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ABSTRACT

Tribological characteristics of implants, such as wear resistance and friction coefficient, play a
critical role in ensuring their durability and functionality when interacting with surrounding tissues.
These parameters influence the implant's ability to withstand mechanical loads and minimize wear
throughout its service life. Minimizing friction between the implant and biological tissues not only
helps prevent mechanical damage but also reduces the risk of inflammatory reactions, ensuring
better biological compatibility. In this study, calcium phosphate coatings were obtained using the
micro-arc oxidation method with different duty cycle of current to investigate their tribological
characteristics. The coatings deposited on titanium had a structure with volcano-like formations
with pores ranging from 66 to 98 micrometers. The thickness of the coatings varied from 74.3 to
100 micrometers depending on the conditions during microarc oxidation. Tribological tests were
conducted using a ball-on-flat setup with reciprocating motion. The coatings were subjected to
tribological tests against SHX15 steel under normal loads of 5 and 20 N. Depending on the applied
load, the friction coefficients of the coatings ranged from 0.029 to 0.034 at 5 N and from 0.9 to
1.26 at 20 N. Analysis of wear parameters and micrographs of worn surfaces indicate that the
mode with a pulse current duty cycle of 17.3% during micro-arc oxidation allows for the production
of titanium surface coatings with high wear resistance.
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Introduction

Titanium and its alloys are widely used in various
industries due to their unique combined properties
[[11, [2], [3]]. This versatility is attributed to both
mechanical (low elastic modulus,

To address such issues, it is necessary to create
biocompatible materials or calcium phosphate
coatings that promote the formation of a
transitional zone between bone and the implant.
This area should have a strong connection to the
implant material without the risk of rejection, as well

low density, ) - ‘
as a macro- and microstructure compatible with the

corrosion resistance) and biological characteristics
(high bioinertness, bioactivity, and biocompatibility)
[[4], [5], [6]], making titanium and its alloys a
preferred choice, especially in medical applications
as implants. However, despite their valuable
properties, there are some clinical issues with
titanium implants regarding their interaction with
the human body and their long-term usage [[7], [8]].

organism [[9], [10]].

Currently, there is a wide range of developed
methods for depositing calcium phosphate (CaP)
coatings on metallic implants, such as plasma
spraying [11], micro-arc oxidation [12], detonation
gas spraying [13], magnetron sputtering [14],
electrochemical deposition [15], sol-gel, and others.
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Considering all the advantages and disadvantages of
these methods, the micro-arc oxidation (MAO)
method has gained widespread popularity in the last
decade as a method for applying bioactive CaP
coatings to titanium surfaces. Literature [[16], [17]]
notes that the MAO method allows for the
production of CaP coatings providing high adhesion
strength between the substrate and the coating.

Traditionally, CaP coatings have been used to
enhance the osseointegration of metallic implants.
However, during the implantation procedure, the
coatings are usually subjected to significant shear
stresses, which can lead to their delamination and
wear from the metal surface, deteriorating their
functionality [17]. Therefore, studying the
tribological and adhesion properties of MAO
coatings requires additional attention and evidence.
Analysis of tribological characteristics can help
better understand the behavior of biomaterials [5].
Furthermore, titanium alloys limit their further
application in medicine due to low wear resistance
([18], [19]].

Recently, there has been growing interest in the
scientific community in the tribology of CaP
coatings, and several studies have been conducted
in this direction. For example, Santos A. and
colleagues [5] conducted tribocorrosion research on
a titanium oxide and calcium phosphate coating. The
Ti/TiO,/CaP coating provided 99.93% protection in
static experiments and significantly reduced
corrosion during tribocorrosion tests in simulated
body fluid. The application of TiO,/CaP resulted in
reduced tribological parameters: friction coefficient
(CoF) to 0.25 and wear rate (WR) to 578.45 um?3/J.
The work [20] showed that the presence of rutile
titanium in the composition of CaP coatings
obtained by the MAO method is a key factor in
improving the tribocorrosion properties of coating
surfaces. The authors explain this by the impact
softening properties of the nanocomposite gradient
structure of the CaP coating. Marques I.D. and
colleagues [21] investigated the influence of the
Ca/P ratio in the electrolyte on the tribocorrosion
properties of biofunctional coatings obtained by the
MAO method on a titanium alloy. The study by [22]
examined the phase structure, morphology,
chemical composition, corrosion mechanism, and
tribocorrosion behavior of CaP coatings obtained at
different voltages (380, 400, 420 V). The sample
processed at 420 V showed the highest wear volume
after  tribocorrosion. The  mechanism  of

tribocorrosion of samples at 380 and 420 V was
mainly determined as the wear effect.

The results of the aforementioned studies are of
high quality and provide valuable information in the
field of tribology of CaP coatings, bringing us closer
to understanding the real wear of implants in the
human body. However, to date, there have been no
studies on the influence of current parameters in the
micro-arc oxidation method on the tribological
characteristics of CaP coatings.

The aim of the study was to investigate the
morphology, microstructure, and tribological
characteristics of calcium-phosphate coatings
depending on the pulse current duty cycle during
micro-arc oxidation of titanium.

Experimental part

Materials

Plates measuring 10 mm x 5 mm x 1 mm made of
VT1-0 grade titanium (equivalent to titanium GRADE
2) were used as substrates. Prior to oxidation, the
substrates underwent mechanical processing. The
preparation of the titanium surface for coating
included cutting, grinding, degreasing with hexane,
and rinsing in distilled water. The electrolyte was
prepared with the following composition: a 30%
aqueous solution of orthophosphoric acid (HsPQ,,
thermal grade A) + hydroxyapatite (Caio(PO4)s(OH);
- 60 g/L) + calcium carbonate (CaCOs - 100 g/L). The
hydroxyapatite (HA) was sourced from Sigma Aldrich
with a dispersity of <5 um. The electrolyte was
poured into an ultrasonic bath, where it was further
mixed with an electric stirrer. To ensure chemical
reactions were complete, the electrolyte was
allowed to stand in the bath for two days.

Micro-Arc Oxidation (MAQ) process

A micro-arc oxidation setup was assembled for
this work, in which a 150 W stainless steel ultrasonic
bath was used as the electrolysis bath. A custom-
built pulse power source was employed, capable of
varying the voltage from 0 to 700 V with a constant
pulse duration of 300 ps, allowing for different duty
cycles of 0.0102 (35%), 0.0049 (17,3%), and 0.0022
(8,3%) seconds. MAO was conducted in anodic mode
at 300 V with a processing duration of 10 minutes.
Three series of experiments were conducted in the
electrolyte to perform MAO on the surface of
titanium samples with varying pulse current duty
cycles (modes A, B, C), as schematically shown in
Figure 1. The treated samples were labeled
according to modes A, B, and C.
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Figure 1 - Schematic diagram of MAO and characteristics of the electric pulse current applied
in different coating synthesis modes

Methods for Studying CaP Coatings

Titanium samples after MAO were examined
using scanning electron microscopy (SEM) and
profilometry, and they were subjected to
tribological testing under dry friction conditions at
room temperature. Surface morphology and
elemental composition analysis, as well as thickness
measurements, were carried out using a scanning
electron microscope model Phenom ProX with EDS
(Phenom, Netherlands) at various magnifications.
Surface roughness was measured with a
profilometer, the Diavite DH-5 (DIAVITE AG,
Switzerland). Each sample was measured 5 times,
with the average roughness result from the five
measurements reported. The measurement length
was 4 mm.

Tribological tests were conducted on a custom-
designed setup to determine the friction coefficient
(CoF) of samples through reciprocating motion. The
tribological test conditions were close to the DIN
51834-1:2010 standard. The setup consisted of a
holder for the counter-body with a load, a sample
displacement mechanism, an electronic control unit,
and a laptop. A 4 mm diameter steel ball made of
SHX15 steel was used as the counter-body. Test
parameters included: ball displacement speed of 26
mm/sec, friction track length of 5 mm, total friction
path length of 5 m, 500 cycles, and loads of 5 and 20
N.

Results and Discussion

Morphology, thickness, composition, and
roughness of the coating
CaP coatings exhibit different surface

morphologies depending on the duty cycle of the

MAO pulse current. Figure 2 shows SEM images of
the surface morphology and thickness of the CaP
coating obtained at 300 V across all pulse current
modes: A, B, and C. In modes A and B, the coating
forms a porous structure with spherical aggregates
and volcano-like structures with pores. The sizes of
spherical aggregates in mode A are 98 + 7.8 um,
while in mode B they are 66 £ 5.5 um. Changing the
duty cycle to mode C results in not only spherical
structures but also walls and fragments thereof. The
average size of these structures is 66.5 + 5.1 um.
Notably, the porous structures (with pore sizes
ranging from 15 to 50 um) promote nutrient
circulation in biomedical implant materials [23]. The
thickness of the coatings increases from 74.3 um to
100 pum as the pulse duty cycle decreases, likely due
to a greater number of pulses (from A to C), leading
to thicker CaP coatings in MAO.

The elemental composition of the CaP coating
shows the presence of Ca, P, O, and Ti, as shown in
Table 1. All samples exhibit a significant increase in
oxygen content, which is a characteristic of the MAO
method. The Ca/P ratio is a key indicator of
bioactivity. Given this parameter, the coatings
produced are likely related to bioresorbable phases.
These could include CaP coatings with a lower Ca/P
ratio (Ca/P = 1.67) compared to HA [24]. As the duty
cycle decreases (from A to C), the Ca/P ratio
increases from 0.3 to 0.4. This might be due to
intensified deposition of Ca2+ ions from the
electrolyte. Additionally, as the coating thickness
increases, the titanium content decreases while the
calcium content increases in elemental analysis with
changes in the MAO pulse current duty cycle.
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The surface roughness of an implant is one of
the critical characteristics during osteointegration.
According to the literature [[25], [26]], the
roughness parameter Ra in the range of 4 < Ra< 7
um is considered optimal, as it promotes enhanced
osteogenic differentiation on such rough titanium
surfaces. The obtained CaP coatings had roughness
within this range, indicating that depending on the
application mode, the roughness parameter Ra was
recorded within the range of 5.7 to 6.11 um. The
other roughness parameters are shown in Table 2.

Tribological study of CaP coatings

During tribological testing, the surface of the
CaP coating in contact with the SHX15 steel counter-
body underwent degradation, leading to the
formation of wear tracks. Figure 3 shows typical
morphologies of worn coating surfaces after
tribological tests at a load of 20 N against a steel ball
for different MAO application modes. At a5 N load,
wear tracks were barely noticeable, so to study the
wear characteristics in greater detail, tracks formed
at a 20 N load were selected. As a result, extensive
wear tracks were observed on the worn surfaces.

The wear tracks for the sample processed in
mode A exhibited two distinct zones: the first was a
wear track with surface layer removal, and the

second had pits corresponding to locations where
the coating delaminated due to intense wear. The
width of the wear track in the first zone was 488 +
65 um, while in the second zone, it was 234 £ 66 um.
Among the three coatings studied, the sample
processed in mode A showed the lowest wear
resistance, as indicated by the greater depth of the
wear track. One reason for this low resistance could
be the higher surface roughness [[27], [28]]. In
contrast, the tribological behavior of the other
coatings showed a different wear pattern. As shown
in Figure 3, the coatings obtained in modes B and C
exhibited surface wear without noticeable exposed
substrate. The width of the wear tracks for these
coatings was 538 + 138 um for mode B and 745 + 191
pm for mode C.

Roughness measurements using SEM within the
wear tracks were 3.63 um for the mode A coating,
585 nm for the mode B coating, and 947 nm for the
mode C coating. This data helps characterize the
extent of wear-related roughness. A visual
comparison of surface degradation, wear pattern,
and wear volume after tribological testing suggests
that the coating produced in mode B has the highest
wear resistance among those studied, supported by
the absence of delamination and a narrower wear
track.

Table 1 - Elemental composition of calcium phosphate coatings on titanium and the Ca/P ratio

Elemental composition (aT. %)
Coating Ca p 0 T Ca/P
A-300 V 3.26 10.52 77.33 8.89 0.3
B-300 V 3.50 10.38 77.43 8.69 0.34
C-300V 4.60 11.37 78.13 5.90 0.4

Table 2 - Parameters for measuring the surface roughness of CaP coatings deposited with different duty cycles in MAO

Surface roughness measurement parameters
Mean arithmetic Profile roughness Maximum R3z, Rt, Rq,
Coating deviation of profile, Ra height across ten profile height, (nm) (nm) (um)
(um) points, Rz (um) Rmax (pum)
A 6.11 35.5 435 25.6 43.5 7.75
5.70 30.7 40.6 26.5 40.6 7.11
C 5.76 20.0 20.0 20.0 20.0 6.62
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Figure 2 - Surface morphology and thickness of CaP coatings obtained in duty cycle modes: A, B, and C

According to the friction test results (Figure 4),
the coefficient of friction (CoF) in all studied coatings
showed stable behavior, except for minor spikes or
changes. During tests with a 5 N load (depicted by
the black line in Figure 5), there were initial minor
spikes in the CoF graphs, indicating a break-in period
for the surface. The break-in period could be due to
the smoothing of surface roughness peaks on the
coatings [29]. Increasing the normal load from 5 to
20 N led to a higher CoF. These results indicate a
significant influence of load on the wear response of

the materials studied. As for the CoF graphs at a 20
N load (depicted by the red line in Figure 5), after 50
cycles of friction, if a decrease in CoF is observed for
coatings deposited in modes B and C, there is an
increase in CoF for mode A, which continues up to
200 cycles. A possible reason for this might be the
delamination of ceramic material particles during
tribological testing, which increases the surface
roughness and consequently leads to higher CoF
values [17].
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Figure 3 - SEM Images of wear tracks after tribological testing of CaP coatings deposited in duty cycle modes: A, B,

and C
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Figure 4 - CoF graph for CaP coatings deposited in duty cycle modes: A, B, and C
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Figure 5 shows the averaged values of the CoF at
5 N and 20 N loads and the wear track width for the
CaP coatings. The lowest average CoF is observed for
the CaP coating obtained in Mode B of the MAO
process, with a CoF of 0.029 at 5 N and 0.909 at 20
N. The highest CoF, 0.034, is noted for the coating in
Mode A. The median CoF values for all coatings were
as follows: ASN—0.034, A20N —-1.396, B5N —0.026,
B 20N — 0.89, C 5N — 0.024, C 20N — 1.058. When
comparing wear track width, the coating in Mode B
demonstrates the highest wear resistance due to its
narrower width at 5 N. For 20 N, the narrowest wear
track is recorded for the coating in Mode A at 488
um. However, it's important to note that this coating
also exhibits deeper wear grooves. Consequently,
when considering wear volume, the coating in Mode
B displays lower wear than other coatings. In
summary, the tribological data suggest that Mode B
of the MAO process allows for the deposition
coataing with high wear resistance on titanium
surfaces.
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Figure 5 - The wear track and the averaged CoF values
for loads of 5N and 20 N

Coatings applied in mode B exhibit less wear and
better integrity retention under load compared to
other modes, which can be explained by several
reasons outlined below. Mode B results in the
formation of smaller spherical aggregates (66 + 5.5
um) compared to mode A and, unlike mode C,
prevents the formation of fragmented structures.
The consistency and uniformity of these smaller
spherical aggregates may contribute to the creation
of a more compact and homogeneous coating,
thereby enhancing its wear resistance. Transitioning
from mode A to B increases the calcium content,
which contributes to structural integrity through a
denser phosphate matrix. Consequently, mode B
likely induces beneficial structural changes, such as
a more uniform and compact microstructure,

optimal roughness, and improved chemical
composition, enhancing its wear resistance.

Conclusions

The micro-arc oxidation method successfully
applied calcium-phosphate coatings to the VT1-0
titanium surface with varying pulse duty cycles in an
electrolyte containing a 30% aqueous solution of
orthophosphoric acid, hydroxyapatite, and calcium
carbonate. The coatings underwent tribological
testing against SHX15 steel under normal loads of 5
N and 20 N. From the study, the following
conclusions can be drawn:

1. Investigation into the morphology of
coatings resulting from MAO with various pulse duty
cycles on the titanium surface showed a common
structure featuring volcano-like formations with
pores. The average size of these structures ranged
from 66 to 98 micrometers. Decreasing the pulse
duty cycle (from 35% to 8,3%) caused the coating
thickness to increase from 74.3 micrometers to 100
micrometers due to the higher number of pulses.

2. The surface roughness of the coatings fell
within the optimal range of 5.7 to 6.11 micrometers,
conducive to enhanced osteogenic differentiation.
Following tribological testing, the roughness within
the wear track decreased by 6 to 10 times compared
to the initial condition.

3. The Ca/P ratio, a critical bioactivity indicator,
varies with changes in the MAO pulse current duty
cycle. A decrease in this ratio is observed as the duty
cycle increases, suggesting an enhancement in the
bioactive potential of the coatings. The presence of
bioresorbable phases in the coatings indicates their
suitability for biomedical implant applications,
particularly where nutrient circulation within the
implant material is crucial.

4. Wear resistance studies showed that the
coating produced in duty cycle 17.3% had the
highest wear resistance among the coatings tested.
The absence of delamination, the narrow wear track
width, and a favorable coefficient of friction
indicated the high wear resistance of the coatings
obtained in this mode. This is attributed to the
smaller, more uniform spherical aggregates formed,
which result in a more compact and homogenous
layer, offering better protection against wear. The
wear patterns and friction coefficient data
corroborate the superior performance of MAO
mode (voltage 300 V, duty cycle 17.3%), where the
coatings exhibit minimal delamination and maintain
structural integrity even under higher loads.
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UccnepoBaHue TpMB0N0OrMuecKUMX XapakTepUCTUK MUKPOAYrOBbIX KaNbLUN-
dochaTHbIX NOKPLITUIA HA TUTAHA

! Mamaesa A.A., ! Kenxkerynos A.K., ! Mannukuu A.B., Panigrahi M., ! ®duwep A.E.

1 UHcmumym memannypauu u ob6ozaweHus, Satbayev University, Aamamel, KazaxcmaH
2Bennopckull mexHosnoauveckuli uHcmumym, YeHHau, Tamun Hady, MHOus

AHHOTALUMUA

Tpubonornyeckme xapaKTEPUCTUKM WUMNIAHTATOB, TakMe KaK COMPOTUBNAEHUE W3HOCY W
KO3QOULMEHT TPEHWA, WUrPaKOT KPUTMYECKYID POoab B OBecnevyeHun ux [OArOBEYHOCTU W
bYHKLMOHaNBbHOCTY NPU B3aUMOAENCTBUM C OKPYKAIOLLMMM TKAHAMKW. ITU NapameTpbl BAMAIOT Ha
CMOCOBHOCTb MMMIAHTaTa BbIAEPKMBATD MEXaHUYECKME HArPy3KM U MUHUMMMU3UPOBATbL U3HOC B
TeYyeHWEe BCEro CpoKa €ro CAyX6bl. MUHMMM3AUMA TPeHUA MeXAy WMMNAAHTaTOM W
61ONOTUYECKUMM TKAHAMM HE TOJIBKO MOMOTaeT NPeAoTBPaTUTb MeXaHUYEeCK1e NOBPEXAEHNA, HO
M CHWXKAeT pPUCK BOCMAJMTE/bHbIX peakuuit, obecrieumsas Aydwyo  6UONOrUYECKYIO

Noctynuna: 25 anpens 2024 COBMECTMMOCTb. B gaHHOW pabote 6biav MoayyeHbl KanbUmint-GpocdaTHble MOKPLITUA METOLA0M
PeueH3nposaHue: 4 maa 2024

MMKPOAYrOBOro OKCUMAMPOBAHUA NPU Pa3HOM CKBAXKHOCTM MMMYNbCHOMO TOKa ANA UCCNef0BaHNA
MpuHATa B Neyatb: 16 mas 2024

UX TPUBONOrMYECKMX XapaKTepuUCTUK. OcaxeHHble MOKPbITUA Ha TUTaHe UMeNU CTPYKTYpy C
BY/IKaHONOA06HbLIMM 06pa3oBaHNAMM C MOpamm OT 66 A0 98 MUKPOMETPOB. TO/ILLMHA NOKPbLITUIA
BapbupoBanacb ot 74,3 no 100 MMKPOMETPOB B 3aBUCMMOCTU OT YC/NOBMUA NOAYYEHUA MNpuU
MMKPOAYrOBOM OKCMAMPOBAHUWU. TpMBONOrMYECKMe UCMbITaHMA NPOBOAMAUCH MO CXEME Lap-
NNOCKOCTb C MNOMOLLBIO BO3BPATHO-NOCTYNATENbHOTO ABUMKEHMA. MOKPbITUA BblNn NOABEPrHYTHI
TPUBONOrMYECKUM UCMbITaHUAM NPOTMB cTanu LWX15 npu HopmanbHbIX Harpyskax 5 u 20 H. B
3aBMCMMOCTM OT NPUIONKEHHOIN HarpysKkn Ko3bPpUUMeHTbI TPEHMA NOKPbLITUIA cocTaBaanm ot 0,029
800,034 npu 5H un ot 0,9 fo 1,26 npu 20 H. AHanu3 NnokasaTenen nsHoca n mukpodoTorpadun
M3HOLLEHHBIX MOBEPXHOCTEN CBUAETENLCTBYIOT O TOM, YTO PEXKUM CO CKBAXKHOCTBIO MMMY/IbCHOTO
ToKa 17,3 % npu MUKPOAYroBOM OKCUAMPOBAHWUM NO3BOAAET NOyYaTb Ha MOBEPXHOCTAX TUTAHA
NOKPBITUA C BbICOKON M3HOCOCTOMKOCTbIO.

Kntouesbie cnosa: Kanbuuit-dochaTtHoe NOKPLITUE, MUKPOAYTOBOE OKCUANPOBAHUE, CKBAXKHOCTb
TOKa, KO3PUUMEHT TPEHUA, U3HOC.
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