility, wide range, and superior antibacterial
capabilities, polyhexamethylene guanidine (PHMG) was selected as the antimicrobial
agent. To create PVA/BA films with outstanding mechanical characteristics, PVA solution,
and BA solution were combined, then dried. While maintaining a similar elongation
at break to pure PVA films, the PVA film’s tensile strength was increased thanks to the
strong hydrogen bonds between BA and PVA. Additionally, PVA, BA, and PHMG solutions
were combined to create PVA, BA, and PHMG films that, thanks to hydrogen bonds, had
excellent mechanical properties and were transparent, non-leaching, and antibacterial. It is
anticipated that PVA/BA and PVA/BA/PHMG films will be used in the domains of food
and pharmaceutical packaging [31–33].

To the best of our knowledge, there has not been investigated the potential of the
PVA and PVA–BA blends with or without the addition of PHMG as the active agent and
their antibacterial and physicochemical properties as a natural preservative in coatings.
This work studied the effect of both BA and PHMG (two antibacterial components) on the
physicochemical and biological properties of PVA-based materials. The obtained results
allowed for an evaluation of a likely increase or decrease in the antibacterial effect of
PVA-based materials modified with both biologically active compounds.

2. Experiment

2.1. Materials and Methods

PVA with an average molecular weight of 73,000–78,000 (g/mol) and a hydrolysis
degree of 98–99% was purchased from Shanghai Titan Technology Co. (Shanghai, China).
The boric acid (AR ≥ 99.5 percent) was provided by Shanghai Aladdin Biotechnology Co.
(Shanghai, China). The PHMG with a molecular weight of 740 Da was synthesized using
the method described by Wei et al., 2009 [34] (as measured by ESI-TOF-MS).

2.2. Preparation of PVA/BA Films and PVA/BA/PHMG Films

A 10-weight percent PVA aqueous solution was made by mixing 50 g of PVA with 450 g
of deionized (DI) water. The mixture was then agitated at 95 ◦C for four hours. The boric
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acid (BA) was mixed with the DI water for an hour at room temperature using magnetic
stirring. The mixed solution, which was then cast onto glass Petri dishes, defoamed, and
dried to make PVA/BA films, was made by mixing PVA and BA solutions in a variety
of mass ratios. Films having a PVA/BA concentration of 1.0 wt% BA were recorded as
PVA-1.0 wt%, and so on. Next, a group of the dried films was assembled and put to the
test. At room temperature, PHMG was dissolved in DI water using magnetic stirring for
4 h. The three solutions, PVA, BA, and PHMG, were combined in various mass ratios,
agitated for one hour, then cast on glass Petri plates, and maintained at room temperature.
PVA/BA/PHMG-0.1 wt% was the designation for the PVA/BA/PHMG film that included
0.5 wt% BA and 0.1 wt% PHMG, and so on. The dried films were then gathered and
examined [22].

2.3. Characterization
2.3.1. Fourier-Transform Infrared Spectroscopy (FTIR)

In order to evaluate the functional groups on the surface, PVA films were scanned
using a Nicolet 5700 spectrometer in attenuated total reflectance (ATR) mode across the
4000–400 cm−1 wavenumber range following the method described by Abedinia et al. [35].

2.3.2. Water Solubility (WS)

To calculate the WS, the specimens were initially cut into 5 cm × 5 cm strips. The films
were then dried at 60 ◦C for 24 h to determine their initial dry matter (Mi). The samples
were then baked at 20 ◦C for 28 days in 250 mL of DI water. The samples were dried again
for 24 h at 60 ◦C to reach their final dry weight (Mf). Equation (1) was used to calculate
the WS%. The samples were examined three times, and the findings were represented as
WS% [35].

WS (%) =
Mi − Mf

Mi
(1)

2.3.3. Light Transmission

The quantity of light that went through the films in the range of 200–800 nm was
measured using an ultraviolet-visible (UV-vis) spectrophotometer (Lambda 950, Perkin
Elmer, Waltham, MA, USA). The film samples were cut into 4 cm × 1 cm strips and placed
into cuvettes. An empty cuvette was used as a reference. The transparency of the film was
calculated with the following Equation (2):

Transparency = −log T/x (2)

where T is the transmission (%) at 600 nm, and x is the thickness of the film (cm).

2.3.4. X-ray Diffraction (XRD)

Wide-angle XRD was used to analyze the crystalline structures of PVA films using a
rotating anode X-ray powder diffractometer (18 KW/D/max2550 VB/PC, Rigaku Corpora-
tion, Tokyo, Japan) with Cu Kα radiation (λ = 1.542 Å) at a voltage of 30 kV and current
of 15 mA. Film samples were cut into 3 cm × 3 cm and placed on the glass slides, then
secured with tapes before being placed in the diffractometer chamber for measurement.
The angle diffraction ranges and scanning times were set between 2θ = 1 − 60◦ and 2◦ per
minute, respectively.

2.3.5. Thermogravimetric Analysis (TGA)

The thermal stability of the PVA sheets was evaluated using TGA (STA409PC, NET-
ZSCH, Selb, Germany). All experiments used samples weighing around 10 mg and were
conducted at temperatures ranging from 20 to 600 ◦C at a rate of 10 ◦C/min under a N2
(purity ≥ 99.999%.) flow rate of 50 mL/min.
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2.3.6. Differential Scanning Calorimeter (DSC)

The thermal properties of the PVA/BA films were evaluated using DSC (Perkin Elmer,
Waltham, MA, USA). The sample pan for the DSC apparatus received a sample of about
5 mg. An empty aluminum pan was used as a reference. While being scanned from 0 to
250 ◦C, samples were heated at a rate of 5 ◦C/min.

2.3.7. Morphology Observations by Scanning Electron Microscopy (SEM)

The morphology of the films was examined using a SEM (Hitachi S-3400N, Tokyo,
Japan) at an accelerating voltage of 15 kV. The samples were coated with gold prior to
inspection. Scans were performed by considering the magnification of 4000× [35].

2.3.8. Mechanical Properties

PVA films’ tensile strength and elongation at break were measured using a universal
electrical testing apparatus at a speed of 50 mm/min and a temperature of 23 ± 2 ◦C.
(CMT-2203, MTS, Eden Prairie, MN, USA). Each sample had a gauge length of 25 mm. On
each sample, at least five tests were run, and the average result was calculated [35].

2.3.9. Antimicrobial Tests

The bactericidal properties of PVA films were assessed using the shaking flask
method [32] and the ring diffusion technique [33].

The flask-shaking method is a kind of quantitative test. Before being further diluted
to 105 CFU/mL, Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) were cultured
in nutritive broth at 37 ◦C for 24 h. Then, 0.10 g of the sample and 5 mL of the bacterial
culture (105 CFU/mL) were combined, and they were shaken for an hour at 250 rpm at
37 ◦C. Following some shaking, this culture was diluted repeatedly, and 0.1 mL of it was
then seeded on LB agar in a Petri dish. After the dishes had been incubated at 37 ◦C for
24 h, the colonies were counted. The inhibition rate of cell growth was calculated from
Equation (3):

Growth inhibition rate = (A − B)/A × 100% (3)

where A and B stand for the number of bacterial colonies discovered in the control and
composite film samples, respectively. The average values of the inhibition rates were
calculated after three measurements of each sample were taken.

The ring diffusion test was used to explain the leaching property. The bacterial culture
medium was nutrient agar. Agar plates were inoculated with 0.1 mL solutions of E. coli
or S. aureus containing 108 CFU/mL. Circular pieces of film with a diameter of 0.5 cm
were placed on the agar plates. Following a 24 h incubator incubation period at 37 ◦C, the
inhibition zones’ widths were measured. On each test, duplicate tests were conducted.

2.3.10. Leaching Tests

A 1 g PVA film was soaked in 50 g DI water for seven days at different temperatures.
Then, using an ultraviolet (UV) spectrophotometer (Lambda 950, Perkin Elmer, Waltham,
MA, USA) operating in the 190–400 nm wavelength range, the PHMG leaching rates
were determined from the soaking solution. The calibration Equation (4) [36,37] of the
absorbance at 192 nm of PHMG is as follows:

A192 = 0.06107 + 0.06805CPHMG (4)

where A192 represents the absorbance at 192 nm, CPHMG represents the concentration of
PHMG in μg/mL. The leaching rate was calculated by the following Equation (5):

Leaching rate = CPHMGVW/WA × 100% (5)

where WA is the weight (g) of incorporated PHMG, VW is the volume (mL) of the soaked
solution, and CPHMG represents the concentration of PHMG in μg/mL of soaked solution.
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2.4. Gaussian Simulation

The intra- and intermolecular hydrogen bonding in the PVA/BA system was evalu-
ated using Gaussian simulation. Gaussian 09W is the Gaussian variation. The structural
optimization approach is b3lyp/6–31g**, and the energy of the H-bond is then determined
using def2Tzvpp/m062x based on the electron density of the bond-critical point. The
equation is as follows:

EHB = −223.08 × ρ(BCP) + 0.7423 (6)

where ρ(BCP) is electron density at bond-critical points, EHB is the energy of the H-
bond [38]. The bond-critical point is a positive saddle point on the potential energy surface.

2.5. Statistical Analysis

All the tests on each sample were performed in triplicate. Data were analyzed using
one-way analysis of variance (ANOVA) in SPSS 22.0 (Chicago, IL, USA). Significant differ-
ences in the mean values were examined using Duncan’s multiple range test at p < 0.05.
The results are expressed as mean and standard deviation.

3. Results and Discussion

3.1. Transparency and UV(Ultraviolet–Visible) Absorption of Films

High optical transparency is a crucial characteristic of PVA films. The transmittance-
wavelength curves from the UV-vis spectrophotometer used to evaluate the transparency
of PVA/BA films are shown in Figure 1. In the 250–800 nm range, pure PVA films show
excellent transparency, especially in the visible region where the transmittance approaches
91%. The PVA and BA films both have equivalent optical transparency. The great compati-
bility of PVA and BA, which is most likely brought on by their strong H-bond interaction,
is what accounts for the high transparency.

 

Figure 1. (a1–a3) UV-vis curves (200–800 nm) of PVA, PVA/BA (a1), and PVA/BA/PHMG (a2)
films and the UV absorption spectra of soaking solution of PVA/BA/PHMG-1 wt% samples after
immersion in deionized water for seven days (a3). (b) The dissolution rates of PVA/BA/PHMG-1
wt% samples at different temperatures immersion.

193



Coatings 2023, 13, 1115

Leaching tests revealed that the UV absorption spectra of the PVA/BA/PHMG-1
wt% film soaking solution after seven days of immersion are shown in Figure 1b. The
breakdown rate of PHMG as determined from the UV absorption spectra is shown in the
attached table to Figure 1(a3). The strength at 192 nm rose with the rise in immersion
temperature, and the absorption peak at that wavelength is attributed to PHMG. At 20 ◦C,
30 ◦C, and 40 ◦C of immersion temperature, the dissolving rates of PVA/BA/PHMG-1 wt%
films were 0.18 percent, 0.20 percent, and 0.21 percent, respectively. The PVA/BA/PHMG-1
wt% film’s low PHMG dissolution rate suggested that PHMG had been integrated with
the PVA matrix. Guo et al. [32] also obtained similar results after treating PVA with PHMB
to increase the antibacterial performance of cotton dressings with ultraviolet radiation for
seven days and were able to maintain the antibacterial rate of 99.99%.

3.2. Mechanical and Water Solubility Properties of Films

The pure PVA films had tensile strength and elongation at a break of 48.5 MPa and
150.3%, respectively (Figure 2). As more BA was added up to 0.5 weight percent, the tensile
strength of PVA/BA films increased, reaching 82.1 MPa for PVA-0.5 wt percent (Figure 2a).
However, as the amount of BA was increased above 0.5 wt%, the tensile strength of PVA/BA
films decreased, reaching 66.7 MPa for PVA-1.0 wt%. The maximum tensile strength for
PVA-0.5 wt% may have indicated that the H-bond networks and physical cross-linking
sites at 0.5 wt% BA may be at an ideal state. The elongation at break is shown in Figure 2b.
As the amount of BA within 0.5 weight percent increased, the PVA/BA film’s elongation at
break increased. However, the elongation at break of the PVA/BA films decreased as the
amount of BA increased above 0.5 wt percent. The change in elongation at break should
also be connected to the H-bonds.

The PVA-0.5 wt% film had a tensile strength of 81.2 MPa and an elongation at a
break of 220 percent. With the addition of PHMG, PVA/BA/PHMG-0.1 wt% film had a
tensile strength of 75.3 MPa and an elongation at a break of 208 percent. The reduction
in its mechanical properties may be due to the inclusion of PHMG, which altered the
well-ordered structure between PVA and BA.

The water solubility of the films is given in the table below, Figure 2. The PVA-1.0
wt%BA film was barely soluble, whereas the pure PVA and BCPVA-0.1 films were entirely
soluble. At greater BA levels, the water solubility rapidly decreased. The possibility of these
hydroxyl groups forming bonds with water molecules was reduced due to the cross-linking
between BA and the hydroxyl groups of PVA. For a crosslinker inserted into a polymer,
similar outcomes were reported [32].

3.3. H-Bond Interaction between PVA and BA

The IR spectra of PVA and PVA/BA films were used to analyze the H-bond interaction
between PVA and BA. During the formation of an H-bond, the density of the electron
cloud is averaged, which reduces the frequency of stretching vibrations. Pure PVA exhibits
a strong and wide absorption band at 3000–3600 cm−1 focused at 3264 cm−1 due to the
stretching vibration of hydroxyl groups (O-H), including the massive H-bond (free hydrox-
yls is usually only observed at 3620 cm−1) Figure 3. Two nearby substantial absorption
peaks at 2937 cm−1 and 2907 cm−1 were seen because of the methylene’s stretching vi-
bration. The absorption peak for BA at 3180 cm−1 is assumed to be caused by stretching
vibrations of the O-H group. For PVA/BA films, the BA absorption peak at 3180 cm−1

disappeared. The peak of the O-H group is moved from 3264 cm−1 for pristine PVA film
to 3241 cm−1 for PVA-0.1 wt%, 3240 cm−1 for PVA-0.3 wt%, 3239 cm−1 for PVA-0.5 wt%,
3240 cm−1 for PVA-0.8 wt%, and 3243 cm−1 for PVA-1.0 wt%. The altered O-H group
absorption peak, however, does not demonstrate an H-bond between PVA and BA.
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Figure 2. Mechanical properties of PVA and PVA/BA films. (a) Tensile strength, (b) elongation at
break; PVA/BA and PVA/BA/PHMG films, (c) tensile strength, (d) elongation at break and stability
of PVA films during 28 days in DI water 15 ◦C (Significant difference analysis abc letter notation).

Gaussian simulation may provide the theoretical evidence of the H-bond. The stronger
the H-bond, the closer the relative distance between the atoms. In order to reduce the
difficulty in the simulation, 1.3-propanediol was chosen as the model compound of PVA
in the Gaussian simulation. In electrically neutral systems, the energy of intermolecular
H-bonds ranges from 2.5 to 14.0 kcal/mol [31]. In the 1.3-propanediol/H2O system, the
calculated energy of H-bonds between water molecules (Figure 4a) was 20.48 kJ/mol, and
the energy of the H-bond between 1.3-propanediol molecules (Figure 4d) was 32.31 kJ/mol
(Table 1). However, the energy of the H-bond between 1.3-propanediol and BA reached
40.16 kJ/mol, and the total intermolecular force was 72.38 kJ/mol (Table 1). The strength
of the H-bond between 1.3-propanediol and BA is stronger than that of the H-bond be-
tween 1.3-propanediol and 1.3-propanediol. In addition, the H-bond energy between two
1.3-propanediol molecules and one BA molecule was also simulated, indicating that the
biggest energy of the H-bond between 1.3-propanediol and BA reached 43.55 kJ/mol. It
was thus predicted that the intermolecular force between PVA and BA should be greater
than that between PVA and PVA, which might account for the improvement of PVA/BA
films. The elongation at break of PVA/BA films is also increased by this physical improve-
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ment, in contrast to the chemical cross-linking, which reduces elongation at break. The
hypothesized physical cross-linking network of H-bonds between PVA and BA was based
on the outcomes of IR and Gaussian simulations (Figure 5). Due to the interaction of the
H-bonds, BA is thought of as a reinforcing agent to enhance both the tensile strength and
elongation at break.

Figure 3. FTIR spectra of BA, PVA, and PVA/BA films of 2800–3900 cm−1. (1) PVA, (2) PVA-0.1 wt%,
(3) PVA-0.3 wt%, (4) PVA-0.5 wt%, (5) PVA-0.8 wt%, (6) PVA-1.0 wt%, and (7) BA.

 
Figure 4. Schemes of H-bonds simulated by Gaussian software. (a) H2O-H2O, (b) PVA-H2O,
(c) PVA-PVA, (d) PVA-BA, (e) PVA-BA-PVA, and illustration of hydrogen bonds interaction among
PVA and BA.

3.4. Crystallinity of PVA/BA Films

To determine how the mechanical characteristics of PVA/BA films were enhanced,
XRD analysis may be performed. The X-ray diffraction patterns of pure BA, PVA, and
various PVA/BA composite films are shown in Figure 5. The neat PVA’s diffraction peaks,
which are centered at 2 = 19.6◦, serve as a representation of the (101) plane of PVA crystals.
A particular crystal is BA (Figure 5b). The PVA diffraction peaks in PVA/BA films did
not move when BA was added, indicating that the crystal had not changed in any way.
However, as BA concentration rose to 0.5 wt percent of BA, the regions of diffraction peaks
at 2 = 19.6◦ steadily grew before declining in the opposite direction as BA content rose.
Consequently, crystallinity peaked when BA content reached 0.5 wt%.
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Table 1. H-bond length and energy of the intermolecular interaction of H2O-H2O, PVA-H2O, PVA-BA,
PVA-PVA, and PVA-BA-PVA calculated by the Gaussian simulation.

H2O-H2O PVA-H2O PVA-PVA

Length
Energy

(kJ/mol)
Length

Energy
(kJ/mol)

Length
Energy

(kJ/mol)

a1 1.91 20.48 b1 1.84 28.13 c1 1.78 32.31
b2 1.84 28.13 c2 1.78 32.31

PVA-BA PVA-BA-PVA

Length
Energy

(kJ/mol)
Length

Energy
(kJ/mol)

Length
Energy

(kJ/mol)

d1 2.16 11.82 e1 2.41 9.43 e4 2.41 9.45
d2 1.71 40.16 e2 1.61 43.55 e5 1.61 43.52
d3 1.92 20.40 e3 1.83 24.87 e6 1.83 24.86

Figure 5. (a) X-ray diffraction of PVA and PVA/BA composite films with various BA contents,
(b) X-ray diffraction of BA.

3.5. Thermal Properties of Films

To evaluate the effect of BA and H-bonds on the thermal properties of PVA, DSC,
and TGA were utilized. Figure 6 displays the TGA and DTG curves for BA, PVA, and
PVA/BA films. The data are summarized below in the figure. Peak temperatures for
PVA film thermal breakdown were 297 ◦C (Tmax1) and 430 ◦C (Tmax2). The elimination
of hydroxyl groups from the side chain and the disintegration of the main chain should
happen at 297 ◦C and 430 ◦C, respectively. The PVA film’s initial breakdown temperature
(Ti) is 242 ◦C. Ti of the PVA/BA film tended to rise with the addition of BA, reaching
a maximum of 268 ◦C at 1.0 wt% BA, which is 26 ◦C higher than that of PVA. Tmax1
was divided into two peaks (DTG curves), whether the BA concentration was 0.3 wt% or
0.5 wt%, suggesting a shift in the structure of the films. The Tmax1 became one peak once
again at a temperature that was 30 ◦C higher than 297 ◦C when the BA concentration was
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over 0.8 wt%, suggesting that the PVA/BA films should be more stable. Tmax2 of PVA/BA
films did not substantially differ from Tmax2 of PVA film, indicating that the main chain’s
structural integrity was unaffected.

TGA date 

DTG data 

Samples Ti/ °C T max1/ °C Tmax2/ °C Final residual 
    Weight/% 
PVA 242 297/- 430 2.4 
PVA-0.1 wt% 245 292/- 431 3.1 
PVA-0.3 wt% 252 289/329 430 3.4 
PVA-0.5 wt% 257 290/330 435 3.6 
PVA-0.8 wt% 264 -/328 434 3.7 
PVA-1.0 wt% 268 -/330 435 3.6 
BA 193 - - 52.6 
 

Samples 
PVA 
(wt%) 

BA 
(wt%) 

Tm 
( °C ) 

ΔHm 
(J/g) 

χc 
(%) 

PVA 100.0 0 220.3 48.3 34.8 
PVA-0.1 wt%BA 99.9 0.1 219.6 50.2 36.2 
PVA-0.3 wt%BA 99.7 0.3 218.1 51.3 37.0 
PVA-0.5 wt%BA 99.5 0.5 217.4 54.4 39.2 
PVA-0.8 wt%BA 99.2 0.8 215.3 50.7 36.6 
PVA-1.0 wt%BA 99.0 1.0 213.7 49.8 35.9 

Figure 6. TGA (a,c) and DTG (b,d) curves of BA, PVA, and PVA/BA films and their summarized
data (Tables).

The last table below the figure summarizes the DSC data. Pure PVA has a melting
point (Tm) of 220.3 ◦C and a degree of crystallinity (c) of 34.8 percent based on 138.6 J/g
of melting enthalpy (Hm0) of 100% crystalline PVA. As the BA concentration increased,
the crystallinity rose, then fell once the BA level rose above 0.5 weight percent. A maxi-
mum crystallinity was observed at 0.5 weight percent BA, according to the XRD data. In
addition, X-ray diffraction (XRD) patterns or relative crystallinity decrease with increasing
concentration of added materials that interact with the starting material [39].
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Although the contents of BA were within 1.0 wt%, BA still had significantly positive
effects on the thermal stability and crystallinity of PVA/BA composite films.

3.6. Surface and Cross-Section Morphologies of PVA and PVA/BA Films

The surfaces and cross-sections of the PVA and PVA/BA films are shown in SEM
pictures in Figure 7. PVA/BA films have very smooth surfaces with a surface morphology
that is comparable to that of pure PVA films. PVA and PVA/BA film cross-sections were
likewise in the same, consistent condition. It suggested that PVA and BA worked well
together.

 

Figure 7. SEM images of films for surfaces (a1,b1,c1,d1) and cross-sections (a2,b2,c2,d2). (a1,a2) pure
PVA film, (b1,b2) PVA-0.1 wt%, (c1,c2) PVA-0.3 wt%, and (d1,d2) PVA-0.5 wt%.

3.7. Antimicrobial Properties of PVA/BA/PHMG Films

Since infections caused by pathogenic and resistant bacteria continue to endanger
public health, the evaluation and production of antibacterial films, especially against
them, are still of interest to scientists [40]. Figure 8 displays the antibacterial graphs of
PVA/BA/PHMG and pure PVA film. Significant bacterial growth is seen in Figure 8’s
panels a1 and b1, demonstrating that the pure PVA film had no antibacterial effect on E.
coli and S. aureus. Figure 8(a2,b2) show the test results for the PVA/BA/PHMG-0.1 wt%
film against E. coli and S. aureus. No bacterial growth was seen on the PVA/BA/PHMG-0.1
wt% film in the Petri dishes.

Table 2 shows the results of bacterial inhibition rates of pure PVA films and PVA/BA/
PHMG films after water washing. The PVA film and PVA/BA film had no antibacterial
properties, while the PVA/BA/PHMG films achieved 99.99% antibacterial rates even after
ten cycles of water washing. This indicates that the PHMG is non-leaching.
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Figure 8. Antimicrobial photos of pure PVA film against E. coli (a1) and against S. aureus (b1).
Antimicrobial photos of PVA/BA/PHMG-0.5 wt% film against E. coli (a2) and against S. aureus (b2)
after 10 cycles of DI water washing.

Table 2. Antimicrobial rates of PVA/BA/PHMG films after washing with DI water.

Samples

Antimicrobial Rates against E. coli (%) Antimicrobial Rates against S. aureus(%)

Before
Washing

Cycles of Water Washing Before
Washing

Cycles of Water Washing

1 5 10 1 5 10

Neat PVA
PVA/BA-0.5 wt%

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

PVA/BA/PHMG-
0.1 wt% 99.99 99.99 99.99 99.99 99.99 99.99 99.99 99.99

PVA/BA/PHMG-
0.5 wt% 99.99 99.99 99.99 99.99 99.99 99.99 99.99 99.99

PVA/BA/PHMG-
1.0 wt% 99.99 99.99 99.99 99.99 99.99 99.99 99.99 99.99

4. Conclusions

Novel bioactive materials based on poly(vinyl alcohol) (PVA)/BA and PVA/BA/PHMG
were successfully synthesized and characterized using X-ray and FTIR techniques. The
components were found to be compatible and interacted through hydrogen bonds. The
mechanical analysis showed that PHMG acted as a plasticizer, increasing the elasticity of
the materials. Similarly, the films containing PVA/PHMG exhibited enhanced bactericidal
properties. Introducing poly(hexamethylene guanidine) or PHMG into PVA and PVA/BA
mixture improved the thermal stability, attributed to the nitrogen atoms hindering oxygen
diffusion. The PHMG also played a role as a dye, as evident from color changes. Sur-
face analysis revealed that PVA/BA films had smoother surfaces due to strong hydrogen
bonding, while the addition of PHMG increased hydrophilicity and reduced bacterial
adhesion. The PVA/BA and PVA/BA/PHMG films in this investigation were strengthened
and transparent via solution casting. Elongation at break and tensile strength of PVA/BA
films increased by 46 and 70 percent, respectively. These changes were mainly brought
about by the formation of an H-bond between PVA and BA. PVA, BA, and PHMG films
have exceptional mechanical properties and broad-spectrum antibacterial properties (an-
timicrobial rates against Escherichia coli and Staphylococcus aureus more than 99.99 percent).
This simple, eco-friendly preparation offers a useful way to produce PVA films that are
strong, non-leaching, and antibacterial.
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Abstract: Titanium alloys are important strategic structural materials with broad application prospects
in the industries of aerospace, space technology, automobiles, biomedicine, and more. Considering
the different requirements for the diverse applications of titanium alloys, the modification of physic-
ochemical properties, mechanical properties, and biocompatibility are required, including novel
composite materials, novel design, novel manufacturing methods, etc. In this review, the surface
treatment technologies utilized on titanium alloys are summarized and discussed. Regarding surface
modification of titanium alloys, the methods of laser treatment, electron beam treatment, surface
quenching, and plasma spraying are discussed, and in terms of the surface coatings on titanium alloys,
thermal spraying, cold spraying, physical vapor deposition, and chemical vapor deposition are also
summarized and analyzed in this work. After surface treatments, information on microstructures,
mechanical properties, and biocompatibility of titanium alloys are collected in detail. Some important
results are summarized according to the aforementioned analysis and discussion, which will provide
new thinking for the application of titanium alloys in the future.

Keywords: surface treatment; titanium alloys; microstructure; physicochemical properties; mechanical
properties

1. Introduction

Titanium alloys have been widely used in the fields of aerospace, metallurgy, chemicals,
petroleum, medicine, and other industries, and are considered to be the most promising
metal materials due to their low density, high specific strength, high corrosion resistance,
and other excellent characteristics [1–5]. However, during the process of manufacturing
and subsequent treatments, the generated tensile stresses may cause the fatigue properties
of titanium alloys to deteriorate [6]. Some researchers have shown that this fatigue failure
often initiates from the surface [6,7], and the surface integrity and the surface stress could
effectively improve the resistance to fatigue failure [8]. Thus, the surface properties are
very important to titanium alloys’ application, including the surface residual stress, the
surface hardness, the surface friction properties, the surface corrosion resistance, etc.

The surface treatments of titanium alloys are very important methods needed to im-
prove their unfavorable properties [9–11], and include physicochemical treatment methods
and mechanical treatment methods. Physicochemical treatment methods mainly include
surface physical vapor deposition (PVD) [12,13], chemical vapor deposition (CVD) [14,15],
surface boriding [16–18], carburizing [19], nitriding [20–22], etc. Mechanical treatment
methods mainly include surface laser treatment [23–25], surface shot peening [26–28], and
others. The previous development of surface treatments for titanium alloys occurred start-
ing from the initial traditional stage (a single mechanical treatment method) and the middle
stage of modern surface technology (a single physicochemical treatment method), and now,
surface treatment technologies for titanium alloys are being developed using a variety of
technologies for comprehensive application. Therefore, the recent progress in the field of
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surface treatment methods for titanium alloys are reviewed and discussed in this paper
from six aspects.

(1) Surface biochemical treatment of biomedical titanium alloys.
(2) Surface nitriding and nitrocarburizing on titanium alloys.
(3) Hybrid surface modification (HSM) on titanium alloys.
(4) Electrochemical/chemical surface treatment of titanium alloys.
(5) Laser surface modification of titanium alloys.
(6) Surface mechanical treatment on titanium alloys.

Through our analysis of the above six aspects, we hope to obtain the collection of the
surface treatment technologies for titanium alloys and to provide new thinking for the
application of surface treatments in the development of titanium alloys.

2. Recent Developments of Surface Treatment Technologies for Titanium Alloys

2.1. Surface Biochemical Treatment of Biomedical Titanium Alloys

Regarding surface treatment on biomedical titanium alloys, Wang et al. [29] deposited
TiO2 nanotube coatings on a Ti-6Al-4V substrate by means of anodic oxidation and found
that the microhardness and elasticity modulus of the coatings decreased as the oxidation
time increased, which is beneficial, as it reduces the possibility of stress shielding and
improves the biomechanical compatibility. Tan et al. [30] modified the Ti-Zr binary alloys
for dental implant materials via sandblasting and sulfuric acid etching, and lower cell
attachment levels were observed on Ti-50Zr. The content of Zr influenced the surface
properties of Ti-Zr alloys (as shown in Figure 1). The wettability variation of Ti-Zr alloys
was verified by the contact angle of water, which on each sample clearly increased from
day 14 and day 28 (in Figure 1a,b). Additionally, Figure 1c indicates the fluorescence
microscopy of cells stained with calcein, which confirmed the positive and negative effects
of Zr alloys on the cells depending on the Zr proportion. The cell attachment level is
shown in Figure 1d. In order to improve the osteogenetic and antibacterial properties
of Ti-based implants for orthopedic applications, Liu et al. [31] fabricated TiO2 nanotube
arrays covered with chitosan/sodium alginate multilayer films on titanium substrates,
which were able to accelerate the growth of osteoblasts via cytocompatibility evaluation
in vitro. Receiving inspiration from the slippery surface of the Nepenthes pitcher plant, the
lubricated orthopedic implant surface (LOIS) was introduced by Chae et al. [32] to modify
the surface properties of orthopedic implants, and the LOIS showed a long-lasting and
extreme liquid repellency against diverse liquids and biosubstances (in Figure 2). Figure 2
shows the antibiofouling property of LOIS against bacteria, cells, protein, and calcium.
Bionic structures have always been an important research area in the manufacturing and
materials industry, and surface treatments are similar. Many research aims can be achieved
with the help of plant-based surface structures such as the surface of the lotus leaf.

Based on high-performance organisms in nature, multi-phase, multi-level, and multi-
scale hybrid reinforcements were deposited onto the surfaces of titanium alloys by Bai et al. [33].
Ren et al. [34] utilized a method combining ultrasonic acid etching with anodic oxidation to
modify the surface of electron-beam-melting Ti-6Al-4V implants, and the hierarchical micro-
/nano-structure was beneficial for cell adhesion and expansion, which significantly pro-
moted cell proliferation and enhanced cell differentiation behaviors as well. Peng et al. [35]
fabricated the micro-textures and diamond-like carbon (DLC) coatings on the titanium
alloy surface using laser and magnetron sputtering technology, and the best tribological
properties were obtained: a friction coefficient of 0.0799 was achieved, and the wear vol-
ume was decreased by 97.5%. The surface microstructure and the tribological properties
are indicated in Figure 3, and the friction coefficient of the titanium alloy surface with
textured coatings is significantly decreased as the wear resistance is effectively improved.
Meanwhile, micro-textures with appropriate density and depth could further improve
the friction coefficient of textured DLC coated surface. Todea et al. [36] investigated the
effects of different surface treatments on the bioactivity of porous Ti-6Al-7Nb implants
manufactured via selective laser melting. The materials produced by different treatment
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methods were validated by the self-assembly of an apatite-type layer when the bioactivity
was tested in simulated body fluid (SBF). Zhang et al. [37] introduced some advanced
surface-modification technologies such as additive manufacturing, selective laser melting,
etc. Cui et al. [38] prepared a nanocrystalline TiN-graded coating on Ti-6Al-4V using the DC
(direct current) reactive magnetron sputtering method. The surface nanohardness reached
28.5 GPa and the tribocorrosion resistance increased by 100 times compared to the substrate,
which demonstrated good corrosion and wear resistance. Different treatment methods
introduce different surface microstructures, which will cause the variation of surface me-
chanical properties and biocompatibility and influence the application of titanium alloys in
the biological field. For instance, coatings with high hardness and high toughness could
be obtained via coupling and multi-functional response mechanisms between different
phases. Some special structures on the surface, as the micro/nano-structure, could promote
cell proliferation and enhance cell differentiation behaviors. The surface fine texture could
show favorable anti-friction and wear-resistance effects.

The aim of applying surface treatments to biomedical titanium alloys involves the fric-
tion and wear properties of treated materials. In addition, the physicochemical properties
and biocompatibility of the treated titanium alloys should also be considered in order to
obtain more combinations of properties. Although some better results have been obtained
with surface treatments of biomedical titanium alloys, such as the nanocrystalline surface
structure, the micro/nano surface structure, the laser surface treatment, etc., they were
obtained under some special conditions, such as in the laboratory. The popularization
and application of some new surface structures need to be further developed, such as the
micro/nano surface structure mentioned above.

 

(a) (b) (c)

(d)

Figure 1. The wettability of Ti-Zr alloys after 14 days (a) and 28 days (b). Data are expressed in
mean ± SD values (n = 5). * p < 0.05 indicates a statistically significant difference among the c.p. Ti
and Ti–Zr alloy surfaces; (c) fluorescence microscopy images of osteoblastic cells stained with calcein
after 6 h of culture; (d) osteoblastic cellular attachment level, evaluated by fluorescence images. Data
are expressed as mean ± SD values (n = 5 × 3 disks.) * p < 0.05 indicates a statistically significant
difference between the c.p. Ti and Ti–Zr alloy surfaces [30]. (Reused with permission from ref. [30].
Copyright 2022, The Japanese Society for Dental Materials and Devices).
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(a) (b)

(c)

(d)

Figure 2. Antibiofouling property of LOIS against bacteria, cells, protein, and calcium. (a) Fluores-
cence microscopy images of each group (bare, etched, superhydrophobic, and LOIS) incubated
in P. (b) The number of adherent colony-forming units of P. aeruginosa and MRSA on each group
of surfaces. (c) Schematics for the antibiofouling mechanisms of etched, superhydrophobic,
and LOIS in the short and long term. (d) (1) Number of fibroblasts adhered on each substrate
and fluorescence microscopy images of the cells adhered on bare and LOIS. (2) Adhesion
test for immune-related protein, albumin, and calcium involved in the bone healing process.
(* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001) [32] (Reused with permission from
ref. [32]. Copyright 2020, AAAS publications. Open access article CC BY-NC-ND).

2.2. Surface Nitriding and Nitrocarburizing on Titanium Alloys

The surface treatments of nitriding and nitrocarburizing are popular surface treat-
ment methods for metal materials. Takesue et al. [39] utilized gas blow induction heating
(GBIH) to modify the surface microstructure, and the disappearance of the passivation
film was caused by the diffusion of oxygen atoms in the passivation film into the substrate.
Zhang et al. [40] fabricated core-shell-structured Ti alloys via spark plasma sintering (SPS)
with high yield strength (~1.4 GPa) and high thermal stability, which was ascribed to the
hard Ti-N shells and the soft Ti cores. Figure 4 indicates the schematic diagram of the
core-shell structure, and the formation of this structure can be attributed to occurrence of α
and β phase transformations, in contrast to the gradient structure, which has not experi-
enced phase transformations. Li et al. [41] investigated the friction and wear behaviors of
Ti/Cu/N coatings on titanium alloys using direct current magnetron sputtering, and the
wear resistance of the coatings was obviously improved while the content of Cu reached
10.98 at%. Takesue et al. [42] found that the decrease in Ti-6Al-4V fatigue strength was

206



Coatings 2023, 13, 1486

ascribed to the higher Young’s modulus of the compound layer and the grain coarsening
of the α-phase. After removing the compound layer formed by GBIH nitriding, the fa-
tigue properties were improved. The microstructure of the fracture surface is shown in
Figure 5. Furthermore, the combination of GBIH-nitriding and fine-particle-peening (FPP)
pre-treatments improved the wear resistance, because FPP promoted the diffusion of the
nitrogen into titanium [42]. Via laser irradiation of pure graphite powder in a nitrogen
environment, Seo et al. [43] achieved carbonitriding on a Ti-6Al-4V surface, and Ti (C, N)
compounds were formed in the hardening layer on the surface, which was ascribed to
the high thermal conductivity of graphite, and it enhanced heat transfer between the laser
source and the substrate.

 

(a) (b)

(c) (d)

(e) (f)

Figure 3. SEM image and EDS analysis of samples: (a) textured titanium alloy sample; (b) textured
diamond-like carbon (DLC)-coated sample. Friction coefficient of samples with different texture
densities; (c) friction coefficient curve; (d) average value of friction coefficient; different texture depths;
(e) friction coefficient curve; and (f) average value of friction coefficient [35] (Reused with permission
from ref. [35]. Copyright 2020, IOP Publishing).
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(a) (b) (c)

(e) (d)

(f)(f) (g)

(h) (i)

(j) (k)

Figure 4. The formation process of the core–shell Ti-N alloys during the nitriding (a–c) and SPS
sintering (c–e) processes. Microstructure variation of the SPS-sintered specimen: (f) before annealing;
(g–j) those annealed under 1000, 1100, 1300, and 1500 ◦C; (k) variations of shell area fraction AS

versus annealing temperature T. [40] (Reused with permission from ref. [40]. Copyright (2017),
Springer Nature).

Based on the influence of nitriding and nitrocarburizing on the surface, GBIH nitriding
showed the ability to modify the surface microstructure of Ti-6Al-4V within a short time.
Some novel treatments, like laser carburizing, laser nitriding, and laser carbonitriding,
were introduced, and larger hardness and greater hardening depth were tested after
the carbonitriding process. The surface treatments of nitriding and nitrocarburizing can
improve the strength and hardness of the surface layer. This is due to the diffusion
and carbonitriding reaction of carbon and nitrogen atoms, because reactions occur easily
between Ti, C, and N atoms. Although the nitrocarburizing provides a pathway towards
the advanced material which combines high strength, good plasticity, and better thermal
stability, the influence of the hardening layer’s depth on the surface properties is still
a difficult point needing to be resolved. Because there are too many complex factors
affecting the hardening layer depth, even the current study is difficult to conduct thoroughly
and completely.
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Figure 5. SEM micrographs of the fractured surfaces of failed specimens that were polished (P series)
and induction-heated at 1073 K (N1073 series) and 1173 K (N1173 series) in nitrogen [42]. (Reused
with permission from ref. [42]. Copyright 2020, Elsevier).

2.3. Hybrid Surface Modification (HSM) on Titanium Alloys

Different surface treatment methods have different advantages, a variety of which
can be utilized to maximize their advantages. In the work by Zammit et al. [44], an
HSM treatment combining shot peening and the deposition of a tungsten-doped diamond-
like carbon coating (WC/C) via PVD on the Ti-6Al-4V surface was developed, with a
high surface hardness of 12.79 GPa. In the work by Zhang et al. [45], a novel packed-
powder diffusion coating (PPDC) technique was utilized on the surfaces of Ti alloys, and
a controllable Al3Ti intermetallic-based composite coating was formed, which resulted
in a significant increase in the oxidization resistance of the Ti alloys. The application of
the ultrasonic nanocrystal surface modification (UNSM) technique for strengthening the
surfaces of titanium alloys was introduced [46]. The schematic and mechanism of UNSM
are shown in Figure 6. Special surface structures like the tracks and the micro-dimples
are introduced on the surface, which can improve the surface hardness and the fatigue
properties. Via electron beam boriding and composite alloying of titanium alloys and steels,
wear-resistant coatings were obtained in Baris’ work [47], and the main effect influencing the
structure of the coating and its hardness was the effective concentration of alloying elements.
Casadei et al. [48] synthesized a Ti/TixNy composite coating on Ti-6Al-4V utilizing a new
layered coating system, including the reactive-plasma-sprayed/arc-deposited method.
Li et al. found that a surface layer consisting of TiO2 and TiN was introduced in Ti-6Al-
4V via a new surface treatment process based on simultaneous nitriding and thermal
oxidation, and the coating fabricated under 800 ◦C showed the best mechanical properties
and corrosion resistance [49].
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(a)

(d)
(b)

(c)

Figure 6. (a) Experimental installation diagram of the UNSM technique; (b) schematic of the mi-
crostructure of the modified layer under UNSM; (c) schematic diagram of UNSM; (d) schematic
diagram of continuous UNSM processing. [46]. (Reused with permission from ref. [46]. Copyright
2021, Elsevier).

Tarbokov et al. [50] manufactured a titanium alloy surface with a typical micro-
roughness height of 2–4 μm via a successive mechanical treatment and irradiation with
powerful ion beams (PIB). The machining and PIB were conducted at 1.5 J/cm2 in a pulse,
which was able to improve the adhesion properties of the titanium alloys for application
in the medical field. In the work of Takesue et al. [51], nitrided layers with high hardness
and compressive residual stress were obtained, which were able to obviously improve
the wear resistance and fatigue strength. This was ascribed to the diffusion of nitrogen
atoms during nitriding and the fine particle peening. Zammit et al. [52] improved the
adhesion and fatigue characteristics of Ti-6Al-4V after shot-peening pre-treatment followed
by the deposition of a WC/C coating via PVD. The residual stresses measured on the
shot-peened samples reached a maximum of −764 MPa at around 12 μm below the surface
and prevailed up to a depth of slightly higher than 75 μm. Song et al. [53] adopted a
type of plasma spray–physical vapor deposition technology to synthesize TiN coatings
on Ti-6Al-4V, and the longer heating time, lower substrate temperature, and decreasing
reactant concentration influenced the hybrid structure of the TiN coating. With increasing
spraying distance, the average hardness (H) and elasticity modulus (E) of TiN coatings
decreased from 16.3 to 13.4 GPa and from 234.2 to 202.9 GPa, respectively. However, the
average H and E of coated Ti-6Al-4V increased to 5.81 and 132.3 GPa, respectively.

Compared with a single treatment method, hybrid surface treatment can allow for
better surface performance to be attained and can also provide some special properties
which are not available with a single surface treatment. Compared to the usual method
of PVD deposition, the chemical reactions between the PVD film and the coating were
beneficial for the graded properties and the outstanding adhesion of the multilayer system.
Shot peening was able to improve the fatigue life with both LCF (low-cycle fatigue) and
HCF (high-cycle fatigue), which was ascribed to the resistance effect of crack initiation due
to the high dislocation densities and the resistance effect of crack propagation due to the
compressive residual stresses. Combining shot peening with nitriding and nitrocarburizing,
the tribological, fatigue-related, and biological adhibition of Ti alloys were further improved
because of the advantages of both shot peening and nitrocarburizing.

Of course, hybrid surface treatment requires more complex treatments and preparation
methods. Although HSM can bring many advantages, its equipment demands are more
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complex, and the parameters are more complicated as well. If researchers want to obtain
optimal parameters, they need to spend more time exploring reasonable HSM parameters
which can achieve the best surface performance.

2.4. Electrochemical/Chemical Surface Treatment of Titanium Alloys

Electrochemical/chemical surface treatment mainly utilizes chemical reagents to react
with the metal surface, then generates a surface layer with special functions and special
physical and chemical properties. After that, it can improve the physical, chemical, and
mechanical properties of the material’s surface. The electrochemical/chemical surface
treatment method is one of the common methods for titanium alloy surface treatment.
Hou et al. [54] used the plasma electrolytic oxidation (PEO) method to form ~12-micron-
thick, uniform, adherent, and porous oxide coatings on titanium alloy surfaces under low
voltages (120 V), which improved the hardness but introduced stress-induced cracking.
Kesik et al. [55] found that alkali-treated oxide layers were formed and showed high bioac-
tivity on anodized titanium alloys (Ti-15Mo, Ti-13Nb-13Zr, and Ti-6Al-7Nb) in Wollastonite
suspension. The microstructures of the alkali-treated oxide layers in titanium alloys are
shown in Figure 7. Based on the porous oxide layer formed on the titanium, it shows that
the optimal condition for the oxide layers’ treatment is at temperature of 60 ◦C for 8 h.

 

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 7. SEM images of Ti-15Mo (TM) (a–c), Ti-13Nb-13Zr (TNZ) (d–f), and Ti-6Al-7Nb (g–i) samples
after anodization and immersion in 5 M NaOH at various temperatures for 8 h. [55] (Reused with
permission from ref. [55]. Copyright 2017, MDPI).

In the work of Rudawska et al. [56], anodizing followed by vibratory shot peening was
able to improve the strength of the titanium alloy sheet adhesive lap joints. This is because
the vibrational shot peening increased the curing of the adhesive surface layer, which
then increased the strength of the adhesive joint under variable force loads. Four different
surface treatments were adopted on a Ti-35Nb-7Zr-5Ta surface by Vlcak et al. [57]. During
the corrosion process, the charge transfer influenced the colonization ability of MG-63
cells on the surface, which was more important than other surface parameters (roughness,
wettability). Some chemical surface treatments also show the advantages of improving the
surface properties of titanium alloys. Khodaei et al. [58] used an H2O2 solution to treat
the surface of a titanium dental implant, and it was found that the optimum treatment
time was approximately 6 h in H2O2 solution at 80 ◦C, making it more suitable for dental
implantation. Zhao et al. [59] investigated the doped thermochromic VO2 film on a Ti
surface via rapid thermal annealing (RTA), and a lower transition temperature of 44.9 ◦C
and an extremely narrow hysteresis width of 2.36 ◦C were formed due to the smaller
and more uniform surface particles. Figure 8 demonstrates the microstructures of VO2
films with different Ti contents. With low Ti content, the scattered rod-shaped particles are
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formed (Figure 8a,b). After Ti doping, the size of the massive particles becomes significantly
smaller, and the distribution of particles becomes uniform (Figure 8c,d). Figure 8e,f show
that the thickness of the V film is 102 nm and that of the VO2 film is 148 nm after RTA.
Zhao et al. [60] utilized alkali treatments to adjust the microstructures of microarc-oxidized
coatings of a Ti2448 titanium alloy, and the coatings showed excellent apatite induction
properties when the concentration was less than 15 mol/L. Luo et al. [61] studied the
adsorption properties of SO2 gas on N-, Ti-, and N-Ti-doped graphene coatings using the
density functional theory, and the N-Ti graphene coating was the most optimally adsorbent
because of its low adsorption energy (−2.836 eV) and remarkable charge transfer, which is
beneficial to the development of gas sensors to detect SO2.

 
Figure 8. SEM photographs of VO2 films with different Ti contents. (a–d) Samples with sputtering
times from 0 to 6 min and Ti surface dopant contents from 0% to 0.43%, respectively; (e–h) the cross-
sections of samples before and after rapid thermal annealing (RTA) [59]. (Reused with permission
from ref. [59]. Copyright 2022, Elsevier).

Based on the discussion in this section, much work on electrochemical/chemical sur-
face treatment has been focused on improving the physical and chemical properties of
titanium alloy surfaces, as well as the application of titanium alloys as functional materials
in corrosion resistance, surface free energy variation, etc. In the field of electrochemi-
cal/chemical surface treatment, different surface treatment methods can be adopted to
strengthen titanium alloy surfaces, including alkaline degreasing, anodizing, the PEO
method, alkali treatments, H2O2 solution treatment, etc., which provides some simple ways
to obtain a functional surface.

After electrochemical/chemical surface treatment, some oxides formed on the tita-
nium alloys, which influenced the surface morphology and wettability and provided more
nucleation sites for apatite when immersed in the simulated body fluid. The electrochemi-
cal/chemical surface treatment was able to improve the surface physicochemical properties;
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the hardness of the coatings was improved, but stress-induced cracking was sometimes
introduced, which may have reduced the corrosion resistance of the coatings. Consequently,
the comprehensive properties of titanium alloys after electrochemical/chemical surface
treatment should be considered, including hardness, corrosion resistance, etc. This can
provide a theoretical and experimental basis for protecting the surfaces of light metals.

2.5. Laser Surface Modification of Titanium Alloys

Due to the good monochromaticity and high energy of lasers, they have been applied in
many fields as special forms of energy. Research works investigating the surface interaction
between lasers and titanium have been carried out for many years, especially regarding the
influence of lasers on the microstructure and the mechanical properties of titanium alloys,
which is still a hot topic of research now. Laser surface nitriding was utilized to modify
titanium alloy surfaces for orthopedic implant applications, and Ti-35.5Nb-7.3Zr-5.7Ta (βTi)
was the most appealing choice for joint replacement applications because of the higher
mechanical compatibility found in the work of Shirazi et al. [62]. Guo et al. [63] utilized
a nanosecond laser to fabricate the hierarchical structures of titanium alloy surfaces, and
the micro-/nanostructures of the pitted surfaces showed superhydrophobic properties (as
shown in Figure 9). The nanosecond lasers induced micron-sized grooves on titanium
surface in the study by Wang et al. [64], as shown in Figure 10. This caused the cells to
form a cytoskeleton with a high aspect ratio and limited the migration and spread of the
cytoskeleton. The surface fine structure shown in Figures 9 and 10 reveals the advantages
of a nanosecond laser; different structures can be obtained via adjusting laser energy and
scanning spaces.

 
Figure 9. SEM images of the pitted surfaces of N = 10 processed with different scanning spaces.
(a) L = 50 μm; (b) L = 100 μm; (c) L = 200 μm; (d) L = 300 μm. [63]. (Reused with permission from
ref. [63]. Copyright 2021, Elsevier).
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Figure 10. Surface microstructure after treatment. (a) Metallographic grinding; (b) parallel grinding;
(c) diamond blasting and acid etching; (d) Al2O3 blasting and acid etching; (e) laser groove array;
(f) laser pore array [64]. (Reused with permission from ref. [64]. Copyright 2020, Elsevier).

Laser shock peening was adopted in the work of Pan et al. [65] to introduce the
refinement surface of Ti-6Al-4V, and the surface texture was transformed from a [0110]
fiber orientation to a [1210] orientation. The dynamic recrystallization accompanying
the finer grains was ascribed to the massive potential nucleation sites offered by shear
bands. Additionally, nitrided layers on a titanium alloy’s surface were formed via the
laser nitriding method in the work of Yao et al. [66], and the hardness of the nitrided layer
was more than 9 GPa. The combined effect of laser texturing and carburizing improved
the wettability and specific surface area of a Ti-6Al-4V surface in Dong et al.’s work [67],
providing a mechanical self-locking and matching chemical property between the substrate
and diamond-like carbon film coatings. Han et al. [68] added Cu in Ti-6Al-4V wires via
directed energy deposition, and the formation of Ti2Cu nano-particles and refined grains
improved both the strength and the plasticity of Ti-6Al-4V-8.5Cu. The grain refinement
was the main strengthening mechanism after adding Cu. Pan et al. [69] investigated the
femtosecond laser-induced surface modification of Ti-6Al-4V. The surface’s compressive
residual stress reached −746 MPa, and the hardness was improved by 16.6%. The wear
mass loss and the average coefficient of friction (COF) after treatment were reduced by 90%
and 68.9%.

The results in this section indicate that laser surface treatment is a very popular sur-
face treatment method, especially in the preparation of surface micro/nano structures.
Due to the high laser resolution on the order of micrometers, it shows a great advantage
for the micro/nano manufacturing on surface fine structures. The surface micro/nano
structures are distinct pits with hierarchical structures formed on the surfaces. Besides
the laser surface treatment, other high-energy surface treatments also indicate the advan-
tages of improving the surface properties of titanium alloys, such as micro arc oxidation,
electron beam melting, etc. Combining the advantages of micro arc oxidation and the
electrochemical polymerization of eugenol, the corrosion resistance of a titanium alloy was
increased to 81.34% in the work by AlMashhadani et al. [70]. Zhang et al. [71] reviewed the
application of electron beam melting on additive manufactured titanium alloys, and the
porous structures in titanium alloys improved the biocompatibility further, as shown in
Figure 11. The porous structure could provide porosity to encourage bone tissue growth
and nutrient flow in order to achieve a better recovery effect. The porous size and structure
can be adjusted via changing the electron beam energy and scanning speed.
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(a) (b)

Figure 11. (a) The microstructures of Ti-6Al-4V porous samples with electron beam melting.
(b) Porous structure model and side view of the Ti-24Nb-4Zr-8Sn component processed via electron
beam melting [71]. (Reused with permission from ref. [71]. Copyright 2017, WILEY-VCH Verlag
GmbH & Co. KGaA).

Usually, the laser surface treatment is carried out in combination with other treatment
methods, such as grinding, sandblasting and acidizing, nitriding, etc. However, the laser
parameters for a possible choice are diverse, including laser energy, scanning speed, powder
feeding speed, etc. The selection of these parameters directly affects the performance of
the surface coatings; for instance, excessive laser power could introduce tensile residual
stresses and cracks on the surface. Therefore, the selection of appropriate laser parameters
is particularly important, especially in combination with other processing methods, which
are still the focuses of future research and may be resolved via new methods of machine
learning or big data processing.

2.6. Surface Mechanical Treatment of Titanium Alloys

In order to improve the mechanical properties of titanium alloy components, especially
the fatigue properties, surface mechanical treatment is usually adopted to adjust the
surface microstructure and the residual stress distribution, as it allows for excellent surface
comprehensive mechanical properties to be obtained. Ren et al. [72] used ultrasonic rolling
to modify the surface properties of Ti-6Al-4V, and, according to the simulation results, the
best surface finishing was obtained while the static force was 1000 N and the amplitude
was 8 μm, as shown in Figure 12. Du et al. [73] investigated the effect of cold rolling
on the deformation mechanism of titanium alloys, and, with the increasing deformation
level, the crystal orientation of matrix obviously changed. Pu et al. [74] utilized semi-solid
stirring-assisted ultrasonic vibration to fabricate TiP/VW94 composites, and the tensile
properties of the composites were improved because of the reinforcement of Ti particles.
A strong interfacial bonding of the MnTi layer was formed due to the diffusion of Mn
atoms. Wang et al. [75] used shot peening and the ultrasonic surface rolling process (USRP)
method to improve the fretting fatigue performance of Ti-6AI-4V, which was ascribed to
the lower surface roughness compared to that achieved using the shot peening process.
In the work by Liu et al. [46], a new ultrasonic nano-crystal surface modification (UNSM)
technique was adopted to strengthen the surfaces of titanium alloys. The surface hardness,
residual compressive stress, and fatigue-related and tribological properties of the materials
were improved.
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Figure 12. (a) Mesh division of a 3D finite element model; (b) residual stress distribution (left) and
junction path (right) after ultrasonic rolling; the green area indicates the stable residual compres-
sive stress layer near the surface of the processed workpiece; (c) schematic diagram of ultrasonic
rolling [72]. (Reused with permission from ref. [72]. Copyright 2022, Elsevier).

Similarly, ultrasonic surface rolling treatment was utilized to modify the rolling contact
fatigue (RCF) behavior of 17Cr2Ni2MoVNb steel in Zhang et al.’s work [76]. The material,
under 1000 N, exhibited a maximum mean RCF life of 3.71 × 106 cycles, which was ascribed
to the grain refinement and the residual compressive stress. Klimenov et al. [77] carried
out surface modification on VT1-0 (α-phase) and VT6 (α + β phase) titanium alloys using
ultrasonic treatment. The microhardness was enhanced with the increase in the initial
surface roughness, which was ascribed to the surface nanocrystals as 100 nm for VT1-0
and 50 nm for VT6. The roughness of the surface of VT1-0 changed from Rz = 5 μm to
100 μm, causing by the successively located ridges and roots of a certain height at a constant
pitch, which of VT6 under same modes showed an obviously lower surface roughness
as compared to samples of VT1-0. As a result, with the decrease in the plasticity, the
metal deforms less, the build-up reduces, vibrations reduce, and the cleanliness level of
the treated surface increases. Li et al. [78] optimized the diffusion bonding of dissimilar
TC17/TC4 titanium alloys using surface nano-crystallization (SN) treatment. Moreover, the
shear strength of the SN-TC17/TC4 bond increased from 275 MPa at 973 K to 634 MPa at
1013 K due to the acceleration of void shrinkage. A schematic illustration of the evolution
mechanism is shown in Figure 13. Comparing Figure 13a–c to Figure 13d–f, the surface
SN layer on the SN-TC17 side enhances the grain/phase boundary diffusion and volume
diffusion processes and the plastic flow effect, which accelerates the void shrinkage of the
SN-TC17/TC4 bond and promotes the shear strength of the SN-TC17/TC4 bond.
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Figure 13. Evolution mechanism of voids in the bonding interface of SN-TC17/TC4 and TC17/TC4
bond: (a,d) are scraggly voids, (b,e) are penny-shaped voids, and (c,f) are round/elliptic voids [78].
(Reused with permission from ref. [78]. Copyright 2022, Elsevier).

The surface mechanical treatment of titanium alloys is usually related to fatigue prop-
erties. The relation between them is the microstructure, and the main mechanism is ascribed
to the surface’s micro-/nanostructure and residual compressive stress. The residual stress
distribution was found to be more uniform and the static force and amplitude were in-
creased after surface mechanical treatment. Regarding the mechanical treatment methods,
shot peening is the most conventional method, but it also has some shortcomings, such
as the high surface roughness and increased surface defects under severe plastic deforma-
tion. Therefore, the conventional shot-peening method combined with other treatment
methods is a more reasonable choice. According to the discussion in this section, the
surface microstructures and defects of titanium alloys can be improved by microstructure
optimization and compressive residual stress introduced by surface mechanical treatment,
which are ascribed to the surface nanolayer and the compressive residual stress distribution.
Surface treatments of titanium alloys have been used in many different fields [79,80]. Each
method has its own advantages and characteristics, as well as its own suitable materials
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and application range. Thus, researchers can choose the appropriate surface treatment
method according to the relevant characteristics.

3. Conclusions and Prospects

Regarding the influence of surface treatments on titanium alloys, three aspects should
be noted: (1) the effect of surface treatment on the microstructure and mechanical properties
of titanium alloys; (2) the influence of surface treatment on the friction and wear properties
of titanium alloys; and (3) the improvement of the biocompatibility of titanium alloys after
surface treatment. Based on the above three aspects, the progress of research into surface
treatment technologies for titanium alloys was reviewed in this work, and many new single
methods and more hybrid methods have been introduced.

The single methods of surface treatment on titanium alloys were adopted from the
mechanical surface treatments, the electrochemical/chemical surface treatments, etc. The
representative single-treatment methods of shot peening, laser shot peening, nitriding,
nitrocarburizing, etc., were summarized. Although some ne w and better results have
been obtained via a single surface treatment, limitations still exist. Shot peening is the
most conventional method of the mechanical treatment, but high surface roughness and
increased surface defects are formed under severe plastic deformation. Nitrocarburizing
provides a pathway towards an advanced material with both high strength and good
plasticity, but the influence of the hardening layer on surface properties is still a difficult
point that needs to be investigated further. Now, the laser surface treatment is a very
popular method and some great results have obtained. The laser parameters for a possible
choice are diverse, including laser energy, scanning speed, powder feeding speed, etc.;
however, excessive laser power could introduce tensile residual stresses and cracks on
the surface.

Therefore, the single-surface-treatment method combined with other treatment meth-
ods (hybrid surface treatment) is a more reasonable choice. The hybrid surface treatment
methods were developed by focusing on combining two or more methods, for example,
combining the mechanical surface treatments and the electrochemical/chemical surface
treatments; the surface treatment coatings, etc. The representative hybrid surface treatment
methods, like the shot peening combined with deposition, the laser boriding combined
with composite alloying, etc., were also discussed. Laser surface treatment is carried
out combined with other treatment methods, like grinding, sandblasting and acidizing,
nitriding, etc. Hybrid surface treatments can bring many advantages, but the demands
of its equipment are more complex, and the parameters become so as well; thus, more
time is needed in order to find a reasonable process with an optimized set of parameters.
With the development of surface treatment technologies for titanium alloys, hybrid surface
treatments will be carried out more often in the future.

When a combination of two or more surface modification technologies is used on
a titanium alloy, it can lead to better surface functions and achieve the comprehensive
performance of “1 + 1 > 2”. Moreover, the selection of appropriate parameters is particularly
important, especially in combination with other processing methods. These are still research
focuses for the future and may be resolved via new methods of machine learning or big
data processing.
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