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Abstract: Investigation of compression plasma flows preliminary impact influence on adhesion 

of ZrN coating deposited on Ti-6Al-4V titanium alloy was carried out in this work. Profilometry, 

X-ray diffraction, scratch-testing were used as investigation techniques. The findings showed 

that preliminary plasma impact led to the formation of developed surface relief and synthesis of 

titanium nitride on the surface of the alloy. Plasma processing provided a higher critical force 

Lc3 during scratch tests, which increases from 44 N (without processing) to 137 N (the density 

of absorbed energy 26 J/cm
2
, 6 pulses). With a decrease in the density of absorbed energy and a 

growth of the number of pulses, there was a tendency of the critical force Lc3 increase, that is 

mainly associated with the formation of an intermediate layer δ-TiN during plasma impact, the 

thickness of which increased with a growth of the number of pulses and a decrease in the density 

of absorbed energy. 
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1. Introduction 

 

Ti-6Al-4V is one of the most widely used titanium alloy for orthopedic and dental applications 

(Brunello et al.; 2018). This alloy satisfies the main requirements for metallic implants: 

biocompatibility, corrosion resistance, suitable mechanical properties and good osseo-integration 

(Chen and Thouas, 2015). At the same time it contains potentially toxic atoms of aluminum and 

vanadium which have the risk of releasing into the human body (Chen and Thouas, 2015; Kaur 

and Singh, 2019; Chen et al., 2023). Protective coating formation on the surface of the implant is 

the common way to avoid this negative effect. Besides that coating deposition is an effective 

way to improve the tribological properties of biomedical titanium alloys (Zhao et al., 2021). 

Adhesion of protective coatings to implants surface is strongly influenced by the surface 

roughness. In general, increase in the surface roughness should lead to the growth of interface 

area between coating and substrate and hence to the growth of number of bonds and growth of 

adhesion force (Croll, 2020). Adhesion force increase was observed e.g. in (Bruera, 2023) for 

cold-sprayed Cu particles deposited on stainless steel substrate with the growth of roughness up 

to a Rz ~ 34 μm. Similar tendency was found for WC-12Co coating on steel (Tahir et al., 2020). 

At the same time there are examples that increase of surface roughness resulted in coating 

adhesion decrease (Takadoum and Bennani, 1997; Bruera et al., 2023).  

The scratch tests are widely used for measuring adhesion of coating to substrate (Bull and 

Berasetegui, 2006; Croll, 2020; Randall, 2019). In the typical test a diamond indenter generates a 

track on sample under constant or progressively increasing load. A combined investigations by 

optical microscopy, friction force, acoustic emission or determination of indenter penetration 
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depth allow to find some critical failure points or critical loads - Lc (Croll, 2020; Randall, 2019). 

Three main critical loads are usually determined: Lc1 corresponding to initial cracking 

appearance, Lc2 – first chipping and Lc3 – full delamination of a coating (Randall, 2019). 

Besides that this type of test can be used for determination of hardening parameters (Leroch et 

al., 2023), fracture toughness (Liu et al., 2023), investigation of abrasive wear (Varga et al., 

2023) and plastic properties of metallic materials (Zhang et al., 2022). 

A number of techniques have been used for implant surface modification to prevent bacterial 

attachment, enhance osseo-integration, increase mechanical and tribological properties, improve 

coating adhesion etc. (Nouri and Wen, 2015; Chouirfa et al., 2019; Wang et.al, 2020; Lu et al., 

2020; Kurup et al., 2021; Herrera-Jimenez et al., 2021; Simões et al., 2023; Grabovetskaya et al., 

2023; Wu et al., 2023; Sachin et al., 2022). Efficiency of surface relief modification was 

demonstrated in (Honget al., 2023; Caraguay et al., 2023) when plasma and laser pre-treatment 

of metal alloys provided coating adhesion improvement due to increasing of contact area 

between coating and substrate. Compression plasma flows (CPF) generated by quasi-stationary 

plasma accelerators can be also effectively used for modification of strength and tribological 

properties of steels (Uglov et al.; 2004; Cherenda et al., 2016) and decrease of toxic elements 

concentration at the surface of Ti-6Al-4V titanium alloy (Cherenda et al., 2018). In the previous 

work it was already shown that CPF treatment of Ti-6Al-4V titanium alloy resulted in substantial 

change of surface roughness and waviness parameters (Cherenda et al., 2024). Increase of pulses 

number led to the growth of Ra value from 0.4 µm up to 2.7 µm. Ra value corresponds to the 

roughness range providing best conditions for osseo-integration (Robles et al., 2023; Tardelli et 

al., 2022). The behavior of the waviness parameter Wa correlated with the behavior of Ra. Usage 

of nitrogen as plasma generating gas also led to the formation of titanium nitride with a cubic 

crystal lattice which prevents the development of the surface relief at the lowest density of 

energy absorbed by the surface (Cherenda et al., 2024). 

Investigation of adhesion and tribological properties of protective ZrN coating deposited on the 

surface of Ti-6Al-4V alloy with different surface relief formed by preliminary CPF treatment 

was the main aim of this work. Zr-based nitride coatings possess good biocompatibility, wear 

and corrosion resistance, making them suitable candidates for tribological and biomedical 

applications (Ul-Hamid, 2021). Addition of Zr to TiN coating also improves its tribological 

behavior (Kumar and Mulik, 2023). Besides that ZrN based coating possesses better adhesion to 

high speed steel and WC-Co than TiN based coating (Vereschaka et al., 2018; Ward et al., 1996). 

 

2. Experimental 

 

The samples of Ti-6Al-4V titanium alloy (Grade 5) were used for investigations. The diameter of 

the samples was 25 mm, their thickness – 3 mm. The samples were mechanically grinded before 

plasma treatment. The parameters of the surface roughness and waviness were equal to: Ra=0.4 

µm, Rz=4.1 µm, Wa= 0.24 µm. Roughness parameters of samples corresponded to roughness 

parameters of workpieces used for production of hip joints parts. 

Compression plasma flows treatment of Ti-6Al-4V alloy surface was carried out before coating 

deposition. CPF were obtained using a gas-discharge quasi-stationary plasma accelerator: 

magneto-plasma compressor of compact geometry powered with the capacitive storage of 1200 

mF, operating at the voltage of 4 kV. Nitrogen was used as a plasma-forming gas. The pressure 

in the pre-evacuated vacuum chamber was 10
-3

 Pa. The pressure of plasma-forming gas was 400 

Pa. The discharge duration amounts to 100 μs. The density of energy absorbed by the surface 

layer (Q) of the target was changed in the range of 26-37 J/cm
2
 per pulse (registered by 

calorimetric measurements). Treatment was carried out by 1-6 pulses (n) at the interval of 3-5 s. 

ZrN coating was deposited by vacuum arc deposition technique with controlled movement of 

cathode spot from Zr cathode in nitrogen atmosphere (Grigoriev et al., 2023; Vereschaka et al., 

2020). Cleaning of the surface by Zr ions was carried out before deposition resulting in 

formation of thin (~ 50 nm) metal sublayer. ZrN coating thickness was about 3 µm. 



Surface topography was characterized using MahrSufr SD 26 profilometer. Six tracks were made 

on each of the sample. The length of the track was 17 mm, length of base line for calculation of 

roughness and waviness parameters was 5.7 mm. Each parameter was averaged after 

measurements on 6 tracks. The phase composition of the surface layer was investigated by 

means of the X-ray diffraction method using the Ultima IV RIGAKU diffractometer in Bragg-

Brentano geometry with parallel beams in Cu Kα radiation. Scratch tests were carried out with 

0.4 mm radius diamond indenter with a load linearly increasing from 0.05 to 140 N. The scratch 

tracks length was 15 mm (loading speed 0.17 kg/s, sample movement speed 0.19 mm/s) and 7.5 

mm (loading speed 0.16 kg/s, sample movement speed 0.08 mm/s). Three tests were carried out 

on each sample. 

 

3. Results and Discussion 

 

The CPF impact on Ti-6Al-4V surface led to the formation of a more developed relief (Figure 1). 

Results of surface roughness and waviness parameters investigation received in the previous 

work (Cherenda et al., 2024) are summarized in Table 1. One can see that the increase in the 

number of pulses for Q=30-37 J/cm
2
 led to the growth of roughness and waviness parameters 

value. It is well-known that impact of high temperature plasma flows is followed by surface 

layer melting. Acceleration of the melt due to impulse transfer from the plasma flow led to 

appearance of hydrodynamic instabilities at the plasma – melt border (Krasnikov et al., 2007; 

Bazylev et al., 2009; Astashinski et al., 2014). As a result the plasma-melt interface will changes 

it shape due to a sharp increase in the amplitude of initially small perturbations. Such 

perturbations begin to increase with time and, after crystallization, determine mainly the surface 

topography. With the growth of number of pulses each subsequent pulse is superimposed on a 

more developed surface created by the previous one, leading to the formation of more developed 

relief.  

 
Figure 1. Surface profile of initial sample and samples treated at Q=30 J/cm

2
 with 1-6 pulses. 

 

During treatment with minimal Q value of 26 J/cm
2
 Ra parameter as well as Rz parameter were 

diminished with the growth of the number of pulses, while Wa value was slightly increased in 

contrast to other treatment regimes. Such behavior is associated with a strong influence of TiN 

film formed on alloy surface.  



Presence of nitrogen as a plasma forming gas in a vacuum chamber led to it interaction with the 

titanium alloy surface heated under plasma action (Cherenda et al., 2012). Due to high 

crystallization temperature of δ-TiN (~ 2930 
o
C) nitride film that can be formed on the surface of 

the melt will prevent development of melt perturbations. X-ray diffraction analysis confirmed the 

formation of δ-TiN (with cubic crystalline lattice) on the surface of the alloy (Figure 2). The 

diffraction peaks of both δ-TiN and α-Ti were shifted to the region of larger angles indicating 

formation of δ-Ti(Al,V)N and α-Ti(Al,V) solid solutions (Cherenda et al., 2024). Growth of the 

pulses number resulted in increase of nitride diffraction line intensity that was the evident of it 

higher volume fraction in the analyzed layer (formation of thicker nitride film). Analysis of 

diffraction pattern presented in Figure 2 showed that the nitride volume fraction diminished with 

the growth of the energy absorbed by the surface layer. In particular the ratio of the total 

intensity of the diffraction lines of titanium nitride (ΣITiN) to total intensity of the diffraction lines 

of titanium (ΣITi) was equal to 0.30 at 26 J/cm
2
, to 0.20 at 30 J/cm

2
 and to 0.18 at 37 J/cm

2
 after 

six plasma pulses. The main reasons for such behavior with a change in the number of pulses and 

the absorbed energy density were considered earlier (Cherenda et al., 2024). 
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Figure 2. X-ray diffraction patterns of samples treated at 26 J/cm

2
 (a) and 37 J/cm

2
 (b) with 

different number of pulses. 

 



Thus one can see that surface roughness and volume fraction (thickness) of δ-TiN were increased 

with the growth of the pulses number. Both of these factors can influence on adhesion of 

protective coating deposited on the alloy surface modified by plasma. 

ZrN coating was deposited on the surface of the samples after preliminary plasma treatment 

Coated samples were tested using a scratch tester at a track length of 15 mm. Since the surface 

was characterized by developed roughness it was not possible to determine critical forces 

according to the acoustic sensor. That is why the dependence of the indenter friction coefficient 

along track length was analyzed (Figure 3). As it can be seen from the figure, the initial sample 

with coating had a sharp increase in the coefficient of friction at the length of the track 

corresponding to the complete delamination of the coating that was confirmed by the data of 

optical microscopy. For plasma pre-treated samples an increase in friction coefficient in the 

range of the track of 0-6 mm was observed. The oscillations of the friction coefficient were also 

visible on dependencies which were associated with the developed surface of the sample. This 

effect makes it difficult to determine the values of critical normal force by such a dependence. 

Therefore the determination of critical normal force was carried out with the help of optical 

microscopy only that can used for correct determination of Lc3 (Randall, 2019). 

 

 
Figure 3. Dependence of friction coefficient on sliding distance of ZrN coating deposited on 

initial Ti-6Al-4V sample and on samples preliminary treated by CPF at 37 J/cm
2
 with different 

number of pulses. 

 

By means of optical microscopy investigations the distance from the beginning of the track was 

measured, on which the coating was fully removed. After that the corresponding load and normal 

critical force were determined using the calibration graph of the linear dependence of the applied 

mass on the length of the track. Findings have shown that in the original sample, the full removal 

of the coating was observed at the value of critical force Lc3=44 N (Figure 4). After that indenter 

mainly interacted with the surface of the alloy in the track and continuous delamination of the 

coating along the edges of the track was observed. A relatively developed surface in the original 

sample did not allow correctly determine Lc1 and Lc2 critical forces. 

 



 
 

Figure 4. Optical microscopy image of scratch track on ZrN coated initial sample at the place of 

full removal of the coating. 

 

On samples treated with CPF at Q = 37 J/cm
2
, tracks were characterized by the formation of 

several sequential local areas at which the partial removal of the coating was observed and the 

last area, starting from which the indenter interacted directly with the alloy in the track and 

continuous delamination of the coating on the edges of the track was seen (Figure 5). The 

appearance of several areas was associated with a developed surface formed after plasma 

treatment. For the case presented in Figure 5, “peeling” areas corresponded to the normal force 

of 44 N, 57 N and 87 N. 

 

   
a b c 

 

Figure 5. Optical microscopy images of scratch tracks on ZrN coated sample preliminary treated 

with Q = 37 J/cm
2
 and n=6 pulses, at the length of the track: 6 mm (a), 8 mm (b) and 13 mm (c). 

 

For all samples subjected to preliminary plasma treatment at Q = 37 J/cm
2
, the 1st local area of 

coating removal was in the range of normal critical force 31 - 44 N, that was comparable to the 

result obtained on the initial sample with the coating. It should be noted that the critical 

tangential force reached at this normal load in plasma treated samples should be higher due to 

the more developed relief. So one can expect a higher adhesive strength of the coating deposited 

on such samples. The full removal of the coating was observed at the critical normal force of 81-

88 N as a confirmation of higher adhesion strength.  

The appearance of several areas of the coating removal was characteristic for all plasma 

treatment modes. The results of critical force Lc3 determination are summarized in Table 2. The 

critical force at which the 1st such area was observed was marked asLc3
min

, and a critical force, 

at which full coating removal occurred was marked as Lc3
max

. 

An analysis of the results presented in the table showed that preliminary treatment of the samples 

provided a higher value of the critical force Lc3 compared to that of untreated sample. With a 

decrease in the density of absorbed energy, there was a tendency of increase both Lc3
min

 and 



Lc3
max

. A similar trend can be found with an increase in the number of pulses. However, these 

trends did not fully correspond to the dependencies obtained for the parameters of roughness and 

waviness (Table 1). For example, for the case of treatment at Q = 26 J/cm
2
, a decrease in the 

parameters Ra and Rz and increase in Lc3 with the growth of the number of pulses were 

observed. Treatment at the density of absorbed energy Q = 37 J/cm
2
 provided the formation of a 

more developed surface relief than treatment at Q = 26 J/cm
2
, while the value of Lc3 for the case 

of Q = 37 J/cm
2
 was less. Some investigations of other authors (Takadom and Bennani, 1997; 

Bruera et al., 2023) showed that increase of surface roughness resulted in coating adhesion 

decrease. The data obtained in this work showed formal partial correspondence between 

treatment parameters and critical force value: an increase in the number of pulses led to both an 

increase in roughness and critical normal force. 

The findings allowed to suggest that higher critical force values could be associated not with 

roughness and waviness increase, but mainly with the formation of an intermediate layer δ-TiN, 

the thickness of which increased with an increase in the number of pulses and a decrease in the 

density of absorbed energy. 

Additional tests of samples treated at Q = 26 J/cm
2
 were carried out. For this series of samples 

value of roughness parameters was decreased with the growth of number of pulses while value of 

Wa was slightly increased. The length of the track was 7.5 mm, the speed of moving sample was 

reduced by ~ 2 times. The test results are presented in Figure 6. 
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Figure 6. Optical microscopy images of scratch tracks on ZrN coated initial sample (a) and 

samples preliminary treated by CPF at Q=26 J/cm
2
 with n=1 (b), n=3 (c) and n=6 (d) pulses.  

 

According to the findings Lc3
max

 for the untreated sample was equal to 71 N, for samples treated 

by CPF with one pulse - 125 N, treated by CPF with three pulses - 135 N. For the sample treated 

with 6 pulses no full removal of the coating was found at this testing mode. The value of Lc3
min

 

for all modes of plasma treatment was in the range of 100-110 N. Higher values of critical force 

in this test mode were associated with a decrease in a sample movement speed that would lead to 

a decrease in the shock loads applied to the surface asperities interacting with the indenter. 

Similar dependence of critical load on scratching speed was found in (Randall, 2019). 

The findings showed that preliminary plasma treatment before ZrN coating deposition led to an 

increase in the value of the critical load Lc3. At the same time, the main factor that determines 

such a behavior is the formation of an intermediate layer of titanium nitride that grew during 

plasma processing. Bending cracks (the maximum stress is concentrated in the substrate) and 



spallations (maximum stress is found in the area close to the coating/substrate interface) are 

considered to be the main mechanisms of hard coatings failure on ductile substrates during 

scratch tests (Zawischa et al., 2021). The failure mechanism is dependent on the R/h ratio, where 

R- radius of indenter tip and h- coatings thickness (Zawischa et al., 2021).  High R/h ratio 

resulted in strong plastic deformation of the substrate and the coating failure due to formation of 

bending cracks. This failure mode should be observed at R/h > 75 according to results presented 

in (Zawischa et al., 2021). In our case R/h=133, thus one can expect appearance of bending 

cracks in the coating. So appearance of intermediate δ-TiN layer should impede appearance of 

bending cracks and may be stop their movement at δ-TiN layer interfaces. At the same time 

developed roughness did not allow to confirm this failure mode by optical microscopy 

investigations.  

 

4. Conclusions 

 

The findings showed that compression plasma flows treatment of Ti6Al-4V titanium alloy led to 

formation of more developed surface relief. Besides that formation of titanium nitride with a 

cubic crystal lattice was found at the surface.  

Samples surface was coated by ZrN after preliminary plasma processing and scratch tests were 

carried out. It was found that for samples preliminary treated by plasma the track was 

characterized by the formation of several sequential local areas at which partial removal of the 

coating occurred and the last area, starting from which full coating removal was observed and 

the indenter interacted directly with the titanium alloy in the track. Continuous delamination of 

the coating along the edges of the track was observed just beginning from this area. The 

appearance of several such areas was associated with a developed surface after plasma impact. 

Preliminary plasma processing provided a higher value of the critical force Lc3, which increased 

from 44 N (without processing) to 137 N (at the density of absorbed energy 26 J/cm
2
, 6 pulses). 

A tendency of the critical force of Lc3 growth with a decrease in the density of absorbed energy 

and an increase in the number of pulses was found.  

The analysis carried out allowed suggesting that higher critical force values were associated not 

with a change in roughness and waviness characteristics, but mainly with the formation of an δ-

TiN intermediate layer, the thickness of which increased with an increase in the number of 

pulses and a decrease in the density of absorbed energy. 
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Table 1. Roughness and waviness parameters of Ti-6Al-4V alloy surface after CPF treatment at 

different Q and n (Cherenda et al., 2024). 

 

Relief 

parameter 

Q=26 J/cm
2
 Q=30 J/cm

2
 Q=37 J/cm

2
 

n=1 n=3 n=6 n=1 n=3 n=6 n=1 n=3 n=6 

Ra, μm 1.40 1.44 1.19 0.73 1.79 2.21 1.25 1.41 2.74 

Rz, μm 9.51 9.59 6.28 5.78 11.79 11.89 8.10 10.46 16.28 

Wa, μm 1.51 2.37 2.85 1.42 2.97 4.36 2.38 2.86 4.40 

 

 

Table 2. Average critical normal force Lc3 for delamination of ZrN coating from initial Ti-6Al-

4V sample and samples preliminary treated by CPF (track length 15 mm).  

 

<Lc3> Initial 26 J/cm
2
 30 J/cm

2
 37 J/cm

2
 

n=1 n=3 n=6 n=1 n=3 n=6 n=1 n=3 n=6 

Lc3
min

, N 44 60 79 79 37 57 47 34 31 44 

Lc3
max

, N 44 111 128 137 65 115 100 81 88 87 

 

 

 

 

 

 


