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 Abstract  In this work, the friction and wear of a hard TiN/Si3N4 nanocomposite coating in sliding contact with Al2O3 
ceramic, 100Cr6 steel, and PTFE polymer balls were analysed. The coating was deposited on Vanadis 23 
high-speed steel by a new gas pulsed magnetron sputtering technique. Studies of micromechanical properties 
indicate very high hardness of the coating equal to 49 GPa with simultaneous very good adhesion to the 
substrate confirmed in the scratch test. Based on the tribological studies in an unlubricated ball-on-disk 
contact, the coefficient of friction and specific wear index of the coating and balls were determined. In the 
friction cooperation, the most advantageous pair of coating and counterpart was an association of TiN/Si3N4 
coating with a ceramic Al2O3 ball. In this combination, the wear index of the coating was 5.3·10-6 mm3/Nm, 
whereas the value of the wear index of the ball was 0.04·10-6 mm3/Nm. According to our investigation, this is 
the best pair among the tested materials that can be used in friction nodes under a high load. The analysis of 
the wear mechanism for individual pairs was based on microscopic examination of wear tracks.

 Słowa kluczowe:  nanokompozytowe powłoki, rozpylanie magnetronowe; tarcie; odporność na zużycie; supertwardość.

 Streszczenie  W niniejszej pracy dokonano analizy tarcia i zużycia twardej powłoki nanokompozytowej TiN/Si3N4 pod-
czas współpracy z kulami ceramicznymi Al2O3, stalowymi 100Cr6 i polimerowymi PTFE. Powłoka zosta-
ła osadzona na próbkach z ulepszonej stali szybkotnącej Vanadis 23 metodą rozpylania magnetronowego 
sterowanego impulsami ciśnienia gazu. Badania właściwości mikromechanicznych wykazały bardzo dużą 
twardość powłoki wynoszącą 49 GPa i jednocześnie bardzo dobrą adhezję do podłoża potwierdzoną w pró-
bie zarysowania. Na podstawie badań tribologicznych w niesmarowanym styku ślizgowym typu kula/tarcza 
wyznaczono współczynnik tarcia oraz  wskaźnik zużycia objętościowego powłoki i kul. Najkorzystniejsze 
pod względem odporności na zużycie zarówno powłoki, jak i przeciwelementu było skojarzenie powłoki 
TiN/Si3N4 z kulą Al2O3. W tym skojarzeniu wskaźnik zużycia powłoki był równy 5,3·10-6 mm3/Nm, a kuli  
0,04·10-6 mm3/Nm. Skojarzenie to jest najlepsze spośród badanych par i może znaleźć zastosowanie do wy-
soko obciążonych węzłów tarcia. Analizę mechanizmu zużycia dla poszczególnych skojarzeń  wykonano 
w oparciu o badania mikroskopowe śladów zużycia.
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INTRODUCTION 

The significant increase in the popularity of tribological 
coatings has been observed over the last few decades. 
This is especially evident in such areas as the automotive 
industry or aviation, where the role of coatings of 
a high wear resistance is of immense importance, or in 

biomedical engineering, where the materials have to 
meet the additional requirements of biocompatibility 
and corrosion resistance. Therefore, numerous research 
institutes are incessantly working on the development 
of new coating materials or on the improvement of 
the existing ones [L. 1–4]. Among numerous types of 
wear-resistant coatings, special attention should be 
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given to the nanostructured ones with multilayer structure 
including the superlattices as well as to the composite 
coatings. Contemporary nanomaterials can be divided 
into three classes according to their hardness (H): hard 
nanocomposites (20 ≤ H < 40 GPa), superhard (40 ≤ H < 
80 GPa), and ultrahard (H ≥ 80 GPa) [L. 5]. Modification 
of transition metal (Me) nitrides by introducing such 
elements as Al, Si, Cr, W, or Zr results in the formation 
of a composite structure and the improvement of 
composite strength. The concept of crystalline-amorphous 
nanocomposite coating production (presented inter alia by 
S. Veprek [L. 6–9]) is an interesting way to improve coating 
hardness by grain refinement. These coatings consist of 
nanocrystalline (nc-) nitrides, carbides, borides, silicides, 
or transition metal oxides surrounded by amorphous 
(a-) matrix, e.g. Si3N4, BN, C, C:H. In such coatings, 
the dislocation movement is blocked by nanocrystallites 
(less than 10 nm in size) and by thin layers of amorphous 
matrix surrounding the nanocrystallites, which reinforce 
the composite [L. 6, 8]. 

In order to obtain such advanced coatings, deposition 
techniques are still being developed to better control 
coatings’ nanostructure [L. 3, 10, 14–16]. Selection of 
an appropriate coating for a specific application requires 
knowledge of phenomena that occur in the tribological 
contact. This knowledge allows one to predict the 
wear behaviour of components of kinematic pairs and 
determines the impact on the stability, reliability, and 
the correct operation of the device. The preselection 
stage is essential in the selection process of the coating. 
However, this preselection must be based on appropriate 
knowledge of the friction and wear mechanisms of the 
kinematic pair, as well as on other material properties of 
both elements relevant to their application.

In this paper, the friction and wear of hard TiN/
Si3N4 nanocomposite coatings deposited by magnetron 
sputtering technique were analysed during dry sliding 
against ceramic, steel, and polymer counterparts.

EXPERIMENTAL

The nanostructured TiN/Si3N4 composite coating 
deposited on face ends of discs ϕ 27×6 mm made of 
quenched and tempered high speed steel Vanadis 23 
has been examined. The coating was produced in the 
Institute of Materials Science and Engineering of the 
Technical University of Lodz by the recently developed 
magnetron sputtering technique controlled by gas 
pressure pulses [L. 10–13].The coatings were fabricated 
using only two targets: one of metallic Cr disc of 4 N 
purity (for interlayer deposition) and one of TiSi disc 
vacuum sintered from powders of pure metallic Ti with 
5.48 wt.% of pure Si (for coating deposition).

Micro-mechanical properties of the coating such 
as hardness, elastic modulus, and adhesion to the 
substrate were investigated using Micro-Combi-Tester 
(MCT) device from CSM Instruments. The hardness 

and modulus of elasticity were determined by the 
instrumental indentation method with a Vickers diamond 
indenter. The indentation measurements were repeated 
ten times for each load on the indenter. Single tests were 
done in any new area of the sample. Coating adhesion 
to the substrate was examined by a standardized scratch 
test technique according to PN-EN 1071-3 standard. 
The scratch test enables the determination of several 
critical loads, i.e. LC1 – causing cohesive cracks in 
the coating, LC2 – leading to a local exposure of the 
substrate (adhesive cracks), and LC3 – causing complete 
delamination of the coating (extensive separation of 
the coating from the substrate). Three scratches were 
performed in a progressive mode using a Rockwell C 
indenter with a tip radius of 0.2 mm at the following 
test parameters: scratch length of 5 mm, maximum load 
30 N, and relative speed of the indenter 5 mm/min.

Tribological experiments were carried out in an 
unlubricated sliding contact with 6 mm diameter balls 
made of 100Cr6 steel (hardness of 7.5 GPa), Al2O3 – 
alumina (H = 19 GPa), and PTFE – polytetrafluoroethylene 
(H = 0.04 GPa). The tests were performed at 1 N, 2.5 N 
and 5 N normal loads at the average sliding speed of 
0.05 m/s on sliding distance of 1000 m. The sample and 
counterpart surfaces were cleaned before each test and 
were additionally were washed with an alcohol solution 
after setting them in holders, and finally allowed to 
dry in an ambient atmosphere. Three repetitions were 
done for each friction pair and for each load on the ball. 
Specific wear rate for a coating Wv(coating)(mm3/Nm) 
was determined according to the relationship (1), while 
for a ball, Wv(ball)(mm3/Nm) was determined according 
to the relationship (2).

  W
V
F sv coating
coating

n
( ) = ⋅

              (1)

where Vcoating – the wear volume of coating on disc 
specimen calculated from the cross-sectional area of 
wear track measured by a contact stylus profilometer 
(mm3), Fn – the applied normal load (N), s – the sliding 
distance (m).

                   W
V
F sv ball
ball

n
( ) = ⋅                        (2)

where V
A B
Dball =

⋅π 3

32  – the wear volume of ball 
specimen determined from the measurements of the 
wear scar diameters (wear scar of the ball take the shape 
of an ellipse or a circle), A – minimum diameter of wear 
scar, B – diameter measured in direction perpendicular 
to the minimum diameter and D – diameter of the ball. 
The Vball can be obtained from the above formula if the 
ratio B/A is less than 1.5. Diameters of the ball wear 
scars were measured by a light microscope (LM).
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RESULTS  AND  DISCUSSION

Coating microstructure

Figure 1 shows the SEM image of a transverse section 
of the TiN/Si3N4 coating deposited on Vanadis 23 steel 
substrate. The SEM microstructure investigations 
showed that the coating was dense, without any cracks 
or voids. In order to increase the adhesion of the coating 
to the substrate, a gradient intermediate layer was 
applied. This interlayer with thickness about 2.5 μm 
consisted mainly of chromium and chromium nitride. 
The total thickness of the coating on Vanadis 23 steel 
was 13 μm.

Fig. 1. SEM image of TiN/Si3N4 coating deposited on 
Vanadis 23 steel

Rys. 1.  Obraz SEM powłoki TiN/Si3N4 osadzonej na stali 
Vanadis 23

Hardness, elastic modulus and adhesion 
of the coating

Measurements of the coating hardness were conducted on 
the assumption that the penetration depth of the indenter 
should not exceed a 0.1 fraction of the coating’s thickness 
(hmax/t > 0.1, where hmax – maximum penetration depth of 
the indenter, t – thickness of the coating). Otherwise, the 
substrate properties affect the results of the measurement 
[L. 17]. When the total TiN/Si3N4 coating thickness is equal 
to 13 µm, the maximum penetration depth of the indenter 
should not exceed 1300 nm, which corresponds to the 
load of 800 mN for the indenter with Vickers geometry. 
Considering the coating without intermediate layer, 
the coating thickness is 10.5 µm and the value of hmax= 
1050 nm corresponds to the load of 550 mN. The hardness 
of the TiN/Si3N4 coating at the load of 800 mN was 34  
±1 GPa, and the modulus of elasticity was 355 ±6 GPa, 
while at the load of 550 mN, the relevant values were 
equal to 35 ±1.2 GPa and 376 ±7 GPa, respectively. On 
the other hand, with a much lower load of 20 mN when the 
indenter reached the depth of 160 nm, the hardness was 49 
±7 GPa and the modulus of elasticity was 600 ±78 GPa. 
However, the attention should be paid to the scatter results 
of hardness and elastic modulus results up to 14% of the 
mean value when the applied load was equal to 20 mN. 
This may be due to the inhomogeneity of the surface layer 
of coating or to a brittleness of the outer zone of the coating.

Scratch test results indicate very good coating 
adhesion to the substrate. Based on the scratch tracs 
observations, it was found that there watyno failure of 
an adhesive type even at 30 N, only cohesive cracks 
appeared (Figs. 2 b–d). This is a verye favourable 

Fig.  2.  Scratch test results for TiN/Si3N4 coating on Vanadis 23 steel (a) and micrographs of the scratch track a: b) 9 N, c) 20 N 
and d) 30 N (LM, mag. x200)

Rys. 2.  Wyniki testu zarysowania powłoki TiN/Si3N4 na Vanadis 23 (a) oraz obrazy toru zarysowania przy obciążeniu:  
b) 9 N, c) 15 N i d) 30 N (LM, pow. x200)
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result, considering the relatively high thickness of the 
tested coating. The results presented elsewhere show 
that both the bending stress in the coating [L. 18] as well 
as the contact stresses [L. 19, 20] are increasing with 
the increase of the coating thickness. These conditions 
lead to the destruction of the coating especially in the 
contact point. Moreover, Wendler et al. in their work  
[L. 10], considering the scratch tests of this type of 
coating, determined the critical load LC2 = 118 N, which 
caused the coatingndelamination from the substrate.

Microscopic observation of the scratches in TiN/
Si3N4 coating showed that the first cohesive cracks 
appeared at 15 N (Fig. 2c), while the signal of acoustic 
emission indicated the initiation of brittle fracture at 
9 N load (Fig. 2a). Thisrbehaviour may be a result of 
nano-cracks with a sufficiently large amount of fracture 
energy release to be registered, but the imaging of thess 
cracks require the use of more advanced microscopic 
techniques. It is also possible that, at low loads, the 
cracks were initialized under the coating surface, and 
with the increase in load, the propagation of these cracks 
towards the surfacs occurred. In the scratch track, there 
were also a few small areasnraised by chipping of the 
coating, but their depth did not exceed the thickness of 
the coating. Similar values of LC1 critical load equal to 
20 N that cause cohesive cracks in TiN/Si3N4 composite 
coatings were reported in the literature [L. 21].

Tribological properties

The friction coefficient of TiN/Si3N4 coating on Vanadis 
23 steel against 100Cr6 steel, Al2O3ceramic, and PTFE 
balls as a function of a sliding distance under a load of 
1 N is shown in Fig. 3. The average friction coefficient 
of the tested pairs under applied loads of 1, 2.5, and 
5 N determined in the final test step in the range of  
750–1000 m of sliding distance is shown in Fig. 4.

During sliding against different counterparts, i.e. 
alumina, bearing steel, and polymer (PTFE) balls, only 
slight differences in the friction process were observed. 
Initially, the coefficient of friction was small, but rapidly 

increased to a stabilised value. The friction process 
was stable, and even for the highest load of 5 N, there 
was no sudden increase in friction force or its irregular 
variability in any of the tests. These results show that the 
loading parameters in the tests were correctly set and did 
not cause severe wear. The smallest changes in friction 
force both in short intervals and throughout the test were 
found during the friction of coating with the PTFE ball.

The low shear strength of PTFE results in a low 
resistance to motion during dry sliding contact with 
a much harder coating. Contrary to that, it is conducive 
to a very high wear of polymer material. Thus, the pair 
TiN/Si3N4 coating and PTFE ball reached the smallest 
value of friction coefficient equal to 0.1 – 0.17, while the 
largest one equal to 0.95 was encountered during friction 
of the coating against a ceramic Al2O3 ball (Fig. 4).

In the wear process analysis of the TiN/Si3N4 
coating, both the wear index of coating (Wv(coating)) and 
the wear index of ball (Wv(ball)) were taken into account 
(Fig. 5). The results showed a substantial difference in 
the wear behaviour of the PTFE ball in comparison to 
that of the steel and ceramic balls (Fig. 5b). PTFE is 
a typical self-lubricating sliding material, but due to both 
its small modulus of elasticity and hardness, the load 
bearing capacity of this polymer is also small. The wear 
index of the steel ball after friction under 5 N load was 
0.43·10-6 mm3/Nm and was 10 times greater than that of 
the Al2O3 ball. However, this great difference in wear 
could not be related to the difference in their hardness: 
HAl2O3 /H100Cr6 = 2,5. In contrast to that, the very high 
wear of the PTFE ball (Ws(ball-PTFE) = 396·10-6 mm3/Nm) 
was the result of its easy and rapid abrasion, which was 
accompanied by formation of a large amount of wear 
products. Generally, the wear of all the balls increased 
with load growth, but the abrasion intensity of the steel 
and ceramic balls, described by the wear rate, decreased.

The intensity and nature of the wear process of the 
TiN/Si3N4 coating depend on the type of the counterpart 
material and the contact load. The wear of the coating 

Fig. 3. Dry friction coefficient of TiN/Si3N4 coating on 
Vanadis 23 steel against Al2O3, 100Cr6, and PTFE 
balls under a load of 1 N

Rys. 3. Współczynnik tarcia suchego powłoki TiN/Si3N4 na 
stali Vanadis 23 w styku ślizgowym z kulą Al2O3, 
100Cr6 oraz PTFE przy obciążeniu 1 N

Fig. 4. Friction coefficient of TiN/Si3N4 coating in dry 
sliding contact in ambient atmosphere against 
Al2O3, 100Cr6, and PTFE balls under three 
different loads of 1, 2.5, and 5 N

Rys. 4.  Średni współczynnik tarcia powłoki TiN/Si3N4 pod-
czas tarcia suchego w atmosferze otoczenia w styku 
z kulą Al2O3, 100Cr6 oraz PTFE przy trzech obciąże-
niach: 1 N, 2,5 N oraz 5 N
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during friction against a hard ceramic ball consisted in 
its severe abrasion and was intensified by hard wear 
debris (Fig. 6a). As a result of this process, the resistance 
to sliding motion also increased; therefore, the value of 
the friction coefficient was as great as 0.95 under a load 

of 5 N (Fig. 3). This type of cooperation is typical for 
dry friction of hard materials [L. 22]. The wear of TiN/
Si3N4 coating during friction against 100Cr6 steel ball 
was also abrasive and, despite the lower hardness of 
steel, the wear volume of the coating was greater than 

Fig. 5.  a) Specific wear rate of TiN/Si3N4 coating after dry sliding friction against Al2O3, 100Cr6 ball under three different 
loads; b) Specific wear rate of Al2O3, 100Cr6 and PTFE balls after dry sliding friction against TiN/Si3N4 coating 
under three different loads

Rys. 5.  Wskaźnik zużycia objętościowego: a) powłoki TiN/Si3N4 po tarciu względem kul Al2O3 i 100Cr6 oraz b) kul Al2O3, 100Cr6 
i PTFE w zależności od zastosowanego obciążenia kul

Fig. 6.  Wear tracks of the TiN/Si3N4 coating after friction under load of 2.5 N against a) Al2O3 ball (LM, mag. 50x),  
b) 100Cr6 ball (LM, mag. 50x), c) PTFE ball (LM, mag. 50x) and d) PTFE ball (LM, mag. 200x)

Rys. 6.  Obrazy toru tarcia powłoki TiN/Si3N4 po współpracy pod obciążeniem 2,5 N z kulami: a) Al2O3 (LM, pow. 50x); b) 100Cr6 
(LM, pow. 50x); c) PTFE (LM, pow. 50x) oraz d) PTFE (LM, pow. 200x)
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that during friction against the ceramic ball (Fig. 6b). 
The steel ball matched more quickly the sliding contact; 
however, it simultaneously underwent a more intensive 
abrasion. Its contact area was larger in comparison to 
that of the ceramic ball, which resulted in a reduction of 
contact pressure; however, it also allowed for a greater 
transport of the wear debris into the contact zone. Hard 
wear products present in the frictional contact act like 
micro-tools with cutting edges, resulting in an abrupt 
wear increase of  both elements.

Previous investigations indicate [L. 23] that the 
outer layer of the coating is brittle; therefore, the indenter 
easily penetrated into this zone during indentation. 
Hence, locally the hardness of the outer layer was lower 
in comparison to that of the deeper zone of TiN/Si3N4 
coating. Cyclic frictional interaction even with soft 
counter-element leads to the surface fatigue and chipping 
of brittle debris. These particles are easily pushed into the 
polymer surface and are conducive to the scratching of 
the hard coating (Figs. 6c, d).

The brittleness of the coating can be limited by 
its annealing which reduces residual stress. Previous 
microstructural observations showed that the coating was 
composed of two different zones. The outer zone with 
a thickness in the range of 100–250 nm consisted mainly 
of columnar nanocrystallites of  δ-TiN (face-centred 
cubic, fcc) and sporadically nanocrystallites of α-Si3N4 
(tri-gonal primitive; tp) and β-Si3N4 (hexagonal) phases. 
The width of the columnar nanocrystallites was in the 
range of 4–15 nm, while their length was in the range of 
20–40 nm. A much thicker inner zone in the coating was 
composed of the same kind of TiN nanocrystallites and 
of α-Si3N4 ones and sporadically of nanocrystallites of 
the β-Si3N4 phase. The crystallites in the latter zone were 
arranged equidistantly; however, they were smaller than 
the ones in the outer zone and their size was in the range 
of 4–12 nm [L. 23].

Taking into account that friction of the soft PTFE 
ball against TiN/Si3N4 coating leads to the scratching of 
latter; therefore, it can be assumed that the outer layer 
of the coating exhibits much less wear resistance. The 
surface brittleness of the TiN/Si3N4 coating has also been 
confirmed in scratch tests as well as in the indentation 
tests in which a significant standard deviation of the 
hardness measurements for the smallest penetration depth 
was observed.

A decrease of the wear resistance of the coating 
due to easy abrasion of the outer layer under low load 
results in a greater wear index of 11.1·10-6 mm3/Nm 
and 17·10-6 mm3/Nm, in contact with Al2O3 and 100Cr6 

balls, respectively (Fig. 5a). Nevertheless, wear rates 
determined in this investigation are comparable and 
even lower than those obtained by other investigators of 
Ti-Si-N composite coatings, which reach values about  
(1.6 – 6.6)·10-5 mm3/Nm [L. 24]. Based on the results 
of friction tests at different loads, it was found that the 
increase in load of friction contact resulted in a decrease 
in the wear index of the coating. Similar changes in wear 
index were found elsewhere [L. 25]. The wear rate of the 
coating after friction against PTFE ball was not determined 
due to the fact that the coating has been only negligibly 
damaged and the amount of wear volume was impossible 
to measure by the stylus contact technique. However, 
with use of the microscopic analysis of the wear track, 
the clear scratching of the hard coating was demonstrated.

CONCLUSIONS

The magnetron sputtering process controlled by the gas 
pressure pulses enabled the deposition of a super-hard 
nanocomposite coating of hardness as great as 49 GPa. It 
is possible to produce the coatings with greater hardness 
(even more than 80 GPa) as indicated in the literature, 
and simultaneously of a high modulus of elasticity. 
Such materials often possess an unfavourable H/E 
index and a high internal stress. In such a case, despite 
the high hardness, the adhesion of the coatings to the 
substrate is unsatisfactory, and their resistance to wear 
decreases due to micro-crushing of the brittle coating in 
the friction contact and the presence of super-hard wear 
debris which acts as a loose abrasive.

The TiN/Si3N4 coating synthesized in the present 
work exhibits a very good adhesion to the substrate, 
mainly through the application of a gradient interlayer. 
The frictional pair of TiN/Si3N4 coating with an 
Al2O3 ball is the most advantageous in terms of 
resistance to wear of both the coating and the ball. 
In this combination, a wear index of the coating 
was 5.3·10-6 mm3/Nm and that of the ceramic ball  
Wv(ball-Al2O3) = 0.04·10-6 mm3/Nm. Unfortunately, despite 
the relatively good wear resistance, the friction 
coefficient of this pair reached a very high value of 
0.8÷0.95, which negatively influenced the facility of 
mutual motion. The wear process of the TiN/Si3N4 
coating consisted mainly of abrasion intensified by 
hard wear debris. The intensity and nature of the wear 
process was dependent on the type of the counter-body 
material and the value of contact load. The increase of 
the contact load was conducive to the decrease of the 
wear index.
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