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Light alloys (mainly aluminum, magnesium and titanium alloys) are of great interest in applications
where lightweight has an high impact, such as automotive, aerospace and biomedical fields.

In addition to their bulk properties, such as mechanical properties, thermal properties or density,
surface properties are crucial in many applications. In fact the surface is the first layer of the material
exposed to the working environment. In biological systems this means that the surface is the first
approach of the material to biological entities and it plays a crucial role in situations like tissue
integration or bacterial contamination. Moreover the surface is a critical area for corrosion or wear
phenomena both in biomedical and automotive or aerospace applications. Finally the surface can be
the starting point for joining processes, in this scenario proper surface preparation can significantly
affect the joint performance.

In this context surface engineering of light alloys is a versatile instrument to optimize surface
properties of these materials for specific applications, without altering their bulk properties.

The present special issue covers all the above described topics with 10 research papers.
Five of them are related to biomedical applications of titanium an magnesium alloys. Surface

engineering of titanium alloys moves from the investigation of Ti/Ti-alloys wear behavior in presence
of artificial saliva (paper from Alemanno et al. [1]), to bioactive inorganic coatings for the improvement
of bone bonding ability of Ti alloys (Yamaguchi et al. paper [2]) and finally to surface functionalization
with natural molecules (Cazzola et al. paper [3]) to improve biological properties of Ti alloys. The main
criticism of Mg alloys in biomedical applications is related to their poor corrosion resistance and too rapid
degradation. Two solutions are explored in the present special issue, organic dopamine functionalization
(Ghanbari et al. paper [4]) or inorganic coatings (Mg oxides and carbonates, Xie et al. paper [5]).

The protection of Mg alloys from corrosion and wear is of interest also for industrial applications
far from the biomedical ones, Ni-P coatings are investigated for this purpose in the Buchtik paper [6].

Protective coatings (alumina) for industrial applications on Al alloys have been investigated from
the wettability and mechanical standpoints in the papers from Niedźwiedź et al. in the present special
issue [7,8].

The possibility to activate Al/Al-alloys surface to optimize their joining ability has been analyzed
in the paper from Ferraris et al. [9].

Finally the effect of high energy irradiation on the microstructure of Al alloys is the key topic of
Wan et al. paper [10].

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Abutment is the transmucosal component in a dental implant system and its eventual
appearance has a major impact on aesthetics: use of zirconia abutments can be greatly advantageous
in avoiding this problem. Both in the case of one and two-piece zirconia abutments, a critical
issue is severe wear between the zirconia and titanium components. High friction at this interface
can induce loosening of the abutment connection, production of titanium wear debris, and finally,
peri-implant gingivitis, gingival discoloration, or marginal bone adsorption can occur. As in vivo
wear measurements are highly complex and time-consuming, wear analysis is usually performed in
simulators in the presence of artificial saliva. Different commercial products and recipes for artificial
saliva are available and the effects of the different mixtures on the tribological behaviour is not widely
explored. The specific purpose of this research was to compare two types of artificial saliva as a
lubricant in titanium–zirconia contact by using the ball on disc test as a standard tribological test
for materials characterisation. Moreover, a new methodology is suggested by using electrokinetic
zeta potential titration and contact angle measurements to investigate the chemical stability at the
titanium–lubricant interface. This investigation is of relevance both in the case of using zirconia
abutments and artificial saliva against chronic dry mouth. Results suggest that an artificial saliva
containing organic corrosion inhibitors is able to be firmly mechanically and chemically adsorb on
the surface of the Ti c.p. or Ti6Al4V alloy and form a protective film with high wettability. This type
of artificial saliva can significantly reduce the friction coefficient and wear of both the titanium and
zirconia surfaces. The use of this type of artificial saliva in standard wear tests has to be carefully
considered because the wear resistance of the materials can be overestimated while it can be useful
in some specific clinical applications. When saliva is free from organic corrosion inhibitors, wear
occurs with a galling mechanism. The occurrence of a super-hydrophilic saliva film that is not firmly
adsorbed on the surface is not efficient in order to reduce wear. The results give both suggestions
about the experimental conditions for lab testing and in vivo performance of components of dental
implants when artificial saliva is used.

Keywords: artificial saliva; lubricant; zirconia; titanium alloys; wear

1. Introduction

The term biotribology comprises tribological phenomena occurring both in natural tissues and
organs of living organisms (such as wear of skin or sliding of eyelids over eye) and after implantation
of an artificial device (wear of orthopaedic and dental implants) [1]. This research focused on the last
case, and deals with the tribology of materials used for dental implants with a focus on the interface
between titanium and zirconia.

Wear of natural or artificial teeth mainly results from the closed phase of chewing, with food–tooth
contact, or eventually from thegosis (sliding teeth into lateral positions) and bruxism (grinding teeth

Coatings 2020, 10, 851; doi:10.3390/coatings10090851 www.mdpi.com/journal/coatings3
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without the presence of food) when direct tooth–tooth contact occurs. Furthermore, nowadays,
chemical effects play an increasingly important role in tooth wear, mainly as a result of the large
consumption of acid drinks (erosion). Additionally, tooth wear can also result from tooth cleaning
or pipe smoking. If moderate tooth wear has significant clinical consequences (aesthetically and
functionally), excessive wear can result in unacceptable damage of the occluding surfaces, alteration
of the functional path of masticatory movement, dentine hypersensitivity, and pulpal pathology [2].
Biotribology must include both standard tests for materials characterization and specific tests for the
simulation of the in vivo environment and mechanical loading [3]. This research focused on the first
topic, but with a focus on the selection of the lubricant, which is, in this case, artificial saliva.

Saliva is the lubricant in the human mouth and consists of approximately 98% water plus a variety
of electrolytes and proteins [4]. Salivary proteins can be selectively adsorbed onto solid substrates as
well as mucosa membranes exposed to an oral environment, forming a pellicle within a few seconds.
Saliva is a source of inorganic ions necessary for remineralization and self-repair capacity because it
supplies calcium and phosphate ions. The role of the salivary pellicle is also thought to protect the
underlying tooth surface from acid attack because it is a buffer to acids introduced into the mouth [5].
An important function of saliva is to form a boundary lubrication system and to act as a lubricant
between hard (tooth) and soft (mucosal) tissues or in dental implants, decreasing wear and reducing
friction [5]. It has been widely reported that a salivary film is formed by a layer-by-layer adsorption of
salivary proteins and then has a heterogeneous structure consisting of a thin and dense inner layer,
able to decrease the friction and wear of teeth, and a thick, highly hydrated and viscoelastic outer
layer [6]. The lubricating properties of saliva are presumably related to the strong adhesion strength of
the inner salivary film on the tooth surface, which depend on surface roughness, free energy, and the
presence of positive or negative surface charges [5]. Harvey et al. observed that the friction coefficient
on a hydrophobic substrate was almost an order of magnitude higher than that on a hydrophilic
one because of the lower adhesion strength of the salivary film [7]. On the other side, hydrophobic
materials in the oral cavity might be more easily cleaned from adsorbed salivary films.

As the transmucosal component in the implant system, the abutment is exposed to the oral cavity
and its eventual appearance has a major impact on the aesthetics: using zirconia abutments, aesthetics
can be indeed improved. Zirconia abutments are available in two basic designs: one-piece abutment
(all parts are made of zirconia in a unit) or two-piece abutment (a secondary metallic component is used
as connecting part). Several studies have verified that the fracture strength of two-piece abutments is
higher than that of the one-piece design [8,9]. In both cases, the critical issue is severe wear between
the zirconia and titanium inducing loosening of the abutment connection and production of titanium
wear debris, which can result in peri-implant gingivitis, gingival discoloration, or marginal bone
adsorption [10].

A comprehensive description of the tribocorrosion behaviour of different materials coupled in a
dental implant can be found in a paper by Sikora et al. [11]. The specific aim of this research was to
compare two types of artificial saliva as a lubricant in titanium–zirconia contact and both mechanical
(through tribological test ball on disc) and chemical stability (through zeta potential titration curves) of
the lubricant film were tested. This investigation is of relevance both for the wear testing of materials
and in the case of the clinical use of artificial saliva against chronic dry mouth.

2. Materials and Methods

The discs used for tribological tests were made of commercially pure titanium (ASTM B348, Gr2,
Titanium Consulting and Trading, Florence, Italy) and Ti6Al4V alloy (ASTM B348, Gr5, Titanium
Consulting and Trading, Florence, Italy) and obtained from cylindrical bars (10 mm in diameter and
2 mm in thickness). Prior to the tests, the discs were polished using abrasive paper with different
grit values (320–2000) and then ultrasonically cleaned in ethanol for 10 min twice and dried with
compressed air. The balls used were made of zirconium oxide (ZrO2) partially stabilized with yttrium
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(Y-TZP; Ceratec Technical Ceramics BV, Geldermalsen, The Netherlands; composition: 94.7 wt.% ZrO2,
5.3 wt.% Y2O3; 6 mm in diameter).

The aim of the research was to compare artificial saliva of different compositions. To do so, two
commercial products were used in the form of liquids: Biotène (Biotène® Moisturizing Spray) and
BioXtra (Biopharm). Both fluids contain water, xylitol, sodium benzoate, paraben (propylparaben and
methylparaben or sodium propylparaben), and sodium saccharin. Moreover, Biotène contains organic
corrosion inhibitors: polyethylene glycol 60 hydrogenated castor oil, cetylpyridinium chloride, and
the polymer vp/va copolymer. Finally, Biotène contains glycerin, xanthan gum, limonene (pH = 6.06),
while BioXtra contains hydrogenated starch hydrolysate, sorbitol, hydroxyethylcellulose, sodium
monofluorophosphate, potassium chloride, sodium chloride, magnesium chloride, dipotassium
phosphate, calcium chloride, colostrum whey, lactoperoxidase, citric acid, and potassium sorbate
(pH = 7.33). No organic corrosion inhibitor is present in BioXtra.

Tribological tests were performed by using a high frequency reciprocating rig instrument (TR-282,
Ducom Instruments Pvt. Ltd., Bengaluru, India) with the following parameters: Load = 2 N;
Frequency = 30 Hz; Stroke length = 1 mm; Velocity = 60 mm/s; Temperature = 37 ◦C; Duration = 60
min; Lubrication volume = 2 mL. The lubricant (artificial saliva) was measured with a syringe and
poured into the reservoir of the disc holder, completely covering the sample. The test was repeated on
three different discs (and balls) for each pair of materials and saliva lubricant: the set of experiments
allowed us to independently test the different variables. The aim was to independently compare the
effect of the different saliva on the same substrate (Ti c.p. or Ti6Al4V) and of the same type of saliva on
different substrates. The results were statistically analysed by using the Student’s t-test.

Two-dimensional images of the discs and balls were acquired both before and after each test
using optical microscopes (AmScope, ME300 Series and Olympus Vanox-T, Leica Microsystems B.V.,
Amsterdam, The Netherlands, respectively, for observing the discs and balls) in order to measure the
length and width of the wear scars (measurements performed by ImageJ software (version 1.52). The
samples after tribological tests were rinsed and wiped with ethanol before imaging.

Adsorption of saliva before zeta potential titration and contact angle measurements were performed
by placing discs in a 12-well container and each one was covered with 0.5 mL of saliva. The adsorption
phase lasted 1 h at 37 ◦C in the incubator. Subsequently, the samples were left to air dry for two days.

An electrokinetic analyser (SurPASS, Anton Paar, Graz, Austria) was employed for zeta potential
titration vs. pH on the discs after saliva absorption. The surface zeta potential was determined in
function of pH in a 0.001 M KCl electrolyte solution, varying the solution pH by the addition of 0.05 M
HCl or 0.05 M NaOH through the instrument automatic titration unit. The acid and alkaline sides of
the curve were obtained in two different steps on two different couples of samples.

Surface wettability by water was determined on the discs after the zeta potential tests through
contact angle measurements (sessile drop method, DSA-100, KRÜSS GmbH, Hamburg, Germany).
Briefly, a drop (5 μL) of ultrapure water was deposited on the material surface and the angle formed
with the surface measured by the instrument software.

3. Results and Discussion

The coefficient of friction (COF) was measured during the tribological tests of zirconia balls on
Ti c.p. or Ti alloy discs under lubrication with different artificial saliva: Biotène (containing organic
corrosion inhibitors) and BioXtra (without organic corrosion inhibitors). Figure 1 shows the average
friction coefficient as a function of the sliding distance for the four tested material/saliva combinations.
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Figure 1. Average COF over sliding distance of Ti c.p. (a) and Ti6Al4V alloy (b) in the presence of
Biotène (blue) or Bioxtra (red).

Compared to the BioXtra saliva, Biotène decreased the friction coefficient on both substrates with
good lubrication action, as can be seen from the values shown in Table 1: the coefficients of friction of
both materials were much lower in the presence of Biotène and they do not differ significantly from
each other (p > 0.05, Student’s t-test). The difference between the average friction coefficient of Ti c.p.
in the presence of Biotène or BioXtra as a lubricant was statistically significant (p < 0.01); the same
observation can be made in the case of Ti6Al4V. If we consider BioXtra as a lubricant and we compare
Ti c.p. with Ti6Al4V, the difference of the average friction coefficients is again statistically significant
(p < 0.01). Considering Biotène as a lubricant, the difference between the average friction coefficient
of the two substrates was statistically less evident (p < 0.05). Furthermore, Biotène showed, by far,
lower variability in the friction coefficient. In fact, there was a clear difference in the curve trend:
samples lubricated with BioXtra had an initial region with gradual increase of COF, which means a
“running-in period” that was much more extensive than those lubricated with Biotène. In this region,
an adjustment of the two contacting surfaces occurred by crushing and smearing of the asperities.
Then, a second region can be identified, during which COF remains fairly stable in the presence of
Biotène, while the COF of the samples lubricated with BioXtra exhibited strong oscillations. After the
running-in period, these oscillations may be attributed to the build-up and accumulation of third-body
particles in the contact region.

Table 1. Average friction coefficients and standard deviations of all the tested samples.

Sample Lubricant Test 1 Test 2 Test 3 Average Standard Deviation

Ti c.p. Biotène 0.27 0.27 0.28 0.27 0.005
Bioxtra 0.73 0.76 0.80 0.77 0.033

Ti6Al4V
Biotène 0.29 0.30 0.28 0.29 0.011
Bioxtra 0.58 0.59 0.60 0.59 0.009

A picture of the wear scar was acquired from each disc at the end of each test and a representative
set of images is reported in Figure 2 for each of the tested materials.
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Figure 2. Images of the wear scars on Ti c.p and Ti6Al4V after the tests with Biotène and BioXtra.

In the presence of Biotène (Figure 2), the shape of the scars on both materials was very similar and
was almost a perfect ellipse. The edges were regular and well defined. The surface on the bottom of
the scars was uniform and almost free of debris. Instead, in the presence of BioXtra (Figure 2), the scars
on the two materials resulted in a more irregular elliptical shape. The edges were more jagged and the
surface on the bottom of the scars was rough with a considerable presence of debris. In both cases,
it can be seen that the grooves on the bottom of the scars showed an oriented texture aligned to the
sliding direction. This can be explained by third-body abrasion processes caused by the formation of
metal debris due to the ultra-hardness of zirconia.

The area of wear scars in the presence of Biotène was smaller than that in the presence of BioXtra
(Figure 3); in particular, that on the titanium alloy was the lowest of them all, according to the higher
mechanical resistance of the Ti6Al4V alloy with respect to Ti c.p.

Figure 3. Average areas of the wear scars on the discs.

An image of the wear scars on the zirconia balls was taken at the end of each test and a
representative picture is reported below for each tribo-pair in Figure 4.
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Figure 4. Images of a zirconia balls used against Ti cp and Ti6Al4V discs after the tests with Biotène
and BioXtra.

It can be immediately noticed that the wear tracks on the zirconia balls tested in the presence
of Biotène had a similar aspect and the same for those tested with BioXtra. In all cases, the wear
scars formed on zirconia balls had an elliptical shape with a darker and more worn-out central area.
The occurrence of a strong adhesive interaction between the tribo-pairs lubricated with BioXtra was
supported by the higher amount of material transfer on the zirconia balls.

The mean wear scar diameter (MWSD) was calculated by averaging the two main diameters of
wear scars on the zirconia ball (Figure 5). The MWSDs registered on Ti c.p. were not statistically
different if the scars obtained in the tests with the two different lubricants are compared; no statistical
difference also existed between the two substrates tested by using BioXtra as the lubricant. On the
other hand, this difference between the MWSDs was statistically significant on Ti6Al4V and if the two
substrates tested with Biotène are compared (p < 0.01)

 
Figure 5. Average mean wear scar diameters on the zirconia balls.

At the end of the tests, the amount of metallic debris dispersed in the artificial saliva used as
a lubricant was qualitatively observed (data not reported); once again, the difference between the
two salivas was evident with a greater quantity of residues visible at the end of the tests carried out
with BioXtra.

It therefore appears that Biotène decreases the wear between the tested materials; this is due
first of all to the lower friction coefficient than that in case of BioXtra. Furthermore, the presence
in this artificial saliva of organic corrosion inhibitors (surfactants PEG-60 hydrogenated castor oil,
cetylpyridinium chloride, and the polymer vp/va copolymer) can justify the lower tendency to wear. In
fact, the mechanism of action of organic corrosion inhibitors is based on the adsorption on the surface
to form a protective film that protects it against deteriorating [12]. In the presence of BioXtra, a strong

8
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adhesive interaction has occurred between zirconia and Ti c.p. or the Ti alloy. Hence, the predominant
wear mechanism is adhesive galling. It is likely that the surfactants, absent in this artificial saliva and
present in Biotène, provide some protection to titanium surfaces from galling.

In this research, in addition to the mechanical tests, the chemical stability of the lubricant film on the
titanium surfaces was tested by means of zeta potential titration curves. This is of interest, considering
that different pH values can be present in the mouth and that wettability of the lubricant film and
chemical interaction at the lubricant–surface interface are critical in determining the biotribological
behaviour. The graphs below (Figure 6) show the zeta potential titration curves of the Ti c.p. and Ti
alloy discs after adsorption of the two artificial salivas.

Figure 6. Zeta potential titration curves of Ti c.p. (a) and Ti6Al4V alloy (b) as received (green curves),
after adsorption of Biotène (blue curves) and of BioXtra (red curves). The arrows mark the pH used at
the beginning of the measurements and the acidic (on the left) and alkaline (on the right) ranges of
the titration.

Comparing the curves of the samples pre-adsorbed with Biotène with the curves of the as-received
substrates (i.e., tested without saliva pre-adsorption), we note that the curves obtained on the samples
after adsorption were significantly different from the curves of the as-received materials. This means
that the adsorption of some compounds from saliva occurred. The slope of the titration curves
after adsorption was significantly lower than that of the as-received materials, which means that
hydrophilicity of the surfaces after adsorption is higher than that of the bare metals. There was a
plateau at pH higher than 6.5 due to functional groups (such as, for instance, OH groups) exposed on
the surface by the adsorbed compounds, meaning that the functional groups on the surfaces have a
specific acidic strength and are all completely dissociated when the pH is higher than 6.5, that means
that in physiological condition there is a net negative surface charge. According to their dissociation
only in the basic range, these groups do not act as a strong acid and they do not significantly affect the
isoelectric point on the curve with respect to the Ti as it is (without adsorption of saliva). On the other
hand, when strong acidic or alkaline functional groups are present on a surface, they are respectively
de/protonated at lower/higher pH values than 7 and both the isoelectric point and the onset of the
plateau are shifted to the left/right side.

Observing the curves related to the adsorption of BioXtra, it can be said that the curves obtained
after adsorption were significantly different from the curves of the as-received materials, which means
that the adsorption of saliva compounds also occurred in this case. The adsorbed layer had zeta
potential values not far from 0 across the explored range: this behaviour is typical of a super-hydrophilic
surface that does not adsorb either OH− or H3O+ ions instead of water molecules, even if the solution is
strongly basic or acidic. On the other hand, the curve was not stable with a high standard deviation at
some points and fluctuating trend, according to the presence of an un-stable surface layer. In addition,
the step registered at pH 5.5 (that is, the first point of the two titration curves in the basic and acidic
range) can be related to some instability, or not perfect reproducibility of the adsorbed layer.

These results can be used for interpreting the results obtained from wear tests. Compared to
Bioxtra, Biotène decreased the friction coefficient and wear of both substrates because it allows for the
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formation of a chemically stable adsorbed layer with a good hydrophilic behaviour, acting as a good
lubricant. On the other hand, the layer formed by BioXtra is not chemically stable and it is not able to
act as a good lubricant, even if it has a super-hydrophilic behaviour.

This hypothesis was confirmed by contact angle measurements performed with a water drop
on the discs after zeta potential tests, as reported in Figure 7. A consistent decrease in the contact
angle with respect to the as-received Ti surfaces (without any adsorption of saliva) was measured on
the sample pre-adsorbed with Biotène and used for the zeta potential test, which was in agreement
with the zeta potential titration curve where a higher wettability was detected after adsorption of
Biotène and confirmed that this saliva was still firmly adsorbed after the electrokinetic zeta potential
test. On the other hand, the contact angle was almost unchanged with respect to the as-received
titanium surfaces (without any adsorption of saliva) on the sample pre-adsorbed with BioXtra and
used for the zeta potential test, confirming that the saliva film was almost completely removed after
the electrokinetic zeta potential test and was not stably adsorbed on the titanium surfaces.

 
Figure 7. Contact angle measurements of water on Ti c.p. and Ti6Al4V alloy as received and after
adsorption of the Biotene and BioXtra artificial salivas.

The obtained results are of interest because they set the relevance of the composition of the selected
artificial saliva on the wear resistance of dental materials. Even if this topic has been already partially
explored in the literature [13–15], the new evidence derived from this research are here discussed.
Friction coefficient and wear were significantly reduced in the presence of organic corrosion inhibitors
able to make a chemically and mechanically stable hydrophilic adsorbed layer. First, this means that
researchers planning tribological tests have to carefully select the artificial saliva used as a lubricant in
order to avoid overestimating the wear resistance of the tested surfaces. Second, it means that patients
who need to use artificial saliva and have dental implants have to carefully select the right one. Finally,
the use of zeta potential titration measurements is proposed here as a useful experimental tool for
obtaining more information for a better understanding of the tribological tests: presence/absence of
an adsorbed layer of lubricant on a tribological surface, its chemical and mechanical stability when
significant pH changes occur and a flux of liquid is applied on the surface, the presence of functional
groups exposed, and hydrophilicity of the surface after adsorption of the lubricant. The chemical
instability of the adsorbed layer of saliva at pH 5.5 in the case of Bioxtra may be relevant in physiological
conditions considering that acidic pH can be easily reached in the oral environment.

On the basis of this research, other investigations will be performed in order to overcome the
limitations of the tests previously described including the investigation of the Ti6Al4V-ELI alloy (Gr23)
as a substrate because it is currently widely employed in dental applications, better investigation of the
adsorbed film thickness, comparison of artificial saliva with different additives (such as the antibacterial
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ones), chemical analysis of the adsorbed compounds, different geometry of the samples, and tribological
tests (such as flat-on-flat tests) that better simulate the tribological contact in dental implants.

4. Conclusions

Results suggest that the use of an artificial saliva containing organic corrosion inhibitors (such
as Biotène) can significantly reduce the friction coefficient and wear both of titanium and zirconia
surfaces. This is because it is able to be firmly adsorbed on the surface of the Ti c.p. or Ti6Al4V alloy
and form a protective film with high wettability. In the absence of this film (such as in the case of
BioXtra), much more severe wear occurs with a galling mechanism. In this last case, the occurrence
of a super-hydrophilic saliva film that is not firmly adsorbed on the surface (mainly in an acidic
environment) is not efficient in order to avoid severe wear.

From the methodological standpoint, the use of electrokinetic zeta potential and contact angle
measurements together with standard tribological tests has shown to be useful for a better understanding
of the lubricant action of different artificial saliva on different materials.

This research can be the basis for larger investigations of the tribological behaviour of dental
materials and implants in the presence of lubricants with different compositions.
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Abstract: This article presents the influence of the anodizing parameters and thermo-chemical treatment
of Al2O3 coatings made on aluminum alloy EN AW-5251 on the surface free energy. The oxide coating
was produced by DC (Direct Current) anodizing in a ternary electrolyte. The thermo-chemical treatment
of the oxide coatings was carried out using distilled water, sodium dichromate and sodium sulphate.
Micrographs of the surface of the Al2O3 coatings were characterized using a scanning microscope
(SEM). The chemical composition of the oxide coatings was identified using EDS (Energy Dispersive
X-ray Spectroscopy) microanalysis. Surface free energy (SFE) calculations were performed by the
Owens–Wendt method, based on wetting angle measurements made using the sessile drop technique.
The highest value of surface free energy for the only anodized coatings was 46.57 mJ/m2, and the lowest
was 37.66 mJ/m2. The contact angle measurement with glycerine was 98.06◦ ± 2.62◦, suggesting a
hydrophobic surface. The thermo-chemical treatment of the oxide coatings for most samples contributed
to a significant increase in SFE, while reducing the contact angle with water. The highest value of
surface free energy for the coatings after thermo-chemical treatment was 77.94 mJ/m2, while the lowest
was 34.98 mJ/m2. Taking into account the contact angle measurement with glycerine, it was possible
to obtain hydrophobic layers with the highest angle of 109.82◦ ± 4.79◦ for the sample after thermal
treatment in sodium sulphate.

Keywords: aluminum oxide layers; surface morphology; thermo-chemical treatment

1. Introduction

Nowadays, when a common criterion for material selection is its weight to strength ratio, and
when great importance is attached to environmentally friendly solutions, aluminum has become very
widely used in material engineering [1]. The most important advantages of aluminum are undoubtedly
its low weight in relation to strength, high electrical and thermal conductivity, ease of forming in all
machining processes such as rolling and extrusion, considerable corrosion resistance and almost 100%
recyclability without losing its properties [2–4]. In its pure form, aluminum, in addition to the number
of advantages, also has significant disadvantages, which are its low melting point and low absolute
strength [5]. In order to minimize these disadvantages, aluminum is combined with elements such as
copper, silicon or magnesium to form durable alloys [6]. The industries that most often use aluminum
and its alloys are the automotive, aviation and shipbuilding industries [7–10].

In order to better protect aluminum alloys against mechanical damage and corrosion, the process of
so-called anodizing (oxidation) is used [11,12]. Anodizing aluminum and its alloys is an electrochemical
process consisting of creating an oxide coating on the surface of an alloy, usually with a thickness
of a few to several dozen micrometers [13]. The anodized coating is many times harder than pure
aluminum or aluminum alloys (1700 to 2000 HV Al2O3 hardness at about 30 HV for pure aluminum

Coatings 2020, 10, 681; doi:10.3390/coatings10070681 www.mdpi.com/journal/coatings13



Coatings 2020, 10, 681

and 200 HV for PA9 alloy) [14,15]. During the electrochemical process, the formation of the oxide
coating occurs at the expense of substrate loss. This results in very good adhesion of the coating to
the aluminum substrate. The most commonly used type of anodizing is hard DC (Direct Current)
anodizing. During the process, as the coating thickness increases, the anodizing voltage increases [16].
The beginning of the DC anodizing process is characterized by a rapid increase in voltage, necessary to
break through the compact and thin (0.01–0.1 μm thick) natural barrier layer, also called the barrier
layer [17]. In the next stage of the process, the voltage decreases. When the minimum value is reached,
the barrier layer is rebuilt at the oxide–electrolyte interface. The voltage increases again over time due
to the formation of pores and their further deepening as the thickness of the Al2O3 coating increases,
up to a maximum thickness of approximately 150 μm [18,19]. The oxide coating produced during
anodizing ideally reaches the form of regular pores arranged in the shape of a hexagonal system, along
with a thin barrier film in direct contact with the aluminum substrate. The oxide pore sizes mainly
depend on the anodizing method used, but also on the process parameters. A high temperature and
long anodizing time increase the solubility of the oxide, while creating a porous coating with poorer
protective properties [20,21].

For better corrosion protection and sealing of the absorbent oxide coating while maintaining its
advantages, thermo-chemical treatment is used [22]. As a result of processing in the Al2O3 coating,
aluminum oxide is transformed into hydrated forms such as γ-Al (OH)3 hydrargillite and γ-AlOOH
boehmite. The transformation occurs due to swelling of the walls of the Al2O3 cells owing to their
hydration, as a result of which the pores are closed, and a smooth surface is created [23]. During
thermo-chemical treatment, the process of producing a pseudo-boehmite sublayer on the surface
may also occur; this happens most often when the process is short (several minutes), but also at high
temperatures [24].

Researchers have investigated the thermo-chemical treatment of oxide coatings, but the research
lacks reference to the impact of this process on the wettability of the Al2O3 layers [25,26]. The porosity
of oxide coatings has a significant impact on their energy state, and thus the properties enabling the
repulsion (hydrophobicity) and attraction (hydrophilicity) of water molecules [27]. That is why studies
on the wettability of oxide coatings produced as a result of anodizing and thermo-chemical treatment
are so important. Nowadays, the energy state is a very important feature of materials. Materials with
hydrophobic properties, i.e., those exhibiting low wettability, repelling water particles, are widely used
in surface engineering as self-cleaning or anti-icing materials [28,29]. Materials with high wettability
are also in high demand, or, in other words, attracting water particles (hydrophilic); they are used in
photovoltaic panels, biomaterials and wherever it is important to reduce friction [30–32]. A surface is
considered hydrophobic when the water contact angle is greater than 90◦. The conventional name for
surfaces reaching contact angles over 150◦ is ultrahydrophobicity. The opposite of hydrophobicity is
hydrophilicity and occurs when the contact angle on the surface is less than 90◦ [33].

Many authors have carried out research on the modification of Al2O3 layers by thermo-chemical
treatment. In [34], 6061 aluminum alloy was anodized at a constant voltage in an electrolyte at the
temperature of 273 K. A 15% H2SO4 solution was used as the electrolyte, the anodizing time was 60 min,
and a voltage of 15–30 V was used. Then, each of the produced layers were modified by immersion in
stearic acid at the temperature of 353 K for 45 min, successively in ethanol at the temperature of 343 K.
The whole process was completed by drying in an oven at the temperature of 253 K. The authors of
the work managed to obtain hydrophobic surfaces; the contact angles were 138◦–152◦ depending on
the anodizing voltage used. In subsequent studies, researchers conducted studies using two-stage
anodizing on 1050 aluminium alloy at the temperature of 273 K. As the electrolyte, 10.5% and 1%
solutions of H3PO4 were used; the process was carried out using the constant voltage method at
voltages in the range of 160–195 V for 60 min in Stage 1 and 15–300 min in Stage 2. After Stage 1 of
anodizing, the layers were immersed in a solution of 6% H3PO4, 1.8% CrO3 and deionized water
at the temperature of 333 K. Wet chemical etching was carried out in a 5% solution of H3PO4 at the
temperature of 333 K for 60–150 min. In the next step, the layers were sonicated in acetone for 10 min,
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then dried in an oven at the temperature of 343 K for 360 min and modified by immersion in a 5%
C12H24O2 solution for 90 min. The last stage of layer modification was spraying with silane and dried
at the temperature of 413 K for 30 min. Thanks to the use of lauric acid, the contact angles were
higher by 5◦–30◦, while thanks to silane spraying, a hydrophobic coating with a contact angle of 146◦
was obtained [35]. In the next cited article, researchers also dealt with constant voltage anodizing
using a C2H2O4 electrolyte. The anodizing time was 420 min at the voltage of 40 V. The layers
were modified by immersion in an 0.3% polytetrafluoroethylene solution and then cured at room
temperature. In the next stage, the samples were immersed in a solution of 1.8% H2CrO4 and 6%
H3PO4 at the temperature of 338 K for 300 min. Contact angles of 120◦ before immersion and 160◦
after immersion in a polytetrafluoroethylene solution were obtained [36]. Another article that can
be cited is research based on two-stage constant voltage anodizing. Anodizing was carried out at
the temperature of 275 K in a 1% H3PO4 solution. A voltage of 194 V was applied for 60 min in the
1st stage and 300 min in the 2nd stage. After completing Stage 1, the layers were immersed in a 6%
H3PO4 solution and a 2% H2CrO4 solution at the temperature of 323 K for 40 min. After anodizing
was completed, the layers were immersion modified in deionized H2O at the temperature of 373 K for
1 min. This process mainly involved preparing the substrate for subsequent treatments. The samples
were then dried at the temperature of 323 K and finally treated with hexamethyldisilane vapor (HMDS)
for 240 and 540 min. As a result of the performed modifications, contact angles of 139◦–153◦ were
obtained (depending on the number and duration of HMDS cycles) [37].

In all the cited publications, the researchers focused mainly on the modification of oxide coatings
produced as a result of constant voltage anodizing. In the next publication, the coatings were prepared
using the DC method for 120 min at a current density of 1–2 A/dm2. The process was carried out in a
5% H3PO4 solution at a temperature of 283–293 K. Some of the samples were plasma treated and all of
them were immersed in trichloro octadecylsilane-hexane for 120 min as well as being washed with
hexane and oven dried at the temperature of 333 K. Wetting angles of 152◦ (without plasma treatment)
and 157◦ (after plasma treatment) were obtained [38].

After analyzing the literature, it was found that most of the world research on the wettability of
Al2O3 coatings is mainly based on the modification of the coating by applying additional layers to
their surfaces. There is a lack of research in this area regarding the impact of the anodizing parameters
before and after applying thermo-chemical treatment and the impact of the compounds used for
this treatment on the contact angles, and thus the energy state of the surface of the coatings, which
makes our research innovative. The studies presented below focused mainly on the impact of the
anodizing parameters (current density, electrolyte temperature, anodizing time) and the impact of the
thermo-chemical treatment carried out with various compounds (water, sodium dichromate, sodium
sulphate) on the contact angles of oxide coatings. Measurement of the contact angles allowed the
energy state of the layers to be determined by calculating the surface free energy.

2. Materials and Methods

2.1. Research Material

The research material was Al2O3 coatings made on aluminum alloy EN AW-5251 by means of
hard DC anodizing. The aluminum alloy used has a high magnesium content, which contributes to
such properties as good ductility, high corrosion resistance and high weldability. This alloy is most
often used in the construction of aircraft and marine structures.

The samples for producing the oxide coatings had a surface area of 0.1 dm2. Before proceeding
with the anodizing process, each sample was etched in a 5% KOH solution for 20 min, followed by a
whitening process in a 10% HNO3 solution for 5 min. The temperature of the used solutions was 296 K.
At the end of each process, the samples were rinsed in distilled water. The coatings were produced
in the DC anodizing process using a GPR-25H30D power supply. The process was carried out in
variable production conditions (current density, anodizing time), at a variable electrolyte temperature
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(anodizing without thermo-chemical treatment) and a constant electrolyte temperature for the samples
subjected to thermo-chemical treatment after the anodizing process. A ternary electrolyte consisting of
an 18% sulphuric acid solution (33 mL/L), oxalic acid (30 g/L), and phthalic acid (76 g/L) was used
for the anodizing process. During anodizing, the electrolyte was mixed mechanically at 100 rpm, the
direction of rotation was changed every 10 min.

The studies were carried out according to a statistically determined poly-selective experiment
plan. Hartley’s plan was applied for three input factors based on a hypercube, for which coefficient α
= 1. Table 1 presents the list of factors on a natural and standard scale for coatings produced in the
anodizing process without thermo-chemical treatment.

Table 1. List of factors on natural and standard scale for coatings produced in anodizing process
without thermo-chemical treatment.

Sample

Controlled Factors

On a Natural Scale On a Standard Scale

Current Density j
[A/dm2]

Electrolyte
Temperature T [K]

Process
Time t [min]

×1 ×2 ×3

01A 2 293 90 −1 −1 1
01B 4 293 30 1 −1 −1
01C 2 303 30 −1 1 −1
01D 4 303 90 1 1 1
01E 2 298 60 −1 0 0
01F 4 298 60 1 0 0
01G 3 293 60 0 −1 0
01H 3 303 60 0 1 0
01I 3 298 30 0 0 −1
01J 3 298 90 0 0 1
01K 3 298 60 0 0 0

Table 2 presents the list of factors on a natural and standard scale for coatings produced in the
process of anodizing and thermo-chemical treatment. The thermo-chemical treatment was carried out
after thorough rinsing of the samples in distilled water. The anodizing process was carried out at the
constant electrolyte temperature of 298 K. Thermo-chemical treatment was carried out in solutions of
distilled water, sodium dichromate and sodium sulphate. For each compound, the treatments lasted
60 min, the temperature of the solutions was 371 K.

Table 2. List of factors on natural and standard scale for coatings produced in anodizing process and
thermo-chemical treatment.

Sample

Controlled Factors

On a Natural Scale On a Standard Scale

Current Density j
[A/dm2]

Compound for
Thermo-Chemical Treatment

(Density) [g/cm3]

Process
Time t [min]

×1 ×2 ×3

02A 2 Water (0.998) 90 −1 −1 1
02B 4 Water (0.998) 30 1 −1 −1
02C 2 Sodium dichromate (2.52) 30 −1 1 −1
02D 4 Sodium dichromate (2.52) 90 1 1 1
02E 2 Sodium sulphate (1.46) 60 −1 0 0
02F 4 Sodium sulphate (1.46) 60 1 0 0
02G 3 Water (0.998) 60 0 −1 0
02H 3 Sodium dichromate (2.52) 60 0 1 0
02I 3 Sodium sulphate (1.46) 30 0 0 −1
02J 3 Sodium sulphate (1.46) 90 0 0 1
02K 3 Sodium sulphate (1.46) 60 0 0 0
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2.2. Research Methodology

The thickness of the oxide coatings was measured by the contact method using a Dualscope MP40
instrument (Helmut Fischer GmbH + Co.KG, Sindelfingen, Germany), which uses the eddy current
method for measurement. Ten measurements were taken along the entire length of the samples with
three repetitions and the mean values were calculated along with deviations.

Using a Hitachi S-4700 scanning microscope (Hitachi, Tokyo, Japan), a micrograph of the
morphology of the Al2O3 coatings was made. A magnification of 50,000× was used to observe the
surface. Before further studies were carried out, the surfaces were sprayed with carbon to remove
electrons struck during interaction of the microscope beam. Analysis of the chemical composition of
the oxide coatings was carried out using a Noran Vantage EDS (Energy Dispersive X-ray Spectroscopy)
system attached to the Hitachi S-4700 scanning microscope.

Contact angle measurements were performed using four liquids, two polar (water and glycerine) and
two non-polar (α-bromonaphthalene and diiodomethane). Ten drops of each liquid were applied to each of
the investigated coatings using an 0.5 μL micropipette over the entire length of the sample. Photographs of
each drop were taken with a camera, which were then exported to a computer. The software used allowed
the marking of three extreme points on the drop photograph, which enabled automatic measurement of
the contact angle. The smallest and largest angles were rejected, and the other eight angle values were
used to calculate the average contact angle of a particular coating. Surface free energy was calculated
by the Owens–Wendt method using one polar (water) and one non-polar liquid (α-bromonaphthalene).
Calculations using the Owens–Wendt method were carried out based on the equation:

γs = γs
d + γs

p (1)

where γs is the surface free energy of the solid, γs
d is the surface free energy (SFE) dispersion component

of the examined materials, and γs
p is the SFE polar component of the investigated materials.

3. Results and Discussion

Table 3 presents the average results of thickness measurements of the oxide coatings produced in
the anodizing process (without thermo-chemical treatment).

Table 3. List of Al2O3 coating thicknesses produced in anodizing process (without thermo-chemical
treatment).

Sample Oxide Layers Thickness d [μm] Deviation [μm]

01A 51.3 0.94
01B 33.1 0.90
01C 16.9 0.22
01D 94.8 0.66
01E 32.6 0.45
01F 67.6 0.42
01G 53.1 1.12
01H 51.2 0.91
01I 25.2 0.33
01J 75.9 0.47
01K 51.4 0.96

The measurements showed significant changes in the thickness of the oxide coatings resulting from
the use of different anodizing parameters. The thickness of the coatings depends on the process time,
current density and electrolyte temperature. An increase in anodizing time at a constant current density
and electrolyte temperature causes a significant increase in the coating thickness (samples 01I, 01J,
01K). As the current density increased, while the electrolyte time and temperature remained constant,
a significant increase in coating thickness was also observed (samples 01E, 01F, 01K). In both cases,
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the increase in coating thickness is due to the increasing value of the electric charge. An increase in
electrolyte temperature, while maintaining a constant anodizing time and current density, contributes
to a decrease in coating thickness, which is caused by an increase in Al2O3 secondary solubility along
with an increase in electrolyte temperature (samples 01G, 01H, 01K).

Table 4 presents the average results of thickness measurements of oxide coatings produced in the
anodizing process and thermo-chemical treatment.

Table 4. Summary of Al2O3 coating thickness produced in anodizing process and thermo-chemical treatment.

Sample Oxide Layers Thickness d [μm] Deviation [μm]

02A 51.1 0.58
02B 33.5 0.81
02C 16.4 0.31
02D 98.6 5.79
02E 34.0 0.53
02F 68.7 0.59
02G 48.9 0.57
02H 51.9 0.45
02I 27.5 0.47
02J 77.1 1.31
02K 52.1 0.19

Comparing the measurements of the thickness of the oxide coatings before and after the
thermo-chemical treatment produced under the same anodizing conditions, it can be stated that
the treatment causes a slight increase in the thickness of the oxide coating (comparison of samples 01I,
01J, 01K with samples 02 I, 02J, 0.2 K). Confirmation of this can also be seen by comparing samples
01E, 01F, 01K with samples 02E, 02F, 02K. The increase in the layer thickness after thermo-chemical
treatment is insignificant and varies within 1.5 μm. As in the case of unmodified coatings, after the
thermo-chemical treatment, the dependence of the increase in Al2O3 thickness on the increase in current
density and the time of the anodizing process can also be seen. Table 5 shows the contact angle values
measured using distilled water and α-bromonaphthalene. Table 6 shows the contact angle values
measured using glycerine and diiodomethane. The measurements were made on coatings produced
during anodizing without thermo-chemical treatment. Depending on the anodizing parameters,
different contact angle values were obtained. The highest contact angle for polar liquids (distilled water,
glycerine) was obtained for the 01D sample produced at the current density of 4 A/dm2 for 90 min at
the electrolyte temperature of 303 K. The lowest value was obtained for the 01J sample produced at the
current density of 3 A/dm2 for 90 min at the electrolyte temperature of 298 K. Considering the values
of the contact angles of the coatings measured using glycerine, sample 01D is a hydrophobic surface
with a contact angle of 98.06◦ ± 2.62◦.

Table 7 contains the contact angle values measured using distilled water and α-bromonaphthalene.
Table 8 shows the contact angle values measured using glycerine and diiodomethane. The Al2O3

coatings underwent thermo-chemical treatment after previous anodizing. The highest value of contact
angle measured with distilled water was obtained for sample 02E produced at the current density of
2 A/dm2 for 60 min, then subjected to thermo-chemical treatment in sodium sulphate. The smallest
contact angle value was obtained for the 02D sample produced at the current density of 4 A/dm2 for
90 min, subjected to thermo-chemical treatment in sodium dichromate. The produced coating was
highly hydrophilic—the measured angle was only 8.62◦ ± 2.02◦. Considering the second polar liquid
(glycerine), the smallest contact angle value was also measured for the 02D sample; however, the largest
value was as much as 109.82◦ ± 4.79◦—the highly hydrophobic surface was measured on the 02K
sample produced at the current density of 3 A/dm2 for 60 min and then subjected to thermo-chemical
treatment in sodium sulphate. Sample 02E also showed hydrophobic properties—its contact angle was
92.78 ± 6.62◦. Thermo-chemical treatment of the Al2O3 coatings contributed to a significant change in
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the wettability of the measured surfaces. In the case of the sample anodized at the current density of
3 A/dm2 for 60 min, the thermo-chemical treatment in sodium sulphate contributed to an increase in the
contact angle from 73.86◦ to 81.14◦ for water and from 71.95◦ to 109.82◦ for glycerine, creating a highly
hydrophobic surface. Furthermore, the thermo-chemical treatment of samples 01E, 01F, 01K in sodium
sulphate contributed to a significant reduction in wettability (a higher contact angle) for glycerine.
A reduction in the electrolyte temperature during anodizing from 303 to 298 K and the thermo-chemical
treatment process in sodium dichromate of samples 01C, 01D, 01H contributed to a very large increase
in the wettability of the coatings, creating surfaces with strong hydrophilic properties, both using
water and glycerine. An increase in the electrolyte temperature during anodizing from 293 to 298 K for
samples 01A, 01B, 01G and the thermo-chemical treatment process using water resulted in a significant
reduction in the contact angle.

Table 9 presents the surface free energy values calculated by the Owens–Wendt method. Wetting
angles measured using distilled water and α-bromonaphthalene using the sessile drop technique were
used for the calculations. The angles were measured on Al2O3 coating without thermo-chemical treatment.

Table 5. Wetting angles of oxide coatings produced in the anodizing process (without thermo-chemical
treatment) for distilled water and α-bromonaphthalene.

Sample
Contact Angle

(Distilled Water) [◦] Deviation [◦] Contact Angle
(α-Bromonaphthalene) [◦] Deviation [◦]

01A 74.60 2.22 22.70 3.28
01B 81.61 7.07 33.54 4.26
01C 72.55 6.35 28.82 3.22
01D 85.84 3.36 33.76 7.86
01E 76.80 2.26 27.26 1.34
01F 80.76 5.78 36.25 2.23
01G 84.06 5.71 27.51 3.46
01H 79.23 4.80 27.09 1.83
01I 80.52 5.94 26.69 1.34
01J 69.68 3.57 31.88 4.93
01K 73.86 2.83 24.97 4.12

Table 6. Wetting angles of oxide coatings produced in the anodizing process (without thermo-chemical
treatment) for glycerine and diiodomethane.

Sample
Contact Angle
(Glycerin) [◦] Deviation [◦] Contact Angle

(Diiodomethane) [◦] Deviation [◦]

01A 72.10 3.54 44.95 6.56
01B 80.67 2.09 50.44 3.09
01C 83.09 6.06 47.39 1.53
01D 98.06 2.62 64.09 5.07
01E 77.38 1.23 47.87 3.52
01F 85.98 5.29 47.96 4.34
01G 79.55 3.17 49.66 6.29
01H 76.68 4.08 49.16 3.56
01I 79.75 3.45 48.48 1.95
01J 71.19 2.81 52.65 2.51
01K 71.95 4.70 51.68 3.23
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Table 7. Wetting angles of oxide coatings produced in anodizing process and thermo-chemical treatment
for distilled water and α-bromonaphthalene.

Sample
Contact Angle

(Distilled Water) [◦] Deviation [◦] Contact Angle
(α-Bromonaphthalene) [◦] Deviation [◦]

02A 56.81 2.48 13.93 2.64
02B 60.44 1.97 17.67 2.62
02C 27.44 4.13 15.89 1.63
02D 8.62 2.02 9.54 2.74
02E 89.61 6.34 44.83 5.26
02F 63.18 3.55 22.15 3.21
02G 71.29 11.02 18.89 3.56
02H 22.55 1.95 14.44 2.81
02I 61.74 4.15 38.33 3.88
02J 52.77 6.94 22.63 2.77
02K 81.14 6.16 37.86 3.63

Table 8. Wetting angles of oxide coatings produced in the anodizing process and thermo-chemical
treatment for glycerine and diiodomethane.

Sample
Contact Angle
(Glycerin) [◦] Deviation [◦] Contact Angle

(Diiodomethane) [◦] Deviation [◦]

02A 73.84 5.01 30.88 5.52
02B 84.47 4.97 34.57 1.90
02C 54.11 7.56 32.05 3.35
02D 27.67 2.53 17.88 2.47
02E 92.78 6.62 59.71 10.68
02F 88.74 7.26 36.89 3.22
02G 85.40 6.81 37.24 5.47
02H 41.19 5.01 23.33 3.86
02I 88.25 3.05 52.99 6.19
02J 64.60 4.74 41.79 3.43
02K 109.82 4.79 57.25 5.38

Table 9. Surface free energy values of Al2O3 coatings without thermo-chemical treatment.

Sample SFE Owens-Wendt [mJ/m2]

01A 43.15
01B 41.35
01C 46.12
01D 40.06
01E 44.85
01F 40.73
01G 37.66
01H 39.56
01I 43.75
01J 46.57
01K 40.84

The highest value of surface free energy was determined for the 01J sample, i.e., for the coating
characterized by the smallest contact angle for water, while the lowest SFE value was determined for
the surface characterized by one of the highest contact angles for water (84.06◦)—sample 01G. After
the calculations, it can be stated that on oxide coatings without thermo-chemical treatment, the contact
angles show inverse proportionality to the value of surface free energy. Three-dimensional graphs
were made to visualize the effect of the anodizing parameters on SFE (Figure 1).
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(a) (b) 

 
(c) 

Figure 1. Surface free energy (SFE) dependence on: (a) process time and current density, (b) electrolyte
temperature and current density, (c) electrolyte temperature and process time.

By analyzing the impact of the process time and current density on SFE, it can be seen that the highest
values of surface free energy of over 44 [mJ/m2] were exhibited by a coating produced within 100 min and
at the current density of 3 A/dm2. Values over 40 [mJ/m2] were also observed for coatings produced within
30 min for all the current density values. The graph showing the effect of electrolyte temperature and
current density on SFE shows a clear increase in the surface free energy value in the middle of the electrolyte
temperature axis for a current density of about 2 A/dm2. The lowest values < 39 [mJ/m2] were attained
for the current density of 3 A/dm2 and electrolyte temperature around 293 K. The next graph presents
the dependence of SFE on the electrolyte temperature and process time. The highest values > 44 [mJ/m2]
were found at the beginning and end of the process time axis at values in the middle of the electrolyte
temperature axis (298 K).

Table 10 shows the SFE calculated for coatings after thermo-chemical treatment. The calculations
were carried out using the Owen–Wendt method based on the contact angles of distilled water and
α-bromonaphthalene.
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Table 10. Values of surface free energy of Al2O3 coatings after thermo-chemical treatment.

Sample SFE Owens-Wendt [mJ/m2]

02A 56.60
02B 54.19
02C 71.73
02D 77.94
02E 34.98
02F 52.01
02G 48.91
02H 73.85
02I 48.92
02J 57.49
02K 40.06

Sample 02D showed the highest surface free energy; this is a coating which, after anodizing,
was subjected to thermo-chemical treatment in sodium dichromate. The coating also has the lowest
contact angle for water (8.62◦) and for glycerine (27.67◦). The lowest SFE value was calculated
for sample 02E, which has the highest contact angle for water (89.61◦) and one of the highest for
glycerine (92.78◦). As with the Al2O3 coatings without modification, the contact angles of the coatings
after thermo-chemical treatment show an inverse proportionality to the value of surface free energy.
Figure 2 presents 3D graphs of the dependence of the anodizing parameters and compounds used for
thermo-chemical treatment on the SFE value.

The surface free energy of coatings after thermo-chemical treatment varies depending on the
process time and current density. The highest SFE values > 75 mJ/m2 were found at the intersection of
the end of the process time axis (about 90 min) and the end of the current density axis (about 4 A/dm2).
A clear increase can also be seen at the intersection of a current density of about 2 A/dm2 and a process
time of about 30 min. By analyzing the impact of the current density and the compound used for
thermochemical treatment, it can be stated that the greatest impact on the increase in the SFE value is
the use of sodium dichromate in the coating modification process. When using sodium dichromate, a
clear increase in surface free energy is visible in the entire current density range, with a peak value > 76
mJ/m2 for a current density of about 4 A/dm2. A clear decrease in the SFE value can be seen for sodium
sulphate at the current density of 2 A/dm2. The graph showing the dependence of SFE on the time of
the process and the compound used for thermochemical treatment shows a clear maximum SFE value
> 76 mJ/m2 for sodium dichromate, decreasing with the time of the process. Surface free energy values
> 56 mJ/m2 are also visible in the case of anodized coatings that underwent thermo-chemical treatment
in water for about 90 min. A clear decrease in the SFE value < 44 mJ/m2 is visible in the middle of the
graph for anodized coatings modified in the sodium sulphate solution for about 60 min.

Figure 3 presents surface morphology micrographs taken with a scanning microscope of selected
oxide coatings with the largest differences in the contact angle and SFE. A 50,000×magnification was
used for all the morphology micrographs.

The micrographs show surface porosity, which is characteristic of Al2O3 coatings. There are
significant differences in the size of the nanopores, which depend on both the anodizing time and the
current density used in the anodizing process.

Figure 4 presents micrographs of the surface morphology of layers anodized and thermo-chemically
treated in sodium dichromate and sodium sulphate.

The thermo-chemical treatment of the 02D sample carried out in sodium dichromate contributed
to complete sealing of the porous Al2O3 coating and the formation of a high sodium content sublayer.
On the surfaces of the 02E and 02K samples, which after the anodizing process were subjected to
thermo-chemical treatment in sodium sulphate, complete coverage of the oxide coating surface with a
kind of crosslinked structure is noticeable.
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Figure 2. SFE dependence on: (a) process time and current density, (b) chemical compounds used in
coating modification and current density, (c) chemical compounds used in coating modification and
process time.

  

(a) (b) 

 
(c) 

Figure 3. Surface morphology micrographs of oxide coatings without thermo-chemical treatment:
(a) Sample 01D, (b) Sample 01H, (c) Sample 01J.
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Figure 4. Surface morphology micrographs of oxide layers after thermo-chemical treatment: (a) Sample
02D, (b) Sample 02E, (c) Sample 02K.

Table 11 summarizes the chemical composition of the oxide coatings produced in the DC anodizing
process without the thermo-chemical process.

Table 11. Chemical composition analysis of Al2O3 coatings without thermo-chemical process.

Sample
Atomic Aluminum

Content [%]
Error of Aluminum

Content [%]
Atomic Oxygen

Content [%]
Error of Oxygen

Content [%]

01D 54.52 ±0.30 43.94 ±0.68
01H 56.23 ±0.21 44.25 ±0.54
01J 55.90 ±0.23 43.49 ±0.51

Samples with significant differences in the values of surface free energy and contact angle were
selected for analysis. The atomic content of both aluminum and oxygen in the selected coatings are very
similar. An increase in aluminum content was observed for the samples with a smaller Al2O3 coating
thickness. The increased aluminum content is due to the shorter distance between the coating surface
and the substrate. The values presented in the table are very similar to stoichiometric calculations of
the alumina chemical composition.

Figure 5 presents SEM micrographs for samples 02D, 02E, 02K together with the marked field used
for chemical composition analysis. Figure 6 shows the EDS spectrum for the 02D, 02E, 02K samples
with chemical composition analysis.
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Figure 5. SEM micrographs with chemical analysis field marked: (a) Sample 02D, (b) Sample 02E,
(c) Sample 02K.

The coating composition of sample 02D is characterized by a high content of oxygen, at the same
time reducing the content of aluminum. Thermo-chemical treatment in sodium dichromate contributed
to the building of over 18% sodium compounds on the surface. On the surfaces of the 02E and 02K
samples modified in sodium sulphate, a reduction in oxygen content for about 2% sulphur was shown.

 
(a) 

Figure 6. Cont.
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(b) 

 
(c) 

Figure 6. EDS (Energy Dispersive X-ray Spectroscopy) spectrum along with chemical analysis for
samples: (a) Sample 02D, (b) Sample 02E, (c) Sample 02K.

4. Conclusions

Based on the conducted studies, it can be concluded that both the anodizing parameters and
thermo-chemical treatment have a significant impact on the wettability of Al2O3 coating surfaces,
and thus their energy state. By controlling the anodizing parameters (current density, electrolyte
temperature, process time), a hydrophobic surface with a contact angle of 98.06◦ ± 2.62◦ was obtained
for the 01D sample using glycerine as the measuring liquid. The 01D sample oxide coating also
achieved the highest contact angle with distilled water. The coating was produced at the current
density of 4 A/dm2 for 90 min at the electrolyte temperature of 303 K. The lowest contact angle value
was obtained by the coating produced at the current density of 3 A/dm2 for 90 min at the electrolyte
temperature of 298 K—sample 01J.

The second part of the research focused on the modification of the Al2O3 coatings by chemical
compounds through thermo-chemical treatment. A very clear effect of thermo-chemical treatment on
the values of contact angles was noticed. The highest contact angle value measured using distilled
water was obtained by sample 02E modified in sodium sulphate. The smallest contact angle value was
obtained by a sample modified in sodium dichromate. The coating modified in sodium dichromate
showed strongly hydrophilic values; the measured angle was only 8.62◦ ± 2.02◦. For the 02K sample
modified in sodium sulphate, the contact angle measurements with glycerine revealed an angle
of 109.82◦ ± 4.79◦ (a strongly hydrophobic surface). Moreover, sample 02E exhibited hydrophobic
properties; the contact angle for this coating was 92.78◦ ± 6.62◦. The thermo-chemical treatment
in sodium sulphate of the 02K sample increased the contact angle from 73.86◦ to 81.14◦ for water
and from 71.95◦ to 109.82◦ for glycerine, creating a highly hydrophobic surface. The modification
also contributed to a significant reduction in wettability for glycerine. The reduction in electrolyte
temperature in the anodizing process of the coatings modified in sodium dichromate contributed
to a very large increase in the wettability of the coatings, creating surfaces with strong hydrophilic
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properties, both when measuring with distilled water and glycerine. The increase in electrolyte
temperature during anodizing from 293 to 298 K and the thermo-chemical treatment process using
water resulted in a significant reduction in the contact angle measured for distilled water. The studies
have also shown that the contact angle is inversely related to surface free energy.
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Abstract: The article presents the influence of the anodic alumina coating nanostructure produced
on aluminum alloy EN AW-5251 on the type of tribological wear process of the coating. Oxide
coatings were produced electrochemically in a ternary electrolyte by the DC method. Analysis of
the nanostructure of the coating was performed using ImageJ 1.50i software on micrographs taken
with a scanning electron microscope (SEM). Scratch tests of the coatings were carried out using
a Micron-Gamma microhardness tester. The scratch marks were subjected to surface geometric
structure studies with a Form TalySurf 2 50i contact profiler. Based on the studies, it was found that
changes in the manufacturing process conditions (current density, electrolyte temperature) affect
changes in the coating thickness and changes in the anodic alumina coating nanostructure (quantity
and diameter of nanofibers), which in turn has a significant impact on the type of tribological wear.
An increase in the density of the anodizing current from 1 to 4 A/dm2 causes an increase in the
diameter of the nanofibers from 75.99 ± 7.7 to 124.59 ± 6.53 nm while reducing amount of fibers from
6.6 ± 0.61 to 3.8 ± 0.48 on length 1 × 103 nm. This affects on a change in the type of tribological wear
from grooving to micro-cutting.

Keywords: aluminum oxide layers; nanostructure; tribological wear

1. Introduction

Aluminum alloys are currently widely used in industry due to the low weight of the metal in
relation to high mechanical strength and good thermal conductivity [1,2]. Due to the atmosphere,
aluminum is automatically covered by a passive oxide coating a few nanometers thick, isolating
the metal from contact with the environment [3]. However, in acidic or alkaline environments,
the spontaneous oxide coating does not protect the metal well enough and aluminum corrosion occurs
fairly quickly, leading to mass loss [4]. Therefore, ensuring proper protection of the aluminum surface
involves the formation of an oxide coating of an appropriate thickness [5]. One method that allows
adequate protection of aluminum alloys is electrochemical oxidation of the alloy surface. This process
is called aluminum anodizing, and due to its properties that improve the hardness of metal, it is used
on a large scale today [6]. Anodic alumina coatings in the electrochemical process can be formed using
DC [7], constant voltage [8], pulse methods [9], and using AC [10], as well as AC imposed on DC [11].
Electrochemically produced oxide coatings have an amorphous structure [12]. The anodic alumina
coating adopts a porous structure with vertically aligned cylindrical pores, depending mainly on the
applied current density, electrolyte temperature, and aluminum alloy [13,14]. An important feature
of anodic alumina coatings is their resistance to abrasive wear. This results in a wide application of
anodized aluminum in friction pairs of engineering kinematic systems [15]. For this reason, tests are
often carried out to assess the impact of the anodizing parameters on the mechanical and tribological
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properties of oxide coatings [16]. One of the tests determining the mechanical properties of the coatings
is the scratch test. Such tests allow one to not only determine the coefficient of friction value but also
to determine the value of critical load causing damage to the coating [17,18]. In the first cited article,
scientists investigated scratches of anodized aluminum in 10% oxalic acid at room temperature at
10–40 V. Subsequently, the crystal structure, chemical composition, surface morphology, and surface
topography were examined. Studies have shown that higher anodizing potential leads to the formation
of porous, thicker, and harder anodic alumina coatings. Anodized aluminum showed the formation of
horizontal and vertical parallel cracks when attempting to scratch at a load of about 1 N. In the second
article cited, researchers investigated the mechanical properties of AZ91 magnesium alloy coated with
a double-layer Al2O3/Al. Mechanical properties were examined, among others, by a scratch test. It
has been found that the mechanical properties of the coated alloy are significantly better, and the
coating exhibits excellent adhesion to the substrate. Nanostructure studies are an important element
of research related to the wear of oxide coatings and their adhesion to the substrate [19]. In the cited
article, the authors started to produce Al2O3 layers by hard anodizing and thermo-chemical treatment.
Then, they studied the microstructure, morphology, and tribological wear. Microstructure tests showed
fiber sealing after physicochemical treatment, and it also increased the microhardness and polymer
consumption during the tribological test. Our work focuses on the scratching of aluminum surfaces
and anodic oxide coatings produced using various manufacturing parameters. In addition to the
scratch resistance test, nanostructure analysis was performed to show the relationship between changes
in the nanostructure and their impact on the type of tribological wear of the coatings which has not
yet been studied. Scientists studied the nanostructure and friction of oxide layers in sliding running
using finite elements [20]. They focused mainly on the oxidation of aluminum alloy for 60 min in
an electrolyte consisting of sulfur and oxalic adipic acid at 298 K and a current density of 3 A/dm2.
The tribological properties of the oxide layer during reciprocating friction were tested using four
different polymers (TG15, TGK20/5, TMP12, PEEK/BG). The highest wear and the highest friction
coefficient were found for TMP12 material, while the lowest wear and friction coefficient for PEEK/BG.
However, all cited articles lack reference to nanostructure for the type of tribological process, which
makes our research innovative.

2. Materials and Methods

2.1. Research Material

The research material was anodic alumina coatings produced by an electrochemical method on
the surface of plates made of EN AW-5251 aluminum alloy. This aluminum alloy is characterized by
high mechanical strength and corrosion resistance. The chemical composition of the EN AW-5251 alloy
(Table 1) allows one to easily modify its surface by anodizing.

Table 1. Chemical composition of the EN AW-5251 alloy.

Si Fe Cu Mn Mg Cr Ni Zn Ti V Other Al

max
0.4

max
0.5

max
0.15 0.1–0.5 1.7–2.4 max

0.15 – max
0.15

max
0.15 – max

0.05 rest

Samples with an area of 0.1 dm2 were subjected to etching using a 5% KOH solution (20 min) and
a 10% HNO3 solution (5 min). The temperature of the solutions was 296 K. The etching treatments
ended with rinsing in distilled water. The sample surfaces (except for the reference sample) were
modified by anodizing to form an anodic alumina coating on their surface using an electrochemical
method. The surface of the samples was anodized by the DC method, using a GPR-25H30D power
supply. During anodizing, a variable current density and electrolyte temperature were used to
determine how the process parameters affect the type of tribological wear. A ternary electrolyte
constituting an aqueous solution of 18% sulfuric acid (33 mL/L), oxalic acid (30 g/L), and phthalic acid
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(76 g/L) was used for the anodizing process. Anodic hard coatings produced in electrolytes constituting
of an aqueous solution sulfuric or oxalic acid require the use of low process temperatures (273–278
K). The addition of phthalic acid ensures that hard layers are obtained and enables the process to be
carried out at room temperature. The anodizing process conditions are shown in Table 2.

Table 2. Anodizing process conditions.

Sample
Current Density

j [A/dm2]
Process Time

t [min]
Electrolyte Temperature

T [K]

A 1 20 283
B 1 20 293
C 4 20 313
D 4 20 283

After anodizing, the samples were rinsed in distilled water.

2.2. Research Methodology

The thickness of the anodic alumina coatings was measured by the contact method using a Fischer
Dualscope MP40 instrument (Helmut Fischer GmbH+Co.KG, Sindelfingen, Germany) using the
eddy-current method. Ten measurements were made (repeated 3 times) over the entire length of
the sample, then the average values were calculated. Nanostructure tests of the oxide coatings were
carried out on metallographic specimens using a Hitachi S-4700 scanning microscope (Hitachi, Tokyo,
Japan) at 30,000×magnification. Anodic alumina coatings are non-conductive material, so they charge
electrically when scanning through an electron beam, which prevents correct observation of the
preparations. For better observation of the nanostructure, the samples were sputtered with carbon,
which enables the discharge of electrons rebound during research. The micrographs were used for
computer analysis of the image carried out using ImageJ 1.50i software. Using the image analysis
procedures (smooth, bandpass filter, threshold), the number of fibers per nm and the diameter of the
fibers were calculated. The scratch test was performed using a Micron-Gamma device (MicronSystema,
Kiev, Ukraine). A Rockwell diamond indenter was used with a tip radius of 0.2 mm. A load of
4 ± 0.01 N was used during the test. The scratch marks were subjected to surface geometric structure
(SGS) analysis. For this purpose, a Form TalySurf Series 2.50i profiler was used. The systematic
scanning method was used on the transverse profile. The SGS parameters allowed the authors to
determine the type of tribological wear.

3. Results and Discussion

Measurements of the thickness of the oxide coatings showed significant differences in the thickness
depending on the anodizing conditions. Averaged values of measurements of the anodic alumina
coating thickness together with deviations are presented in Table 3.

Table 3. Influence of anodizing conditions on thickness of oxide layers formed on EN AW-5251
aluminum alloy surface.

Sample
Oxide Layers Thickness

d [μm]
Deviation

[μm]

A 5.5 0.59
B 7.7 0.44
C 23.6 2.07
D 26.3 1.47

The current density as well as the electrolyte temperature during the anodizing process affects
the thickness of the anodic alumina coatings. Considering the current dependence, one can notice
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a significant increase in coating thickness at a constant electrolyte temperature and anodizing time
together with an increase in current density (Samples A and D). An increase in the thickness of
the coating along with an increase in current density (at a constant process time) is associated with
an increase in electric charge. The anodic oxidation process, like any electrochemical process, proceeds
according to Faraday’s law, according to which a specific amount of electricity transforms aluminum
into a specific amount of its oxide. Taking into consideration the temperature dependence at low
current density values (Samples A and B), as the electrolyte temperature increases, the coating thickness
increases. The increase in electrolyte temperature accelerates the migration of ions, which in turn
increases the growth rate of the coating. However, at higher current density values (Samples C and
D), the coating thickness decreases as the electrolyte temperature increases. Depending on the type
of electrolyte in which the electrolysis process is carried out, a certain amount of produced Al2O3 is
always dissolved by the electrolyte. In the thicker coatings, due to the resistance of the electrolyte
column lying in the pores located between the oxide fibers, Joule’s heat is released. The reduction in
the Al2O3 layer thickness as the electrolyte temperature rises, at higher current densities, can therefore
be attributed to the increasing secondary solubility of aluminum oxide associated with the higher
electrolyte temperature.

Micrographs of the oxide coating nanostructures taken on metallographic specimens at 30,000×
magnification (Figure 1) showed structure oriented along the direction of growth of the coating under
the influence of an electric field.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1. SEM micrograph (cross-section) of nanostructure of the coatings: (a) Sample A, (b) Sample B,
(c) Sample C, (d) Sample D (sample designations as in Table 2).

In order to assess the impact of the coating production conditions on their nanostructure,
the thickness and number of coating fibers were measured. For this purpose, each of the micrographs
was subjected to image analysis, which enabled sharpening and visualization of the nanofibers. The first
procedure used was the smooth function (first column), thanks to which the amount of noise in the
images was significantly reduced. Then, the bandpass filter function (second column) was used,
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whose task was to filter the image in a banded way. The last function used was the threshold function
with the dark back option selected (third column), thanks to which binarization of the images was
achieved—only black and white colors appear (the nanofibers are shown in black). The micrographs
of the coatings after applying the appropriate procedures are shown in Figure 2.

 
(a1) 

 
(a2) 

 
(a3) 

 
(b1) 

 
(b2) 

 
(b3) 

 
(c1) 

 
(c2) 

 
(c3) 

 
(d1) 

 
(d2) 

 
(d3) 

Figure 2. SEM micrograph (cross-section) of nanostructure of the coatings: (a) Sample A, (b) Sample B,
(c) Sample C, (d) Sample D (sample designations as in Table 2), 1—image with smooth function, 2—image
with bandpass filter function, 3—image with threshold function with dark back option selected.

The obtained results of the values of the aluminum oxide fiber diameters and the number of fibers
on length 1 × 103 nm are presented in Table 4.
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Table 4. Average values of diameters and number of coating fibers.

Sample
Amount of

Fibers/nm × 103 Deviation
Average Fiber Diameter

[nm]
Deviation

[nm]

A 6.6 0.61 75.99 7.70
B 5.1 0.52 92.52 6.48
C 5.8 0.57 101.87 8.06
D 3.8 0.48 124.59 6.53

The relationship between the coating thickness and the diameter of the aluminum oxide fibers is
given by Equation (1).

y = 7.83x - 3.8, (1)

y—coating thickness,
x—average fibers diameter.
On the basis of the image analysis data obtained from ImageJ 1.50i, histograms of the nanofibers

with appropriate diameter groups in individual oxide coatings were made (Figure 3).

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3. Histograms of nanofibers: (a) Sample A, (b) Sample B, (c) Sample C, (d) Sample D (sample
designations in Table 2).

Computer analysis of the coating micrographs showed several significant relationships between
the production parameters and the number of nanofibers and their diameters. For a constant current
density of 1 A/dm2, an increase in electrolyte temperature causes a decrease in the number of nanofibers
per 1 × 103 nm while increasing their diameter (Samples A and B). In turn, at the current density of
4 A/dm2 (Samples C and D), the increase in electrolyte temperature causes an increase in the number
of nanofibers while reducing the diameter of the fibers. The above relationships most likely result
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from the increasing secondary solubility of aluminum oxide fibers with increasing temperature at
higher current density values. At a constant electrolyte temperature, an increase in current density
(Samples A and D) causes a significant reduction in the number of nanofibers while increasing their
diameter. Another important relationship is the linear relationship between the average diameter of
the Al2O3 nanofibers coatings and the thickness of these coatings—an increase in the thickness of
the oxide coating increases the diameter of the nanofibers. The coatings produced under extreme
conditions (Samples A and D) with the largest and smallest thicknesses are also characterized by the
largest and smallest number of nanofibers.

Figure 4 shows the transverse profiles of the surface of the oxide coatings and aluminum alloy
made with the profiler after the scratch test. The area above the zero point is marked in green (material
upsetting on both sides of the scratch), and in red the area after the scratch was made.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 4. Transverse profiles of oxide coating and aluminum alloy surfaces after scratch test: (a–d):
Sample designations in Table 2, (e): Aluminum alloy EN AW-5251.
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The images showing the transverse profiles of the samples show areas both below and above the
zero point, whose surface areas change depending on the coating production parameters. The shape
of these areas also undergoes change. The aluminum alloy exhibited the most rounded area profiles.
The increase in current conditions of the anodizing process leads to "sharpening" of the area profiles,
which is caused by the increasing thickness of the oxide coatings and rising hardness. Table 5 shows
the values of the ratio of the cross-sectional surface area of material upsetting around Scratch f1
and the recess of Scratch f2. Based on these values, the processes of anodic alumina coating wear
were determined.

Table 5. Values of ration of cross-sectional surface area of material upsetting around Scratch f1 and
recess of Scratch f2.

Sample f1/f2 Deviation f1/f2 Wear Process

aluminum alloy 1.085 0.109 grooving
A 1.003 0.083 grooving
B 0.818 0.133 scratching, microcutting
C 0.753 0.230 scratching, microcutting
D 0.481 0.159 scratching, microcutting

Analysis of parameters f1 and f2 allowed the authors to determine the surface wear process of the
tested samples. It was noticed that increasing the thickness of the anodic alumina coating (starting with
pure aluminum) reduces the f1/f2 dependence. As a result of the analysis, it was found that both in the
case of pure aluminum and Sample A (smallest coating thickness) there is only plastic deformation
of the surface layer, i.e., grooving. The tested surface is indented by the presence of unevenness or
abrasive grain, which causes the material to move outside the surface. Grooving occurs if the value
of the ratio f1/f2 > 1. In the remaining tested samples, there is scratching and microcutting, which in
turn occurs in the case of 0 ≤ f1/f2 ≤ 1. Roughness measurements carried out before the scratch test
showed slight differences between layer surfaces. The Ra parameter value was 0.35 ± 0.035 μm. Slight
differences in roughness do not affect the type of layer wear, however.

4. Conclusions

Based on the conducted research, it was found that the anodizing process parameters of the
aluminum alloy EN AW-5251 surface affect the nanostructure of the anodic alumina coatings, whose
construction, in turn, affects the type of tribological wear. An increase in current density while
maintaining a constant electrolyte temperature results in the creation of an anodic alumina coating
with a significantly increased diameter of coating nanofibers, while reducing their quantity. A linear
relationship between the increase in the thickness of the oxide coating and the increase in diameter
of the nanofibers was also demonstrated. A reduction in the f1/f2 ratio value was also observed
as the diameter of the nanofibers increased. From among the tested samples, only the surface of
the aluminum alloy and anodic alumina coatings of the smallest thickness and the diameter of the
nanofibers underwent grooving. The increase in production parameters, and hence the thickness
of the coatings causes a change in the wear process of the coating from grooving to scratching and
microcutting. Given the structure of the layers (fiber size, coating thickness depending on the density
of the electric charge), the above studies are in line with previous scientific studies. Due to the fact that
there is no literature research on the impact of nanostructure on the speed and mechanism of wear, we
are not able to refer to literature.
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Abstract: Implant design and functionalization are under significant investigation for their ability to
enhance bone-implant grafting and, thus, to provide mechanical stability for the device during the
healing process. In this area, biomimetic functionalizing polymers like dopamine have been proven
to be able to improve the biocompatibility of the material. In this work, the dip coating of dopamine
on the surface of the magnesium alloy AZ31 is investigated to determine the effects of oxygen on
the functionalization of the material. Two different conditions are applied during the dip coating
process: (1) The absence of oxygen in the solution and (2) continuous oxygenation of the solution.
Energy dispersive spectroscopy (EDS) and Fourier transform infrared spectroscopy (FTIR) are used to
analyze the composition of the formed layers, and the deposition rate on the substrate is determined
by molecular dynamic simulation. Electrochemical analysis and cell cultivation are performed to
determine the corrosion resistance and cell’s behavior, respectively. The high oxygen concentration in
the dopamine solution promotes a homogeneous and smooth coating with a drastic increase of the
deposition rate. Also, the addition of oxygen into the dip coating process increases the corrosion
resistance of the material.

Keywords: biodegradable magnesium; dopamine; Impedance behavior; molecular
dynamic simulation

1. Introduction

Magnesium implants have intrigued the medical industry as a way to substitute temporary
implants with more permanent counterparts. In the application of temporary fasteners, including
screws or pins, magnesium implants are superior to permanent titanium or stainless-steel implants, since
their use eliminates the need for second surgery to remove the implant after bone healing. Moreover,
magnesium alloys provide mechanical properties with close compatibility with bone, thereby decreasing
the risk of stress shielding [1,2]. As with other bio metals, magnesium is investigated to promote
the cell’s response on the surface. The healing rate of bone is critical [3], and, for successful bone
regeneration, cell viability is highly significant [4]. Cell adhesion is unlikely to occur directly on the
implant. Thus, an appropriate surface treatment is needed [5]. For this treatment, several biomimetic
coatings are investigated: Aminopropyltriehtoxysilane, vitamin C (AV), carbonyldiimidazole (CDI),
stearic acid (SA), aminated hydroxyethyl cellulose, gelatin, and peptides [5–9]. Depending on the
composition, biomimetic coatings can have the capability to retard the corrosion affinity of magnesium
to body fluids [5,8,9]. Therefore, a biomimetic coating should be adhesive and compact enough to
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protect the substrate against corrosive body fluid. In this area of study, polydopamine is introduced as
a biomimetic coating to enhance the adhesion of other biomimetic coatings [10]. For instance, the use
of a coating made by gelatin (a mixture of peptides and proteins) and modified with polydopamine
can improve the binding affinity between the coating and the metal (e.g., on a titanium surface [11]) or
promote corrosion resistance [12]. In other cases, the use of dopamine helps to immobilize functional
molecules as a robust anchor in biofunctional surfaces (e.g., nano magnetic particles [13]) or increase
the cytocompatibility and osteogenic potential of the scaffold [14], among other examples.

Recent works on magnesium have shown the advantage of using a functionalized surface with
dopamine to enhance corrosion resistance [15–17], as well as the cell proliferation on the surface of
the implant [17,18]. Inspired by the composition of adhesive proteins in mussels, dopamine can be
self-polymerized to form a surface-adherent, thin, and robust film on almost all kinds of materials,
including organic and inorganic ones [19]. In this area, the dip coating method [15–17,20] has been used
as a convenient way to anchor the dopamine and create a film on magnesium alloys. In situ spontaneous
deposition takes place through an aerobic auto-oxidation mechanism in a mildly basic aqueous buffered
media and, consequently, a bio-inspired film is generated on the substrate. Although the film is known
as polydopamine, there is controversy over whether the film consists of supramolecular of monomer
aggregates or has a polymeric structure [21]. The oxidation mechanism during the dopamine coating
and the evolution of the molecules have been deeply investigated [18,20,22–25]. Many oxidants were
evaluated as a buffer for the formation of the coating, including compounds like copper sulfate, sodium
periodate, and ammonium peroxodisulfate [25,26], and oxygen as a biocompatible oxidant [20,23,25,26].
It is reported that polydopamine or dopamine- melanin film deposition seems to depend not only on
the monomer’s availability but also on the availability of O2 [16,25].

Whether polydopamine is incorporated in a magnesium implant as an adhesive intermediate
biomimetic layer or an individual biomimetic layer, the corrosion rate of this layer is fundamental.
The present work focuses the investigation on variation of the corrosion resistance of the AZ31 alloy
through functionalization of the surface via dopamine, with the presence and absence of oxygen.
Oxygen is selected as a condition variable to investigate the effects of an oxidant on the coating’s quality.

2. Materials and Methods

2.1. Substrate

The magnesium alloy AZ31 was used in this work. The chemical composition of AZ31, in wt.%, is
as follows: 3 Al, 0.4 Mn, 0.8 Zn, max. 0.005 Fe, 0.004 Cu, 0.003 Ni, 0.07 Si, max. 0.01 Cr, and balance
Mg. The as-received AZ31 was in a cold rolled and partially annealed condition.

2.2. Coating Process

Sheet samples of 1 × 1 cm2 were polished on both sides with SiC abrasive papers (up to 4000 grit)
to obtain a uniform roughness. Samples were washed in acetone for 10 min in an ultrasonic bath to
remove any surface contaminations. At the end of the surface preparation, samples were washed in
deionized water and immediately dried in the air.

For the dip coating, dopamine hydrochloride ((HO)2C6H3CH2CH2NH2·HCL), hydrochloric acid
(HCl), and tris(hydroxymethyl)aminomethane, also known as Tris, ((HOCH2)3CNH2) were purchased
from Merck (Darmstadt, Germany) as raw materials. The coating solution was prepared using 2 mg/mL
dopamine hydrochloride, 100 mL deionized water, and 48 mM Tris as a buffer. In order to understand
the oxidant effect on the coating, two different conditions were applied during the dip coating process:
(1) the absence of oxygen in the solution and (2) the solution continuously being oxygenized with a
flow rate of 0.4 L/min. In both conditions, the pH of the solution was adjusted to 8.5 and was kept
constant by adding adequate amounts of hydrochloric acid with a concentration of 1 M. The pH value
was monitored with a digital pH meter (Metrohm, Herisau, Switzerland).
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The substrate was immersed in the solution for two hours in darkness [17,27]. After immersion,
the samples were removed quickly to inhibit further oxidation and cleaned in deionized water to
remove any unattached dopamine on the surface. Coated samples were finally dried in a nitrogen flow
to avoid any undesirable surface oxidation. In this work, samples functionalized via dopamine with
the absence of oxygen are designated as “dopa”, while samples immersed in a solution rich in oxygen
are named “dopa-O”, and the pristine substrate is “AZ31”.

2.3. Characterization

The morphological feature observations, accompanied with a chemical analysis of the pristine
and functionalized AZ31 alloys, were carried out using a field emission scanning electron microscope
(FESEM, Mira3 Tescan, Brno, Czech Republic) equipped with an energy dispersive spectroscope
detector (EDS: EDAX- AMETEK, Tilburg, The Netherlands). FESEM images were taken in secondary
electron mode to monitor the topography of the layer. Chemical analysis was carried at the surface and
at the cross section to estimate the homogeneity of the deposited polydopamine. Moreover, Fourier
transform infrared spectroscopy (FTIR, Thermo; Waltham, MA, USA) in transmittance mode was used
to verify the presence of polymerized dopamine on the surface of the “dopa” and “dopa-O” samples.

2.4. Electrochemical Analysis

The degradation behavior of the samples was investigated via electrochemical impedance
spectroscopy (EIS; AutoLab Potentiostat, Metrohm, Herisau, Switzerland). Samples were stabilized in
phosphate-buffered saline (PBS) solution prior to the tests, and all impedance measurements were
performed in a PBS solution at a temperature of 37 ◦C. A three-electrode electrochemical cell setup,
with an Ag/AgCl electrode as a reference electrode and a platinum sheet as a counter electrode, was
utilized in this work. Moreover, samples were used as working electrodes. EIS scans were acquired
from 100 kHz to 0.01 Hz, and the impedance data were analyzed with the NOVA software (version
1.11).

2.5. Cell Cultivation

A human osteosarcoma cell line (G292), taken from National Cell Bank of Iran, was selected
to evaluate the cellular behavior of samples. Osteoblast-like cells were cultured in a humidified
atmosphere of 5% CO2 at a temperature of 37 ◦C using Dulbecco’s modified Eagle’s medium (DMEM,
BIO-IDEA, Iran) supplemented with 10% fetal bovine serum (FBS) (Gibco, Thermo, Waltham, MA,
USA) and 1% antimicrobial penicillin/streptomycin solution 100X (Biosera, Kansas City, MO, USA).
The cells were subcultured in a cell culture medium, which was refreshed every 3 days before utilization.
Two series of samples were placed in 6-well plates and sterilized by ultraviolet light in 70% (V/V)
ethanol–water solution and kept in sterilized media before analysis. Afterwards, samples were seeded
with the same number of G292 cells (105 cells) in a culture medium, and the cells were cultivated for
72 h in an incubator. Then, the samples were gently rinsed with phosphate-buffered saline solution
(PBS) to remove the unattached cells.

Microscopic observations were carried out via both FESEM and fluorescent microscope to observe
the cell morphology and adhesion to the samples. For the FESEM observation, the cells were fixed
with a 2.5 v % glutaraldehyde solution for 2 h in a dark environment. Subsequently, the samples were
gently washed again with PBS and then immersed in a bath of 50%, 60%, 70%, 80%, 90%, and 100%
(V/V) ethanol /water solutions for 30 min each time to dehydrate the cells attached to their surfaces.
The dehydration conducted in absolute ethanol was performed twice, and each time the samples were
immersed in 100% ethanol for 1 h. The morphology of the G292 cells attached to the samples was
observed after drying and sputtering with gold.

The cell behavior was also examined by a fluorescence microscope (Olympus, Japan) using a cell
staining method. A total of 0.1% acridine orange (AO, sigma, Saint Louis, MO, USA) was utilized to
visualize the remaining cells on the substrates [28], staining the cells for 1–2 min.
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2.6. Molecular Dynamics Simulation

The effect of the oxidant on polydopamine coating was studied via molecular dynamics simulations.
Two different conditions were designed, simulating the “dopa” (condition one) and “dopa-O” (condition
2) deposition conditions. In both conditions, the magnesium matrix was simulated via EAM (embedded
atom model) potential. Moreover, each condition consisted of a mixture of dopamine monomers,
indolequinone monomers, and dimmers. Concerning the oxidation mechanism of dopamine, the
different ratios of dopamine to indolequinone were considered for each deposition condition: 90/10 for
“dopa” and 10/90 for “dopa-O”. Molecular dynamics simulations were performed via a large-scale
atomic/molecular massively parallel simulator (LAMMPS). The atomic computations were carried out
in periodic boundaries and in three dimensions. The generic force field, Dreiding, was employed to
describe the inter-molecular interactions of the polymer. In this case, the valence interactions were
considered to be bond stretch, bond-angle bend, and dihedral angle torsion terms [29]. The non-bonded
or Van der Waals interactions of polymer/polymer and polymer/Mg are given by the Lennard–Jones [30]
potential. A total of 10,000,000 time-steps with an increment of 0.01 fs were simulated for each condition.
The temperatures of the conditions were controlled using a Langevin thermostat accompanied by a
micro-canonical ensemble NVE. Visualizations were created using the Ovito software.

3. Results

3.1. Characterization of the Coating

The surface observation and the elemental map analysis of “AZ31“, “dopa”, and “dopa-O”
conditions are displayed in Figure 1. In the as-received “AZ31“condition, intermetallic phases rich
in aluminum are observed on the polished surface, which is reported as a typical secondary phase
Mg17Al12 in AZ31 alloy [31,32]. Figure 1b, c shows the functionalized surface of the “dopa” and
“dopa-O”. Both samples are homogeneously covered with a coating, which exhibits the presence of
nitrogen and oxygen on the Mg matrix, in concordance with observations in the literature, together
with carbon and hydrogen elements in the polydopamine layer [24]. At the surface of the coating,
cracks are formed during the drying stage [33].

A cross section of the coated samples is analyzed in Figure 2 to determine the thickness of the
layer, and the variation of the elements depends on the dip condition. The thickness of the coatings
was 42 and 85 μm for “dopa” and “dopa-O”, respectively, in agreement with both SEM observations
and element profile scans. The element scan line shows a strong influence of the type of coating on the
amount of nitrogen and oxygen elements in the layers. The “dopa-O” has higher intensity than the
“dopa” condition. Furthermore, the presence of Mg in the layer of “dopa-O” may be related to the
oxidation of the substrate due to the flow of oxygen during the coating process. The element profile in
Figure 2c shows that although the amount of element is lower in “dopa”, it is more homogenous in
composition than that the “dopa-O”. The first 20 μm (Region I) keeps a constant composition for both
conditions, while the reduction of N through the coating in “dopa-O” (region II) indicates a lack of
polydopamine in this area, which has been replaced by magnesium oxide.

42



Coatings 2019, 9, 584

Figure 1. The SEM micrographs and relative elemental mapping of (a) the as-received AZ31 alloy;
(b) “dopa” and (c) “dopa-O”. Samples functionalized via dopamine with the absence of oxygen are
designated as “dopa”, while samples immersed in a solution rich in oxygen are named “dopa-O”.

Figure 2. SEM micrographs and relative elemental mapping of the cross section (a) “dopa” and
(b) “dopa-O”; (c) elemental line scan of “dopa” and “dopa-O” coatings, marked in the micrographs in
(a) and (b), respectively.

FTIR characterizations detect the functional groups in the polydopamine layer. The functional
groups of the formed polymeric layer on the surface of “dopa” and “dopa-O” are depicted in Figure 3.
A peak at 702 cm–1 can be observed in the “dopa” curve, which implies the ring deformation vibration
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of 1,2,4-trisubstituted benzene. In both conditions, the peaks at 800 cm–1 (and also the band broadening
between 800 and 860 cm–1) can be attributed to the C–H wagging vibration of the ring hydrogens in
the 1,2,4-trisubstituted and 1,2,4,5-tetrasubstituted benzenes. The band accompanied with peaks in the
range of 950–1420 cm–1 is ascribed to ring deformation vibrations and C–N stretching vibrations [34].
The adsorption bands located in the range of 1450–1625 cm–1 originate from the C=C stretching
vibration of benzene rings and the N–H bending [27]. In addition, a peak at 1637 for both conditions is
attributed to the C=C stretching vibrations, while the “dopa-O” condition shows a peak at 1729 cm–1

related to the C=O stretching vibrations [34]. A broad absorbance in the spectrum between 3100
and 3600 cm–1 is ascribed to N–H/O–H stretching vibrations [33], and in this region, NH and NH2

stretching vibrations happen in the range of 3100–3360 cm–1 [34].
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Figure 3. The Fourier transform infrared spectroscopy (FTIR) spectrum of “dopa” and “dopa-O”.

3.2. Electrochemical Properties

The effect of oxygen on the corrosion resistance of the coated samples was analyzed by impedance
tests in a PBS solution at 37 ◦C. The variation of the real impedance component (Z’) versus the
imaginary impedance component (Z”), the Nyquist plot, is shown in Figure 4a. The Bode plots (given
in Figure 4c,d) improve the accuracy of the degradation behavior. Herein, the consistency of the
obtained EIS data are evaluated with the Kramers–Kronig (K–K) transformation. The impedance
spectra of all samples are characterized in high and medium frequency regions, with one semicircle
loop in the Nyquist plot. Moreover, the one phase extremum in the Bode plot (Figure 4c) is an indicator
of one semicircle in the Nyquist plot (Figure 4a). Figure 4d illustrates the decrease in impedance when
the frequency decreases. This process is influenced by the adsorbed intermediate species, which form
layers of corrosion products [35].

To compare the impedance data of the samples in quantity, the impedance plots are fitted with an
equivalent electrical circuit, which is depicted in Figure 4b. The semicircle in the high and medium
frequency region is ascribed as the constant phase element (CPE), simulating the charge transfer
resistance (Rc) in parallel with the electric double layer. Moreover, the inductive loop is simulated
by the inductance (L) and the relative inductive resistance (Rl). The total circuit is in series with the
solution resistance (Rs).

The impedance data extracted from the equivalent electrical circuit are given in Table 1. From the
data, the quantity of the circuit elements is increased in the following order: “dopa-O” > AZ31 >
“dopa”. Due to the insufficient quality of the polymer coating, the impedance is decreased in the
“dopa”. However, the “dopa-O” sample shows the highest constant phase element, inductance, and
real resistances. Apparently, the presence of oxygen gas flowing during the dopamine dip coating
process improves the corrosion resistance of the functionalized AZ31 alloy.
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Table 1. The extracted impedance data from equivalent electrical circuit. CPE, constant phase element.

Sample Rs (Ω cm2) R (Ω cm2) CPE (μMho/cm2) N Rl (Ω cm2) L (H cm2) X2 (<0.5)

AZ31 22.1 68.7 39.6 0.841 38.3 13.9 0.385
dopa 13.152 31.44 50.83 0.652 15.408 71.52 0.427

dopa-O 15.38 142.32 105.83 0.718 185.52 264 0.206
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Figure 4. Electrochemical data for samples; “AZ31”, “dopa”, and “dopa-O” (a) Nyquist plot;
(b) Equivalent electrical circuit; (c) Bode-phase angle plot, and (d) Bode-impedance plot.

3.3. Cell Cultivation

The SEM micrographs of the G292 cells attached to the samples, after 72 h cultivation, are
illustrated in Figure 5. Artifacts observed on the surface might be related to the sputtering with gold.
The cells keep a rounded and spherical shape and show a slightly tendency to be spread out on the
surface of the “AZ31” alloy and “dopa” (Figure 5a,b). However, the cells also show a tendency to
spread out on the surface of the “dopa-O” condition, as illustrated in Figure 5c.
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Figure 5. SEM micrographs of the adherent G292 cells, (a) “AZ31”; (b) “dopa”; and (c) “dopa-O” after
72 h of cultivation time.

Figure 6 shows the G292 cells attached on the surface of samples by fluorescent microscopy.
The adhesion of the cells can be evidenced in all the cases and a change of the cell’s behavior in the
“dopa-O” condition is perceptible. However, this information is not enough to draw the effect of the
coating on the cell’s morphology due to the cytoskeleton/membrane cannot be observed properly.
Further investigations focused on cell viability and proliferation are needed to better quantify the effect
of the oxygen on the cells’ behavior.

 
Figure 6. Fluorescent microscopy of adherent cells stained with acridine orange: (a) “AZ31”; (b) “dopa”;
and (c) “dopa-O” after 24 h of cultivation time; (Magnification 100×).

3.4. Molecular Dynamics Simulation

Molecular dynamics simulations help to determine the effect of oxidants on the polydopamine
of the AZ31 alloy substrate. The displacement of the polymer mass towards the substrate surface
was simulated. Thus, the center-of-mass (com) command was computed in LAMMPS for Z direction.
Additionally, two different conditions were implemented by LAMMPS, considering that the dopamine
molecule transforms into indolequinone in the presence of oxygen [25], as described in Section 2.6.
The dimmers were designed for both conditions due to the further interactions between the monomer
molecules [36]. In fact, polydopamine is not a covalent bond polymer but instead an aggregate of
monomers held together by noncovalent forces [24]. The designed molecular structures of dopamine
and indolequinone monomers [25], along with the dimmers [24], are illustrated in Figure 7a–c. In
addition, the visualized conditions (one and two) are illustrated in Figure 7d,e. The displacements of
the center-of-mass (com) in the polymer were calculated for each time-step in the Z direction, shown
in Figure 7f. The slope of the graphs represents the difference of the displacement per difference of
time. Hence, the slope indicates the deposition rate (angstrom/femtosecond). In this work, the slope of
the “dopa-O” condition is higher, showing that the presence of oxygen accelerates the deposition of
the polymer on the substrate. It seems that the tendency of indolequinone to bond to the substrate is
higher than that of dopamine during the coating process.
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4. Discussion

4.1. Characterization of the Coating

The oxidant can intensify polydopamine formation [18,25]. According to the EDS maps given
in Figure 1, the surface of the “dopa” and “dopa-O” is covered homogeneously with oxygen and
nitrogen. The thickness measurements given in Figure 2 indicate that the thickness of the coating layer
in “dopa-O” is, relatively, twice that of “dopa”, in agreement with the deposition rate estimated by
molecular dynamic simulations (Figure 7f). From respective cross section EDS mapping, the difference
in nitrogen and oxygen content is obvious. This difference can be further perceived from the element
profile scans (Figure 2c). The coatings (in depth) show two main regions, where the depth of region I
is relatively the same for both conditions (~20 μm). Region II shows more depth for the “dopa-O”,
and the presence of Mg in both layers might be related to the magnesium oxide formed during the
immersion in the dip process. This effect is more noticeable in the “dopa-O” condition, where the
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continuous flowing of gas can promote the formation and growth of the oxide at the surface. On the
other hand, a difference between the two conditions with respect to the ratio of oxygen to nitrogen in
weight percent (O/N) is pronounced. Region I indicates a ratio of around 3 for “dopa-O” and 1 for
“dopa”. The presence of polydopamine should show a ratio of O/N in dopamine and an indolequinone
ratio of 2. For this reason, the presence of these molecules on the surface of “dopa” is more reliable
in this work. Analysis of the polydopamine layer via FTIR spectrum (Figure 3) indicated that the
NH and NH2 stretching vibrations take place in the wavenumber range, 3100–3360 cm–1 [34], and
a higher absorbance of “dopa-O” is associated with the amount of nitrogen (Figure 2c). Through
the oxidation mechanism of polydopamine, the dopamine molecules transform to indolequinone
molecules, whose structure is benzene-like with different positions for the substitutes. Here, the
three-substituted structure of dopamine changes to the four-substituted structure of indolequinone [25].
The peak at 702 cm–1 in “dopa” is due to the ring deformation vibration of 1,2,4-trisubstituted benzene,
which is similar to the dopamine structure [34]. Thus, a high amount of dopamine that is not fully
oxidized can still be expected in the coating of the “dopa”. If oxidation and cyclization do not take
place completely, dopamine molecules co-exist in the solution [37].

On the other hand, the peak at 800 cm−1 and the band broadening between 800 and 860 cm–1

are attributed to the C–H wagging vibration of ring hydrogens in 1,2,4-trisubstituted and 1,2,4,5-
tetrasubstituted benzenes [34]. This peak and band are slightly higher in the “dopa-O” condition,
which has a similar structure to 1,2,4,5-tettrasubstituted benzenes. This means that the presence of
oxygen activates the oxidation mechanism, and more three-substituted benzenes (dopamine structures)
transform into four-substituted benzenes (indolequinone structures). Moreover, the appearance
of a peak at 1729 cm–1 for “dopa-O” is due to the carbonyl (C=O) stretching vibrations of the
indolequinone [24,25,34] structure, showing that adding oxygen increases the ratio of the dopamine
that transforms to indolequinone. This effect promotes the presence of polydopamine instead of
dopamine molecules in the “dopa-O” condition.

4.2. Electrochemical Properties

A comparison of the impedance responses to the corrosive PBS solution (Figure 4a) shows that
the largest semicircle is in the “dopa-O” condition, thereby validating the observations of Kim et
al. in various commercial microporous membranes [38]. The amount of the constant phase element,
representing the resistance to the adsorption/diffusion processes at the electrode surface [39], increased
from 50.83 μMho/cm2 in “dopa” to 105.83 μMho/cm2 in “dopa-O”. Thus, the impedance of the capacity
behavior (CPE) is relatively doubled (see Table 1). This trend is also observed for real resistors.
The charge transfer resistance increased from 31.44 Ω cm2 in “dopa” to 142.32 Ω cm2 in “dopa-O”.
Thus, the transferring of charges responsible for anodic and cathodic reactions is hindered in “dopa-O”,
so the formed polymeric layer on “dopa-O” acts as a stronger inhibitor of charge transfer and charge
storage (CPE) than “dopa”. Moreover, there is a considerable increase in inductance element values after
surface functionalization in the presence of oxygen, representing greater prevention against specious
movement, including Mg2+ and Mg(OH)2. On the other hand, the equivalent circuit component values
of “dopa” are lower than those of “AZ31”. It seems that the polymeric layer formed on the surface of
“dopa” cannot act as an effective barrier to magnesium dissolution in the corrosive PBS solution.

The polymeric layer formed in the “dopa-O” deposition condition acts as a superior barrier
layer to PBS corrosive media. As seen in the EDS line (Figure 2c), region I in “dopa-O” contains
a higher O/N ratio. Further, according to the FTIR view, the functional layer groups indicate a
greater oxidation state. Since oxidation is the polymerization mechanism, it can be deduced that
the polymerization of dopamine takes place more frequently on “dopa-O”. Through dopamine
polymerization or polydopamine formation, aggregates are formed on the surface by linking the
particles together [33]. Therefore, this layer can act as a better barrier than “dopa” against corrosive
liquid penetration, with less oxidized dopamine in the layer. On the other hand, the presence of MgO
in “dopa-O” might influence the corrosion resistance of the material.
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5. Conclusions

The use of oxygen as an oxidant agent for the dopamine functionalizing process was considered
in this work, using the magnesium alloy AZ31. The introduction of oxygen into the dip coating draws
the following conclusions:

• The molecular dynamic simulation and FTIR analysis show an improvement in the deposition
rate and the presence of polydopamine on the substrate.

• The addition of oxygen increases the impedance response of the AZ31 alloy.
• The formation of polydopamine with the presence of amino and hydroxyl functional groups on

the surface of the material might be promising for the cell’s response. Further investigations
focused on the cell viability and proliferation are necessary to confirm the biocompatibility of
the coating.
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Abstract: The main problem of orthopedic and dental titanium (Ti) implants has been poor
bone-bonding to the metal. Various coatings to improve the bone-bonding, including the
hydroxyapatite and titania, have been developed, and some of them have been to successfully
applied clinical use. On the other hand, there are still challenges to provide antibacterial activity
and promotion of bone growth on Ti. It was shown that a calcium-deficient calcium titanate coating
on Ti and its alloys exhibits high bone-bonding owing to its apatite formation. In this study, Sr
and Ag ions, known for their promotion of bone growth and antibacterial activity, were introduced
into the calcium-deficient calcium titanate by a three-step aqueous solution treatment combined
with heat. The treated metal formed apatite within 3 days in a simulated body fluid and exhibited
antibacterial activity to Escherichia coli without showing any cytotoxicity in MC3T3-E1 preosteoblast
cells. Furthermore, the metal slowly released 1.29 ppm of Sr ions. The Ti with calcium-deficient
calcium titanate doped with Sr and Ag will be useful for orthopedic and dental implants, since it
should bond to bone because of its apatite formation, promote bone growth due to Sr ion release, and
prevent infection owing to its antibacterial activity.

Keywords: antibacterial activity; bone growth; apatite formation; titanium; silver; strontium; calcium
titanate; ion release; cytotoxicity; controlled release

1. Introduction

Titanium metal (Ti) and its alloy are widely used for orthopedic and dental implants since they fulfill
certain clinical needs from the point of view of mechanical properties, durability, and biocompatibility.
Osseointegration occurs when the surfaces of the metals were roughened at micrometer scale such as
0.5–2.0, or 3.6–5.6 μm in calculated average roughness Ra, and 43–50 μm in maximum height Rz by
plasma spraying, grid blasting and/or acid etching [1,2]. The nanometer-scale roughness produced by
anodic oxidation also has been found to increase cell adhesion, proliferation and alkaline phosphatase
activity [3,4]. Although these roughened Ti surfaces are able to directly contact with living bone,
they still do not bond to it adequately. Mineralization process is a promising method to achieve
strong and stable bone-bonding. It has been reported that bioactive glass/ceramics such as bioglass,
hydroxyapatite, and glass ceramics A-W directly bonded to bone through the bone-like apatite layer
formed on their surfaces [5].

Various types of surface coating of bioactive glass/ceramics by plasma spray, sputtering, sol-gel, and
alternative soaking have been attempted [6–8]. Among them, a plasma spray coating of hydroxyapatite
has been widely used to confer bone-bonding to total hip joint, dental implant, and so on. However,
this does not form a stable bioactive surface layer, since the surfaces of the hydroxyapatite particles
exposed to the plasma are partially melted, so the resultant calcium phosphate coating is liable to be
decomposed in the living body in process of time [6].
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Various types of surface modifications including alkali/acid solution and heat treatment,
hydrothermal treatment, and ion implantation have been developed to confer apatite-forming capability
on the metals so that the activated metals form bone-like apatite spontaneously on their surfaces
by using the calcium and phosphate present in body fluids, and thereby bond to bone through the
apatite [9–12]. Among the variety of the modification techniques, the alkali/acid solution and heat
treatment has the needed characteristics for producing a uniform activated surface layer, even on the
inner wall of a porous body, without requiring any especial apparatus [13,14]. It has been demonstrated
that a bioactive sodium titanate layer is produced on Ti when the metal is soaked in 5 M NaOH solution
at 60 ◦C for 24 h and subsequently heat-treated at 600 ◦C for 1 h [15,16]. The surface of treated metal
forms a bone-like apatite spontaneously in the living body and bonds bone through this layer [16].
Total artificial hip joints (THAs) with the bioactive sodium titanate layer on their porous Ti layer
have been under clinical use since 2007. A recent ten-year follow-up revealed the beneficial effects
of the NaOH-heat-treated THAs to be a high survival rate (98%), no radiographic signs of loosening,
and both early and stable bone-bonding [17]. However, two joints were retrieved owing to deep
infection and periprosthetic femoral fracture, since the NaOH-heat-treated THAs neither promoted
bone growth nor prevented infection [17]. Subsequently, the NaOH-heat treatment was modified to
NaOH-CaCl2-heat-water treatment to produce a calcium-deficient calcium titanate layer on Ti and Ti
alloys, which resulted in more stable apatite formation and bone-bonding [18–20]. On the other hand,
there are still the challenges of providing antibacterial activity and promoting bone growth on Ti. It has
been reported that typically 1%–2% of patients with total hip arthroplasties suffer deep infections [21].
Dental peri-implant disease and infection have become a main focus of oral implantology [22].

Strontium (Sr) and silver (Ag) ion are candidates for the promotion of new bone formation and
prevention of infection since the former exerts a therapeutic effect on osteoporosis bone due to increased
new bone formation and deceased bone resorption, while the later prevents infection because of its
strong effect against a broad range of microorganisms [23–26]. Pre-clinical study reports have shown
that the Sr ions released from dosed strontium ranelate improve mineral density at various skeletal
sites such as the total hip and lumbar spine, resulting in the improvement of osteoporosis [23,24].
The mechanism of the antimicrobial action of Ag ions is understood as resulting from an interaction
with the thiol (sulfhydryl) groups in enzymes and proteins [25], and is effective even in the living
body [26]. Studies have reported the separate incorporation of Sr or Ag into the surface of Ti and Ti
alloys [27–30], but there are few reports of these ions being incorporated simultaneously. There are
even reported attempts to incorporate these ions into the Ti surface in an effort to confer a capacity for
apatite formation. It was reported that Ag-doped calcium phosphate coatings was produced on Ti
by a combination of anodic oxidation, electrophoretic deposition, and magnetron-sputtering [31,32].
Although the coated metal exhibited strong antibacterial activity against Escherichia coli (E. coli), it a
little decreased cell viability [32]. A novel method is desired to confer Ti the capabilities of excellent
antibacterial activity without any decrease in cell viability, direct bone-bonding, and promotion of new
bone formation at the same time.

In this study, Sr and Ag ions were introduced into the calcium-deficient calcium titanate produced
on Ti under controlled conditions so that the treated Ti slowly released Sr and Ag ions in order to
exhibit the functions of promoting new bone formation while preventing infection without decreasing
apatite formation. The potential of the treated metal for clinical applications is discussed in terms of Sr
and Ag ion release, antibacterial activity, cytocompatibility, and apatite formation.

2. Materials and Methods

2.1. Surface Treatment

Commercially pure Ti sections (Ti > 99.5%; Nilaco Co., Tokyo, Japan) 10 mm × 10 mm × 1 mm in
size was grinded with #400 diamond plates and then cleaned in an ultrasonic bath by using acetone,
2-propanol and ultrapure water for 30 min, and dried at 40 ◦C overnight. They were immersed in
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5 M NaOH (Reagent grade; Kanto Chemical Co., Inc., Tokyo, Japan) solution at 60 ◦C with shaking at
120 strokes/min for a period of 24 h followed by gentle rinse under ultrapure water flow for 30 s. The
treated metals were soaked in a mixed solution consist of 50 mM CaCl2 (Reagent grade; Kanto Chemical
Co., Inc., Tokyo, Japan) and 50 mM SrCl2 (Reagent grade; Kanto Chemical Co., Inc., Tokyo, Japan) at
40 ◦C, shaken at 120 strokes/min for 24 h, then washed and dried in a similar manner (designated as
“Ca + Sr”). They were subsequently heated at 600 ◦C with programming rate of 5 ◦C/min and holding
time of 1 h, then naturally cooled in an electric furnace. After the heat treatment, they were immersed
in a mixed solution of 1 M Sr(NO3)2 (Reagent grade; Kanto Chemical Co., Inc., Tokyo, Japan) and X
mM AgNO3 (Reagent grade; Kanto Chemical Co., Inc., Tokyo, Japan) with an adjusted pH from 3 to 8
by adding HNO3 or NH3(aq) at 80 ◦C, where X is a range from 1 to 100 mM and designated as “Sr + X
mM Ag, shaken , washed, and dried in the in a similar manner. The nominal and measured pH of
the 1 M Sr(NO3)2 + 1 mM AgNO3 are summarized in Table 1. Some of the Ti samples subjected to
the same NaOH-Ca + Sr-heat treatment were subsequently soaked in 1 M SrCl2 solution without Ag
for comparison.

Table 1. Measured pH of 1 M SrNO3 + 1 mM AgNO3 solution corresponding to nominal pH.

Nominal pH Measured pH Additive

pH = 3 3.06 HNO3
pH = 4 3.90 HNO3
pH = 5 4.80 No additives
pH = 6 6.01 NH3(aq)
pH = 7 7.16 NH3(aq)
pH = 8 7.83 NH3(aq)

2.2. Surface Analysis

2.2.1. Scanning Electron Microscopy and Energy Dispersive X-ray Analysis

The samples treated with the aqueous solution and heat were examined by field emission scanning
electron microscopy (FE-SEM: S-4300, Hitachi Co., Tokyo, Japan) equipped with an energy dispersive
X-ray spectrometer (EDX: EMAX-7000, Horiba Ltd., Kyoto, Japan). In FE-SEM observation, the samples
were subjected to a thin-film coating of Pt–Pd, and 15 kV accelerate voltage was selected. In EDX
anlaysis, the elements of Ca, Ag, O, and Ti were quantified using 9 kV. The measurement was repeated
on five different points, and their averaged value was used.

2.2.2. Thin-Film X-ray Diffraction and Fourier Transform Confocal Laser Raman Spectrometry

The surface structure of the samples subjected to the aqueous solution and heat treatment were
analyzed by a thin-film X-ray diffractometer (TF-XRD: model RNT-2500, Rigaku Co., Tokyo, Japan) and
Fourier transform confocal laser Raman spectrometer (FT-Raman: LabRAM HR800, Horiba Jobin Yvon,
Longjumeau, France). In TF-XRD, the measurement was conducted at a power of 50 kV and 200 mA.
A CuK was used as X-ray source and the incident beam angle was set to 1◦ against the sample surface.
In FT-Raman, measurement was conducted with 514.5 nm Ar laser at 16 mW of power excitation.

2.2.3. Scratch Resistance

The scratch resistance of the surface layer to the metal substrate was examined by a thin-film
scratch tester (CSR-2000, Rhesca Co., Ltd., Tokyo, Japan) according to JIS R-3255. A stylus with
diameter of 5 μm and spring constant of 200 g/mm was pressed into the treated metal surface under
the conditions of scratch speed of 10 μm/s, loading rates of 100 mN/min, and amplitude of 100 μm.
Five measurements were performed on each sample, and their averaged values were used for analysis.
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2.2.4. X-ray Photoelectron Spectroscopy

The allocation of elements such as Ag, Sr, Ca, Ti, O and C on the treated samples was analyzed
using X-ray photoelectron spectroscopy (XPS, PHI 5000 Versaprobe II, ULVAC-PHI, Inc., Kanagawa,
Japan) with Ar sputtering (spattering rate was 4 nm/min as SiO2 conversion). In the analysis, the X-ray
source of an Al-K radiation line was used with the take-off angle at 45◦.

The obtained spectra were calibrated by 284.8 eV in binding energy of C 1s peak that is of the
surfactant CH2 groups on the substrate.

2.3. Ion Release

The treated samples were immersed in 2 mL of fetal bovine serum (FBS) (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) with gently shaken at a speed of 50 strokes/min at 36.5 ◦C. After
predetermined periods up to 14 days, the Sr2+ and Ag+ ion concentrations in the FBS were determined
by inductively coupled plasma emission spectroscopy (ICP, SPS3100, Seiko Instruments Inc., Chiba,
Japan). The measurement was repeated 3 times for independently prepared samples, and their
averaged values were calculated.

2.4. Soaking in Simulated Body Fluid (SBF)

After the aqueous solution and heat treatment the samples were immersed in 24 mL of acellular
simulated body fluid (SBF) [33] that had been prepared according to ISO 23317. NaCl, NaHCO3, KCl,
K2HPO4·3H2O, MgCl2·6H2O, CaCl2 and Na2SO4 were purchased from Nacalai Tesque Inc., Kyoto,
Japan and all of them were reagent grade. They were dissolved in fresh ultrapure water in this order,
and their pH was adjusted exactly to 7.40 using tris(hydroxymethyl)aminomethane (CH2OH)3CNH2

and 1 M HCl at 36.5 ◦C. After immersion periods of 3 days, the samples were rinsed and dried. Apatite
formation formed on the metal surface was examined using FE-SEM, TF-XRD, and EDX.

2.5. Antibacterial Activity Test

The antibacterial activity of the treated Ti samples was evaluated by the film contact method
(ISO22196) [34]. An E. coli (IFO 3972) suspension of 100 μL was inoculated on the treated Ti samples
at 25 mm × 25 mm × 1 mm and then covered with a 20 mm × 20 mm polypropylene film that had
been sterilized with ethanol and dried for 7 days in a clean bench. They were placed in a 100 mm
diameter petri dish with a sterilized plastic cap filled with sterilized pure water to prevent drying of
the bacterial suspension, and then stored in an incubator under 95% relative humidity at 35 ◦C for 24 h.
After incubation, each sample was washed with 10 mL of a soybean casein digest broth containing
lecithin and polyoxyethylene sorbitan monooleate (SCDLP broth) to collect the bacteria. The recovered
suspension was subjected to ten-fold serial dilutions, followed by placed in petri dishes containing
standard plate count agar at 35 ◦C for 48 h. After incubation, the number of viable E. coli was calculated
using the dilution factor and the number of colonies that was counted on the petri dish. Finally, the
antibacterial activity value (R) was calculated for each specimen as follows:

R = {log(B/A) − log(C/A)} = log(B/C) (1)

where A and B are the numbers of viable E. coli recovered from the untreated specimen immediately or
24 h incubation after inoculation. C is the number of viable E. coli recovered from the treated specimen
immediately after 24 h incubation.

2.6. Cell Proliferation

MC3T3-E1 cells (subclone 14, ATCC, Manassas, VA, USA) were seeded onto Ti disk specimens that
were 18 mm in diameter in 12-well plates at a density of 2× 104 cells/well. They were cultured inα-MEM
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) with 10% FBS and 1% penicillin/streptomycin at
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37 ◦C in 5% CO2 atmosphere. After 1 and 3 days, the cell count reagent SF (Nacalai tesque, Kyoto,
Japan) was added to the medium and stored in the incubator for 2 h. After the incubation, 100 μL of
the medium was taken to a 96-well plate. The absorbance at 450 nm that is attributed to formazan
product derived from living cells was quantified by a Microplate reader (iMarkTM, Bio-Rad, Hercules,
CA, USA). Four disk specimens were prepared for each sample type in this measurement.

2.7. Statistical Analysis

The obtained data in Section 2.6 was statistically analyzed by out using R language with these
libraries (mvtnorm, survival, MASS, TH. data, multcomp, abind). The sample group data were initially
tested for normality (Kolomogorov-Smirnov test) and homoscedasticity of variance (Bartlett’s test).
One-way analysis of variance (ANOVA) was adopted in the groups that satisfy those conditions
to find any significant differences in the measured variables between control and treatment groups.
When a difference was detected (p-value < 0.05), Tukey’s multiple comparison test was performed to
identify which treatment groups were significantly different. In this case, the ANOVA was satisfied in
all analyses.

3. Results

3.1. Effect of the pH of the Solution Used on Apatite Formation

The chemical composition of the Ti surface after each aqueous solution and heat treatment was
analyzed by EDX analysis. As shown in Table 2, 5.1% Na was induced by the initial NaOH treatment,
and then replaced with 2.2% Ca and 1.3% Sr by the subsequent Ca + Sr treatment, which remained after
the heat treatment. When the treated metal was immersed in 1 M SrCl2 solution, amount of Sr a little
increased, probably due to the additional induce of Sr into the surface because of high concentration of
Sr ions in the solution. When the treated Ti specimens were soaked in 1 M Sr(NO3)2 and 1 mM AgNO3

with a pH equal to or less than 4, 0.2% of the Ag was introduced into the surface, while the Ca amount
was slightly decreased. In contrast, no decrease in the Ca content was observed when the Ti specimens
were soaked in a solution with a pH greater than 4. The amount of Ag intoroduced into the Ti surface
tended to decrease with an increase in the pH of the solution.

Table 2. The results of EDX analysis on the surface of Ti subjected to Sr + 1 mM Ag treatment with
various pH following NaOH, Ca + Sr and heat treatment.

Treatment
Element/at.%

O Ti Na Ca Sr Ag

NaOH 65.1 29.8 5.1 0 0 0
NaOH-Ca + Sr 68.1 28.4 0 2.2 1.3 0

NaOH-Ca + Sr-heat 68.9 27.6 0 2.3 1.3 0
NaOH-Ca + Sr-heat-Sr + 1 mM Ag (pH = 3) 66.8 29.8 0 1.8 1.4 0.2
NaOH-Ca + Sr-heat-Sr + 1 mM Ag (pH = 4) 65.8 30.5 0 1.9 1.6 0.2
NaOH-Ca + Sr-heat-Sr + 1 mM Ag (pH = 5) 66.1 30.0 0 2.2 1.6 0.2
NaOH-Ca + Sr-heat-Sr + 1 mM Ag (pH = 6) 66.3 29.8 0 2.1 1.6 0.2
NaOH-Ca + Sr-heat-Sr + 1 mM Ag (pH = 7) 65.6 30.6 0 2.1 1.6 0.1
NaOH-Ca + Sr-heat-Sr+1 mM Ag (pH = 8) 65.7 30.4 0 2.1 1.7 0.1

NaOH-Ca + Sr-heat-Sr 68.7 27.4 0 2.2 1.7 0

The standard deviation of each element is as follows (SDi: i indicates individual element). SDO < 0.44, SDTi < 0.44,
SDCa < 0.12, SDSr < 0.11, SDAg < 0.08.

The surface structure of these samples was examined by XRD analysis and Raman scattering as
shown in Figure 1. Sodium hydrogen titanate (SHT; NaxH2−xTi3O7) was produced after the initial
NaOH treatment. These XRD and Raman profiles were not apparently changed except for a slight shift
of about 920 to 900 cm−1 in Raman by the subsequent Ca + Sr treatment. Since the Raman peak around
920 cm−1 in SHT was attributed to Ti–O bonds coordinated with Na ions [35], the results indicate that
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the SHT transformed into Sr-containing calcium hydrogen titanate by replacing Na with Ca and Sr
without any apparent change of its structural frame. This material was dehydrated by the subsequent
heat treatment to form Sr-containing calcium titanate and rutile accompanied by a small quantity of
anatase. Although the XRD and Raman profiles were apparently unchanged by the final Sr + 1 mM Ag
treatment regardless of the pH of the solution, it may be inferred that the Sr-containing calcium titanate
transformed into Sr- and Ag-containing calcium titanate or Sr- and Ag-containing calcium-deficient
calcium titanate by a final solution treatment with a pH ≥ 5 or pH ≤ 4, respectively, according to
surface chemical composition, as shown in Table 2. When these samples were subjected to scratch
resistance test, the surface layer formed after the first NaOH treatment showed low scratch resistance
value as 0.9 ± 0.5 mN. This value was almost unchanged by the second solution treatment (the value
was 1.6 ± 0.5 mN). In contrast, it markedly increased to 37.8 ± 7.0 mN after heat and remained even
after the Sr + 1 mM Ag (pH = 4) treatment (the value was 39.3 ± 3.7 mN).

Figure 1. Raman (a) and XRD (b) spectra of Ti surfaces subjected to Sr + 1 mM Ag treatment with
various pH following NaOH, Ca + Sr and heat treatment.
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Depth profile of XPS analysis on the metal sample after the NaOH-Ca + Sr-heat-Sr + 1 mM Ag
(pH = 4) is shown in Figure 2. Comparable amounts of Sr and Ca and a small amount of Ag were
detected near the top surface and decreased gradually in depth until approximately 1 μm. The results
are consistent with the surface chemical composition in Table 2, and the thickness of the surface layer
on cross sectional SEM observation, where an approximately 1 μm thick surface layer was evident
(data not shown). Figure 3 shows narrow XPS spectra of the treated metal. The peaks at 367.7 and
373.8 eV attributed to Ag2O [36] were observed, verifying that Ag was incorporated into the surface as
a form of Ag+ ion.

Figure 2. XPS depth profile of the surface of Ti subjected to NaOH-Ca + Sr-heat-Sr + 1 mM Ag (pH = 4).

Figure 3. Narrow XPS Ag 3d profile of Ti surface subjected to NaOH-Ca + Sr-heat-Sr + 1 mM Ag
(pH = 4). Red solid line: composite line of blue and green dot lines, Blue dot line: deconvolution line
of Ag 3d3/2, Green dot line: deconvolution line of Ag 3d5/2.

Figure 4 shows the SEM images of the Ti surface before and after soaking in SBF for 3 days that
was subjected to Sr + 1 mM Ag treatment with various pH levels following NaOH, CaCl2, and heat
treatment. It can be seen that a similar network morphology on a nanometer scale was produced by
the aqueous solution and heat treatment regardless of the pH of the 1 M Sr(NO3)2 + 1 mM AgNO3
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solution used in the final solution treatment. When the treated metals were immersed in SBF for 3 days,
apatite formation was observed only on the surfaces that had been treated with 1 M Sr(NO3)2 and
1 mM AgNO3 with a pH equal to or less than 4. In terms of apatite formation as well as the Ag and Sr
content, the pH of the aqueous solution was fixed at 4 in the following experiment.

Figure 4. SEM images of the surfaces of Ti before and after soaking in SBF for 3 days that has been
subjected to Sr + 1 mM Ag treatment with various pH following NaOH, Ca + Sr and heat treatment.
Small windows show high magnification images on Ti before soaking in SBF. The digits in the table
above the images stand for pH of 1 M Sr(NO3)2 + 1 mM AgNO3 solution in the final solution treatment.

3.2. Effect of the Ag Concentration in the Solution Treatment on Apatite Formation

The Ti samples subjected to the NaOH-Ca + Sr-heat treatment were soaked in a 1 M Sr(NO3)2

solution of pH = 4 with different concentrations of AgNO3 from 1 to 100 mM added, and their surface
chemical composition was analyzed by EDX, as shown in Table 3. The amount of Ag increased, with
increasing concentration of Ag in the final solution treatment up to 1.1% along with slightly decreased
Sr content.

Table 3. The results of EDX analysis on the surface of Ti subjected to Sr + X mM Ag (pH = 4) treatment
(X = 1–100) following NaOH, Ca + Sr and heat treatment.

Treatment
Element/at.%

O Ti Ca Sr Ag

NaOH-Ca + Sr-heat-Sr + 1 mM Ag (pH = 4) 65.8 30.5 1.9 1.6 0.2
NaOH-Ca + Sr-heat-Sr + 2 mM Ag (pH = 4) 66.1 30.3 1.9 1.5 0.2
NaOH-Ca + Sr-heat-Sr + 5 mM Ag (pH = 4) 66.1 30.3 1.9 1.5 0.3
NaOH-Ca + Sr-heat-Sr + 10 mM Ag (pH = 4) 66.3 30.2 1.8 1.4 0.3
NaOH-Ca + Sr-heat-Sr + 20 mM Ag (pH = 4) 66.1 30.2 1.9 1.4 0.4
NaOH-Ca + Sr-heat-Sr + 50 mM Ag (pH = 4) 66.1 29.6 2.0 1.5 0.9
NaOH-Ca + Sr-heat-Sr + 100 mM Ag (pH = 4) 65.7 29.9 2.0 1.3 1.1

The standard deviation of each element is as follows (SDi: i indicates individual element). SDO < 0.6, SDTi < 0.4,
SDCa < 0.1, SDSr < 0.1, SDAg < 0.1.

SEM revealed that nano sized particles started to be precipitated on the surface of Ti when the
Ag concentration in the final solution treatment was 20 mM, and their number increased with an
increasing Ag concentration, as shown in Figure 5. These particles were determined to be metallic Ag
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particles by EDX line analysis (data not shown). It can be seen from the XRD and Raman spectra of
the treated samples (Figure 6) that a peak at around 44◦ attributed to metallic Ag [37] was detected
on the Ti surface only when the Ag concentration in the final solution treatment was equal or greater
than 20 mM. There were no other changes that depended on the Ag concentration of the final solution
treatment in the XRD and Raman profiles.

Figure 5. SEM images of the surfaces of Ti subjected to Sr + X mM Ag (pH = 4) treatment (X = 1–50)
following NaOH, Ca + Sr and heat treatment.

Figure 6. XRD (a) and Raman (b) spectra of Ti surfaces subjected to Sr + X mM Ag (pH = 4) treatment
with various Ag concentrations (X = 1–100) following NaOH, Ca + Sr and heat treatment.
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When these samples were soaked in SBF, they formed spherical particles on their surfaces within
3 days that were identified as low crystalline apatite by XRD (data not shown), regardless of the Ag
content and even in the presence of Ag particles as shown in Figure 7.

Figure 7. SEM images of the surface of Ti before and after soaked in SBF for 3 days that has been
subjected to Sr + X mM Ag (pH = 4) treatment with various Ag concentrations (X = 1–50) following
NaOH, CaCl2, and heat treatment.

3.3. Effect of the Ag Concentration in the Solution on Cytotoxicity

The Ti samples with Sr- and Ag-containing calcium-deficient calcium titanate without any metallic
Ag particles were prepared by Sr + 1 mM Ag (pH = 4) or Sr + 10 mM Ag (pH = 4) treatment following
NaOH-Ca + Sr-heat treatment, and their effect on the viability of MC3T3-E1 cells was examined. The
results were compared with those on untreated or NaOH-Ca + Sr-heat-Sr-treated Ti with Sr-containing
calcium titanate free of Ag. As shown in Figure 8, the cell viability significantly increased in the treated
Ti subjected to NaOH-Ca + Sr-heat-Sr + 1 mM Ag (pH = 4) compared with untreated samples in the
culture period of 1 day. There were no significant differences between the treated samples. At 3 days,
although all of the treated samples showed higher cell viability than the untreated sample, there was a
difference between the treated samples: NaOH-Ca + Sr-heat-Sr was highest, followed by NaOH-Ca
+ Sr-heat-Sr + 1 mM Ag (pH = 4) and then NaOH-Ca + Sr-heat-Sr + 10 mM Ag (pH = 4). There a
significant difference between Ti samples subjected to the NaOH-Ca + Sr-heat-Sr and NaOH-Ca +
Sr-heat-Sr + 10 mM Ag (pH = 4) treatments.

Figure 8. Cell viability of MC3T3-E1 on Ti (a) untreated and subjected to (b) NaOH-CaCl2-heat-Sr,
(c) NaOH-CaCl2-heat-Sr + 1 mMAg (pH = 4), and (d) NaOH-CaCl2-heat-Sr + 10 mM Ag (pH = 4).
Asterisk stands for statistically significant difference (p < 0.05).
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3.4. Antibacterial Activity

The antibacterial activity against E. coli of the Ti subjected to NaOH-Ca + Sr-heat-Sr + 1 mM
Ag (pH = 4) was examined by the film contact method. As a result, the treated Ti displayed a
5.9-log reduction compared with the untreated Ti, as shown in Table 4, indicating sufficiently high
antibacterial activity.

Table 4. Antibacterial activity results on Ti untreated and subjected to NaOH-Ca + Sr-heat-Sr + 1 mM
Ag (pH = 4).

Treatment
Average of E. Coli count/CFU Antibacterial Activity

ValueAfter Inoculation After Incubation

Untreated 2.8 × 106 1.5 × 107 –
NaOH-Ca + Sr-heat-Sr + 1 mM Ag (pH = 4) 4.7 × 106 <20 5.9

3.5. Ion Release Test

The same treated samples were soaked in FBS for up to 14 days and the Sr and Ag ions released
from the samples were measured by ICP. It can be seen in Figure 9 that the treated metal released
0.78 ppm of Ag and 0.87 ppm of Sr within 1 h, and then slowly released another 0.91 ppm of Ag and
0.42 ppm of Sr over 14 days.

Figure 9. Concentrations of Sr and Ag ions released from Ti subjected NaOH-CaCl2-heat-Sr + 1 mM
Ag (pH = 4), as a function of square root of soaking time in FBS, which was measured by ICP. Black
squares and red circles indicate Ag and Sr, respectively.

4. Discussion

The SHT (NaxH2−xTi3O7) formed on Ti and its alloys by NaOH treatment has potent ion exchange
capacity because of its layered structure [38]. It has been reported that the Na+ in SHT can be exchanged
by various types of and even various valences of metal ions such as Ag+, magnesium (Mg2+), Ca2+,
Sr2+, gallium (Ga3+), and more than two types of them simultaneously [27–30,39–42]. The present
study proved that even three types of functional ions such as Ca, Sr and Ag can be controllably
incorporated into the surface of Ti by a combination of simple aqueous solution and heat treatment.

The incorporation of Ag+ ions into SHT was first attempted by Inoue et al. [43]. They formed
an Ag-containing sodium titanate layer by soaking Ti in 0.05 M silver acetate solution following
NaOH solution or NaOH hydrothermal treatment. The treated metal contained Ag+ ions, but also
a certain amount of precipitated metallic silver particles [43]. Such colloidal metallic particles are
undesirable because they could be released and transferred to other organ, resulting in side effects.
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Kizuki et al. [28] and Prabu et al. [44] demonstrated that Ag can be induced into SHT formed on Ti
and Ti–6Al–4V alloy as ion form by soaking the metals in 0.01–100 mM Ag(NO)3 solution after the
NaOH solution. However, metallic Ag particles were formed again when the treated metals were
subsequently heat-treated at 600 ◦C [28]. Eventually, Ag-containing calcium titanate free of Ag particles
forms on Ti and Ti–15Zr–4Nb–4Ta alloy as the result of immersing in 1 mM AgNO3 solution following
NaOH-CaCl2-heat treatment [28]. The treated Ti and Ti–15Zr–4Nb–4Ta contained 0.55% and 0.27%
of Ag on their surfaces and released 2.66 and 1.45 ppm of Ag+ ions into FBS, respectively. These
metals showed strong antibacterial activity against S. aureus (more than 99% reduction). However, the
cytotoxicity of these treated metals was not reported.

In the present study, Ti along with Sr- and Ag-containing calcium titanate with various amounts
of Ag were produced. It is shown in Table 3 and Figures 5 and 6 that the Ag content increased from
0.2% to 1.1% in the final solution treatment, while metallic Ag precipitated when the Ag content on the
surface of Ti became 0.4%. Thus, Ti specimens with the surface containing 0.2% and 0.3% Ag in the ion
form were prepared and their cytotoxicity compared with the untreated and the Ag free Ti with the
Sr-containing calcium titanate. As a result, the Ti with the Sr-containing calcium titanate was shown to
markedly increase the cell viability after 3 days compared with the untreated Ti. This is consistent with
our previous report in which the cell viability in the Ti subjected to the same treatment was significantly
increased compared with untreated Ti on 5 days [45]. A similar increase in cell viability was observed
in the case of Ti with 0.2% Ag at 1 and 3 days. In contrast, the cell viability of Ti with 0.3% Ag was
significantly lower than that of Ti with Sr-containing calcium titanate, although it was comparable to
that of untreated Ti. This is probably because the Ag+ ions that were released from the surface of the
treated Ti accumulated in the vicinity of the surface and suppressed cell proliferation. The Ti with
the 0.2% Ag resulting from NaOH-Ca + Sr-heat-Sr + 1 mM Ag (pH = 4) slowly released 1.69 ppm
Ag+ ions into FBS over 14 days and exhibited potent antibacterial activity against E. coli, as shown in
Figure 9 and Table 4. It has been reported that Ti and its alloys with 0.27%–0.67% Ag content induced
by chemical and heat treatment exhibited strong antibacterial activity without any cytotoxicity [46].
The results in this study are consistent with these reports. On the other hand, they also imply that a
lower Ag content, such as 0.3%, may suppress cell proliferation without any cytotoxicity.

Bone-bonding is a crucial function of an implant and may be predicted by examining the
apatite formation on the material that occurs in SBF [33]. Fujibayashi et al. reported that bioactive
Na2O-CaO-SiO2 glass powders with different compositions and induction periods of apatite formation
in SBF induced different amount of new bone formation: amount of new bone formation increased with
decreasing induction periods of apatite formation in SBF [47]. They recommended the materials able to
form apatite within 3 days in SBF for practical use. It should be noted that the bone-bonding strength
might be affected by various factors including strength and thickness of the substrate and coating
layers [48]. It was reported that Ti–15Zr–4Nb–4Ta alloy with approximately 0.5 μm calcium-deficient
calcium titanate layer implanted into rabbit tibia showed lower critical detaching load in detaching test
than Ti with approximately 1 μm calcium-deficient calcium titanate layer at 4 weeks of implantation
period, although both of them exhibited direct bone-bonding in histological observation [19,20]. The
critical detaching load increased with increasing implantation periods up to 26 weeks in both cases,
where fracture occurred not at interfaces between the treated metals and bone but inside the bone [20].
In this study, abundant apatite formation was observed on the treated Ti within 3 days in SBF regardless
of the Ag content and even in the presence of metallic Ag particles. Sufficiently high bone-bonding
is expected on these metals. On the other hand, apatite formation strongly depended on the pH of
the solution in the final solution treatment: Ti formed apatite only when it had been soaked in 1 M
Sr(NO3)2 and 1 mM AgNO3 with a pH equal to or less than 4, as shown in Figure 7. This might be
due to the formation of Sr- and Ag-containing calcium-deficient calcium titanate on Ti. It is reported
that the calcium-deficient calcium titanate that forms on Ti exhibits an increased capacity for apatite
formation compared with calcium titanate because of its greater release of Ca2+ ions [28,41].
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It is expected that new bone growth surrounding Ti will be accelerated if appropriate concentrations
of Sr2+ ions are released from Ti in the living body. The new bone tightly bonds to the metal via the
apatite that have been formed on the metal surface. In the present study, the Ti subjected to NaOH-Ca
+ Sr-heat-Sr + 1 mM Ag (pH = 4) slowly released 1.29 ppm of Sr2+ ions into FBS in addition to Ag+ ions
over 14 days. This value falls in the effective range of 0.21 and 21.07 ppm that was shown to enhance the
expression of a key osteoblast transcription factor gene (Cbfa1) and alkaline phosphatase (ALP) activity
in human bone marrow mesenchymal stem cells [49]. Park et al. hydrothermally produced SrTiO3

coating on Ti that released 0.75 ppm of Sr2+ ions into physiological saline solution. When primary
mouse bone marrow stromal cells were cultured on the metal surface, increased cell activity including
cell attachment, spreading, gene expression, and ALP activity was shown [30]. Yamaguchi et al. [29]
and Okuzu et al. [45] reported that Ti having Sr-containing calcium titanate on its surface increased
proliferation and osteogenic differentiation of MC3T3-E1 cells by releasing 0.92 ppm of Sr2+ ions. In
their reports, various types of gene expression, including integrin β1, β catenin, cyclin D1 and ALP
were up-regulated and resulted in extracellular mineralization. They also showed that biomechanical
strength as well as bone-implant contact became greater than the Ti with calcium-deficient calcium
titanate, when the metals were implanted into rabbit tibia at short periods of 4–8 weeks.

Based on these results, the Ti with Sr- and Ag-containing calcium-deficient calcium titanate is
expected to form apatite on its surface and bond to living bone through the apatite, while promoting
new bone growth by releasing Sr2+ ions. Furthermore, it should prevent postoperative infection
because of its antibacterial activity.

5. Conclusions

Tri-functional bioactive Ti with the Sr- and Ag-containing calcium-deficient calcium titanate was
produced by a combination of aqueous solution and heat treatment. An effective amount of Ca, Sr and
Ag was introduced into the surface of Ti by controlling the ion concentration and pH of the solution so
that the treated Ti precipitated apatite in SBF within 3 days and exhibited strong antibacterial activity,
with increased cell viability. Furthermore, it released Sr2+ ions into FBS at a level up to 1.29 ppm. This
type of multifunctional Ti is promising for the next generation of orthopedic and dental implants in
next generation.
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Abstract: A microstructure variation in Al-1060 alloy after helium ion irradiation was revealed by a
transmission electron microscope (TEM). The result shows that ion irradiation produced dislocations,
dislocation loops, cavities and microcrystals in the irradiated layer. Dislocation-defect interactions
were portrayed, especially the pinning effect of a dislocation loop and cavity on moving dislocation.
Irradiation-induced stress was recognized as the main factor which impacted on the interaction of
defect. Based on the dislocation inhibited with irradiation defects, the mechanism of microcrystal
formation was proposed.

Keywords: ion irradiation; dislocation; irradiation defect; microcrystal

1. Introduction

In recent years, microstructure evolution and characteristics of materials subjected to various
energetic ion irradiation were investigated [1–3]. When energetic ion impinges on a target surface,
the momentum transfer between the incident ion and the target atom will lead to the generation
of displacement and rearrangement in an irradiated layer of target. During the irradiation process,
interstitial atoms and vacancies are produced continuously and accumulated as cluster defects [4].
Recent studies of irradiation effects in metals have highlighted the important role of primary point
defects and clusters in microstructure evolution and property variations of target material.

At a very early stage of irradiation, interstitial atoms have a higher mobility than vacancies,
interstitial atoms can accumulate as extrinsic stacking faults, dislocations and interstitial dislocation
loops (I-loop). These defects can be observed by a transmission electron microscope (TEM) [5,6].
In Cu3+ ion irradiated copper, irradiation-induced defects comprise the stacking fault tetrahedra (SFT)
and I-loop, and the defect density can be expressed as a function of the irradiation dose [7].

Similarly, vacancy could aggregate into a vacancy cluster, and a large enough vacancy cluster will
collapse into a stacking fault tetrahedra (SFT) or a vacancy type dislocation loop (V-loop) which is
intrinsically glissile [8]. On the other hand, a three dimension vacancy cluster was observed in neutron
irradiated high purity nickel [9]. During annealing process, these 3D clusters may transform into
SFT or V-loop. The formation and evolution of a V-loop in an austenitic stainless steel was in-situ
investigated using a laser-equipped high-voltage electron microscope [10].

Another form of vacancy cluster exists as the cavity. Helium-vacancy clusters form at the early
stage of irradiation. The accumulation of point defects facilitate the evolution of helium-vacancy
clusters into cavities. Using kinetic Monte Carlo simulations, Caturla et al. provided an atomic scale
description of this process [11]. Furthermore, glissile dislocation originated from a vacancy cluster
provided a channel for atoms transfer which accelerated the rate of void formation [12].

In samples with ion irradiation, it has been known that defects such as dislocations, dislocation
loops, SFTs and cavities produced by ion irradiation would alter the performance of an irradiated
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layer [13–15]. As a commonly used fuel cladding material in a low-temperature reactor, studying
the influence of irradiation on microstructure is also beneficial to understand the stress status
in the irradiated layer. In our previous work [16,17], irradiation-induced strain variation in the
irradiated layer and a morphology change in the surface had been studied. In order to better
explain the irradiation-induced tensile stress in an irradiated layer, vacancy cluster was mentioned,
while, the configuration of interstitial or vacancy clusters were not studied in detail. The purpose of
the present work is to investigate the specific configuration of defect clusters, especially dislocations,
dislocation loops and cavities in irradiated samples. However, it has been reported that a lower dose of
irradiation would not introduce obvious defects on the target, while an increasing dose of irradiation
may raise a higher temperature of the target and result in annealing [18,19]. Synthesizing with our
experimental results, the microstructure evolution of irradiated samples was evaluated in this paper.
The work provided insight into the defect evolution and interactions, which is helpful to understand
the formation mechanism of microcrystals in irradiated samples.

2. Materials and Methods

A commercially pure Al-1060 with a nominal chemical composition ((wt.%): Fe 0.35, Si 0.25,
Cu 0.05, Zn 0.05, V 0.05, Mn 0.03, Ti 0.03, Mg 0.03 and Al balance) was studied in this work. Prior
to the irradiation experiment, the alloy was cut into square-samples with a cross-section of 10 mm ×
10 mm and a thickness of 1 mm by an electrical discharge wire-cutting machine. All samples were
previously grounded with an increasing mesh number of SiC sandpapers (from 180 to 1000), finishing
with a diamond-alcohol solution polishing compound polish to make a mirror finish. Afterwards, a
beam of helium ions (10 μA·cm−2, 50 keV) were perpendicularly injected into the surface of the target
by a MT3-R ion implanter (Beijing BoRuiTianCheng Technology Co., Ltd., Beijing, China) at 300 ◦C.
In [16], a schematic diagram of the home-made MT3-R ion implanter was given. An initial thinning
of the samples to sheets with thickness less than 0.1 mm was made by removing materials from the
sample undersurface using SiC sandpapers. Then the sheets were punched into discs with diameters of
3 mm. After that, these discs were grounded to a thickness less than 30 μm and thinned in a Gatan-691
precision ion polishing system (Gatan, Inc., Pleasanton, CA, USA). The microstructure of irradiated
layer was examined with a JOEL JEM-2100F transmission electron microscope (TEM, JOEL Ltd., Tokyo,
Japan) operating at 200 kV.

3. Results

3.1. Microstructure of Un-Irradiated and Irradiated Samples

Figure 1a–d show the bright field TEM images of an un-irradiated sample and samples with
1015, 1016 and 1017 ions·cm−2 of irradiation. A typical microstructure of the Al-1060 alloy shows
α-Al matrix with grain boundary (GB) and homogeneously distributed fine precipitates, as shown
in Figure 1a. This agrees with the attractive properties of pure aluminum such as good plasticity.
The grain size distributions of un-irradiated and irradiated samples were statistical analyzed, as shown
in Figure 1e. The average size of a microcrystal in an un-irradiated sample is ~1.37 μm, as shown
in Figure 1a. When the alloy was irradiated with 50 keV helium ion, an irradiated layer with a
thickness of ~550 nm was produced (calculated by SRIM-2013 software). In the irradiated layer of a
1015 ions·cm−2 irradiated sample, microcrystals with an average size of ~0.41 μm were found, as shown
in Figure 1b. Moreover, smaller grains were found in samples with higher fluence irradiation, as shown
in Figure 1c,d. As shown in Figure 1e, the average size of the microcrystals in 1016 and 1017 ions·cm−2

were ~0.26 and ~0.08 μm. The results indicated that the grains were refined in irradiated samples.
Since a mass of defects were produced in irradiated samples. These defects would affect the integrity
of the crystal structure and induce lattice distortion and stress in irradiated samples. The phenomenon
can be revealed by the X-ray diffraction patterns of un-irradiated and irradiated samples that are given
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in [16]. It can be seen that the (111) peak intensity of the irradiated sample is lower than that of an
un-irradiated sample.

  

  

 

Figure 1. Bright field TEM images of samples without and with irradiation: (a) un-irradiated sample;
(b) 1015 ions·cm−2; (c) 1016 ions·cm−2; and (d) 1017 ions·cm−2. (e) grain size distribution of un-irradiated
and irradiated samples.

Figure 2a–e shows the primary microstructure observed in irradiated samples. In comparison
with un-irradiated sample (shown in Figure 1a), it can be found that dislocations, dislocation loops and
cavities were introduced in the irradiated layer. Figure 2a,b shows the configuration of dislocations
and dislocation tangles in the interior of grain. The density of dislocations in this case is much higher
than what was shown in the un-irradiated sample. Figure 2c exhibits projected dislocation loops which
align along specific directions with different configurations. Patterns of projected dislocation loops
change with the variation of angles between habit planes and the view screen, as dislocation loops lay
on different habit planes. Rows of dislocation loops exhibiting elliptical contrast were obtained with an
average size of ~70 nm. A cavity is another type of irradiation-induced defect, as shown in Figure 2d,e.
In overfocus (Figure 2d) and underfocus (Figure 2e) of bright field micrographs, cavities with an
average size of ~10 nm can be observed.
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Figure 2. Bright field TEM images of samples with 1016 ions·cm−2 irradiation: (a,b) dislocation and
dislocation tangle; (c) dislocation loop; and (d,e) cavity.

It is well known that the constant production of self-interstitial atoms (SIAs) and vacancies
would introduce lattice distortion, dislocations and other kinds of defects in the irradiated layer of
the sample, as shown in Figure 2. In order to reduce the free energy of the matrix, supersaturated
vacancies and interstitials tend to accumulate on {111} planes by means of atomic scale diffusion and
aggregation. In particular, the accumulated point defects would act as nucleation sites for the formation
of dislocation loops and cavities [20,21]. It is noted that transformation of vacancy clusters to V-loops
will result in a contraction of the material and induce tensile stress in the direction of the Burgers vector.
Similarly, with the formation of I-loops, compression stress is induced. Here, it is suggested that the
expansion or shrinkage of the loops are associated with the impact of stress as well as absorption of
point defects. Moreover, irradiation-induced stress is recognized as the main factor which facilitates
the interaction and growth of defects. The stress is related with lattice distortion and the formation of
defects in the irradiated layer.
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3.2. Dislocation Configuration in Irradiated Samples

As an increasing number of defects are produced in the surface layer during irradiation, dislocations
can be driven by a defects-induced stress field [22]. Figure 3 shows the configuration of dislocation in
irradiated samples. Figure 3a indicates the dislocation tangle configuration in the interior of grain.
Figure 3b displays the dislocation wall formed in the 1016 ions·cm−2 irradiated sample. In addition,
dislocations are found to pile up and tangle at GB; as shown in Figure 3c,d, the configuration of an
array of approaching dislocations pass through GB. In this case, it is considered that the accumulation
of dislocations increased the resolved shear stress to GB. In order to relieve the concentration of stress,
a special slip system was activated by the GB which facilitated the movement of dislocations. In fcc
metals, {111} semi-coherent interfaces contain either three sets of Shockley partial dislocations or
three sets of full dislocations, depending on the stacking fault energy [23]. The high stacking fault
energy of aluminum promotes the nucleation of partial dislocation during movement, which removes
the stacking fault defects on glide planes [24]. That is why no obvious stacking fault defects can be
observed in the irradiated sample.

  

Figure 3. Bright field TEM images of dislocation configuration in 1016 ions·cm−2 irradiated sample:
(a) dislocation tangle; (b) dislocation wall; (c) dislocation blocking; and (d) dislocation pass through GB.

3.3. Dislocation-Defect Interaction in Irradiated Samples

What is noteworthy is that, irradiation-induced defects were acting as obstacles for moving
dislocation. It has been known that dislocation can be easily driven at higher temperatures in a sample
existing with applied stress. In this case, the interaction of moving dislocations with obstacles deserved
more attention. As shown in Figure 3, the dislocation–dislocation interaction may form a dislocation
tangle, dislocation wall, etc. Figure 4 shows the configuration of a moving dislocation meeting
with obstacles such as a dislocation loop and a cavity in irradiated samples. Figure 4a shows that
dislocations bow out as a result of inhibition of dislocation loops. Figure 4b shows the configuration of
moving dislocations pinned with dislocation loops. As the number of dislocations increase at pinning
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sites, a change of strain field can be inferred from the distance variation of dislocations. In practice,
loops with a larger size can block the motion of dislocations more effectively.

Furthermore, the rows of dislocation loops along specific directions revealed in Figures 1c and 4c
deserve more attention. As pre-existing crystal defects such as dislocations and GBs would act as sinks
for trapping or recombining irradiation-induced interstitial atoms [25]. Moreover, interstitial atoms
always have lower migration ability and formation energy than vacancies. Hence, a greater probability
of capturing interstitial atoms would occur at sinks. As interstitial atoms captured with trapping sites,
a favorable condition is created for the formation of vacancy clusters [26]. As shown in Figure 4b,c,
dislocation loops are favored to form in the vicinity of GBs [27]. In addition, a group of dislocation
loops have a better pinning effect than single ones, which facilitate the formation of microcrystals in
irradiated samples.

  

 

Figure 4. Interaction of dislocation with dislocation loop: (a) dislocations pinned with dislocation
loops, 1015 ions·cm−2; (b,c) dislocation loops near GB, 1016 ions·cm−2.

Similarly, cavities can also perform as effective barriers in the process of dislocation movement,
as shown in Figure 4b. Vacancy clusters can be present in the form of cavities in irradiated samples,
as observed in Figure 1d,e. During helium ion irradiation, vacancies or vacancy clusters can trap helium
atoms to form HenVm type vacancy clusters [28]. Attributed to the helium induced pressurization
inside, these HenVm type vacancy clusters exhibited more stability than empty vacancy clusters [29].
Moreover, irradiation enhanced the diffusion ability of helium atoms and vacancy, which accelerated
HenVm complex nucleation and coalescence. Then, cavities formed and grew into bigger ones.
Cavities formed in irradiated samples have the effect of blocking and pinning dislocation, as shown
in Figure 5b. Figure 5b shows the tendency of small cavity coalescence into bigger ones. Similarly,
with V-loops, cavities have drawing force on surrounding material, which would also introduce tensile
stress in the irradiated layer. In addition, bigger cavities can enhance the barrier effect on moving
dislocations, which will take longer time to climb over the bigger ones. Analogous conclusions were
revealed in fcc metals simulated by a concurrent atomistic-continuum method, dislocations were also
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found to bow as a result of pinning on the original glide planes due to cavity strengthening [30,31].
Moreover, when cavities appear in a line, it can be ascertained that an ideal site was developed for
the production of microcrystal boundary, as shown in Figure 5a. Accordingly, dislocation-defect
interactions facilitated the forming of microcrystal in irradiated samples. In conclusion, irradiation
induced basic defects (vacancies and interstitials) in irradiated samples. The diffusion and aggregation
of point defects resulted in the forming of structural defects. Moreover, the defect–defect interactions
facilitated the evolution of microstructure (involving microcrystal forming) in irradiated samples.

  

Figure 5. (a) dislocation-cavity interaction, 1016 ions·cm−2; (b) bigger cavity, 1016 ions·cm−2.

4. Conclusions

Microstructure variations of helium ion irradiated Al-1060 alloys were explored in this work.
Irradiation-induced supersaturated point defects led to the formation of irradiation defects such as
dislocations, dislocation loops and cavities in irradiated samples. Attributing to the dislocation-defects
interactions, microcrystals were formed in the irradiated layer. Dislocation loops may expand or shrink
by means of absorbing point defects. In addition, dislocation loops prefer to form in the vicinity of GBs
due to the sink effect and high stacking fault of aluminum. Helium can stabilize the nucleation and
growth of vacancy clusters. Meanwhile, cavities can grow by absorbing a vacancy cluster or a small
cavity from an adjacent region. Both dislocation loops and cavities with bigger sizes would have a
better barrier effect than smaller ones. In addition, the interaction between dislocation and irradiation
defects was the primary mechanism for the production of microcrystal in irradiated samples.
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Abstract: The present study reports the effect of phosphorus content in deposited electroless nickel
(Ni–P) coatings, the heat treatment on the microhardness and its microstructural characteristics,
and the influence of the temperature on the microstructure of the Mg alloy substrate during the heat
treatment. The deposition of Ni–P coatings was carried out in the electroless nickel bath, and the
resulting P content ranged from 5.2 to 10.8 wt.%. Prepared samples were heat-treated in the muffle
furnace at 400 ◦C for 1 h after the coating deposition. The cooling of the samples to room temperature
was proceeded in the air. For as-deposited and heat-treated samples, it was determined that with the
increasing P content, the microhardness was decreasing. This may be caused by the changes in the
structure of the Ni–P coating. The X-ray diffraction patterns of the as-deposited Ni–P coatings showed
that the microstructure changed their nature from crystalline to amorphous with the increasing P
content. The heat treatment of prepared samples led to the significant increase of microhardness
of Ni–P coatings. All the heat-treated samples showed the crystalline character, regardless of the
P content and the presence of hard Ni3P phase, which can have a positive effect on the increase of
microhardness. The metallographic analysis showed changes of substrate microstructure after the
heat treatment. The prepared coatings were uniform and with no visible defects.

Keywords: Ni–P coatings; Ni3P phase; Mg alloys; AZ91; heat treatment; microhardness; crystallite size

1. Introduction

Magnesium alloys are the lightest structural metallic materials [1,2]. Due to their exceptional
properties, such as a low density, stiffness, specific strength, good castability, and machinability, they are
desirable in various industries [3–5]. One of the biggest limits for the widespread use of magnesium
alloys is their poor corrosion, wear resistance, and low hardness [1,5–7]. These problems are often
resolved by means of surface coatings. Electroless nickel (Ni–P) deposition seems to be an appropriate
variant to protect magnesium alloy substrates [8]. Electroless Ni–P coatings are mainly used due
to their excellent corrosion resistance, high hardness, and wear resistance. However, properties of
Ni–P coatings are strongly dependent on their chemical composition, i.e., the phosphorus (P) content
in the coating [9]. In terms of the chemical composition, electroless Ni–P coatings can be divided
into three groups: Low phosphorus (1–5 wt.% of P), medium phosphorus (6–9 wt.% of P), and high
phosphorus (10–13 wt.% of P) [9–11]. Low phosphorus Ni–P coatings are predominantly crystalline
and less corrosion resistant compared to the medium and high P coatings. They are characteristic with
a high hardness and good mechanical and tribological properties. The crystalline character of the low
phosphorus coatings indicates that the number of phosphorus atoms in interstitial positions is not
sufficient for the distortion of the nickel lattice [11,12].

High phosphorus Ni–P coatings are known for excellent corrosion resistance due to their
amorphous microstructure [11–13].
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Duncan [11] stated that Ni–P coating is in non-equilibrium state after deposition. Ni–P coating
is formed by a crystalline solid solution of P in Ni, called the β phase (low phosphorus), the total
amorphous γ phase, which exists between 11–15 wt.% P (high phosphorus), or the mixture of
β + γ phase (medium phosphorus). These metastable phases are characterized by decomposition
reactions during the heat treatment to form the equilibrium α phase (solid solution of P in Ni) and
Ni3P phase. Crystalline nickel (the α phase) and the Ni3P phase are only stable products after the heat
treatment. These stable phases begin to form from 300 ◦C. The optimal temperature range for the heat
treatment of the Ni–P coatings is within the temperature range of 300 to 400 ◦C. Riedel [10] stated
that it is advisable to perform heat treatment at 400 ◦C for 1 h to achieve the maximum hardness of
Ni–P coatings. The increase in precipitate size and coating grain coarsening was observed at applied
temperatures higher than 400 ◦C and longer treating times during the heat treatment process, regardless
of the P content [14,15].

A suitable heat treatment process can result in an increase in the coating hardness, up to 1300 HV.
This is because of the recrystallization of a non-equilibrium β phase (low phosphorus), an amorphous
γ phase (high phosphorus), or their mixture (medium phosphorus) into the equilibrium crystalline
α phase, with a simultaneous precipitation of the hard intermediate Ni3P phase [10,14].

Kumar [16] reported that the crystallite size of Ni changes with the increasing heat treatment
temperature. From the room temperature to 100 ◦C, there was only a negligible change in the Ni
crystallite size. Between 100 and 300 ◦C, the increase in crystallite size of Ni was evident due to the
arrangement of Ni atoms in the lattice. However, no formation of any intermediate precipitate particles
was detected. Authors also listed that the disappearance of the amorphous phase was observed at
330 ◦C, what indicates the complete crystallization of the microstructure. At a temperature above
300 ◦C, a significant increase in crystallite size was observed, probably due to the formation of Ni3P
phase particles.

Most of the published studies are focused on the influence of heat treatment and P content in
Ni–P coatings deposited on the steels. However, the heat treatment of Ni–P coatings to achieve the
maximum hardness is performed in the temperature of 400 ◦C for 1 h. This temperature does not
influence the microstructure of steels but may have significant effect on magnesium alloys. Therefore,
this study deals with the effects of the heat treatment of Ni–P coatings with the various P content
deposited on a AZ91 magnesium alloy. The microstructure of a AZ91 alloy and the characterization of
Ni–P coatings, such as microhardness, phase composition, and crystallite size, were evaluated before
and after the heat treatment.

2. Materials and Methods

Samples of a cast AZ91 magnesium alloy with dimensions of 30 × 30 × 7 mm3 were chosen as
substrates for the electroless deposition of Ni–P coatings. The elemental composition of the AZ91 alloy,
analyzed using the glow-discharge optical emission spectroscopy (GDOES) Spectrumat GDS 750
(Spectruma Analytik GmbH, Hof, Germany), is listed in Table 1. To obtain an appropriate surface,
the samples of the Mg alloy were ground using no. 1200 SiC paper before the pre-treatment process.
During the pre-treatment process, ground samples were degreased in an alkali bath and then pickled in
an acid-pickling bath to activate the surface. After each step of the pre-treatment, samples were rinsed
in distilled water and isopropyl alcohol and then dried in hot air. The deposition of Ni–P coatings
was carried out in the electroless nickel bath with different Ni2+/H2PO2

− ratios. Individual ratios of
Ni2+/H2PO2

− were set at 0.1, 0.2, 0.3, 0.45, and 0.75. The chemical composition was characterized
using a Zeiss EVO LS-10 (Carl Zeiss Ltd., Cambridge, UK) scanning electron microscope (SEM)
with energy-dispersive spectroscopy (EDS) Oxford Instruments Xmax 80 mm2 detector (Oxford
Instruments plc, Abingdon, UK) and the AZtec software (version 2.4).
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Table 1. Elemental composition of the AZ91 Mg alloy, glow-discharge optical emission
spectroscopy (GDOES).

Element Al Zn Cu Mn Si Fe Ni Zr Mg

Content [wt.%] 8.80 0.81 0.00 0.32 0.01 0.004 0.00 0.01 Bal.

Prepared samples were heat-treated in the muffle furnace LAC LM07 (LAC, s.r.o., Židlochovice,
Czech Republic) at 400 ◦C for 1 h after the coating deposition. The cooling of the samples to room
temperature was proceeded in the air.

The microstructure of the Ni–P coatings and AZ91 magnesium alloy was characterized using an
Axio Observer Z1m (ZEISS) light microscope and a Zeiss EVO LS-10 scanning electron microscope.

The microhardness of the deposited Ni–P coatings was measured using a LECO AMH55
microhardness tester (Saint Joseph, MO, USA). The microhardness was performed and evaluated
according to the ASTM E384 standard. The microhardness was measured from the perpendicular cut.
The samples were ground and polished using a Tegramin-25 (Struers) automatic grinder with a special
holder for preparation of planar specimens. The final step was polishing, using diamond paste with
0.25 μm particle size. Iso-propanol was used as a lubricant. The Vickers method was used with the
applied load of 25 g for 10 s. The microhardness value was determined from 10 values.

For the determination and characterization of the Ni–P coatings phase composition, the coatings
were mechanically separated from the substrate, milled, and analyzed in the powder form using
the Scherrer method. The analysis was performed on an Empyrean (Panalytical) X-Ray diffraction
spectrometer with Cu-anode (λKα1 = 0.15406 nm, λKα2 = 0.15444 nm) at room temperature. The scan
step size was set up at 0.013◦. The obtained data were processed using High Score Plus software.
The crystallite size of Ni and Ni3P was calculated from the full width half maximum (FWHM)
according to the Scherrer equation [17] (Equation (1)):

τ =
K · λ

β1/2 · cos θ
(1)

where τ is the crystallite size, λ is the X-ray wavelength, β1/2 is the peak extension at half of the
maximum intensity (FWHM), θ is the diffraction Bragg’s angle, and K is the particles shape factor
(Scherrer constant) depending on the shape of the crystallites. K, ranging from 0.62 to 2.08, is usually
close to 1. For perfectly rounded crystals, K is equal to 0.89.

3. Results and Discussion

3.1. Microstructure and Chemical Composition

Table 2 shows the results of the chemical composition of the as-deposited and heat-treated Ni–P
coatings, deposited on the AZ91 alloy with different Ni2+/H2PO2

− ratios in the electroless nickel bath.
The average phosphorus content in as-deposited and heat-treated coatings was similar for the same
Ni2+/H2PO2

− ratios, therefore there is only one value for each Ni2+/H2PO2
− ratio. The average P content

ranges from approximately 5 wt.% to 11 wt.% of P, both for as-deposited and heat-treated coatings.

Table 2. The phosphorus content of electroless nickel (Ni–P) as-deposited and heat-treated coatings in
dependence on the Ni2+/H2PO2

− ratios, energy-dispersive spectroscopy (EDS).

Ni2+/H2PO2
− Ratio P Content [wt.%]

0.75 5.2 ± 0.2
0.45 5.5 ± 0.1
0.3 7.4 ± 0.1
0.2 10.1 ± 0.2
0.1 10.8 ± 0.1
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Figure 1 shows the microstructure of as-deposited and heat-treated Ni–P. The microstructures
of as-deposited and heat-treated Ni–P coatings were similar, regardless of the chemical composition.
The average thickness of all coatings was approximately 30 μm. The coating was uniform without
structural defects and there was no undesirable interlayer between the magnesium alloy substrate and
Ni–P coating. The heat treatment did not affect the thickness or overall chemical composition of the
deposited Ni–P coatings.

  

Figure 1. Microstructure of Ni–P coatings with 7.4 wt.% P (a) as-deposited; (b) heat-treated.

As shown in Figure 2a, the microstructure of the cast AZ91 magnesium alloy consists of (1) α
solid solution of Al in Mg, (2) discontinuous precipitates of intermetallic Mg17Al12-βD phase, and
(3) eutectic α + β [1,2].

  

Figure 2. Microstructure of the AZ91 Mg alloy (a) as-cast, (b) heat-treated at 400 ◦C for 1 h.

In the case of heat-treated samples, the microstructure of the AZ91 alloy was changed. As seen
in Figure 2b, the presence of the discontinuous precipitate of the Mg17Al12 phase was not observed.
This finding can be explained by the fact that the discontinuous precipitate was dissolved in α solid
solution of Al in Mg during the heat treatment at 400 ◦C for 1 h. Due to the fast cooling in the air
after being removed from the furnace, discontinuous precipitates of the Mg17Al12-βD phase were not
present [2]. However, the Mg17Al12-β phase and eutectic α + β was still observed in the microstructure.

Because of the dissolution of the discontinuous precipitates of the Mg17Al12-βD phase at 400 ◦C,
the content of Al in the α solid solution increased, which may lead to improvement of some mechanical
properties due to the solid solution strengthening.
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3.2. Microhardness of Ni–P Coatings

As stated in the literature [10,18], low-phosphorus Ni–P coatings are crystalline,
medium-phosphorus coatings are microcrystalline, and high-phosphorus Ni–P coatings are amorphous.
The microstructure of deposited Ni–P coatings strictly affects their properties [12,13]. In general,
the microhardness decreases with the increasing P content.

From the results of microhardness, the measurement can be stated that the highest microhardness
value was observed in the case of the Ni–P coating with the lowest P. With the increasing P content,
the microhardness decreased in the case of both the as-deposited and in the heat-treated coatings
(Figure 3), which is in correlation with the literature [12,13,19]. Ashtiani et al. [19] reported that in
the case of the Ni–P coatings heat-treated at 400 ◦C, the microhardness decreased with the increasing
P content, which is in agreement with presented data. Deposited Ni–P coating with 9.35 wt.% of P
reached the microhardness of 970 HV 50 gf. Meanwhile, the coatings with 10.31 and 11.45 wt.% of P
reached the microhardness of 856 HV 50 gf and 788 HV 50 gf, respectively.

Figure 3. Microhardness dependence on the phosphorus content of Ni–P coatings, (a) as-deposited,
(b) heat-treated.

Figure 3b shows that the heat-treated Ni–P coatings had higher value of microhardness when
compared to the as-deposited coatings with the same P content. During the heat treatment, all the
coatings (depending on the P content) became more crystalline due to the rearrangement of the structure
and the transformation of the non-equilibrium solid solution P in the Ni-β phase (low phosphorus),
total amorphous γ phase (high phosphorus), or their mixture (medium phosphorus) to equilibrium
crystalline solid solution P in Ni-α phase. Simultaneously, heat treating lead to the formation of the
hard body centered tetragonal Ni3P phase. The presence of Ni3P results in an overall increase of the
microhardness of the coatings [9,10]. The presence of the Ni3P phase in the heat-treated coatings was
confirmed by XRD analysis.

3.3. Phase Analysis of Ni–P Coatings

The XRD patterns corresponding to the individual measurements representing Ni–P coatings are
provided in Figure 4. As seen in the Figure 4a, the peak corresponding to the fcc nickel crystal lattice
(1 1 1) can be observed near the diffraction angle 2θ ≈ 45◦. A broad peak corresponding to the Ni
diffraction was observed in the case of high-phosphorus coatings, and with the decreasing P content,
the peak of Ni became sharper. This effect indicates a more ordered internal microstructure [18].
The highest intensity of Ni diffraction was measured for the Ni–P coating with 5.5 ± 0.1 wt.% of P.
Meanwhile, the lowest intensity and the broadest peak was observed in the case of the Ni–P coating
with 10.8 ± 0.1 wt.% of P.
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Figure 4. XRD patterns of (a) as-deposited and (b) heat-treated Ni–P coatings with different
phosphorus content.

Except for the diffraction of Ni, there were clear diffractions between 30◦–40◦ and around the
angle 2θ ≈ 48◦. Gu [20] listed that these XRD peaks correspond to the primary α-Mg phase and the
Mg17Al12 phase. The α-Mg phase was also detected in the work of Hu [21].

The presence of the phase particles can be explained by the fact that there was a joint separation of
the Mg alloy together with the Ni–P coating during the mechanical separation. However, the presence
of these phases in the tested powder did not affect the microstructural changes observed in deposited
Ni–P coatings.

Figure 4b shows the patterns of heat-treated Ni–P coatings with different P content. The diffraction
of Ni (1 1 1) can be seen near the diffraction angle 2θ ≈ 44.4◦. Another diffraction of Ni (2 0 0) can be
seen at 2θ ≈ 51.8◦. For both of the Ni diffractions, it can be observed that their intensity increases and
peaks become more sharp with the decreasing P content (except the P content 5.2 ± 0.2 wt.%, which is
slightly lower than the peak for the Ni–P coating with the P content 5.5 ± 0.1 wt.%).

Figure 4b shows that the presence of the Ni3P stable phase was obvious for all the coatings and the
intensity of the Ni3P phase increased with the increasing P content. From patterns shown in Figure 4b,
it is evident that in the case of low-phosphorus Ni–P coatings, the Ni phase crystallizes more (the peak
of Ni is sharper and with higher intensity) when compared to the high-phosphorus Ni–P coatings.
On the other hand, the Ni3P phase precipitated and grew more in the case of the high-phosphorus Ni–P
coating. The presence of the Ni12P5 metastable phase was observed in the case of high-phosphorus
Ni–P coatings (10.2 and 10.8 wt.% of P) around the diffraction angle 2θ ≈ 47◦ to 48◦. According to the
literature [22,23], the Ni12P5 metastable phase should completely disappear around the temperature of
350 ◦C. However, Keong [24] showed that the Ni12P5 phase may still be present at 400 ◦C. The presence
of this phase could be caused by the incomplete transformation from the originally amorphous matrix
to the mixture of crystalline Ni and the Ni3P stable phase.

3.4. Crystallite Size

Figure 5 shows the effect of the phosphorus content on the Ni crystallite size in as-deposited
coatings and heat-treated coatings. Only one diffraction plane Ni (1 1 1) was observed (see Figure 4a)
and two diffraction planes (1 1 1) and (2 0 0) of Ni were observed (Figure 4b) in the case of as-deposited
and heat-treated coatings by XRD, respectively. Figure 5 shows that with the increasing P content,
the crystallite size of nickel decreases, both in the case of the as-deposited and heat-treated coatings.
This fact can be explained due to the increasing lattice disorder (a greater proportion of the amorphous
phase) with the increasing P content in the Ni–P matrix [12,24].
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Figure 5. The effect of Ni crystallite size on the P content in (a) as-deposited Ni–P coatings and
(b) heat-treated Ni–P coatings.

As can be seen in Figure 5a, the crystallites of Ni in low-phosphorus as-deposited Ni–P coatings
reached approximately 40 Å, whereas the crystallites of Ni in the Ni–P coating with 10.8 wt.% of P
reached the size of 13.1 Å. After the heat treatment, the crystallite size of Ni substantially increased
to more than 300 Å in the case of low-phosphorus coatings in the plane (1 1 1). A similar trend was
observed for the diffraction plane (2 0 0).

On the other hand, in the case of the heat-treated Ni–P coatings, the Ni3P crystallite size increased
with the increasing P content, as seen in Figure 6. The Ni3P crystallite size dependence on the P content
was studied for diffractions with the highest intensity. The most distinctive diffraction angles were
2θ ≈ 41.7◦, 42.8◦, 43.6◦, 45.3◦, 46.6◦, and 52.7◦, which corresponds to the diffraction planes (3 2 1),
(3 3 0), (1 1 2), (4 2 0), (1 4 1), and (3 1 2), respectively. Increasing crystallite size of Ni3P is related to
increasing P content. With a higher P content, a Ni3P phase fraction is formed and combined to form
coarser particles. Meanwhile, in the case of low phosphorus coatings, the formed Ni3P phase is in the
form of fine-grained precipitates distributed in the Ni–P matrix.

 
Figure 6. The effect of Ni3P crystallite size on the P content in heat-treated Ni–P coatings.

Based on the literature [10,14], it is evident that the chemical composition and the size of the Ni3P
phase can affect the resulting microstructure and hardness of the Ni–P coatings.

Higgs [18] states that the heat-treated coatings showed fine-grained intermetallic precipitates of
Ni3P in the Ni–P matrix. The author also pointed out that the size of Ni3P precipitates in the Ni–P
matrix depended on the temperature. According to our study, the size of Ni3P precipitates is also
related to the P content (Figure 6).

Finer precipitates of Ni3P may be responsible for the increased hardness or the improvement
of other mechanical properties [14,25]. With reference to measured results of microhardness of the
Ni–P coatings (Figure 3) and their microstructural characteristics (Figures 5 and 6), it is evident that
the microhardness depends not only on the P content, but also on the size and distribution of Ni3P
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precipitates in the case of heat-treated coatings. Therefore, the heat treatment leads to a significant
increase of microhardness of the Ni–P coatings.

However, the heat treatment also affects the substrate. The temperature of 400 ◦C influences
the structure of Mg alloys more than in the case of steels. The heat treatment of the AZ91 alloy
led to the dissolution of the discontinuous precipitate Mg17Al12. The difference in the thermal
expansion coefficient of AZ91 Mg alloy and the Ni–P coating may lead to tension at the interface.
However, there was no observable impact (visible cracks or delamination) at the Mg substrate/Ni–P
coating interface.

4. Conclusions

The electroless Ni–P coatings with various P content were deposited on AZ91 Mg alloys and
subsequently heat-treated at 400 ◦C for 1 h.

As-deposited Ni–P coatings showed the decrease in microhardness with increasing P content.
Heat-treated Ni–P coatings showed a similar trend. However, the heat-treated coatings reached
significantly higher microhardness values.

From the XRD analysis, it was determined that the microstructure of the as-deposited
high-phosphorus coatings was amorphous, and with the decreasing P content they become
more crystalline. Heat-treated Ni–P coatings were completely crystalline, and a presence of crystalline
Ni and the intermediate Ni3P phase in the coating was observed. It was observed that the Ni crystallite
size in the coating decreased with the increasing P, both for as-deposited and heat-treated Ni–P coatings.
On the other hand, the crystallite size of Ni3P increased with increasing P content in the coating.

In terms of the precipitation hardening process, the heat-treated Ni–P coatings reached higher
microhardness values than the as-deposited coatings. This is due to the presence of a large number of
intermetallic precipitates of Ni3P.

The influence of temperature during the heat treatment led to the dissolution of the discontinuous
precipitate Mg17Al12. Despite the substrate microstructural changes and difference in thermal expansion
coefficients, this did not lead to the delamination or visible cracking of the coating. The prepared
coatings were uniform and with no visible defects.
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Abstract: Brazing of Al-alloys is of interest in many application fields (e.g., mechanical and automotive).
The surface preparation of substrates and the in depth investigation of the interface reaction between
aluminum substrates and brazing materials is fundamental for a proper understanding of the process
and for its optimization. The interaction between two aluminum based substrates (Al5182 and
Al6016) and two studied brazing materials (pure Zn and for the first time ZAMA alloy) has been
studied in simulated brazing condition in order to define the best surface preparation conditions
and combination substrate-brazing material to be used in real joining experiments. Three different
surface preparations were considered: polishing and cleaning, application of flux and vacuum plasma
etching (Ar) followed by sputtering coating with Zn. Macroscopic observation of the samples surface
after “brazing”, optical microscopy, and microhardness measurements on the cross-section and XRD
measurements on the top surface gave a comprehensive description of the phenomena occurring
at the interface between the substrate and the brazing alloy which are of interest to understand the
brazing process and for the detection of the best conditions to be used in brazing. Plasma etching
(Ar) followed by sputtering coating with Zn resulted a promising solution in case of Al5182 brazed
with Zn, while the addition of flux was more effective in case of Al6016 substrate. ZAMA alloy
demonstrated good interface reactivity with both Al6016 and Al5182 alloys, particularly on only
cleaned surfaces.

Keywords: aluminum alloys; brazing; surface preparation; interface reactions; joining; microstructure;
phase/composition in reaction layer

1. Introduction

Joining of Al alloys is a crucial point in the realization of components for mechanical, automotive
and aerospace industries. Brazing of Al alloys with Zn-based filler materials is a promising joining
solution for its high chemical affinity for aluminum, moderate brazing temperature, good corrosion
resistance and mechanical properties, as well as for the obtainment of components, which can be used
at high temperature and can be recycled at the end of their life (in contrast to adhesive joints) [1,2].

AlSiZnSrTi [3], Zn-Al (Al 2%–12%) [4], and Zn-14Al (hypereutectic) [1] alloys were successfully
used for the brazing of Al-alloys plates. Moreover, 6.2 wt % Al, 4.3 wt % Cu, 1.2 wt %, Mg, 0.8 wt %
Mn, 0.5 wt % Ag and balance Zn [5,6], pure Zn and Zn-2%Al [7], and Al-Cu-Mg and Al-Si-Mg-17%Ti
metal glasses [8] were employed for the realization of Al-alloy dense sheets–Al-foam sandwiches with
good results.

One of the main obstacles to the effective brazing of Al alloys is the presence of a stable oxide layer
on the surface with high melting temperature and poor reactivity, which act as a barrier for metallurgical
interaction between the aluminum alloy substrate and the brazing material [9,10]. Particularly critical
from this point of view are the Al alloys of the 5000 series because of high magnesium content, which
promotes the development of a thick and stable magnesium oxide layer.
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A fist way to remove the surface oxide and improve brazing ability of Al alloys is the mechanical
removal of the first surface layer by abrasive papers; this operation also increases surface roughness
and consequently the mechanical interlocking between substrate and brazing material [7,11,12]. On the
other hand, by this method, surface reoxidation is not hampered and the oxide layer can develop again
on the surface, especially at high temperature during brazing. In order to overcome such problem,
the use of fluxes as deoxidizing and protective agents has been widely employed [7]. In particular,
Cs containing fluxes and the addition of activating agents (e.g., ZnCl2) have been suggested for Al
alloys with high Mg content for the effective removal of MgO and for the surface preservation from
reoxidation [3,4,12,13].

Plasma etching with Ar followed by the sputtering deposition of a Cu layer (10 μm) has also been
suggested for the removal of the oxide layer (plasma etching), protection from reoxidation (coating
immediately after etching under vacuum), and deposition of a layer (Cu), which can be employed as
brazing material [9].

Finally, a zincate treatment (sequential soaking in 1.2 M NaOH, 69.5% HNO3 and commercial
zincate solution) has been proposed for the improvement of bonding between aluminum and
Al-foams [14].

In the present research work specimens of Al6016 and Al5182 alloys have been considered as Al
substrates. Pure zinc and, for the first time, ZAMA alloy have been studied as possible brazing materials.
Pure zinc has been selected on the basis of the previously obtained good results in Al-alloy-Al-foam
brazing [7], while ZAMA alloy has been tested because Cu has a high solubility in Al and it can
improve mechanical and corrosion resistance of the joint. Moreover, the presence of Cu and Mg in
the metallic glasses used in previous brazing experiment with Al foams [8] led to good results. Three
different preparations of the substrates have been explored: oxide removal by abrasive paper and
ultrasonic cleaning, application of a flux, and vacuum plasma Ar etching followed by sputtering
deposition of a Zn layer. The interaction between the substrate and the brazing material has been
investigated in simulated brazing condition by means of macroscopic observations, optical microscopy,
and microhardness measurements on the cross-section and X-ray diffraction (XRD) measurements on
the top surface.

An in depth investigation of the phenomena occurring at the interface between the substrate and
the brazing material is crucial for the understanding of the brazing process and for its optimization.

The study identified the most promising solutions, in terms of surface preparation and brazing
materials, to be used in further real brazing experiments (e.g., joining of aluminum plates to aluminum
foams). Moreover, from this research a protocol for the characterization of brazed joints and interfaces
has been developed and proposed.

2. Materials and Methods

Specimens of Al6016 and Al5182 alloys were taken off from 1 mm thick plates (compositions are
given in Table 1), and were used as brazing substrates since they are of interest in many industrial
applications, such as automotive components for Body in white (BIW).

Table 1. Chemical composition of the Al alloys used as substrates [15].

Alloy
Elements (wt %)

Si Fe Cu Mn Mg Cr Zn Ti Al

Al6016 1.00–1.50 0.50 0.20 0.20 0.26–0.60 0.10 0.20 0.15 rem
Al5182 0.20 0.35 0.15 0.20–0.50 4.00–5.00 0.10 0.25 0.10 rem
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Pure zinc (Zn, Lucas MilhauptTM, Cudahy, WI, USA.) and ZAMA (Al 3.9%–4.3%, Cu 0.75%–1.25%;
Mg 0.03%–0.06%; Fe 0.05%; Pb 0.005%; Sn 0.002%; Cd 0.005%; Zn rem; Dynacast Italia SpA, Grosso-TO,
Italy) alloy were used as brazing alloys. Zn was selected for its high chemical affinity for Al and for the
good results obtained in the past for the brazing of Al6016 to Al foams by the authors [7]. ZAMA was
tested for the first time in the present research work as possible brazing material.

Different surface preparations have been considered in order to investigate surface reactions and
possible optimization strategies for brazing. In fact, aluminum alloys spontaneously passivate by a
surface oxide layer which could hamper surface reactivity and brazing effectiveness because of its
inertness and high melting temperature. In order to favor the brazing process, the surface oxide layer
should be removed.

The surface of all the specimens was activated with mechanical oxide removing by abrasive
paper grinding (320 grit), and cleaned by ultrasonic washing in ethanol (10 min, 60 ◦C). This was the
preparation of the first set of specimens (1).

In the second set of specimens the brazing was effected with the addition of a cesium
fluoroaluminate containing flux (FLUX-AL6, Stella Welding, Albizzate (VA), Italy).

In the third one, a surface of each specimen was vacuum plasma Ar etched (15 min, 200 W in
radio frequency (RF), operating pressure 1 Pa. The instrument used was a Kenosistec™ (Binasco,
Italy)sputtering equipped with three confocal three inches cathode), then Zn coated by sputtering
(30 min, 100 W in direct current (DC), operating pressure 6 × 10−1 Pa), with the same instrument.

The application of flux is adopted for a more effective surface oxide layer removal and to avoid its
restoration, as described in [3,4,7,13]. Analogously, Ar-plasma etching guarantees a complete surface
cleaning and deoxidation as it has been reported by Hu et al. [9]. In this research, plasma etching has
been coupled with the deposition (in the same atmosphere and reaction chamber) of a Zn layer, with
the aim to facilitate the interaction with Zn-based brazing alloys and avoid surface reoxidation.

In this research the brazing process conditions have been simulated (atmosphere, time, temperature)
and the samples considered for the test were constituted only from the substrate and the brazing
material, in the form of strips or flatten chips, placed on the top surface of the substrate (~0.16 g of
brazing alloys were considered as suggested by Dai et al. [4])

The brazing process was conducted in a tubular furnace (Carbolite, Hope Valley, UK) in an Ar
atmosphere with a heating rate of 10 ◦C/min and a dwell time of 5 min. The Ar atmosphere was
chosen to prevent high temperature surface oxidation phenomena. The temperature of 480 ◦C has
been selected for brazing experiments with pure zinc, while the temperature of 520 ◦C has been used
for experiments with ZAMA. Preliminary reduced set of experiments were conducted to evaluate the
best temperature and time for the chosen alloys.

Surface reactions between selected substrates and brazing alloys were investigated by means of
spreading tests, as described by numerous authors [4,12,16–18]: The samples were macroscopically
observed in order to determine the shape of the brazing alloy after treatment and to determine (in a
semiquantitative way) the entity of spreading. Moreover, the samples were transversally cut and one
half of each sample metallographically prepared to analyze the cross-section at the optical microscope
(Reichert-Jung MeF3, Leica Microsystems Srl, Buccinasco (MI), Italy) and to investigate the brazing
alloy–substrate interface without etching. The Vickers micro hardness (10 g load—Remet HX 1000,
Remet, Casalecchio di Reno (BO), Italy) was measured in correspondence of the brazing alloy–substrate
interface (reaction layer) and in the bulk substrate material. X-ray diffraction ((XRD) Rigaku D-MAX3,
Rigaku Europe SE, Neu-Isenburg, Germany) measurements were performed on the frontal surface of
the second half of each sample in order to detect the phases present on the surface after the simulating
brazing process.

Finally, the cross-section of the most promising samples was analyzed by means of
field emission scanning electron microscopy equipped with field-emission scanning electron
microscopy–energy-dispersive spectroscopy (FESEM-EDS, SUPRATM 40, Zeiss, Berlin, Germany).
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The setup of the spreading test, developed in the present research, and the combination of different
analytical techniques for the characterization of the top surface and the cross-section of the prepared
samples have been demonstrated an effective procedure in order to understand the interface reactions
between Al substrates and brazing materials. This investigation can be employed for the design and
realization of promising brazing experiments.

A scheme of the test procedure and rationale is reported in Figure 1.

Figure 1. Scheme of the research setup and rationale.

3. Results

3.1. Macroscopic Appearance of Samples before and after Simulating Brazing

The comparison of the visual appearance of the top surfaces before and after the spreading test
allows to observe the shape of the brazing alloy after treatment and to determine (in a semiquantitative
way) the entity of spreading. This is a first indication of the reactions occurred during the treatment.
Moreover the qualitative estimation of the adhesion strength between the substrates and the brazing
materials after the test can be helpful for the determination of the stability of the produced reaction
layers. Specific comments on the obtained results are reported below. The macroscopic appearance of
samples before and after brazing is shown in Figure 2.

Even if it is not possible to quantify the variation in the brazing material area, some preliminary
considerations can be made from the images in Figure 2:

• The alteration in the brazing alloy piece shape suggests the formation of a certain amount of liquid
during the spreading testing in all the tested conditions.

• Depending on the amount of the formed liquid and on high temperature wettability of the brazing
alloy on the substrate, a different shape of the solidified brazing alloy can be observed.

• In the cases of Al5182 substrate treated with flux and ZAMA brazing alloy and for Al6016 substrate
treated with flux with both Zn and ZAMA brazing alloys, the brazing material assumed a drop-like
shape after the treatment.

• In the case of Al5182 and Al6016 treated with flux, the ZAMA brazing stripes assumed a rounded
particle shape after the test. The formation of these ZAMA particles came from the formation
of liquid drops during the experiment which does not wet the substrate (poor wettability of
the substrate for the liquid ZAMA at the selected temperature). This phenomenon can be
associated with the behavior of flux at the selected temperature, which induces poor wettability
for liquid ZAMA.
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• For all the other substrate-brazing alloy combinations, the brazing materials maintain the initial
strip shape with some spreading.

Moreover some differences can be evidenced in the adhesion strength of the brazing materials on
the substrates:

• Zinc on just-cleaned Al6016 and on cleaned and flux-covered Al5182 substrates is easily removed
after the treatment without evident signs on the substrates.

• Both Zinc and ZAMA alloy are removed from Zn-sputtered substrates, however leaving important
tracks on the substrates.

• A good adhesion of the brazing material on the substrates have been observed, after the thermal
treatment, for Zinc on Al6016 alloy treated with flux and ZAMA alloy on Al6016 just-cleaned and
treated with flux as well as on Al5182 just-cleaned.

Figure 2. Macroscopic appearance of samples before and after brazing. (a) Al5182 substrate and
(b) Al6016 substrate. Scale bar: 1 cm.

3.2. Metallographic Observations of the Cross-Sections

The observation at the optical microscope of the samples cross-section after metallographic
preparation (resin mounting, mirror polishing, and no etching) is a useful strategy to investigate
the thickness and the microstructure of the reaction layers and the quality of the interface produced
between the substrate and the brazing material during the treatment. The optical microscope images of
the transverse section of the samples are reported in Figure 3. The main observations are listed below.

• No evident reaction layers can be observed in case of the simulating brazing tests with Pure Zinc
on both just-cleaned Al6016 and Al5182 alloys.

• A moderate reaction layer (less than 100 μm) can be noted for the pure Zinc and the ZAMA on
Zn-sputtered Al6016 substrates.
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• In the cases of pure Zinc and ZAMA on Al5182 alloy substrate treated with flux, the brazing alloy
formed drops without a continuous interface with the substrate and without evident reaction
layer. A discontinuous reaction zone with evident melt and solidified brazing alloy pieces can be
documented for ZAMA on Al6016 treated with flux.

• Zinc on Al6016 treated with flux forms spread drops with a continuous interface with the substrate
and an evident reaction layer (hundreds of microns).

• Important reaction can be documented also for Zinc on Zn-sputtered Al5182 substrate and for
ZAMA on just-cleaned Al5182 substrate; in these samples the reaction layer is homogeneous
on the whole surface (hundreds of microns in thickness) and presents the typical appearance of
melt and resolidified metal with evident grains, well-visible because of the remarkable amount of
porosity, probably connected with liquid shrinkage.

• Finally a continuous, but thinner than on Al5182 (less than 100 μm), reaction layer can be observed
for ZAMA on just-cleaned Al6016 sample.

These results are in accordance with the previously reported macroscopic observations.

 

Figure 3. Optical microscope images of the transverse section of the samples (no etching): (a) Zn as
brazing material; (b) ZAMA as brazing material.
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3.3. Microhardness Measurements on the Cross-Sections

Microhardness measurements, performed on the most representative zones of the metallographic
transverse samples after brazing, are reported in Table 2. These values give information on the hardness
properties of the microconstituents in the melted zones, on reaction layers and on the base materials
after the spreading tests.

Table 2. Microhardness measurements.

HV0.01

Substrate
Brazing Alloy: Pure Zn Brazing Alloy: ZAMA5

1 (clean) 2 (flux) 3 (Zn sput) 1 (clean) 2 (flux) 3 (Zn sput)

Al5182 Surf. 39
Bulk 41

Drop 35
Bulk 43

Surf. 62
Bulk 42

Surf. 68
Interf. 55
Bulk 41

Drop 51
Bulk 37

Surf. 78
Interf. 78
Bulk 42

Al6016 Surf. 46
Bulk 43

Drop 72
Interf. 73
Bulk 44

Surf. 39
Bulk 40

Surf. 64
Interf. 68
Bulk 44

Surf. 73
Interf. 79
Bulk 44

Surf. 44
Interf. 33
Bulk 43

The microhardness values of the bulk materials (after brazing) are between 37 and 44. A significant
increase in the surface hardness can be observed for Al5182 Zn-sputtered and Al6016 treated with flux
after the use of pure Zn as brazing alloy (reaching values of 62 and 72, respectively) and for almost
all the considered surfaces after the use of ZAMA as brazing alloy (values ranging from 64 for clean
Al6016 to 78 for Zn-sputtered Al5182).

Also in this case the results confirm macroscopic and optical observations; in presence of significant
reactions between the brazing alloy and the substrate, an important increase of hardness in the reaction
surface was obtained. The increase in microhardness in the reaction layer, compared to the bulk Al-alloy
substrate, can be attributed to the contribution of Zn to the Al solid solution and to second phase
formation in the reaction layer (observed at the optical microscope). The effect of zinc oxides (observed
only on the outer surface of some samples by means of XRD measurements) can be considered
negligible on hardness measurements.

3.4. XRD Measurements on the Top Surface

XRD measurements on the top surfaces of samples after the simulated brazing treatment were
performed in order to investigate the possible presence of intermediate phases, formed during
the reaction between the substrates and the brazing materials through the detection of specific
crystallographic structures on a thin layer of the surface (micron).

The XRD measurements (Figures 4 and 5) show that the Al5182 and Al6016 specimens with
just-cleaned surfaces, the Al5182 once treated with flux and Al6016 sputtered with Zn present Al as the
main phase on the surface after the spreading test, with negligible contribution of Zn. An increase
in the Zn surface content (with the consequent decrease intensity of Al peaks ) can be observed for
Al6016 specimens treated with flux and for Zn-sputtered Al5182 once after the spreading test with Zn
and for all the substrates after the spreading test with ZAMA. Moreover Zn-sputtered Al5182 samples
after the spreading test with Zn and Al5182 just-cleaned or Zn sputtered after the spreading test with
ZAMA highlight the presence of intermediate phases of binary and ternary phase diagrams such as
Al40Zn60, Al70Zn30, Cu1.44MgSi0.56, Al25Mg37.5Zn37.5, and Mg32(Al, Zn)49.
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Figure 4. XRD spectra of the top surface of samples after the “spreading test”. (Zn as brazing material.):
(a) Al 5182 substrate; (b) Al 6016 substrate.

 

Figure 5. XRD spectra of the top surface of samples after the “spreading test”. (ZAMA as brazing
material.): (a) Al 5182 substrate; (b) Al 6016 substrate.
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Minor peaks can be observed in some of the reported diffractograms but in the present study
their influence can be considered negligible to understand the mechanism of reaction and formation of
reaction layers. They are only present in a very thin surface layer (micron).

These results can be integrated with the microprobe analysis to better define the phases formed
during the spreading tests (Section 3.5).

The detection of Zn rich phases, by means of XRD analyses on the top surface of the samples,
in presence of significant reaction layers (hundreds of microns) observed at the optical microscope
on the transverse sections, confirms the thickness of the reactions layers in accordance to XRD
penetration depth.

XRD spectra of samples after the “spreading” test are reported in Figure 4 (Zn as brazing material)
and Figure 5 (ZAMA as brazing material).

3.5. FESEM-EDS Analyses

FESEM-EDS analyses on the cross-section of the samples have been performed on the most
promising samples in order to obtain indications of the chemical elements and of their rates in specific
areas of the reaction layer and interfaces and support the formation of specific intermediate phases
(hypothesized from XRD analyses, reported above).

The transverse section of samples, evidencing good brazing effect, was observed by means of
FESEM-EDS analyses. FESEM cross-sectional observations and EDS analyses of selected areas for
Al6016 flux-Zn (Figure 6), Al5182-Zn-sput-Zn (Figure 7), Al6016-ZAMA (Figure 8), and Al5182-ZAMA
(Figure 9) are reported.

In the simulated brazing process of the Al6016 alloy with Zn using flux, liquid drops were formed
that did not spread on the surface but kept the rounded shape. However, the liquid reacted locally with
the aluminium plate causing its partial melting. The microstructure resulting from solidification of the
liquid was of dendritic type, especially in the part of the drop outside the plate, where the heat removal
rates were lower (Figure 6a). The metallographic observations carried out at the interface between the
molten zone and the bulk material of the plate showed a biphasic morphology in the material solidified
by the liquid (Figure 6b) and the microanalytical investigations (Figure 6c) confirmed the presence
of phase β’(Al70Zn30) rich in aluminium (areas 1 and 3 of investigation) and the phase rich in zinc
(area 2 of investigation). At the interface between the pre-existing drop and the aluminium plate the
microanalytical results show a much richer composition in aluminium, with a higher temperature of
existence of the liquid, then solidified, but compatible with the chosen brazing treatment temperatures.

 
Figure 6. Field-emission scanning electron microscopy–energy-dispersive spectroscopy (FESEM-EDS)
analyses of Al6016-flux-Zn. (a) Micrograph of the drop/reaction layer; (b) magnification of the reaction
layer/interface; and (c) semiquantitative EDS analyses of selected area evidenced in panel (b).

97



Coatings 2019, 9, 459

 
Figure 7. FESEM-EDS analyses of Al5182 Zn-sput-Zn. (a) Micrograph of the reaction layer;
(b) magnification of the reaction layer/interface; and (c) semiquantitative EDS analyses of selected areas
evidenced in panel (b).

 
Figure 8. FESEM-EDS analyses of Al6016-ZAMA. (a) Micrograph of the reaction layer and (b)
semiquantitative EDS analyses of selected areas evidenced in panel (a).

Figure 9. FESEM-EDS analyses of Al5182-ZAMA. (a) Low magnification micrograph of transverse
section reaction/layer substrate interface; (b) high magnification of the reaction zone; and (c)
semiquantitative EDS analyses of selected areas evidenced in panel (b).
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It should also be noted that the biphasic dendritic microstructure observable in the solidified zone
during cooling after brazing is markedly extended in the drop zone, above the level of the plate surface.
This means that the molten zinc has reacted with the plate, enriching itself in aluminium, and therefore
decreasing the temperature of existence of the liquid mixture, in accordance with the Al-Zn binary
state diagram.

As far as Al5182 Zn-sput-Zn sample is concerned, the images shown refer to the surface layer and
the first reaction layer (Figure 7a) passage between reaction layer and matrix (Figure 7b).

In this sample an homogeneous superficial reaction layer (without drop formation) is observed in
which biphasic morphologies with grains of metal matrix of the plate are detectable by optical and
electronic microscopy separated from eutectic mixtures whose quantity progressively decreases from
the outside towards the inside in the reaction layer.

Point 1 evidences partially melted aluminium grains and mixed with Zn after solidification, point
2 links β’ with composition (70% Al and 30% Zn), point 3 shows grains of aluminium with only
incipient fusion and superficially enriched with Zn, and point 4 presents only traces of zinc diffusion.

The sample of the spreading test of the Al alloy 6016 simulating brazing with ZAMA alloy
(Figure 8) showed the formation of a liquid phase which showed a certain spreading on the surface.
The liquid reacted with the aluminium plate, enriched with aluminium itself and, after solidification,
as confirmed by the EDS analyses on the ZAMA strip after brazing (areas 5 and 6 in Figure 8) which
are in accordance to the Al-Zn phase diagram. The interface between the brazing alloy and the surface
of the plate shows marked longitudinal cracks that have compromised the relative adhesiveness and
soundness of the joint. Below these cracks the reaction and diffusion layer of the ZAMA brazing alloy
with the aluminium plate can be identified. While at the microstructural level there are no detectable
grain boundaries or microstructures, at compositional level the microprobe investigations, carried
out on the reduced areas (1–4), show a progressive decrease of zinc and a consequent increase in
aluminium content going towards the center of the plate, for a thickness of ~110 μm.

The sample of the spreading test of the Al alloy 5182 simulating brazing with ZAMA alloy (Figure 9)
shows a continuous surface layer or reaction 100 micrometers thick and a zone, evidenced in Figure 9a)
with a deeper reaction. This region at higher magnification (Figure 9b) shows a morphology produced
from solidification with grains surrounded from a fine eutectic microstructure. The microanalyses
conducted in the single-phase microstructure, area 1, evidences an Al–Zn ratio of 70:30, while in
the single-phase of area 4, at the boundary of the reaction zone, a certain amount of zinc diffuse in
Al–Mg plate. In the eutectic microstructure a remarkable amount of zinc is detected (area of analysis 2)
together with a high amount of magnesium (area 3 of analysis).

4. Discussion

The “spreading test” has been designed in order to investigate the interface reactions between two
Al alloys substrates (Al5182 and Al6016) and two possible brazing materials (pure Zinc and ZAMA5
alloy) in simulated brazing conditions.

The test gave information on the interactions between the substrate and the brazing material in
terms of: formation of brazing material drops and their shape/dimension, development of a diffusion
layer at the interface and formation of a reaction layer on the substrate surface. The analyses of these
information, by means of visual, optical, and electron microscopy observations and microhardness and
XRD measurements allowed understanding of the reactions that occur between the brazing material
and the substrate at brazing temperature and to individuate the most promising conditions for real
brazing experiments.

In the present research several surface treatments (grinding and ultrasonic cleaning, application
of flux or argon etching followed by Zn sputtering) were explored in order to remove the oxide layer
(constituted by Al or Mg oxides) always present onto Al alloys with the aim to improve surface
reactivity for brazing. Moreover simulated brazing experiments were conducted in Ar atmosphere in
order to avoid significant reoxidation in temperature. Few nanometers of oxides can be formed in any
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case during the thermal treatment even in controlled atmosphere; however this fact is limited and
occurs simultaneously to the liquid formation and the beginning of the substrate-brazing material
interaction, therefore its effect can be considered negligible in the formation of the interface layer.

The results suggest that zinc oxides, sometime observed by means of XRD measurements, did not
hamper the formation of the reaction layer.

Considering pure zinc as brazing material the most important reactions were obtained for Al6016
plates treated with flux, in accordance with previous researches of the authors [7].

Good surface reaction was also obtained for Zn-sputtered Al5182. This family (5000) showed the
worst brazing properties, as reported in some papers [3,4,12,13], for the negative influence of the stable
MgO formation in the reaction layer. The vacuum Ar etching effectively removed the Mg oxide layer,
and the presence of the sputtered Zn layer avoids the reaction of the Mg of the plate with the oxygen
(avoiding reoxidation), while it favors the reaction of the rich Zn liquid formed during the simulating
brazing process. The Zn coating can therefore offer a promising solution in order to overcome the
common difficulties in the brazing of 5xxx Al alloys.

Taking into account the ZAMA alloy strips as brazing material, it showed high reactivity with the
Al substrate in the grinded or Zn sputtered conditions. This phenomenon can be explained considering
the high solubility of Cu in Al and to the high reactivity of Cu and Mg towards Al, previously observed
by the authors [8]. The most important reaction layers were obtained for just-cleaned surfaces and
Zn-sputtered Al5182.

In these cases, reaction layers of hundreds of microns in thickness were reached, with Zn diffusion
into the aluminum substrates (as demonstrated by optical microscopy observations, Figure 3, and
FESEM-EDS analyses, Figures 8 and 9) and the formation of Zn-rich phases (as detected by XRD,
Figure 5).

However, in this case the application of flux on the substrate did not improve the interaction
between Al alloys and the brazing materials; in fact, sometimes it led to a more discontinuous reaction
layer or hampered its formation.

Considering the comparison of the different characterization techniques, the main results and
observations of the present research can be summarized as in the following.

In some cases, the macroscopic observation of the surface of the specimens (Figure 2) showed
moderate variations in the sample appearance with an easy removal of the brazing strips from the
substrate, an absence of significant reaction layer at the interface between substrate and brazing
materials as also observed at the optical microscope (Figure 3) as well as a variation in the surface
microhardness (Table 2) and a presence, almost exclusive, of aluminum in the XRD spectra (Figure 5).
These are the cases of just-cleaned Al5182 and Al6016, Al5182 treated with flux and Zn-sputtered
Al6016 in contact with pure Zn. These conditions can be considered unsuitable for successful brazing.

On the other hand, when macroscopic observations of the surface of the specimens (Figure 2)
evidenced a significant alteration on the brazing strip shape (e.g., drop formation and strip depletion)
and its stable anchorage to the substrate, very important reaction layers where observed at the optical
microscope (Figure 3) together with a significant increase in surface microhardness (Table 2) and a
development of Zn-rich phases on the specimen surface, detected at XRD (Figures 4 and 5). These
are the cases of Zn sputtered Al5182 and flux treated Al6016 with pure Zinc and just-cleaned Al5182
and Al6016 and Zn sputtered Al5182 with ZAMA. These conditions can be considered suitable for
successful brazing.

In order to sum up the interface reactions that drive the substrate-brazing material interaction in
the here defined more promising conditions, the following explanations can be given. The mechanism
beyond the effectiveness of Ar etching followed by Zn sputtering is based on the removal of the
oxide layer (plasma etching) and the deposition of a protective layer (Zn sputtering) which avoid
reoxidation and, in addition increase the compatibility and the reactivity for Zn in the brazing process,
in accordance to what reported in the literature for Cu sputtered layers [9]. The use of flux act again
supporting the removal of the oxide layer and hampering is formation during brazing [7]. ZAMA
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alloy has been used for the first time in the present research work as possible brazing material, in this
case a high reactivity with just-cleaned Al alloys has been observed, according with the presence of Cu
and Mg [8]. The use of flux was less effective with this material; this phenomenon can be correlated
with the behavior of flux at the temperature used for spreading test with ZAMA, which can induce
poor wettability for liquid ZAMA.

FESEM investigations highlight different possible morphological/compositional typologies of
the reaction layers. For example, in the case of Zn on Al6016 treated with flux, the Zn strip formed
a liquid drop which penetrated in the substrate for hundreds of microns, however the diffusion of
zinc out of this drop interested a limited thickness (less than 50 μm), as shown in Figure 6. Differently,
in the case of ZAMA on just-cleaned Al6016 (Figure 8), the ZAMA strip produced a liquid which
solidified with different shape/dimension and produced detectable discontinuities. In this case the
penetration of the liquid into the substrate is more limited but the diffusion of zinc is more deep (more
than 100 μm). The presence of a mechanical and metallurgical continuity at the reaction layer can be of
interest in order to obtain joints with good mechanical properties. On the other hand, the presence
of some discontinuities can improve damping performances at the interface. The present research is
focused on the investigation of the reactions between the substrates and the brazing materials and
not on the development of a specific product, so at this level it is not possible to individuate a best
behavior among the above described ones.

In summary plasma etching with Argon followed by Zn-sputtering resulted effective in the
improvement of the reactivity between Al5182 substrates and pure zinc, offering a first promising
solution for the brazing of this aluminum alloy. On the other hand, this procedure did not result so
effective in the surface modification of Al6016. Moreover, ZAMA5 alloy has been explored for the first
time as possible brazing alloy with encouraging results for both Al5182 and Al6016, especially without
specific surface pre-treatments.

Both Ar plasma etching with Zn sputtering and the use of ZAMA alloy can represent interesting
solutions to obtain good brazing results avoiding the use of flux, which in some case can be difficult to
be removed and can increase brazing process times and cost [19].

5. Conclusions

The interaction between Al5182/Al6016 substrates with different surface preparations and Zn or
ZAMA alloy has been investigated in simulated brazing conditions. The application of flux was the
best strategy for the improvement of Al6016 reactivity with Zn; on the other hand, vacuum Ar plasma
etching followed by Zn sputtering was necessary for the Al5182 substrate. The ZAMA alloy presented
significant reactivity for both substrates without particular surface treatments, except cleaning. These
conditions appear promising for the brazing of Al6016 and Al5182 alloys and will be explored in
further research works.
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Abstract: Despite increasing interest in the use of natural biomolecules for different
applications, few attempts of coupling them to inorganic biomaterials are reported in literature.
Functionalization of metal implants with natural biomolecules could allow a local action, overcoming
the issue of low bioavailability through systemic administration. In the present work, gallic acid
was grafted to a pre-treated Ti6Al4V in order to improve its biological response in bone contact
applications. The grafting procedure was optimized by choosing the concentration of gallic acid
(1 mg/mL) and the solvent of the solution, which was used as a source for functionalization, in order to
maximize the amount of the grafted molecule on the titanium substrate. The functionalized surfaces
were characterized. The results showed that functionalization with Simulated Body Fluid (SBF) as
solvent medium was the most effective in terms of the amount and activity of the grafted biomolecule.
A key role of calcium ions in the grafting mechanism is suggested, involving the formation of
coordination compounds formed by way of gallic acid carboxylate and Ti–O− as oxygenated donor
groups. Bioactive behavior and surface charge of the pre-treated Ti6Al4V surface were conserved
after functionalization. The functionalized surface exposed a greater amount of OH groups and
showed higher wettability.

Keywords: titanium; gallic acid; polyphenols; surface functionalization; metal implants

1. Introduction

Polyphenols are organic molecules attracting more and more interest within the scientific
community and their application is studied in different fields like medicine, pharmacology, packaging,
food conservation and cosmetics. Polyphenols have anti-inflammatory, antioxidant, anticancer and
antibacterial effects [1–3]. They can also affect bone health, i.e., stimulating differentiation of healthy
osteoblasts [4] and promoting the apoptosis of osteosarcoma cells [5]. These molecules are also able to
influence bone density [6,7] and the in vitro deposition of hydroxyapatite [8,9].

Surface functionalization and coating with natural biomolecules is a material science emerging
field: Some attempts of coupling polyphenols to biomaterials are reported in literature till now and
they are briefly summarized below.

As far as nanoparticles functionalization is concerned, benzoic, caffeic, coumaric, ferulic and
syringic acids from plant extracts were linked to magnetic nanoparticles using polyethylene glycol
(PEG) as linker molecule [10]; quercetin was covalently linked to rare earth nanoparticles by means
of silane [11]; resveratrol was coupled with gold [12], polycaprolactone [13] and polycaprolactone
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(PCL)/collagen nanoparticles [4] and gallic acid were encapsulated in zein electrospun nanoparticles [14].
Concerning nanostructured substrates, apple polyphenols were encapsulated in a β-cyclodextrin
nanostructured sponge [15], rutine (present in plants such as those of the genus Citrus) was adsorbed
on mesoporous silica mesostructured MCM-41 type [16] and polyphenols from green tea leaves were
coupled with carbon nanotubes [17].

Considering polymers functionalization, the following biomolecules were grafted to fibers,
films or microspheres of chitosan: Flavonoids (by means of the tyrosine kinase enzyme) [18],
quercetin, tannic acid (by means of laccase enzyme) [19], caffeic acid [20], thyme polyphenols [21],
Zataria multiflora Boiss essential oil, extract of grape seeds [22], raspberry leaf, hawthorn, ivy, yarrow,
nettle and olive leaves [23]. Curcumin was physically encapsulated in polyurethane membranes [24].
Epigallocatechin gallate (EGCG) was used for functionalization of collagen fibers [25] while extract
of coriander was physically encapsulated in a bone graft material (biphasic calcium phosphate and
casein chitosan) [26].

Few researches considered inorganic materials as substrates for functionalization: Extract of
Gusuibu (Drynaria roosii) was covalently linked to calcium hydrogen phosphate [27];
natural polyphenols and pyrogallol were used as coating on stainless steel [28]. Silica-based bioactive
glasses and glass ceramics were successfully functionalized with gallic acid and natural extracts from
red grape skins and green tea leaves by the authors, as reported in previous papers [29,30].

New protocols for functionalization have to be developed if we change the substrate moving
towards titanium alloys. Surface modifications of titanium and its alloys, in order to confer bioactive
and antibacterial properties, are widely studied [31–33], but papers related to functionalization with
natural biomolecules are very few in number. The following biomolecules were coupled to titanium or
titanium dioxide substrates: Natural polyphenols and pyrogallol [28], quercetin [34], taxifolin [35],
rhamnogalacturonan-Is (RG-Is) isolated from potatoes and apples [36], lignin [37] and gallic acid esters
(namely, octyl-, decyl-, lauryl- and cetyl-gallate) [38].

In this work, a surface functionalization protocol has been optimized (selection of solvent
medium and pH, effects of Ca2+ ions in solutions, concentration of the source solution) in order
to graft a significant amount of gallic acid (GA) onto Ti6Al4V alloy surface, previously made
bioactive through a specific chemical treatment. Gallic acid (3,4,5-trihydroxybenzoic acid) is used
here as a model biomolecule for polyphenols. It shows antioxidant, neuroprotective and antitumor
abilities [39,40]. A preliminary characterization of the functionalized surfaces was performed by means
of the Folin–Ciocalteu photometric test and XPS (X-ray Photoelectron Spectroscopy) analysis, to verify
the presence and activity of the grafted GA. The in vitro bioactivity of the samples was investigated
by soaking in Simulated Body Fluid (SBF). Surface wettability and surface charge were evaluated by
means of contact angle and zeta potential measurements, respectively.

2. Materials and Methods

2.1. Surface Activation

Ti6Al4V disks (2 mm in thickness, 10 mm diameter, ASTM B348 [41], Gr5, Titanium Consulting
and Trading) were polished with SiC paper (up to 4000 grid) and washed in an ultrasonic bath (5 min in
acetone and twice 10 min in ultrapure water).

In order to induce bioactive behavior and high density of hydroxyl groups on the surface,
suitable for the further surface functionalization, the titanium substrate underwent a specific patented
chemical treatment [42,43]. It includes a first acid etching in hydrofluoric acid and a subsequent
controlled oxidation. After this treatment, the samples were exposed for 1 h to UV in order to make
the surface more reactive [44]. From now on, the samples treated as above described will be named as
“chemically-treated—CT”.
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2.2. Surface Functionalization

Gallic acid (3,4,5-Trihydroxybenzoic acid, GA, 97.5–102.5% titration, G7384, Sigma-Aldrich,
St. Louis, MO, USA) was employed for functionalization as model molecule for polyphenols.
This molecule was selected because of its simple structure and extensive literature available on it.

For surface functionalization, source solutions with two different concentrations of the biomolecule
(1 and 2 mg/mL) in 3 media (namely, ultrapure water—W, Phosphate Buffered Saline—PBS and
Simulated Body Fluid—SBF) were prepared. PBS (PBS, Sigma-Aldrich, P4417) was prepared by
dissolving 1 tab (2 g) in 200 mL of ultrapure water, while SBF was prepared according to the protocol
described by Kokubo [45].

Each sample, after the above described chemical treatment and UV irradiation (CT), was put in a
holder with 5 mL of the selected GA solution in the dark for 8 h at 37 ◦C. After the incubation, the samples
were washed two times with a quick immersion in ultrapure water, dried at room temperature and
preserved in the dark. The nomenclature of the source solutions and of the functionalized samples is
reported in Table 1.

Table 1. Acronyms and a brief description of the source solutions and of the functionalized samples.

Sample Acronym Sample Description

WATER + GA_1 Solution 1 mg/mL of Gallic acid in ultrapure water
WATER + GA_2 Solution 2 mg/mL of Gallic acid in ultrapure water

SBF + GA_1 Solution 1 mg/mL of Gallic acid in SBF
SBF + GA_2 Solution 2 mg/mL of Gallic acid in SBF
PBS + GA_1 Solution 1 mg/mL of Gallic acid in PBS
PBS + GA_2 Solution 2 mg/mL of Gallic acid in PBS

CT Ti6Al4V sample chemical treated and UV irradiated
CT_GA_W_1 CT sample functionalized with solution 1 mg/mL of Gallic acid in ultrapure water
CT_GA_W_2 CT sample functionalized with solution 2 mg/mL of Gallic acid in ultrapure water

CT_GA_SBF_1 CT sample functionalized with solution 1 mg/mL of Gallic acid in SBF
CT_GA_SBF_2 CT sample functionalized with solution 2 mg/mL of Gallic acid in SBF
CT_GA_PBS_1 CT sample functionalized with solution 1 mg/mL of Gallic acid in PBS
CT_GA_PBS_2 CT sample functionalized with solution 2 mg/mL of Gallic acid in PBS

2.3. Detection of the Grafted Biomolecule

The presence and activity of GA on the surface of the functionalized samples were investigated
by means of the Folin–Ciocalteu test (F&C) and by means of X-ray Photoelectron Spectroscopy (XPS).

The F&C test measures the redox reactivity of phenolic substances and give a quantification of
their amount using a calibration curve obtained with GA as standard [29]. The test was performed on
the source solution (before and after functionalization) and on the functionalized samples as reported
in previous works [29,30,46]. This analysis was performed in triplicate and statistical analysis was
obtained through ANOVA one-way test (p < 0.05).

As far as XPS analyses (XPS, PHI 5000 VERSAPROBE, Physical Electronics, Chigasaki, Japan)
are concerned, both the survey spectra and high-resolution analyses of carbon and oxygen regions
were performed to determine the chemical composition of the surface, the elemental chemical state of
and to identify the functional groups exposed on the surface. The results were used to define the best
functionalization medium and the best concentration of the source solution for optimization of the
functionalization protocol.

2.4. Contact Angle Measurements

In order to evaluate surface wettability, contact angle measurements were performed by the
sessile drop method before and after functionalization with ultrapure water. A heating microscope
(Misura®, Modena, Italy, Expert System Solutions) at room temperature, was used for the acquisition of
images and the contact angle value was obtained by images elaboration with Image J (version 1.47) software.
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2.5. In Vitro Apatite-Forming Ability Tests (Bioactive Behavior)

The apatite-forming ability of the samples before and after functionalization was investigated by
soaking the samples in SBF. Two specimens for each type of sample were soaked in the dark in 25 mL of
SBF, prepared according to the protocol developed by Kokubo and Takadama [47], at 37 ◦C up to 28 days.

2.6. Field Emission Scanning Electron Microscopy (FESEM) Observations and Energy Dispersive Spectroscopy
(EDS) Analyses

After soaking in SBF, eventual deposition of hydroxyapatite on the surfaces was observed by
means of Field Emission Scanning Electron Microscopy equipped with Energy Dispersive Spectroscopy
(FESEM-EDS SUPRATM 40, Zeiss and Merlin Gemini Zeiss, Cohen, Germany). Samples have been
observed without metallization.

2.7. Electro-Kinetic Measurements

The zeta potential of the samples in function of pH was analyzed by means of electro-kinetic
measurements (SurPASS, Anton Paar, Graz, Austria) using 0.001 M KCl as electrolyte. Basic and acid
titrations are two separate measurements performed varying the pH by the addition of 0.05 M HCl or
0.05 M NaOH, respectively, through the automatic titration unit of the instrument.

3. Results and Discussion

3.1. pH Measurements

The pH values of the solutions before (source solutions) and after (uptake solutions) the procedure
of functionalization were measured and the color was observed (Table 2).

Table 2. pH values of the source and uptake solutions.

Solution pH Color of the Solution

WATER + GA_1
(Source) 3.35 ± 0.04 Colorless

WATER + GA_2
(Source) 3.17 ± 0.04 Colorless

SBF + GA_1 (Source) 7.45 ± 0.10 Blue
SBF + GA_2 (Source) 7.10 ±0.11 Blue
PBS + GA_1 (Source) 6.17 ±0.09 Colorless
PBS + GA_2 (Source) 4.60 ±0.12 Colorless

WATER + GA_1 (Uptake) 3.36 ± 0.01 Colorless
WATER + GA_2 (Uptake) 3.15 ± 0.04 Light yellow

SBF + GA_1 (Uptake) 7.22 ± 0.04 Blue
SBF + GA_2 (Uptake) 6.71 ± 0.08 Blue
PBS + GA_1 (Uptake) 6.05 ± 0.07 Light yellow
PBS + GA_2 (Uptake) 4.49 ± 0.04 Colorless

The pH values and color are significant parameters for the solutions containing polyphenols,
because they give a first indication of the chemical state of the biomolecules. The electronic absorption
spectra of polyphenols are strongly dependent on the medium used for their dissolution, the presence
of electro-donating of electron-withdrawing substituents such as metal ions and formation of a pH
dependent resonance form [48].

In order to allow the binding of a significant amount of biomolecules to the surface, the protocol
of functionalization used in this research was developed from previous works of the authors [29,30]
and from literature data [28]. The previous works of the authors concern surface functionalization
of bioactive glasses and glass ceramics. A protocol of functionalization was elaborated over time in
order to optimize grafting of the biomolecules on the glasses avoiding degradation of the biomolecules
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themselves. In the case of bioactive glasses, the main issue is the regulation of pH avoiding a too strong
alkalization induced by massive ion release from bioactive glasses in water-based media. This work is
focused on titanium surfaces and a different protocol must be developed.

In this case, ion release from the substrate into water-based media is almost negligible and
consequently pH of the functionalization solution during sample soaking remains close to the initial
one. In this case, in order to maximize the reactivity of polyphenols and their ability to be bond to the
surface, both pH and ionic composition of the solution should be optimized in order to favor surface
grafting. This specific point is the topic of the present research work.

The source water solutions of GA were slightly acidic (pH is around 3) and they did not change in
a significant way after incubation of the samples. These solutions were colorless, due to the acidic pH
and the absence of metal cations (necessary for the formation of colored complexes with GA) [48,49].
The uptake solution WATER + GA_2 evidenced a slight change of color, turning from colorless to
light yellow. This phenomenon can be associated with the release of few Ti4+ ions in the solution
and the consequent formation of gallic acid titanium complexes which can be yellow colored [50].
Within this range of pH, deprotonation of GA is not enhanced significantly. PBS and SBF were
utilized as alternative media for the source solutions of GA in order to perform functionalization at
pH values higher than 4: Pure PBS and SBF media have both a pH value of 7.40 [51,52]. At this pH,
deprotonation of the carboxylic group of the biomolecule is induced and grafting to the surface can be
improved [53]. However, pH of the source solution should not be higher than 10 to avoid immediate
and irreversible oxidative degradation (shift from phenol to quinone groups) of GA. It is also important
to set and control the time of incubation, because a long permanence at pH values exceeding 7.40 leads
to a slow degradation of the molecule [48].

For the PBS solutions, the pH values of the source solutions PBS +GA_1 and PBS +GA_2 were 6.17
and 4.60 respectively and they remained almost unchanged in the uptake solutions. The source PBS+GA
solutions were colorless, which can be attributed both to pH which was lower than 7.40 upon GA
additions, and to the absence of metal cations [48,49]. For the uptake solution with 1 mg/mL of GA
(Uptake PBS + GA_1), a light-yellow color appeared after functionalization: This was not completely
unexpected, because a small oxidative degradation of gallic acid can be caused by a number of
environmental factors. It must be also underlined that PBS did not have an effective buffer action on
pH and a clear trend in behavior of PBS solution was not observed.

In the SBF solutions, the deprotonation of carboxylic acid was also improved by the presence of
calcium cations that were not present in PBS solution. The source solution SBF + GA_2 showed a slight
decrease of pH down to 7.10 with respect to pure SBF because of the addition of GA. The source and
uptake solutions with a GA concentration of 2 mg/mL show a higher decrease of pH: This was due to
the tendency of GA, which was present in a higher amount, to dissociate, producing H+ ions.

All the solutions of GA in SBF were blue because of the deprotonation of the carboxylic group and
the tendency of the polyphenols to form complexes with metal cations (e.g., Ca2+). The investigation
of the role of calcium in functionalization of surfaces with polyphenols was as first preliminary
performed by using a simple water medium containing only CaCl2 (with Ca2+ ions in the same
concentration of SBF), a solution of buffer (Tris(hydroxymethyl)aminomethane (TRIS)/HCl) and a
solution containing both. It has been observed that the presence of Ca2+ ions is crucial for GA binding
on CT surfaces. In fact, the use of a buffer (TRIS/HCl) without Ca2+ is not sufficient for an effective
functionalization (unpublished results). The preliminary test performed evidenced a blue coloration of
the functionalization solution prepared with CaCl2 and TRIS/HCl buffer which suggest the formation
of GA-Ca2+ complexes in the solution. The first functionalization trial of CT surfaces with these
solutions suggests a crucial role of GA-Ca2+ complexes for an effective grafting of GA to titanium
surfaces and it was investigated in details in this work.

The time of incubation is a constant throughout this work (8 h) and it was selected as a compromise
among different issues: Maximization of the amount of the grafted biomolecule, reasonable process
time, avoiding corrosion of the substrate in the case of source solutions prepared with water as medium
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(pH around 3) and avoiding degradation of the biomolecule at physiological pH (close to 7.4) in the
case of source solutions prepared with PBS and SBF as media.

3.2. Biomolecule Detection

Figure 1a shows the concentration of GA in the source solutions quantified by way of the F&C
test. The values obtained were comparable with the nominal concentrations, confirming that GA
was stable in the chosen solvents, at least for the time necessary for the selected protocol. Only the
solution PBS + GA_2 shows a concentration lower than the nominal one and it could indicate an initial
degradation of the biomolecule not evidenced by a color change. The analyses on the uptake solutions
did not highlight a significant lowering of the concentration of GA compared to that of the source
solutions: The amount of the grafted GA was too low to be detected by this way. The photometric
analyses performed on the functionalized samples showed the presence of GA on all the surfaces.
As first, the tendency of the polyphenols to bind to the surfaces exposed to aqueous solutions reported
in literature was confirmed [28,54].

Figure 1. Results of the Folin–Ciocalteu test for quantification of gallic acid in (a) source solutions and
on (b) functionalized samples (* p < 0.05, ** p < 0.5).

Figure 1b highlights a statistically significant greater amount of GA grafted on the samples
functionalized in SBF+GA with respect to the samples WATER+GA and the samples PBS+GA (p< 0.05)
comparing the samples treated with the same GA concentration. The difference of polyphenol
concentration on the surfaces treated with the two different concentrations of GA in the same
solvent has a low statistical significance (p > 0.05). This observation suggests that, in the reported
functionalization conditions, the surface reactive sites, available for GA grafting, are almost completely
saturated upon contact with 1 mg/mL solutions.

The atomic percentages of the elements detected on the surface of the Ti6Al4V samples by means
of XPS survey analyses, after functionalization from different source solutions, are reported in Table 3.

Table 3. Atomic percentages of the elements detected on the samples by XPS survey analyses.
(Uncertainty of measurements 0.5 at.%–1 at.%).

Elements
[at.%]

Samples

CT
CT_GA_

W_1
CT_GA_

W_2
CT_GA_

PBS_1
CT_GA_

PBS_2
CT_GA_

SBF_1
CT_GA_

SBF_2

O 57.0 52.6 49.6 59.0 55.5 44.7 47.8
C 19.0 29.9 31.8 19.1 20.2 45.2 39.1
Ti 18.2 15.9 14.9 15.6 15.6 6.6 8.7
Ca – – – 0.8 – 3.5 3.2

Others 5.8 1.6 3.8 – 5.4 – 8.7

A certain amount of carbon can be detected on the CT samples due to unavoidable contaminations
on the titanium surfaces [55]. A moderate increase of the carbon content can be observed on the
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samples functionalized in water solutions (CT_GA_W_1 and CT_GA_W_2) and a higher one on the
samples functionalized in SBF solutions (CT_GA_SBF_1 and CT_GA_SBF_2). On the other hand,
a negligible variation of the surface carbon content can be detected on the samples functionalized
in PBS (CT_GA_PBS_1 and CT_GA_PBS_2). The increase of the surface carbon can be correlated to
grafting of GA and the results are in agreement with the results of the Folin–Ciocalteu test.

A not negligible amount of calcium ion was detected on the samples functionalized in SBF
(CT_GA_SBF_1, CT_GA_SBF_2) while negligible amount of calcium ion was observed on one sample
functionalized in PBS (CT_GA_PBS_1): In this case, due to the very low amount and absence in PBS
solution (at least theoretically), it can be considered a contamination. The presence of calcium on the
samples incubated in the source solutions with SBF as medium, can be related to the GA ability to bind this
element [8,30] within a complexation reaction [49,56]. It is reported [48,56] that polyphenols are prone to
give complexation reactions in solutions containing metal ions; the structure of the coordination compounds
can be different depending on the pH of the solution. At pH values higher than 6 can be hypothesized
that a heterogeneous ternary coordination compound is formed with the metal ions in a central position.
The complex compound formation can involve both the carboxylate ion of GA and Ti–O− as donor groups.
The formation of the coordination compound influences the chemical reactivity of polyphenols, for instance
they are able to polymerize and to form coatings [56,57]: Particularly, in the present case it is shown that they
were much more prone to be grafted on a surface. The possible formation of the complex and its binding to
the surface is reported in Figure 2.

Figure 2. Scheme of the possible binding of gallic acid with the titanium alloy surface and Ca (II).
Only the planar coordination is reported.

At pH 7.40, the GA (in the gallate chemical form, with the carboxylic group deprotonated)
was bound to the alloy surface (in the Ti–O– chemical form) having Ca2+ ion as linking species.
A heterogeneous ternary complex was then probably formed, allowing the grafting of the gallate
ion to the activated alloy surface). In the uptake solution, the excesses GA and free calcium ions
could form homogeneous complexes (Ca(II)-gallate with different coordination numbers), in Figure 2
one of the possible planar coordination is reported, the eventual equatorial coordination and 3D
structure is omitted. The presence of calcium ions could also allow a multistep assembly of polyphenols
coordination obtaining a thicker layer of polyphenols grafted to the surfaces in order to meet the
threshold concentration needed to induce beneficial effects on cells.

The ability of polyphenols to attract and bind calcium ions could have an influence also in the
induced precipitation of hydroxyapatite during soaking in SBF (see Section 3.4) [56] as already observed
by the authors in the case of surface functionalization of bioactive glasses with GA [30]. The absence of
calcium in the PBS medium can explain the significantly lower amount of GA grafted on the surfaces
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exposed to source solutions prepared with this medium: The presence of a metal ion forming complex
with polyphenols is crucial for their grafting.

The observation of the surface chemical composition gave some information, but it was not
sufficient in order to determine the presence of the grafted biomolecule. In order to detect the specific
functional groups of GA, a detailed analysis of the carbon and oxygen regions was performed and the
results are reported in Figures 3 and 4.

Figure 3. XPS high-resolution spectra of carbon region. (a) CT; (b) CT_GA_W_1; (c) CT_GA_W_2;
(d) CT_GA_PBS_1; (e) CT_GA_PBS_2; (f) CT_GA_SBF_1; (g) CT_GA_SBF_2.

Looking at the high-resolution spectra of the carbon region of the CT samples (Figure 3a), the main
signal at 284.81 eV can be observed together with two small contributions at 286.26 and 289.17 eV.
The signal at 284.81 eV can be attributed to C–C and C–H bonds within hydrocarbon contaminants,
always present on the titanium surfaces which are very reactive towards carbon and it was already
detected by the authors [31]. The other two contributions respectively fall in the regions of C–O
and C=O bonds [57,58]: they have low intensities on this sample and are associated to surface
contaminations [31]. The signal at 284.81 eV is unchanged on the functionalized samples (Figure 3b–g).
On the other hand, a significant increase in the contributions at 286.26 and 289.17 eV is evident for
CT_GA_SBF_1 and CT_GA_SBF_2. As far as the signal at 284.81 eV is concerned, C–C and C–H
bonds are typical of the above-cited hydrocarbon contamination but are also present within the GA
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molecule. The presence of C–O and C=O can be associated with the presence of GA and to its tendency
(phenol groups) to oxidize into quinone, as previously observed by the authors [29,30].

A further couple of signals at about 293 and 295.8 eV can be observed on the samples functionalized
in PBS (CT_GA_PBS_1 and CT_GA_PBS_2, Figure 3d,e). They can be associated to shake up satellite
peaks due to aromatic rings [59,60] and suggest a different disposition of GA molecules grafted on the
titanium surfaces when PBS is used as medium for the source solutions. The different orientation of
GA grafted on the surface after functionalization in PBS can be explained considering (i) the different
pH value (in comparison with that of the source solutions prepared in water); and ii) the chemical
composition, with the absence of the Ca2+ ion with its coordinating ability towards oxygen donor
groups, (in comparison with that of the source solutions prepared using SBF as solvent). The different
orientation of the grafted biomolecule can be related to the lower redox activity registered by the
Folin & Ciocalteu test on these surfaces.

The high-resolution spectra of the oxygen region are reported in Figure 4.

Figure 4. XPS high-resolution spectra of the oxygen region. (a) CT; (b) CT_GA_W_1; (c) CT_GA_W_2;
(d) CT_GA_PBS_1; (e) CT_GA_PBS_2; (f) CT_GA_SBF_1; (g) CT_GA_SBF_2.
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Two signals around 530 and 532 eV can be observed on all the samples. The first one can
be attributed to oxygen within the Ti–O bonds in the titanium oxide layer, while the second one
can be assigned to the OH groups [43]. OH groups are more abundant on the surface chemically
treated (CT) samples than on pristine TI6Al4V alloy, as previously evidenced by the authors [43,61,62].
A further notable increase in the OH signal can be observed after GA grafting, mainly on the samples
functionalized by using the source solutions with SBF as medium, and it can be explained considering
that GA is rich in hydroxyl groups and they are still exposed after grafting. In the case of the samples
functionalized in a source solution with PBS as medium, the lower amount of OH groups can be
related both to a reduced amount of grafted biomolecule and to a different orientation on the surface.
The growth of the OH peak after gallic acid functionalization was already observed by the authors on
the functionalized bioactive glasses [29,30]. Since functionalization starting from source solutions with
SBF as medium gave the best results in terms of amount and activity of grafted GA and that no highly
significant (p < 0.05) differences were detected between the two tested concentrations, further analyses
were performed only on the CT_GA_SBF_1 samples and on the CT samples as reference.

3.3. Contact Angle Measurements

The bar graph in Figure 5 shows the contact angle measured of CT and CT_GA_SBF_1.

Figure 5. Contact angle measurement before and after the functionalization.

The contact angle was 62◦ ± 7◦ for CT and 41◦ ± 5◦ for CT_GA_SBF_1. The lowering of the contact
angle value can be related to the presence of the grafted molecules of GA exposing its hydroxyl groups,
as confirmed by XPS data.

3.4. In Vitro Apatite-Forming Ability Tests

The pH measurements during the soaking period highlighted a small decrease of the pH of the
SBF solution CT_GA_SBF_1 samples during the first 3 days of soaking, probably correlated to a partial
release of the grafted molecules from the surface, but also to the tendency of a portion of OH groups
on the surfaces to dissociate into H+ ions. During the further refreshes, no significant changes of the
pH were observed.

The FESEM micrographs of the samples after 28 days in SBF are reported in Figure 6.
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Figure 6. FESEM images of samples after 28 days SBF soaking at different magnifications. (a). (500×),
(b) (20k×) and (c) (100k×) for CT sample, (d) (500×), (e) (20k×) and (f) (100k×) for CT_GA_SBF_1 one.

The surfaces of the functionalized and reference samples are covered by hydroxyapatite with the
usual cauliflower-like morphology. The CT samples have good in vitro bioactivity as reported in a
previous work [50] and on the functionalized samples the amount of grafted GA molecules did not
significantly modify the bioactive behavior. In Table 4 the results of the EDS analyses performed on
different areas (106400 μm2) of the samples are reported.

Table 4. Atomic percentages of the elements detected on the samples by EDS survey.

Elements (at.%)
Samples

CT CT_GA_SBF_1

C 7.54 ± 3.06 7.59 ± 2.96
O 55.10 ± 10.85 55.09 ± 10.86

Na 0.48 ± 0.03 0.45 ± 0.03
Mg 0.73 ± 0.07 0.75 ± 0.07
P 13.32 ± 3.54 12.71 ± 3.37

Ca 22.18 ± 9.68 22.18 ± 9.67
Ti 0.78 ± 0.42 1.25 ± 0.67

Ca/P ratio 1.63 ± 0.3 1.7 ± 0.3

Calcium and phosphorus were present on the surfaces of both the samples and their ratio (Ca/P),
1.63 for CT samples and 1.70 for CT_GA_SBF_1 samples, were comparable with the stoichiometric one
of hydroxyapatite (1.67) [63].

The kinetic of the hydroxyapatite formation as a function of the surface functionalization will
be investigated in a further work to clarify if the ability of GA to react with calcium can affect the
kinetic of bioactive behavior, besides the mechanism of grafting of the biomolecule, as discussed above.
From these results it is possible to say that the functionalization did not decrease the bioactivity of the
samples and further cellular tests are needed in order to understand the effects on cells.
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3.5. Zeta Potential Measurements

The zeta potential titration curve in function of the pH of the solution is reported in Figure 7 in the
case of polished surfaces (reported in Figure 7 as Ti6Al4V), CT samples, CT samples soaked 28 days in
SBF, CT_GA_SBF_1 samples and CT samples soaked 28 days in SBF.

Figure 7. Zeta potential recorded as function of pH.

Some curves show a discontinuity in the range of pH between 5.5–6 and it was an artefact due
to the apposition of the acid and basic sides of the titration curve which were obtained in different
times, indeed if the discontinuity is lower than 10 mV, the surface alteration is considered negligible,
otherwise different samples should be used for the acid and basic titrations.

An isoelectric point of 4.7 has been obtained on the polished surface, in accordance to the value
reported in literature for titanium [64]. A shift of the isoelectric point to more acidic values (close to 2,
extrapolating the curves in Figure 7) can be observed in the case of the CT and CT_GA_SBF_1 samples
with no significant differences. The shift to a more acidic value of the isoelectric point after surface
oxidation of titanium is not obvious. For instance, Kulkarni et al. [64] reported a basic shift of the
isoelectric point in the case of anodized titanium (with stoichiometric titanium oxide nanotubes)
compared to a titanium foil (measurement carried on the amorphous native oxide). The acidic shift of
the isoelectric point here observed on the CT and CT_GA_SBF_1 samples compared to the polished
surface can be attributed to the enrichment in acidic hydroxyl groups due to the presence of the
chemically modified oxide layer (CT) and to the presence of GA (CT_GA_SBF_1). According to their
acidic isoelectric points (2–4.7) at physiological pH, all the considered surfaces were negatively charged,
however, some differences can be pointed out between the samples. At first, a notable reduction in the
absolute value of the surface charge can be observed for the CT and CT_GA_SBF_1 samples (≈ −40 mV),
compared to the polished one (≈ −75 mV). Moreover, a plateau for the surface charge can be observed
for the CT and CT_GA_SBF_1 samples and not for the polished one. This plateau can be ascribed to
the presence of homogeneous chemical groups exposed on the surface, in this case acidic OH groups,
as evidenced in [65], which were completely dissociated at the onset of the plateau. This result was
in accordance with the acidic shift of the isoelectric points and it was a further confirmation of the
presence of OH groups on both the CT and CT_GA_SBF_1 surfaces.

The absence of a shift of the isoelectric point (IEP) in CT_GA_SBF_1 with respect to CT was
compatible with functionalization with a mono and not continuous layer, as well as to the grafting of a
molecule (GA) which have an acidic isoelectric point (not far from the one of CT samples) as reported
in literature for various phenolic acids [66].

114



Coatings 2019, 9, 302

The curve of the CT_GA_SBF_1 sample showed some distinctive features highlighting that after
functionalization there is a change of the surface. There was a small plateau around pH 3–4 that could
come from partial ionization of carboxyl groups of the GA bonded to the surface [67]. There was a
trend towards positive charge after pH 7.20 with a peak around pH 8.50 that could be connected to
the degradation of gallic acid at high alkaline pH or to the desorption of phosphate groups adsorbed
during the functionalization in the solution with SBF as medium.

In the case of the curves of the CT and CT_GA_SBF_1 samples soaked for 28 days in SBF for
the apatite-forming ability tests, the IEP was moving to pH 5 that is the IEP of hydroxyapatite [68],
suggesting the presence of a continuous layer of hydroxyapatite as seen by the FESEM analysis.

Some small differences between the two curves can suggest, as reported in literature, an action of the
GA on the deposition of hydroxyapatite [8,30]. In the case of the CT sample (without functionalization),
the IEP was at a lower pH with respect to the functionalized sample and the plateau in the alkaline
zone was shifted towards higher surface charge; the decreasing trend of the curve at pH lower than the
IEP can be related to the decomposition of the hydroxyapatite layer in acidic solutions and it occurs
at a lower surface charge in the case of the CT sample, similarly the peak after pH 8 can be related
to the decomposition of hydroxyapatite in the alkaline range and it occurs only in the case of the CT
sample (without functionalization). All these differences could indicate the precipitation of a more
stable hydroxyapatite when GA is grafted on the surface: This hypothesis needs further investigation
to be proved.

4. Conclusions

GA was grafted to the surface of a chemically treated bioactive Ti6Al4V alloy conserving its redox
activity. Surface functionalization was performed in different media (namely, water, PBS and SBF)
and at different GA concentrations (1–2 mg/mL). Functionalization by using source solutions with
SBF as medium proved to be the most effective in terms of molecular amount and activity; the source
solution and the uptake did not show evidence of degradation; no significant difference between the
use of source solutions of different concentrations was registered (in the explored range). A key role
of the calcium ions in the grafting mechanism was suggested, involving coordination compounds
using both carboxylate ions of GA and Ti–O− as donor groups. Bioactive behavior conferred to the
titanium surface by the chemical pre-treatment was conserved after functionalization: Zeta potential
measurements suggest a different kinetic of apatite precipitation, but this issue is still subjected to
confirmation. The functionalized surface exposed a greater amount of OH groups and showed a
slightly higher wettability. These preliminary results show that GA can be effectively grafted to a
bioactive Ti6Al4V alloy and are promising for the development of smart metallic biomaterials able
to couple the good bulk properties of the titanium alloys with both bioactive surface behavior and
the biological benefits and actions of natural biomolecules, locally loaded on the surface of bone
implants. The present research can be considered a preliminary study intended for the understanding
functionalization mechanisms on bioactive titanium surfaces, by means of physical and chemical
characterizations, using gallic acid as a model molecule for polyphenols. Considering the promising
results of the present study, surface functionalization of chemically treated titanium surfaces with
natural polyphenols (following the developed protocol here) and further biological characterizations
should be encouraged as future developments of the work. The possibility to combine the inorganic
bioactive behavior of chemically treated titanium substrates with the biological properties of natural
polyphenols (antioxidant, anticancer, antibacterial, anti-inflammatory and bone stimulating) is a
challenging opportunity for the development of functional biomaterials for bone contact applications
in critical situations, by means of an eco-friendly and sustainable approach.
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distinct titanium surfaces. Colloids Surf. B 2015, 129, 47–53. [CrossRef]

65. Luxbacher, T. The ZETA Guide: Principles of the Streaming Potential Technique; Anton Paar GmbH: Graz, Austria, 2014.

118



Coatings 2019, 9, 302

66. Oc’wieja, M.; Adamczyk, Z.; Morga, M. Adsorption of tannic acid on polyelectrolyte monolayers determined
in situ by streaming potential measurements. J. Colloid Interface Sci. 2015, 438, 249–258. [CrossRef] [PubMed]

67. Romdhane, A.; Aurousseau, M.; Guillet, A.; Mauret, E. Effect of pH and ionic strength on the electrical charge
and particle size distribution of starch nanocrystal suspensions. Starch-Stärke 2015, 67, 319–327. [CrossRef]

68. Botelho, C.M.; LopesI, M.A.; Gibson, R.; Best, S.M.; Santos, J.D. Structural analysis of Si-substituted hydroxyapatite:
Zeta potential and X-ray photoelectron spectroscopy. J. Mater. Sci. Mater. Med. 2002, 13, 1123–1127. [CrossRef]
[PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

119





coatings

Article

Hydrothermal Synthesis of Protective Coating on Mg
Alloy for Degradable Implant Applications

Jinshu Xie 1, Jinghuai Zhang 1,*, Shujuan Liu 2,*, Zehua Li 1, Li Zhang 1, Ruizhi Wu 1,

Legan Hou 1 and Milin Zhang 1

1 Key Laboratory of Superlight Material and Surface Technology, Ministry of Education,
College of Material Science and Chemical Engineering, Harbin Engineering University, Harbin 150001,
China; 2013105235@hrbeu.edu.cn (J.X.); 1352091844@hrbeu.edu.cn (Z.L.); 2013xgd@hrbeu.edu.cn (L.Z.);
rzwu@hrbeu.edu.cn (R.W.); houlegan@hrbeu.edu.cn (L.H.); zhangmilin@hrbeu.edu.cn (M.Z.)

2 Department of Materials Physics and Chemistry, Harbin Institute of Technology, Harbin 150001, China
* Correspondence: zhangjinghuai@hrbeu.edu.cn (J.Z.); liusj0817@hit.edu.cn (S.L.);

Tel.: +86-451-8256-9295 (J.Z.)

Received: 26 January 2019; Accepted: 26 February 2019; Published: 28 February 2019

Abstract: Biodegradable magnesium (Mg) alloys are known as “the new generation of biomedical
metal materials”. However, high degradation rates restrict their clinical application. To overcome this
issue, a new and simple method for producing of protective coating based on hydrothermal synthesis
at 200 ◦C in 0.5 M NaHCO3 was elaborated. The microstructure, elemental and phase composition of
the produced films were examined by scanning electron microscope (SEM), X-ray energy-dispersive
spectrometer (EDS) and X-ray diffraction (XRD). The mechanical strength of the protective coating
was evaluated by grid scribing method. The corrosion protection effect was evaluated using linear
sweep voltammogram (LSV) and electrochemical impedance spectroscopy (EIS) methods in the
simulated body fluid (SBF). Since the corrosion process is accompanied by stoichiometric evolution
of hydrogen, the amount of the latter was measured to quantify the overall corrosion rate. Both the
coatings morphology and phase composition were sensitive to the treatment duration. The coating
formed after 0.5 h was loose and mainly consisted of spherical flower-like Mg5(CO3)4(OH)2·4H2O
accompanied by small amounts of Mg(OH)2. The treatment duration of 3 h resulted in a thicker
compact coating composed mainly of irregular granular MgCO3 as well as Mg(OH)2. The coating
providing the most effective protection and uniform corrosion was achieved by 2 h treatment at
200 ◦C.

Keywords: Mg alloy; corrosion protection; hydrothermal synthesis; coating; degradable implant

1. Introduction

Mg alloys have attracted much attention for their potential use as a new class of biodegradable
medical implant materials, as they possess good biocompatibility [1]. Mg alloy are biodegradable,
and their degradation products can be excreted through human metabolism. Furthermore, Mg is an
essential element for human organisms, which could have stimulatory effects on the bone grafting.
The density and the elastic modulus of Mg alloys are close to those of natural bones [2]. Therefore, Mg
alloys are known as “the new generation of biomedical metal materials” [3]. The biological applications
of Mg alloys are limited mainly due to their too rapid degradation rate for most implanted devices [4,5].
Although some studies related to the corrosion/degradation behavior of Mg and Mg alloys have been
intensively carried out [6], further research is still needed to improve their corrosion characteristics
and surface properties.

To improve the corrosion resistance of Mg alloys, surface modification has become the research focus
of medical Mg alloys [7]. Chemical conversion coatings [8,9], electrochemical coatings [10,11], polymer
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coatings [12,13], ceramic coatings [14,15], ion implantation coatings [16,17], composite coatings [18,19] etc.
improve the corrosion performance of Mg alloys. The drawbacks of these methods are often complicated
process, limited corrosion protection, poor biocompatibility and poor adhesion [20–24]. While passivation
of the Mg surface by oxidation is a very simple process, the spontaneously formed oxide coating is loose
and does not provide effective corrosion protection. Alkaline heat treatment, however, is a simple method
which effectively improves the corrosion resistance of Mg alloys because of the compact oxide film that
forms [25]. As a special chemical method, hydrothermal treatment has been gradually introduced into
the corrosion prevention of Mg alloys in recent years [26,27]. In this study, we applied a hydrothermal
treatment in aqueous NaHCO3 solution to the high-performance biomedical Mg6Ho0.5Zn alloy.

The selected substrate Mg6.659Ho0.536Zn0.005Fe0.002Ni0.007Cu, wt.% extruded alloy, is a promising
biodegradable medical material [28]. Nano-spaced and solute-segregated basal plane stacking faults
(SFs) with an extremely large aspect ratio, can be formed and distributed uniformly throughout the
fine dynamic recrystallized (DRXed) grains in the as-extruded Mg6Ho0.5Zn alloy by adding Ho and
Zn and controlling their ratio as well as appropriate preparation processing parameters. Compared
with alloys possessing classic microstructure, the new alloy with profuse SFs exhibits uniform in-vitro
and in-vivo corrosion behavior, low corrosion rate and optimal mechanical properties. In addition, the
Mg6Ho0.5Zn alloy shows no significant toxicity to Saos-2 cells.

In this paper, the effect of the hydrothermal treatment duration on the morphology, composition,
mechanical and electrochemical properties of the protective coating formed on the Mg6Ho0.5Zn
substrate surface were investigated. It should be noted that the hydrothermal treatment may not be
limited only to the Mg6Ho0.5Zn alloy, but might be suitable for other Mg alloys as well.

2. Materials and Methods

2.1. Samples Preparation

The alloy with nominal composition Mg6.659Ho0.536Zn0.005Fe0.002Ni0.007Cu, wt.% and its special
structure and outstanding corrosion behavior was reported [29]. The substrate samples were ground
and polished with SiC abrasive papers from P120 down to P2000 to achieve a smooth surface and get
rid of impurity layer and then degreased with ethanol and acetone (1:1) in ultrasonic bath for 10 min,
followed by drying in the air.

Four sets of samples were prepared by hydrothermal treatment in 0.5 M NaHCO3 aqueous
solution at 200 ◦C in the autoclave for 0.5, 1, 2 and 3 h, followed by drying at 200 ◦C for 1 h.
These hydrothermally treated samples were designated as HT0.5, HT1, HT2 and HT3 respectively.

2.2. Characterization

The morphology and phase composition of the coatings were examined by scanning electron
microscope (SEM, Quanta 200 FEG, FEI, Hillsboro, OR, USA) equipped with X-ray energy-dispersive
spectrometer (EDS, Quanta 200 FEG, FEI, Hillsboro, OR, USA) and X-ray diffraction (XRD,
D/MAX-Ultima III, Rigaku Corporation, Tokyo, Japan).

To test the mechanical strength of the coating, a grid was scribed on the sample surface using a
sharp blade and controlled by SEM.

Linear sweep voltammogram (LSV) and electrochemical impedance spectroscopy (EIS)
measurements were conducted in the simulated body fluid (SBF) using PGSTAT302N potentiostat
(Metrohm Autolab, Utrecht, The Netherlands). The composition of the SBF is depicted in Table 1.
The SBF was buffered with Tris-HCl and the pH 7.4 was set. A three-electrode cell set-up was used,
with the tested sample as the working electrode (WE), a platinum wire as the counter electrode (CE)
and a saturated calomel electrode (SCE) as the reference electrode (RE). Prior to electrochemical
measurements, samples were kept in the SBF for 0.5 h. LSV was conducted in the potential range from
−300 to 300 mV vs open circuit potential (OCP) at 2 mV/s. EIS was performed at OCP, and 10 mVRMS

AC excitation signal amplitude in the frequency range from 100 kHz to 10 mHz.
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Table 1. Composition of the simulated body fluid (SBF).

Component Mass Degree of Purity [%]

NaCl 8.035 g/L 99.5
NaHCO3 0.355 g/L 99.5

KCl 0.225 g/L 99.5
K2HPO4·3H2O 0.231 g/L 99.0
MgCl2·6H2O 0.311 g/L 98.0
C(HCl) = 1 M 39 mL –

CaCl2 0.292 g/L 95.0
Na2SO4 0.072 g/L 99.0

Tris 6.118 g/L 99.0

Long-term corrosion behavior was evaluated by immersion in SBF at 37 ± 0.5 ◦C for 5 days.
The evolved hydrogen was continuously collected by means of the funnel and the burette above the
sample. To compensate the pH shift due to hydrogen evolution, the SBF was replaced every 36 h and
the SBF amount was controlled to be 30 mL/cm2 of the sample surface.

3. Results and Discussion

3.1. Morphology and Composition

Figure 1 shows SEM micrographs of the four samples after hydrothermal treatment with different
durations. Two distinguishable morphologies were formed: the coating of the samples HT0.5 and
HT1 consisted of numerous spheres with the diameter ranging from 4 to 10 μm. Smaller spheres
composed compactly aggregated layer, while larger spheres were scattered on the compact layer
surface (Figure 1a–d). The spheres itself are composed of thin nano-flakes. Remarkably, the nano-flakes
grew together forming rather dense spherical particles once the treatment duration was prolonged.
The morphology was changed cardinally after 2 h of the treatment (sample HT2—Figure 1e,f): the
surface was composed of numerous irregular particles of about 3–5 μm. The compactness and
uniformity of the coating were also enhanced. Further prolongation of the synthesis time does not
change the morphology very much: the film got denser and more compact (sample HT3—Figure 1g,h).

Figure 1. SEM micrographs of samples HT0.5 (a,b), HT1 (c,d), HT2 (e,f) and HT3 (g,h) prepared by
hydrothermal treatment in 0.5 M NaHCO3 at 200 ◦C for 0.5, 1, 2 and 3 h respectively.

HT0.5 and HT1 mainly consisted of Mg5(CO3)4(OH)2·4H2O, as it can be seen from XRD patterns
(Figure 2). Diffraction peaks of these two samples also indicated the presence of small Mg(OH)2

quantities. In contrast to this, the main phase composition of the HT2 and HT3 samples was MgCO3
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with a few Mg(OH)2 inclusions. Thus, the duration of the hydrothermal treatment influences both the
morphology and the composition of the formed coating.

Figure 2. XRD patterns of samples HT0.5, HT1, HT2 and HT3 prepared by hydrothermal treatment in
0.5 M NaHCO3 at 200 ◦C for 0.5, 1, 2 and 3 h respectively.

The film thickness build-up can also be followed by XRD patterns. Thus, the intensity of Mg
diffraction peaks, which come from the substrate alloy, are roughly the same for the HT0.5 and HT1
samples, indicating, that the coating thickness is also comparable. In the case of the HT2 sample, the
intensity of the Mg diffraction peaks drops significantly, indicating increase of the coating thickness, as
well as its compactness. It is worth noting that the different phase may have different X-ray absorption
behavior. Finally, the HT3 sample shows no Mg diffraction peaks, thus the formed coating is thicker,
than that of the HT2 sample. These observations also agree with the morphology change detected
by SEM.

To support the XRD data, elemental analysis of the HT2 sample was carried out by SEM-EDS,
as shown in the Figure 3a,b. The C/O atom ratio was 1:2.25, which roughly represents the MgCO3

phase detected by XRD. The cross-sectional morphology of this hydrothermal film was also observed
by SEM, as shown in the Figure 3c and the coating thickness amounted to 15–20 μm. Considering an
in-situ formation of the coating, a good adhesion of the carbonate layer to the substrate alloy can be
assumed. This is indirectly confirmed by the absence of cracks and caves.

Figure 3. (a) SEM micrograph; (b) elemental composition; and (c) cross–section micrograph of the
HT2 sample.
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3.2. Formation Mechanism

Based on the observations made, the formation of the coating can be divided into three stages:
nucleation, transformation and densification, as schematically shown in the Figure 4. First, Mg2+

and OH− are formed as products of redox reaction between water and magnesium metal with
corresponding half-reactions:

2H2O + 2e− → H2 + 2OH−

Mg − 2e− → Mg2+

Figure 4. Schematic representation of the suggested coating formation mechanism: (a) nucleation;
(b) transformation; (c) densification; (d) overall coating formation mechanism.

The rates of these reactions are crucial in defining the overall coating nucleation rate:

Mg2+ + 2OH− → Mg(OH)2

Since the reaction conditions accelerate the Mg oxidation by water, the nucleation rate is rather
high, which results in the loose spherical Mg(OH)2 particles (Figure 4a). Since the formed coating
possesses many channels, the electrolyte can penetrate it and stands in the direct contact to the metallic
substrate. As a result, such coating cannot provide enough protection against corrosion. During the
transformation phase (Figure 4b) the carbonate ions partially substitute hydroxide forming mixed
hydroxycarbonate:

5Mg(OH)2 + 4HCO−
3 → Mg5 (CO 3)4(OH)2·4H2O + 4OH−

The transformation of the coating may occur in the whole bulk of the Mg(OH)2 as the
non-converted coating can be penetrated by the electrolyte as mentioned above. The hydroxycarbonate
carbonate decomposes due to its instability:

Mg5 (CO 3)4(OH)2·4H2O → 4MgCO3 + Mg(OH)2 + 4H2O

forming magnesium carbonate and magnesium hydroxide, while the latter, again, can react with
carbonate ions. The MgCO3 layer is compact and uniform.
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3.3. Mechanical Strength

The coating compactness increases with the treatment duration, however, there is a trend off
between the compactness, which is crucial for the efficient corrosion protection, and mechanical
strength, which is important for the long-term stability of the coating. The adhesion of the coating
was tested for the samples HT2 and HT3 according to the method described in the experimental
section. Figure 5 depicts SEM micrographs of the HT2 (Figure 5a,b) and HT3 (Figure 5c,d) samples
after the strength test. The HT2 coating remained unchanged, maintaining its compact structure.
No further damages of the coating could be found at the cut sites, thus it can be concluded that the
coating exhibits sufficient mechanical strength and adhesion to the metal substrate. This is not the case
for the HT3 sample, where obvious delamination occurred. Thus, it is clear that the thicker coating
loses its mechanical strength, followingly losing its corrosion protective properties. Based on this, the
hydrothermal treatment duration of 2 h is the optimum treatment duration.

Figure 5. SEM micrographs of the samples HT2 (a,b) and HT3 (c,d) after adhesion test.

3.4. Electrochemistry

Break-through potential of the samples was determined by means of LSV. Prior to polarization,
samples were conditioned at OCP for 0.5 h. The break-through potential (Ecorr) and corrosion current
density (Jcorr) were derived from the Tafel-type plot (Figure 6a). The derived data is summarized in
Table 2.

Table 2. Jcorr and Ecorr of the samples HT0.5, HT1, HT2 and HT3.

Hydrothermal Time [h] Jcorr [A/cm2] Ecorr [V]

0 2.015 × 10−4 −1.793
0.5 1.114 × 10−4 −1.854
1 6.765 × 10−5 −1.712
2 2.129 × 10−5 −1.450
3 2.896 × 10−5 −1.367
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Figure 6. (a) Polarization curves and (b,c) Nyquist plots of untreated samples and samples HT0.5,
HT1, HT2 and HT3 prepared by hydrothermal treatment in 0.5 M NaHCO3 at 200 ◦C for 0.5, 1, 2 and
3 h respectively.

The breakthrough potential shifts in the anodic direction with increased treatment time except for
the HT0.5. The same trend is valid for the corrosion current density. The corrosion current is caused by
Mg oxidation and is, thus, a good indicator of corrosion stability: as less the current density is, as more
efficient the correction protection is. Therefore, the corrosion rate of the HT3 sample was 14 times less,
than that of the untreated substrate and the breakthrough potential shifted by 0.426 V anodically.

To support the LSV data, charge transfer resistance (Rct) values were evaluated by means of EIS.
Figure 6b,c shows Nyquist plots of the untreated substrate and samples HT0.5, HT1, HT2 and HT3.
Samples HT1 and HT2 have at least two time constants: the high frequency capacitive loop is associated
with Rct and the low frequency loop is associated with electrolyte penetration, including uptake of
water and intrusion of ions. Spectrum of the HT0.5 sample additionally includes pseudo-inductive
loop at low frequencies. It can be related with adsorption of Mg+ or Mg2+ at the Mg surface, thus
indicating corroded sample surface. Without comprehensive analysis of the EIS data it can be indicated,
that the Rct greatly increases with increased sample treatment duration, which in turn, is a sign of
enhanced corrosion protection [30–32]. The sample HT3 does only show one time constant, which
suggests that the coating is compact enough, so that no electrolyte penetration is detectable on this way.

3.5. Immersion Corrosion of Coating

Since the sample HT2 showed satisfactory short-term performance and stability, it was chosen for
the long-term performance test in SBF at 37 ◦C for 5 days. The experiment was conducted as described
in the experimental section. The obtained data is shown in the Figure 7. The overall corrosion reaction
of Mg at its free corrosion potential can be expressed as follows [33,34]:

Mg + 2H2O→ Mg2+ + 2OH− + H2

Thus, one mole of the oxidized Mg corresponds to one mole of evolved hydrogen and measuring
its volume enables determining of the Mg weight loss. The quantity of the dissolved hydrogen
was neglected.

After 120 h the quantity of the evolved hydrogen reached a mark at 0.7 mL/cm2, whereas that
of the HT2 was slightly above 0.2 mL/cm2. This proves the fact that the coated sample also shows
resistance against corrosion in the course of a long-term corrosive load. The corrosion rate of the
untreated sample was constant during the experiment duration of 120 h, while that of the HT2 sample
was continuously decreasing. The drop of the corrosion rate in the case of the HT2 may indicate
additional surface passivation or local establishment of conditions, which slow down the kinetics of
the Mg oxidation. Figure 8a,b shows the HT2 coating morphology after the long-term test. It remained
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almost unchanged as compared to the freshly prepared sample (Figure 1e,f): the coating is still uniform
and compact completely covering the metal surface with no voids or cracks.

Figure 7. Amount of evolved hydrogen as function of time for HT2 and an untreated sample.

Figure 8. SEM micrographs of the samples HT2 (a,b) after static immersion in SBF solution at 37 ◦C for
5 days.

4. Conclusions

In the present study, we proposed a simple, fast and effective method of biomedical Mg6Ho0.5Zn
alloy protection by means of in-situ hydrothermal growth of protective coating in 0.5 M NaHCO3 at
200 ◦C. The morphology and the phase composition of such grown coating may be influenced by varying
the treatment duration. A thin film mainly consisting of spherical flower-like Mg5(CO3)4(OH)2·4H2O
particles resulted after 0.5 h of the hydrothermal treatment. Increasing the treatment duration up to
3 h results in a compact thick film consisting of irregular granular MgCO3 as well as some Mg(OH)2.
By means of comprehensive evaluation of the mechanical and electrochemical coating properties, the
treatment duration of 2 h was found to be the optimum treatment duration. Longer processing leads to
deterioration of the coating mechanical properties. The protective coating may slow down the penetration
of detrimental anions, such as Cl−, thus making the alloy corrode uniformly and slowly in-vivo as well.
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