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Surface coating processes are carried out to increase the 
wear and corrosion resistance of products with free-form 
surfaces used in the biomedical field. In this study, 
Ti/TiN/TiC/TiCN/TaN multilayer thin films were 
deposited on the surface of Ti13Nb13Zr alloy samples 
with different radii of curvature using the closed-field 
unbalanced magnetron sputtering technique. The wear 
and adhesion properties of thin films were examined with 
a specially developed wear test setup, in a simulated body 
fluid environment and an ultra-high molecular weight 
polyethylene (UHMWPE) counterpart was used.  Scanning 
electron microscope and X-ray diffraction measurements 
were used to study the morphology and microstructure of 
the thin films before and after wear experiments. The 
delamination amounts of the coatings on the sample 
surfaces after the wear test were measured and this value 
was calculated as 8.73%, 12.16%, and 16.89% for the R14, 
R18, and R22 samples, respectively. As a result of these 
findings, it was determined that the wear resistance of the 
coatings decreased as the radius of the curvature 
increased. The wear amounts of the UHMWPE 
components are found as 15.45, 6.75, 8.15, 15.45, 6.75, 
and 8.15 mg for P0, P14, P18, and P22 samples, 
respectively.  
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1.0 INTRODUCTION 
Free-form surfaces are more useful both aesthetically and functionally compared to flat 

surfaces. Therefore, in many industries such as optics, astronomy, automotive, aerospace, and 
biomedical fields free-form shaped products are preferred (Buyong et. al, 1998; Ye et al., 2017; 
Miura et al., 2014; Bahçe et al., 2020; Gong et al., 2023). Especially, implants that replace hard 
tissue used in biomedical applications have free-form surfaces. The release of some cytotoxic 
elements in the compositions of implant materials used in this field to tissues and body fluids 
causes infections and reduces the lifetime of the implant (Lützner et al., 2013; Skjöldebrand et al., 
2013; Hussein et al., 2023). To overcome this problem, metallic implant materials are coated with 
mono or multilayer ceramic thin films such as TiN, ZrN (Kumar et al., 2021). Although the lifetime 
of the implants has been increased with these coatings, it has been reported in previous studies 
that they fail earlier than the lifetimes evaluated in-vitro experiments (Herbster et al., 2020). One 
of the reasons for this situation is thought to be due to the fact that these experiments were 
carried out on flat surface samples. While coatings made by various methods such as PVD, CVD, 
electrophoretic, and atomic layer deposition are mostly in a homogeneous structure with 
continuity on flat surfaces, this situation changes on curved surfaces.  

When the previous studies are examined, it is seen that there are very few studies on the 
characterization of thin film coatings on freeform surfaces. Most of these are studies in which 
chiral and sculptured thin films are deposited on flat surfaces (Robbie et al., 1997; Schmidt et al., 
2011; Esfendiar et al., 2013; Martín-Palma et al., 2013; Abdi et al., 2015; Rahchamani et al., 2015; 
Savaloni et al., 2017; Savari et al., 2018; Grineviciute et al., 2020). There are a few studies on thin 
film coatings characterization deposited on free form surfaced substrates. Kvasnicka et al. 
investigated the surface continuity of the TiN coatings deposited on cutting blades that have 
differentiated radii between 5 µm to 200 µm. As a result, they have reported coating failure at low 
radius values between 5-10 µm, and in other regions, they determined that the morphology of the 
coating showed differences with the changing radius values (Kvasnicka et al., 1999). Structural 
changes of thermal protective coatings deposited on free-form shaped CSMX4Ni super alloy used 
in high-temperature applications were studied (Liu et al., 2013). They found that the coatings had 
different thicknesses in different regions of the substrate and reported that the microstructure of 
the coating also showed differences. In another study, Hirata et al. deposited DLC coatings on 
trench-shaped substrates by bipolar plasma-based ion implantation. In terms of film thickness, 
they measured the highest thickness value at the top of the trench and the lowest thickness at the 
inner wall. As a result of Raman spectrometry analysis, they determined that while the hardness 
results were in the same order of magnitude, the microstructural properties were the same as the 
Si plate at the top and top of the trench, but differed on the inner walls (Hirata et al., 2015).  It is 
concluded that more recent studies focused on deposition of thin films on flat surfaces by glancing 
angle deposition method (Lopes et al., 2023; Soltane et al., 2023; Pourzadeh et al., 2023; Gao et 
al., 2023).  

The characterization of the coatings deposited on implant materials in the biomedical field is 
carried out in wear simulators by the relevant ISO standards. When these studies were 
investigated, although the vast majority of implants had free-form surfaces, it was determined 
that no study examined the effect of surface curvature on the continuity and microstructure of the 
coating (Reyna et al., 2018; Kopova et al., 2019; Schroeder et al., 2020; Rothammer et al., 2023; 
Rafiq et al., 2023, Birkett et al., 2023).  

Among the metallic materials used in the biomedical field, titanium alloys are preferred due to 
their high corrosion resistance, mechanical properties, biocompatibility, and low density (Zhang 
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et al., 2019). Although the Ti6Al4V alloy is the most widely used in this area, release of the V 
element into body fluids causes damage to the tissues and premature failure of the implant 
(Gomes et al., 2011; Zhang et al., 2018; Pu et al., 2023; Senopati et al., 2023). Since Ti13Nb13Zr 
alloy does not contain any cytotoxic elements in its composition, it is an alternative biomaterial 
to this alloy (Li et al., 2014; Pawłowski et al., 2023). However, its low wear and fatigue strength 
limits its use in hard tissue replacement (Kaur et al., 2019; Senopati et al., 2023). It is observed 
that most of the previous studies to improve the surface properties of the Ti13Nb13Zr alloy were 
to increase the osteointegration and bioactivity of the alloy (Ossowska et al., 2014; Kazek-Kesik 
et al., 2015; Kazek-Kesik et al., 2016; Sowa et al., 2015; Urbanczyk et al., 2016; Stroz et al., 2017; 
Pawłowski et al., 2023; Ibrahim et al., 2023).  Except these, Piotrowska and Madej have studied 
the tribological properties of the silver-doped titanium nitride-coated Ti13Nb13Zr alloy and have 
reported that Ag-doped TiN coating provided better tribological properties (Piotrowska and 
Madej, 2023).   

In this study, coated Ti13Nb13Zr alloy samples with different curvatures were produced, the 
relationship between surface curvature and coating continuity was examined, and the effects of 
surface form on adhesion, thickness, and wear properties of the coating were examined. 
 
 
2.0 EXPERIMENTAL PROCEDURE 
 
2.1  Design of Free-Form Surfaces 

Bezier, Spline, B-Spline, and Nurbs parametric curves are used in the mathematical design of 
free-form surfaces (Jiang et al., 2020). Especially B-spline and Bezier curves are used in this type 
of design. The concept of the B-spline curve was developed to solve the inadequacies of the Bezier 
curve. In a Bezier curve, changing the position of any of the control points changes the form of the 
entire curve. But, B-spline curve is the only a specific segment of the curve-shape gets changes or 
affected by the changing of the corresponding location of the control points. In the B-spline curve, 
the control points impart local control over the curve-shape rather than the global control like 
Bezier-curve. A spline curve is a mathematical representation for which it is easy to build an 
interface that will allow a user to design and control the shape of complex curves and surfaces. In 
a B-Spline is a basis function that contains a set of control points. A control polygon is formed with 
these points, and these polygon points act like a magnet, allowing the curve to follow the shape of 
the polygon (Miura et al., 2014; Özdemir, 2015).  The B-Spline curves are specified by Bernstein 
basis function that has limited flexibility.  B-spline curves are defined with control points, and the 
generated curves do not pass through these control points except at the start and end points. 
Another parameter affecting the form of B-spline curves is the knot vector showing the parameter 
variation of the B-spline curve. The knot vectors determine how many polynomial segments the 
B-spline curve will consist of. The mathematical expression for a B-spline curve of k degree with 
(n+1) control points can be given as follows (Ayhan, 2003): 
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ix      : Elements of the knot vector 

𝑡          : Parameter of the curve 
𝑛 + 1 : presents the number of the control points.  
𝐵𝑖         : Bernstein basis function 

 
In this study, B-spline curve was used to design of the free-form surfaces. The control points 

used in the design of the curve were determined as radii of curvature R14, R18, and R22. The knot 
points were randomly selected to have a free-form surface. The curves were drawn using the 
MATLAB program based on the B-Spline functions. The knot points used in the creation of the 
curves are the same for all, and these values are t0 = 1, t1 = 3, t2 = 5, t3 = 7, t4 = 9, t5 = 11, t6 = 13. 
The control points used to create the B-Spline curves are given in Table 1. The solid models of the 
surfaces were designed using the SOLIDWORKS 2016 package program, and the B-Spline curve 
and solid model of the R14 sample is given in Figure 1. 
 

Table 1: Control points of the designed B-Spline curves. 
Curve Control Points 
R14 B0(20,20) B1(25,30) B2(45,30) B3(70,20) 
R18 B0(24,24) B1(29,34) B2(49,34) B3(74,24) 
R22 B0(28,28) B1(33,38) B2(53,38) B3(78,28) 

 
 

 
Figure 1: B-Spline Curve (a) and solid model of the R14 surface (b). 

 
2.2 Production of Samples 

Ti13Nb13Zr alloy conforming to ASTM F-1713 standard was commercially obtained from 
Baoji Titanium Future Company. A mold was designed in SolidWorks 2016 software to produce 
the free-form shaped samples. The mold was produced using AISI 1040 steel on the HAAS brand 
VF-3SS model 5-axis CNC machine in the workshop of Ottoman Group Implant Company.  
Ti13Nb13Zr alloy samples were prepared for production by hydraulic press, in a time and 
temperature-controlled heat treatment furnace, by rising to 200 °C in 10 minutes and keeping 
them at this temperature for 10 minutes. The samples were taken out from the furnace, and then 
pressed under 860 MPa pressure between the male and female molds placed in the hydraulic 
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press, and the free-form shaped samples were produced successfully without any undesired 
plastic deformation. Then, the sample surfaces were polished with polishing machine to prepare 
for the PVD coating processes. The mirror-like polished samples were washed in ultrapure water 
in an ultrasonic bath for 15 minutes, then prepared for the coating process and stored in vacuum 
bags. 
 
2.3 Coating Procedure 

Multilayer coatings were deposited using a DC-pulsed closed-field unbalanced magnetron 
system (Teer Coatings). The samples were subjected to an ion cleaning process using Argon gas 
at 2.66 Pa pressure, -800 Bias voltage for 30 minutes. A thin titanium adhesion layer was 
deposited to enhance the adhesion between the coatings and the substrate. Titanium nitride 
(TiN)/ titanium carbide (TiC) / titanium carbo-nitride (TiCN) thin films were deposited in the 
interlayers, repeating six times, and tantalum nitride (TaN) was deposited on the top layer. R14, 
R18 and R22 samples were coated with the same coating architecture (Figure 2). Pulsed DC 
parameters were 150 kHz frequency, and 2 µs period for all TiN, TiC, TiCN, and TaN coatings. 
Detailed coating parameters can be seen in Table 2.  

 

 
Figure 2: Coating Architecture. 

 
Table 2: Coating Parameters. 

 Layer 
Parameter Ti TiN TiC TiCN TaN 
Work Pressure (Pa) 3.34 3.34 3.34 3.34 3.34 
Flow rate of N2 (sccm) - 7 - 7 14 
Flow rate of Ar (sccm) 7 7 7 7 7 
Bias Voltage (V) -70 -70 -70 -70 -70 
Deposition Time (min.) 10 8 8 8 70 

 
 
2.4 Characterization Experiments  

The wear resistance of thin-film coatings deposited on flat surfaces has traditionally been 
determined in pin-on-disc or ball-on-disc wear devices. Since the wear resistance of thin films 
deposited on samples with curved surfaces cannot be determined with these devices, purpose-
built wear test setups are being developed. In this study, to determine the wear behavior of 
multilayer TiN/TiC/TiCN/TaN films deposited on the curved Ti13Nb13Zr alloy substrate, a wear 
test setup was developed on a lathe machine (Figure 3). Since the Ti13Nb13Zr alloy is a 
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biomaterial, wear tests were performed in simulated body fluid (SBF) environment. And an ultra-
high molecular weight polyethylene (UHMWPE) material, whose surface was machined in the 
same curvature form as Ti13Nb13Zr alloy, was used as the counter component in the wear tests. 
Simulated body fluid was prepared according to Kokubo’s recipe (Kokubo et al.,2006). 
Accordingly, to prepare one liter of SBF, the reagents in the Table 3 below were added to 700 ml 
of pure water in a glass bottle in the given amounts, respectively. More detailed information about 
the preparation of SBF can be found in Kokubo's article. 

 

 
Figure 3: Wear experiment design. 

 
Table 3: Reagents used to prepare 1L SBF. 

Order Reagent Amount  
 NaCl 8.035 g 

2 NaHCO3 0.355 g 
3 KCl 0.225 g 
4 K2HPO4 . 3H2O 0.231 g 
5 MgCl2 . 6H2O 0.311 g 
6 1.0M-HCl 39 ml 
7 CaCl2 0.292 g 
8 Na2SO4 0.072 g 
9 Tris 6.118 g 

10 1.0M-HCl 0-5 ml 
 

The UHMWPE component was connected to the chuck of the lathe, and the coated Ti13Nb13Zr 
sample was screwed to the traveling tailstock of the lathe by opening a screw thread on its back. 
A dynamometer was added to the system to control the applied force during the experiments. 
Before applying force, the wear components were reset by bringing them into contact with each 
other, then 800 N load was applied by controlling the forward movement of the tailstock. Chuck 
speed was set to 105 rpm during experiments, and the mass loss of the UHMWPE was determined 
by stopping the experiment every 106 cycles, removing the UHMWPE component, and measuring 
the weight on a precision balance. In addition, the simulated body fluid was renewed every 106 
cycles, thus preventing the wear particles from causing more wear by acting as the third body. 
Since the standard minimum number of cycles required in the wear tests of orthopedic joint 
implants used in the biomedical field is 5x106, the wear tests were performed in this total number 
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of cycles. The morphology of the deposited multilayer thin films was investigated using SEM. 
Tribological and adhesion properties of the multilayer thin films were examined with an optical 
microscope and SEM-EDS analysis. Image Focus software was used to calculate the failure amount 
of the coatings. 
 
 
3.0 RESULTS AND DISCUSSION 

Cross section SEM image of the multilayer thin films deposited on the R22 sample is given in 
Figure 4. The total thickness was measured at approximately 2.62 µm, and the coating layers can 
be seen clearly. It is understood that the deposited thin films do not show any discontinuity or 
irregularity in the image area. However, it is striking that there are different penetration depths 
in the region where the TaN layer is deposited on the TiCN layer. 

 

 
Figure 4: Cross section SEM images of the R22. 

 
The mass losses in the UHMWPE component as a result of the wear experiments are given in 

Table 4. For the uncoated R14 and the coated R14, R18, and R22 samples, the interoperable ultra-
high molecular weight polyethylene components were coded as P0, P14, P18, and P22, 
respectively. It was determined that there was a mass loss of 15.45 mg at the end of 5 million 
cycles in the UHMWPE component, which was subjected to the wear test with the uncoated 
sample. As a result of the wear test performed in 5 million cycles (mc) with the R14 sample, which 
has the same radius of curvature, the mass loss of the UHMWPE component was determined as 
6.75 mg. This result shows that thanks to the TiN/TiC/TiCN/TaN multi-layer coating, the wear on 
the polyethylene component was reduced by 2.28 times. When the wear amounts of the samples 
are evaluated according to the radius of curvature, it is understood that the amount of wear in the 
UHMWPE component increases depending on the increasing radius of curvature. 
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Table 4: Wear amounts of UHMWPE samples. 

 Cycle 

 106  2×106 3×106 4×106 5×106 

Sample Wear amount (mg) 
P0 1.25 3.45 6.28 10.52 15.45 

P14 1.12 2.25 4.65 5.68 6.75 
P18 1.21 2.34 4.89 5.95 8.15 
P22 1.18 2.58 5.12 7.23 12.34 

 
UHMWPE is widely used in hip and knee implants as a load-bearing element in biomedical 

joint implants, often matching with a metal component. According to the in-vivo results of these 
applications and the data obtained from various in-vitro experimental studies, the average wear 
rate obtained in the jointing of the polyethylene component with CoCr or Titanium alloy counter 
material has been reported as 8 mg/mc (Cho et al., 2012; Ezzet et al., 2012; Abdel-Jaber et al., 
2015). From this point of view, it can be said that TiN/TiC/TiCN/TaN multilayer coatings 
deposited on Ti13Nb13Zr alloy gave successful results since a 1.35 mg/mc wear rate was 
obtained in this study. 

After the wear test, EDS-mapping investigations were carried out to understand which layers 
the coating failure occurred (Figure 5). According to the mapping investigations, it is understood 
that the light gray area layer on the left is the TaN layer where failure did not occur. In the region 
on the right, it is seen that there is densely Titanium, a small amount of carbon, and a lesser 
amount of nitrogen. Thus, it is understood that where the TaN layer is delaminated is the TiCN 
layer located just below the TaN layer in the coating architecture. As a result of the wear test of 
the R14 sample, which was applied in 5 million cycles, it was determined that only the uppermost, 
the TaN layer, was partially delaminated. Optical microscope and SEM images of the surface of the 
R14 sample after the wear experiment are given in Figure 6.  It is seen that there are prominent 
abrasive wear lines at the top of the surface, the wear lines become blurred with the decrease of 
the slope, and the TaN layer is delaminated at regions near the edge. It is understood that the wear 
mechanism is completely abrasive in the upper parts of the surface, and the adhesive wear 
mechanism becomes dominant in the lower parts of the surface with the decrease of the slope. 
The failure of the TaN layer, which started in the regions close to the edge with the decrease of 
the slope, progressed in the form of a thin band with variable width and expanded up to a 
maximum of 2 mm from the edge. The total area of the delaminated TaN layer was calculated 
using the multi-point polygon method in the Image Focus software and was found to be 32.28 
mm2. When this value is compared to the total surface area of the coating, which is 369.63 mm2, 
it was found that the layer damage occurred in 8.73% of the coating. Besides, the adhesion areas 
of the UHMWPE wear particles and the regions where fretting corrosion occurs on the sample 
surface are seen in the SEM image. Fretting corrosion is a type of corrosion that occurs as a result 
of the cycle loading damage to the oxide films on the surfaces of metal alloys working in contact 
with each other (Diomidis, 2012). Although UHMWPE is the reciprocating material in this study, 
it is understood that fretting corrosion occurs due to instantaneous damage to the self-forming 
Ta2O5 oxide layer on the surface of the multilayer-coated metal alloy. The fact that the simulated 
body fluid used in the experiment has a very aggressive structure in terms of corrosion is also 
thought to be effective in the occurrence of this type of wear. 
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Figure 5: EDS elemental mapping of the surface of the R14 sample after the wear test. 

 

 
Figure 6: Optical microscope and SEM images of the R14 sample. 

 
EDS elemental mapping of the worn surface of the R18 sample is given in Figure 7. The 

presence of intense Titanium in the dark region, the concentration of carbon, and the small 
amount of nitrogen content indicate that this region is the TiCN layer under the TaN layer. This 
result indicates that only the TaN layer has been exposed to failure after the wear test. When the 
optical and SEM images of the R18 sample were studied, the presence of abrasive wear lines 
parallel to the wear direction on the surface, which gradually decreases from the apex to the 
bottom, shows that the wear in this sample is mostly of abrasive character too (Figure 8). The 
failure of the TaN layer first started as a thin band, then continued to expand, extended to a 
maximum distance of 2.75 mm from the edge, and then ended as a wide band. It is understood 
from the presence of abrasive pick-up grooves and lines that abrasive wear is dominant as it 
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moves away from the edge. The failure area in the TaN layer was measured as 43.29 mm2, which 
corresponds to approximately 12.6 % of the total surface area of the coating. Fretting corrosion 
zones and wear particles of the ultra-high density polyethylene component adhered to the surface 
are seen for this coating too. 

 

 
Figure 7: EDS elemental mapping of the surface of the R18 sample after the wear test. 

 

 
Figure 8: Optical microscope and SEM images of the R18 sample. 

 
As a result of the wear test of the coating on the sample surface with a radius of curvature of 

R22, it is understood from Figure 9 that, unlike the others, not only the TaN layer is delaminated, 
but also the TiCN and TiC layers are delaminated too. It can be seen clearly from the elemental 
distribution analysis that the relatively darker gray region is the TiCN layer, and the black is the 
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TiC layer. It is understood that the failure of the coating showed discontinuities and occurred in 
different regions (Figure 10).  In the first failure zone, layer deformation started at a point, then 
progressed from the edge inwards in the form of dendritic indentations and ended at a point. A 
secondary deformation zone extends inward from the edge in a dendritic form but continues to 
expand in a continuous and stable structure after a specific region. The maximum distance of the 
coating failure from the edge was measured to be approximately 3 mm and is more than the 
maximum failure amount on the other two free-form coating surfaces. The failure amount in the 
coating layer on this sample surface was measured as 56.15 mm2, which corresponds to 16.89 % 
of the total sample surface area. This indicates that coating failure is twice as compared to the 
sample with the R14 radius of curvature. Along with the presence of fretting corrosion areas on 
the coating surface and the surfaces where the coating has been delaminated, the presence of 
abrasive wear particles can also be observed. It can be seen from the images that adhesive and 
abrasive wear occurred together on this sample surface, but adhesive wear is more dominant. 

 

 
Figure 9. EDS elemental mapping of the surface of the R22 sample after the wear test. 

 

 
Figure 10: Optical microscope and SEM images of the R18 sample. 
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It was observed that adhesive failures occurred at the edges and near the edges of all samples 
with different radii of curvature. Similarly, it was determined that abrasive wear occurred at the 
peaks of all samples. Adhesive failure of thin film coatings is due to poor adhesion with the 
substrate material surface (Holmberg et al., 2009). However, in this study, adhesive failure of only 
the TaN layer (coatings on R14 and R18 sample), not all coating layers, indicates a weak adhesion 
between this layer and the TiCN layer located just below it.  

In the PVD-Magnetron sputtering coating technique, samples are placed on the holder as their 
surfaces face the targets (Figure 11). The high-purity target material, which is the thin film 
component to be deposited on the surface, is subjected to ionic bombardment with reactive Argon 
gas, thus scattering the target material ions (Kern et al., 2002). These scattered ions turn into a 
dense plasma on the sample holder located in the center of the room, thanks to the closed 
unbalanced electromagnetic field. Meanwhile, the positively charged target material ions in the 
plasma are deposited on the negatively charged substrate material surface. Parameters such as 
the distance between the target material and the substrate placed on the sample holder and the 
rotation speed of the sample holder directly affect the morphology of the deposited thin films, as 
they determine the level of plasma utilization of the substrate material. Therefore, during the thin 
film deposition on flat surfaces, the entire surface can benefit from plasma effectively due to the 
equal distance between the target and the substrate material (Ohring, 2002). In this study, 
although the surfaces to be coated were placed on the same sample holder facing the target 
materials, the top surface of the substrate materials was closer to the target material, and the edge 
areas were farther away due to the surface curvature. As a result, a more homogeneous and stable 
film was deposited on the upper parts of the surfaces compared to the edges. Since the distance 
of the edge regions to the plasma increased due to the increase in the radius of curvature of the 
samples, the coating with the weakest adhesion and lowest tribological properties was obtained 
in the R22 sample. Previous studies have reported that thin films deposited on different substrate 
materials with variable methods have varying thickness and morphology depending on the 
surface curvature, so it has been understood that the results obtained are compatible with the 
literature data (Kvasnicka et al., 1999; Liu et al., 2013; Hirata et al., 2015). 

 

 
Figure 11: Schematic representation of PVD magnetron sputtering process. 
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CONCLUSIONS 
The surfaces designed with the Bezier curve method were successfully manufactured and 

were multilayer coated via the unbalanced magnetron sputtering method. As a result of the wear 
test in which UHMWPE was used as the counter material, it was determined that the multilayer 
coated sample increased the wear resistance of the UHMWPE component by 2.28 times. 
Additionally, it was understood that the mass loss in the UHMWPE component increased as the 
radius of curvature of the surface-coated samples increased.  

As a result of the worn surface examination of the coated Ti13Nb13Zr alloy samples, it was 
observed that abrasive wear occurred at the top region of all samples, and adhesive wear occurred 
in the areas close to the edges.  This finding can be interpreted as the morphological properties of 
thin films deposited on curved surfaces in the magnetron sputtering process are not 
homogeneous on all surfaces. This result was thought to be obtained because the distance of the 
samples with curvilinear surfaces to the target material varies depending on the surface slope. As 
a result of the wear test, the fact that the least failure occurred in the thin films deposited on the 
sample surface with the smallest curvature radius and the highest amount of failure occurred in 
the R22 sample with the high curvature radius confirms this perspective. It was determined by 
SEM-EDS elemental mapping examination that only the TaN layer was delaminated in the wear 
test in the R14 and R18 coatings, and unlike them, the TiCN layer was also delaminated in the R22 
sample. Based on this, it can be claimed that the TaN layer shows weak adhesion on the TiCN layer.  
Although the wear rates obtained in this study are acceptable for the UHMWPE component, they 
cannot be considered within acceptable limits due to delamination occurring in the coating layers, 
especially the TaN layer, on the Ti13Nb13Zr alloy surface. To deposit thin films with a more 
homogeneous structure on free-form surfaces, it is recommended as a future study to define a 
movement in the sample holder by the surface curvature so that all surfaces of the sample can 
effectively benefit from plasma during the coating process. 
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