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ABSTRACT  

Ti13Nb13Zr alloy stands out as an alternative to Ti6Al4V alloy for orthopaedic joint implant applications due to its low modulus of 

elasticity, high mechanical properties, high corrosion resistance, high biocompatibility and low modulus of elasticity, as well as con-

taining no cytotoxic elements. In this study, Ti13Nb13Zr alloy was coated with TiN/TiC/TiCN/TaN multilayer thin films by pulsed-

dc CFBUMS method to increase wear resistance and improve surface properties. Characterization of the deposited films were con-

ducted by XRD, SEM, AFM, pin-on-disk, progressive scratch experiments.  As a result, it is observed that all the coatings enhanced 

the tribological properties of the Ti13Nb13Zr alloy surface. The 20-layer TiN/TiC/TiCN/TaN multilayer coatings gave the best results 

for wear resistance and adhesion properties. Enhancing the interlayer number resulted in increased wear and adhesion resistance. In 

addition, it was determined that using TiC instead of TiN in the interlayers gave higher results regarding adhesion, wear, and mechan-

ical properties. 
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INTRODUCTION 
 
Titanium alloys are preferred in biomedical applications due to 

their features as high corrosion resistance, osteointegration, and 

low density [1]. Ti6Al4V alloy is the most widely used alloy in 

this field, but the results obtained from clinical studies have 

shown that the V and Al elements contained in the alloy have 

cytotoxic effects [2-4]. It has been determined that the ions of 

these elements released from the alloy into the body fluid accu-

mulate in the tissues and their surroundings and cause various 

tissue inflammation and osteomalacia [5-6]. While Ti13Nb13Zr 

alloy has mechanical properties close to Ti6Al4V alloy, it does 

not contain cytotoxic components [7]. In addition, due to its 

lower elastic modulus compared to other biometals, orthopaedic 

joint implants are prone to reduce the strain shield effect in load-

bearing applications [8]. However, the use of the alloy in this 

area is restricted due to its disadvantageous properties as low 

wear resistance and fatigue resistance in a frictional environment 

[9].  

Various studies have been carried out to improve the surface 

properties of the Ti13Nb13Zr alloy. Most of these studies aimed 

at improving surface properties by oxidizing the alloy surface 

with methods such as PEO [10-15]. As a result of these studies, 

coatings with increased osteointegration and corrosion re-

sistance were made by coating TiO2 layers on the surface. In ad-

dition, electrophoretic coating studies with hydroxyapatite 

(HaP) were also carried out to increase the bioactivity of the al-

loy [9,16]. Apart from these, there are few studies on improving 

the surface properties of Ti13Nb13Zr alloy by coating by the 

PVD method. Li et al coated single-layer TiN and multi-layered 

Ti/TiN coatings on the Ti13Nb13Zr alloy surface by filtered arc 

deposition method. As a result of their studies, they found that 

multi-layer Ti/TiN coatings showed much higher resistance to 

cracking and delamination compared to single-layer TiN coating 

[17]. Hee et al. coated the surface of the Ti13Nb13Zr alloy with 

Tantalum using the filtered cathodic arc deposition method to 

increase the wear and corrosion resistance under load in the bi-

omedical field. Although the corrosion resistance has been sig-

nificantly increased by coating the surface, the results obtained 

from the wear test have concluded that the Tantal coating of the 

alloy caused poor wear resistance [18]. 

With surface modifications made by depositing multi-layered 

thin films on various substrate materials, properties such as wear 

resistance, corrosion resistance, and microhardness can be im-

proved without compromising the properties of the bulk material 

[19-22]. Thanks to using nitride compounds of transition metals 

in this area, surfaces with high wear resistance, corrosion re-

sistance, and microhardness could be obtained [23]. Thin films 

with high adhesion and mechanical stability, with high abrasion 

and corrosion resistance, could be deposited, via physical vapor 

deposition (PVD) methods [24]. Coatings produced by this 

method have been successfully used in the cutting tool industry, 

microelectronics industry, and recently in the biomedical field 

[25-31].  

Tantalum's excellent biocompatibility, excellent chemical inert-

ness in vivo, and corrosion resistance comparable to noble met-

als, as well as its suitability for cell adhesion, cell proliferation, 

and speciation, make its use as a biomaterial very attractive [32-

33]. Due to these properties, the use of this metal alone and its 
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various oxidized, nitride, and carbide components in biomateri-

als is increasing [34]. TaN ceramic has been researched for bio-

medical applications due to its high wear resistance, hardness, 

and more, high corrosion resistance, and very successful results 

have been obtained [35-38]. TiN ceramic thin films have been 

used as wear-protective coatings in tribological applications for 

many years. TiN thin films, which find application in the cutting 

tool industry, are also used to improve the properties of bio-

materials. TiN thin film coatings with thicknesses ranging from 

5-60 µm have been applied in orthopaedic joint implants since 

1980 [25,39]. As a result of some previous studies, increased 

microhardness, wear, and corrosion resistance values were ob-

tained in studies where TiC and TiCN thin films were used as 

interlayers [22,40,41]. 

In this study, Ti13Nb13Zr alloy was coated with 

TiN/TiC/TiCN/TaN multilayer thin films by pulsed-dc 

CFBUMS method to increase wear resistance and improve sur-

face properties. The wear and adhesion properties of deposited 

thin films in six different coating architectures were investi-

gated. 

 
MATERIAL AND METHODS 
 

Ti13Nb13Zr alloy used as substrate material was purchased as a 

20 mm diameter and 1 m long bar (Baoji Future Titanium Com-

pany). The chemical composition ratios by weight specified in 

the ASTM F-1713 standard and the chemical composition ratios 

by weight of the alloy used in the study are given in Table 1. 

Ti13Nb13Zr alloy was cut in the form of discs with the laser 

cutting method with the dimensions of 2.5 mm x 20 mm by laser 

cutting method. Then, rough surface grinding was applied to the 

regions which contacted with laser ion beam to eliminate the 

possible heat treatment effect.  Before the deposition process, all 

the sample surfaces were grinded with respectively 120, 600, 

mesh SiC emery paper and were polished 1000, 2000 and 2500 

mesh SiC emery paper, and then ultrasonically cleaned in ultra-

pure water for 15 minutes. 

 

 

Table 1 Chemical composition of the used alloy and ASTM standard 

ASTM 

Ni C H Fe O Nb Zr Ti 

0.05 0.08 ≤ 0.012 ≤ 0.25 ≤ 0.15 ≤ 12.5-14 ≤ 12.5-14 Balance 

Used Alloy 0.02 0.03 0.002 0.10 0.08 13.2 13 Balance 

 

The multilayer coating process was conducted using a pulsed-dc 

closed-field unbalanced magnetron sputtering system which has 

four targets (Teer Coatings Ltd.).  To examine the tribological 

and adhesion properties of using different interlayers and the pe-

riod of interlayers, multilayer thin films were deposited in 6 dif-

ferent coating architectures. Uncoated sample was coded as C0, 

the architectures and coding of the coatings are given in Fig. 1. 

 

 
Fig. 1 Schematic presentation of the coating architectures 

 
A thin titanium adhesion layer was first deposited to ensure ad-

hesion to the substrate surface. The TaN layer was deposited as 

the top layer in all coatings. Tantalum was chosen as the top 

layer component due to its excellent biocompatibility, the fact 

that it does not cause any toxic effects when released into the 

body fluid, and the high wear and corrosion resistance of TaN 

ceramics [35-38]. Previous studies have been reported TiN and 

TiC mono or multilayer coatings showed good results in terms 

of wear and corrosion resistance [25,39]. Moreover, similar re-

sults were obtained in previous studies using TiN/TiCN and 

TiC/TiCN as intermediate layers [22,40]. Therefore, in this 

study, TiN, TiC, and TiCN components were selected in repeat-

ing intermediate layers in different combinations. In the inter-

layers, three different coating architectures were formed by de-

positing (TiN/TiCN) x4, (TiC/TiCN) x4, and (TiN/TiC/TiCN) 

x4 components. To examine the effects of the period of interlay-

ers on the tribological and adhesion properties, the depositing 

time was halved same time the interlayer period was doubled, 

and three different coatings were made. The number of interme-

diate layers was determined so that the total coating thickness 

could be approximately 2.5-3 πm. To make thickness analyses 

and morphological examinations of the coatings, coatings were 

deposited on glass substrates too in all coating processes. The 

coating parameters are given in Table 2. 

The phase analysis of the deposited thin films was determined 

by X-ray diffraction experiments at a scanning speed of 2.0º min-

1 degree at a wavelength of λ = 0.132 Å and a rotation angle 

range of 2θ = 3-80° by XRD (Rigaku, USA). Microhardness 

tests were carried out on a Mitutoyo HM brand microhardness 

measuring device (Japan) under 125 gf load for 15 seconds, us-

ing a diamond pyramid tip with a 136° apex angle, applying a 

static load.  An atomic force microscope (PARK XE, Korean) 

was used to determine the surface roughness of the samples. The 

tribological properties of the coatings were determined using a 

6.25 mm diameter alumina sphere as the counter material in a 

pin-on-disc device (Teer Pod, UK) at 25 °C and 45% humidity. 

Progressive scratch tests were examined to determine the adhe-

sion of the multilayer coatings to the substrate. Experiments 

were conducted using a Revetester CSM Instruments scratch 

tester with 10 mm/min feed at 10 N/s load increase rate at 0.2N 

initial load. SEM investigations were performed to investigate 

the microstructure and the morphology of the deposited multi-

layer thin films (Zeiss Evo Ls 10). 
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Table 2 Coating Parameters 

 Layer 

Parameter İon Cleaning Ti TiN TiC TiCN TaN 

Work Pressure (Pa) 2.66 3.34 3.34 3,34 3.34 3.34 

Ti Target Current (A) - 4.5 4.5 4.5 4.5 4.5 

C Target Current (A) - - - 2 2 - 

Ta Target Current (A) - - - - - 4 

Flow rate of N2 (sccm) - - 7 - 7 14 

Flow rate of Ar (sccm) 14 7 7 7 7 7 

Bias Voltage (V) -800 -70 -70 -70 -70 -70 

Deposition Time (min) 30 10 8 8 8 70 

 

RESULTS AND DISCUSSION 

 

Microstructure of the coatings  

 

The thicknesses of the thin films deposited on the Ti13Nb13Zr 

alloy substrate were calculated on the section view of the films 

deposited on the glass substrate by using SEM (Table 3). 

 

Table 3 Thicknesses of the coatings 

Coating C1 C2 C3 C4 C5 C6 

Thickness 

(µm) 
2.36 2.41 2.54 2.45 2.52 2.72 

 
In Fig. 2, the SEM image taken from the cross-section of the C6 

coating deposited on the glass substrate is given, and the coating 

layers can be seen clearly. It is seen that the TiN/TiC/TiCN/TaN 

thin films deposited on the Ti13Nb13Zr alloy substrate grow in 

a dense and crystalline structure. 

 

 
Fig. 2 Cross-sectional SEM image of C6 coating deposited on 

glass substrate 

 
XRD patterns of the bare Ti13Nb13Zr alloy and coated samples 

are shown respectively in Fig. 3 and Fig. 4. As a result of XRD 

analysis, the presence of α' and β titanium phases was deter-

mined in Ti13Nb13Zr alloy, a beta titanium alloy. It is usual for 

the Ti13Nb13Zr alloy to contain α' phases because the β phase 

is proportionally more in its structure [42-44]. 

XRD results of the all multilayer coatings showed crystalline 

structure. Since the thickness of the all thin films deposited on 

the Ti13Nb13Zr alloy is less than 5 µm, the existence of α' and 

β titanium phases were detected in all the coatings. A sharp peak 

of α-TaN (110) bcc phase was observed at 38.4° degrees for all 

coatings. Besides, orthorhombic base centred Ta4N (110) phase, 

face centred cubic TaN (111), and TaN1.13 (220) phases were de-

tected at approximately the same intensities in all coatings 

[42,43,45,46]. XRD patterns of the coatings showed stable crys-

tallinity of TaN phases. This result can be interpreted as the Ta 

conversion temperature, which is 300 °C, is not exceeded during 

the coating process [43,45]. It was understood that all the coat-

ings have the same phases due to all the TaN layer's coating pa-

rameters being the same. This result indicates that the plasma 

formed in the coating process was in a homogeneous structure 

and maintains its homogeneous structure during its deposition 

on the substrate.  

 

 
Fig. 3 XRD pattern of Ti13Nb13Zr alloy 

 

 
Fig. 4 XRD patterns of the coatings 
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Hardness and surface roughness of the coatings 

 
Microhardness and surface roughness of the uncoated 

Ti13Nb13Zr alloy and coated samples were given in Table 4. 

Although the top layer was TaN deposited with the same coating 

parameters in all coating architectures, it was understood that the 

thin films deposited TiN/TiC/TiCN in the interlayers gave 

higher hardness values. Besides, it is observed that TiC/TiCN 

interlayer provided higher microhardness compared to the 

TiN/TiCN interlayer. In multilayer thin film coatings, the micro-

hardness value is affected by the hardness and elastic modulus 

of the substrate material, as well as by the stiffness and modulus 

of elasticity of the thin films deposited in the interlayers [47]. 

Since the C atom causes more distortion in the titanium lattice 

structure compared to the N atom, the microhardness of the TiC 

film is higher than that of TiN [23,25]. Accordingly, a higher 

microhardness value was obtained for C2 coating than for C1 

coating. Similarly C5 coating showed higher microhardness 

compared to C4 coating too. Another finding is that increasing 

the period of the interlayers had increased the microhardness of 

all coating architectures. Surface roughness analysis showed 

similar results to hardness results. The lowest surface roughness 

value was obtained for the C6 coating. And similarly to hardness 

results, surface roughness values of the coatings decreased by 

increasing the period [48].  

 

Table 4 Microhardness and surface roughness of the coatings 
Sample C0 C1 C2 C3 C4 C5 C6 

Microhardness 

(Vickers) 
444.60 880.94 989.50 1212.90 1108.03 1212.5 1394.5 

Ra (nm) 55.862 25.219 23.458 24.250 20.862 19.208 18.170 

 

As a result of the microhardness experiments, it was observed 

that although the coating thicknesses of the deposited thin films 

were close to each other, the microhardness values increased 

with the increasing period of interlayers in coatings with the 

same coating architectures. Previous studies have reported that 

multilayer coatings provide better mechanical properties than 

that single-layer coatings [48,49]. Also, some studies reported 

that increasing the layer number increased the hardness [20,21]. 

It is thought that increasing the layer number was made the dis-

location motion more difficult. In addition, when the microhard-

ness results are considered together with the surface roughness 

results, it is seen that the surface roughness decreases with the 

increasing number of layers. It is thought that this situation is 

related to the fact that the nano-sized voids on the coating sur-

face are more filled with the increasing number of layers.  

 

Tribological Behaviour 

 

Tribological properties of the multilayer coatings deposited on 

the Ti13Nb13Zr alloy was evaluated by pin-on-disk experi-

ments. The wear rate of the uncoated Ti13Nb13Zr alloy and 

coated samples were calculated according to the equation given 

below [50]:  

 

 𝑊𝑟 =
𝑉

𝐹𝑛.𝑆
                                                                    (1.) 

Where the Wr is the calculated wear rate (mm3. N-1.m-1), V is the 

wear volume (mm3), F is the normal load (N) and the S is the 

sliding distance (m). Coefficients of the friction (COF) and the 

wear rates of the samples are given in Table 5. 

Table 5 COF and wear rates of the coatings 
Sample C0 C1 C2 C3 C4 C5 C6 

COF 0.508 0.199 0.152 0.163 0.146 0.166 0.128 

Wear Rate 

(x10-7) [mm3/N.m] 
571 13.04 7.15 6.86 5.18 4.26 2.29 

 

As a result of pin-on-disk experiments, all the coatings showed 

a significantly decreased wear rate compared to bare 

Ti13Nb13Zr alloy. Thanks to the multi-layer coating with ce-

ramic components, the alloy surface has increased microhard-

ness and reduced surface roughness values, thus increasing the 

wear resistance to a very high value without compromising the 

mass properties of the alloy [51]. When the wear rates of C1 and 

C2 coatings, which have the same number of coating layers but 

different interlayers, are compared to each other, it has been de-

termined that the C2 coating with the TiC/TiCN interlayer gives 

a lower wear rate than the C1 coating with the TiN/TiCN inter-

layer. As a result of the wear test carried out under the same 

conditions, it is expected that the wear resistance of the material 

with high hardness and low surface roughness will be high com-

pared to the other material [52]. From this point of view, it is 

understood that the results are in agreement with the microhard-

ness and surface roughness results of the coatings. It has been 

reported in previous studies that the microhardness and wear re-

sistance values of TiC thin films are higher than TiN thin films, 

and this is due to the fact that the carbon atom causes more dis-

tortion in the titanium lattice compared to nitrogen [23,48]. The 

wear rate of the C3 coating, which has TiN/TiC/TiCN interlay-

ers, was found as lower than C1 and C2 coatings.  It was found 

that using the TiN/TiC/TiCN interlayers increased the wear re-

sistance approximately twofold compared to using TiN/TiCN 

interlayers. On the other hand, when TiN/TiC/TiCN interlayer is 

used alternative to TiC/TiCN interlayer, it is seen that there is 

not such a broad increase in terms of wear resistance. From this 

point of view, it has been concluded that the difference between 

the wear resistance of C1 and C3 coatings is due to the presence 

of TiC in the interlayers, rather than the use of TiN/TiC/TiCN 

interlayers. 

As a result of the wear test of the C4 coating, which has the same 

interlayer composition as the C1 coating, a wear rate of 5.18 x 

10-7 mm3.N-1.m-1 was obtained. Considering that the thicknesses 

of both coatings are very close to each other, and the interlayer 

period of the C4 coating is 2 times that of the C1 coating it is 

understood that the wear resistance increases approximately 2.5 

times by doubling the period of interlayers.  Similar results were 

obtained for C5 and C6 coatings compared to C2 and C3. It is 

thought that by increasing the period of interlayers, the surface 

roughness and residual stresses decrease, and as a result, the 

wear resistance increases. The surface roughness results of the 

coatings support the wear test results in this respect. It has been 

reported in previous studies that increasing the period of layers 

in multilayer thin film coatings increases the mechanical prop-

erties such as hardness, corrosion resistance, fatigue resistance 
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as well as wear resistance [24,53]. From this point of view, it is 

understood that the results obtained in this study are compatible 

with the literature data. There have been some studies investi-

gating the wear resistance of TaN thin films [20, 21, 47, 52, 54-

58]. Westergard et al. reported 14-62 µm3.N-1.m-1 wear re-

sistance as a result of the abrasion test of Ta/TaN thin films de-

posited by the DC magnetron sputtering method with different 

magnetron power and nitrogen flow rates [54]. Nordin et al. re-

ported a wear rate of 50.10-19 mm3.N-1.m-1 for TiN/TaN thin 

films deposited on Cemented carbide substrate [55]. Chen et al. 

obtained 0.2 10-14 µm3.N-1.m-1 wear rate for TaN thin films de-

posited on Ti6Al4V substrate by DC magnetron sputtering 

method [57]. Ma et al., on the other hand, found that 19.4 mm3 

wear amount for multilayer Ta/TaN coatings deposited on 

Co12MoV substrates, stating that multilayer coatings gave the 

best results in terms of wear and corrosion resistance [21]. When 

the wear rate obtained in this study is compared with those in the 

literature data, it is understood that some of them have high and 

some low wear resistance. Since the mechanical and tribological 

properties of thin film coatings are affected by many factors 

coating method, coating parameters, substrate material, coating 

thickness, and morphology, it is usual for the results to be dif-

ferent [48]. 

 

Adhesion properties of the coatings 

 

The progressive load scratch experiments were performed to de-

termine the adhesion properties of the coatings. As a result of 

the experiments, critical load (Lc) values that depict where the 

coating is fully deformed were determined, and normal 

load/friction force graphs were given together with the optical 

micrographs captured during scratch experiments.  Fig. 5 pre-

sents the scratch results of the C1 coating. In the figure, the red 

curve presents the friction coefficient, and the purple curve the 

friction force. The critical load of the C1 coating was determined 

at 13.42 N. It can be seen that at a load of approximately 2 N an 

adhesive failure occurred in a part of the top layer of the coating, 

and the fluctuation of the friction coefficient curve at this load 

confirms this. The fact that the color of the region where the ad-

hesive failure occurred is brown, which is the colour of the TiCN 

layer, indicates that the fracture occurred on the TaN layer. Also, 

there is a spallation failure of the TaN layer in the scratch band 

above the adhesive failure region, but this spallation hasn’t con-

tinued. When the optical images are examined, it is understood 

that little capillary cohesive failures occurred on the upper edge, 

and adhesive failures occurred on the lower edge of the scratch 

band. It is thought that the occurrence of different damage mech-

anisms on the edges in this way is due to the slope on the surface. 

It can be seen that abrasive wear scratches and grooves are 

formed in the inner part of the scratch band parallel to the scratch 

direction, and there are little abrasive wear particles in these 

grooves. With the increasing load and progress, it was under-

stood that the top layer started to break down at approximately 

10 N loading in the scratch band, the coating was fully removed 

at a load of 13.42 N, and the pin reached the substrate material. 

At the beginning of the scratch test of the C2 coating, it is ob-

served that the TaN layer is separated at about 3N loading, but 

this separation remains localized (Fig. 6). In the image taken un-

der a 10 N load, it can be seen that there are little capillary co-

hesive scratches and a small amount of adhesive separation at 

the edges of the scratch band, abrasive wear particles inside the 

scratch band, and partial capillary cracks on the layer. It is un-

derstood that with increasing the load, the number of capillary 

cracks in the scratch tape and the cohesive scratches on the tape 

edge increase, and the width of the abrasive wear grooves along 

the lower edge of the scratch tape relative to the page. It is con-

cluded that the dominant damage mechanism in this coating 

layer is cohesion cracks, and the coating maintains its integrity 

up to the critical load value. 

 

 
Fig. 5 Scratch behaviour of C1 coating 

 

 
Fig. 6 Scratch behavior of C2 coating 

 

 
Fig. 7 Scratch behavior of C3 coating 
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Fig. 7 represents the scratch results of the C3 coating. When the 

figure is studied, it is understood that the scratch trace continues 

as abrasive failure inside the scratch band, except for the cohe-

sive failures that occurred around the scratch band from the ad-

hesive failure zone at 8 N loading to the adhesive failure zone at 

10 N loading. With the increase of the applied load, it was ob-

served that the coating layer started to crack by forming deep 

cohesive scratches from the periphery of the scratch band to the 

inside. As a result of increasing the applied load, the coating was 

fully deformed, and the tip reached the substrate material at 

23.15 N loading. It can be concluded that from the 15 N load till 

the critical load, the coating has spallation cracks. 

The scratch test results of the C4 coating, which has the same 

coating architecture as the C1 coating but twice the number of 

interlayers, are given in Fig. 8. When the optical micrographs 

are investigated, it can be seen that both 8 N and 10 N load, 

brown colored abrasive wear grooves were seen in the scratch 

band. In these regions, it is understood that the TaN layer, has 

detached, and the TiCN layer is present. The dark black region 

in the image taken at 10 N loading belongs to the TiC layer under 

the TiCN layer, and it has been determined that the TiCN layer 

has undergone adhesive failure in this region. As a result of the 

increase of the load, it can be seen that the adhesive wears oc-

curring around the scratch band deepen and reach the TiC layer, 

while the cohesive scratches and abrasive wear products in-

crease inside the scratch band. The critical load value for this 

coating was found to be 23.1 N, and spallation cracks were ob-

served just before reaching this value. 

 

 
Fig. 8 Scratch behavior of C4 coating 

 

When the scratch results of the C5 coating were studied (Fig. 9), 

it can be seen that, unlike the other coatings, no delamination 

damage was observed around the scratch band, except for capil-

lary scratches, up to 10 N loading. It is seen that the TaN layer 

undergoes adhesive failure at approximately 12 N loading, con-

firming this by the fluctuation in the normal load curve. After 

that, it is seen that while the capillary scratches around the 

scratch band caused damage to the coating by the chipping 

mechanism, spallation cracks began within the scratch band. The 

critical load value at which this coating layer removed com-

pletely has been determined as 26.64 N, and it is seen that small 

spallation on the surface have preserved their form before reach-

ing the substrate material, and they have suddenly ruptured at 

the critical load value. When the friction coefficient curve is ex-

amined, it is seen that it is in a stable structure up to 20 N load-

ing, except for approximately 12 N loading. This result can be 

interpreted as the homogeneity and stability of the coating is 

higher than the previous coatings. 

As a result of the scratch test of the C6 coating, which has the 

highest number of interlayers, it is seen that there is an adhesion 

break at a load value of approximately 8 N on the coating surface 

(Fig. 10). Besides, adhesive detachments along the scratch band, 

cohesive scratch damages, and abrasive wear scratches were ob-

served inside the tape. Except for an adhesive failure formed at 

approximately 24 N; from 15 N to 30.03 N loading, it can be 

seen that the coating failure mechanism is chipping at the edges 

of the scratch tape and spallation cracks in the scratch tape. 

When the optical images and the friction coefficient curve data 

are considered together, it is seen that this coating has a homo-

geneous and stable structure. 

 

 
Fig. 9 Scratch behavior of C5 coating 

 

 
Fig. 10 Scratch behavior of C6 coating 

 
According to the critical load values (Table 6.), the C6 coating 

showed the best adhesion to the Ti13Nb13Zr substrate. When 

the adhesion strength of the C3 coating, which has the same in-

terlayer structure as the C6 coating, is compared, it has been de-

termined that doubling the period of interlayers significantly in-

creases the adhesion strength. From this point of view, when the 

C1-C4 coatings and C2-C5 are compared among themselves, it 

has been determined that halving the deposition time of each in-

termediate layer, and doubling the period of intermediate layers, 

resulted in increasing the adhesion strength. Residual stresses 

occur in multilayer thin film coatings due to the mismatch of the 

lattice parameters and modulus of elasticity of the substrate ma-

terial and the thin films deposited on it [59]. Besides, the differ-

ent thermal expansion coefficients between the substrate and 

thin films also cause residual stresses. Thanks to the different 

modulus of elasticity of TiN/TiC and TiCN used as interlayers 
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in this study, it is thought that residual stresses are reduced by 

providing a gradual transition from the substrate material to the 

TaN coating layer. By increasing the number of interlayers, both 

the tensile stresses between the substrate and the coating were 

reduced, and the contact surface of the applied force in the 

scratch test was increased, thus increasing the scratch resistance 

of the coating [60]. Another finding obtained from scratch ex-

periments is that TiC deposition with TiCN in the interlayers 

provides higher adhesion than TiN deposition. This can be ex-

plained by TiCN making more coherent bonding on TiC than 

TiN. On the other hand, depositing the triple TiN/TiC/TiCN in-

terlayer showed more adhesion resistance than the other two 

coatings. From this, it can be concluded that when the TiC/TiCN 

layer is deposited on the TiN layer, a coherent interface is 

formed between TiN and TiC, which have a similar lattice struc-

ture, thus increasing the adhesion of the coating to the substrate 

[61,62]. 

 

Table 6 Critical load values of the coatings 
Coating C1 C2 C3 C4 C5 C6 

Critical 

Load 

(Lc) [N] 

13.42 18.62 23.15 24.79 26.64 30.03 

 

CONCLUSIONS 

Six different multilayer TiN/TiCN/TaN coatings deposited on 

biomedical Ti13Nb13Zr alloy by CFUBMS system. As a result 

of the characterization experiments following conclusions were 

determined: 

- The 20-layer TiN/TiC/TiCN/TaN multilayer coatings gave 

the best results for wear resistance and adhesion properties. 

- It was found that the deposition of TiC/TiCN in interlayers 

provides higher wear resistance and adhesion properties 

than TiN/TiCN. 

- Doubling the period of interlayers without changing the 

coating thicknesses significantly improves the surface 

properties of the coatings. 

- It has been determined that the mechanical properties of the 

alloy surface is considerably increased thanks to the multi-

layered TiN/TiC/TiCN/TaN coatings deposited on the 

Ti13Nb13Zr alloy.  

- As a result of further experimental studies, since the 20-

layer TiN/TiCN coating on the Ti13Nb13Zr alloy surface 

increases the wear resistance and fatigue strength, it is 

thought that this alloy will pave the way for its use as a load 

bearing element in biomedical applications. 
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