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The production of ZrNSi3N4 and ZrN–Si3N4–TiN composites by spark plasma sintering and the 

mechanical and tribological properties of the consolidated materials were studied. The densification 
of the ZrN–Si3N4–TiN composites was found to proceed more intensively in the range 11001300°C, 

and nanocrystalline titanium nitride was the main factor that promoted the densification of these 
composites. Ceramic 57 wt.% ZrN–43 wt.% Si3N4 and 84 wt.% ZrN–16 wt.% Si3N4 samples with a 

relative density of 0.95 and 0.93 and (84 wt.% ZrN–16 wt.% Si3N4)–15 wt.% TiN and (57 wt.% ZrN–

43 wt.% Si3N4)–30 wt.% TiN composites with a relative density of ~0.98 were produced. 

Microstructural studies showed that components of the consolidated ZrN–Si3N4 composites were 

uniformly distributed over the material with an average grain size of 200–300 nm. The ZrN–Si3N4–

TiN composites had a finer structure, TiN grains being smaller than 100 nm. The mechanical 
properties of the titanium nitride composites were higher than those of the ZrN–Si3N4 materials. 

Thus, the Vickers hardness and indentation-determined fracture toughness of the composites 
containing 15 and 30 wt.% TiN were 18.7 ± 1.1 GPa and 5.2 MPa · m1/2 and 19.1 ± 1.9 GPa and 
5.8 MPa · m1/2, respectively. The hardness of the ZrNSi3N4 composites was ~17 GPa. The 

tribological properties of the composites were tested with the VK6 hardmetal and silicon nitride. The 
wear resistance of the ceramic samples directly depended on the contents of zirconium nitride and 
counterface, i.e., on their physicochemical interaction. When the ZrN content increased to 84%, the 
tribological properties of the composites improved substantially through the lubricating capability 
of zirconium nitride. The (84 wt.% ZrN–16 wt.% Si3N4)–15 wt.% TiN composite showed the best 

tribological properties and can be recommended for use in friction units under dynamic loads. 
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INTRODUCTION 

The development of new wear-resistant composites with high tribological characteristics is relevant for 
modern powder metallurgy and is a necessary precondition for improving the service life of machines and 
mechanisms, promoting appropriate energy efficiency, and protecting the environment against contamination. The  
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quality of products made of technical ceramics, including silicon nitride ceramics, depends on the quality of the 
starting materials and consolidation techniques. The main aspect to be addressed in choosing a ceramic production 
technique is to ensure that the products reach the highest possible density and the scope of required machining is 
reduced. Several time-proven sintering techniques, whose choice depends on the material composition, geometric 
configuration, and sizes and operating conditions of the products, are most often used in commercial production of 
technical ceramic parts. 

The choice of materials and an optimal ratio between the service properties and economic feasibility of 
production are most important in the design of ceramic-based friction units (for example, hybrid or ceramic 
bearings). Ceramic composites are most suitable for making wear-resistant parts that perform in extreme conditions 
with limited or zero lubrication. Among the ceramic materials, except for zirconium oxide, silicon nitride offers the 
most appropriate combination of properties imparting the greatest wear resistance to silicon nitride materials and 
allowing their applications to be expanded [1–8].  

There are several ways to improve the properties of ceramic materials: refine the grains, introduce new 
components, and modify the surface [1–3, 5–8]. 

The Si3N4TiN-based composites showed high mechanical and tribological properties [3, 5–8]. The 

Si3N4ZrN ceramic composites with high zirconium nitride content [9–14], which are being used to produce wear-

resistant coatings that perform in extreme conditions, are quite promising as well. However, the production of bulk 
wear-resistant ZrNSi3N4 ceramics still has not been studied in a comprehensive manner. This is associated with 

difficulties in the synthesis of composite powders and with the choice of a method for their consolidation to produce 
a dense homogeneous ceramic material. The modern synthesis and consolidation techniques permit the production 
of both fine-grained powder mixtures and dense ceramic materials in the ZrNSi3N4 system [15–18]. For example, 

spark plasma sintering (SPS) allows rapid consolidation of refractory ceramic materials at temperatures that are 
much lower than those used in hot pressing or conventional sintering in resistance furnaces [3, 7, 18–20].  

The development of new wear-resistant composites with nitride ceramics has long been under discussion 
[4–6, 21]. Note, however, that the cited friction and wear characteristics vary substantially with testing conditions. 
Thus, in dry lubrication, the friction coefficient of silicon nitride composites can vary from 0.2 to more than 0.8 
depending on testing conditions [1–8]. Numerous factors (atmospheric humidity, temperature, speed, load, and 
microstructural features) influence the wear mechanisms. Besides the structure (grain size and porosity) and 
constitution of composites, the choice of friction couples and testing conditions has a substantial effect on the 
tribological properties [1–8, 22–25].  

Therefore, the development of wear-resistant ceramic composites that would perform in extreme conditions 
(high temperatures) with minimum or zero lubrication is relevant.  

Our purpose is to produce ZrNSi3N4 and ZrN–Si3N4–TiN composites by spark plasma sintering and examine 

their tribological properties under dynamic and static loads in sliding against silicon nitride and VK6 hardmetal.  

EXPERIMENTAL PROCEDURE 

The starting materials were the TiN powder produced by Nanostructured and Amorphous Materials (USA) 
with an average particle size of 20 nm and a mixture of the ZrN–Si3N4 powders produced by the Frantsevich 

Institute for Problems of Materials Science (Ukraine) with an average particle size of ~200 nm [15–17]. According 
to the manufacturer’s certificate, the oxygen and nitrogen contents of the titanium nitride powder were 0.22 and 
21.91 wt.%. The oxygen content of the final product (synthesized ZrN–Si3N4 powder mixtures) determined by 

standard chemical analysis procedure was 2.2 and 2.8 wt.% for the composites with 16 and 43 wt.% Si3N4. 

We also synthesized ZrN–Si3N4 powder mixtures with 57 and 84 wt.% ZrN. A composite material with the 

Si3N4 and ZrN phases being distributed uniformly was produced in a single synthesis cycle from the hardmetal 

precursor at 1000–1200°C [17].  
We also prepared (84 wt.% ZrN–16 wt.% Si3N4)–15 wt.% TiN and (57 wt.% ZrN–43 wt.% Si3N4)–

30 wt.% TiN mixtures in a Pulverizette-6 planetary-ball mill with a silicon nitride drum in ethyl alcohol. The 
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components were mixed at a three-to-one weight ratio of the silicon nitride balls and powder; the rotation speed was 
150 rpm and mixing time 4 h. A vacuum oven was used for drying and alcohol evaporation at 70–80C for 8 h. 

An FCT-HPD25 furnace manufactured by FCT Systems GmbH (2400°C maximum temperature, applied 
pressure to 250 kN, 8000 A maximum current, 10 V maximum voltage, 5 · 10–2 Pa vacuum or nitrogen atmosphere) 
was used for spark plasma sintering of the composites. The temperature was measured by a pyrometer on the inner 
surface of the upper graphite punch.  

The linear shrinkage of the composites consolidated by SPS was recorded as movement of the upper punch 
(the lower punch was fixed) and converted into the shrinkage rate. About 8 g of the composite powder was poured 
into a graphite die 20 mm in diameter and 50 MPa pressure was applied to promote stable contacts between the 
ZrN–Si3N4–TiN particles and graphite die. Nonlinear SPS conditions with variation in the heating rate and pressure 

determined in [18, 20, 26] were used. The ZrN–Si3N4 composites were consolidated by SPS in the proposed 

nonlinear conditions in several stages: in the ranges 20–800, 800–1200, and 1200–1750°C with gradual increase in 
pressure from 5 to 60 MPa and decrease in the heating rate from 100 to 20C/min at each stage. 

The phase composition of the starting powders and materials after SPS was studied by X-ray diffraction 
employing a DRON 3M diffractometer with copper radiation. No other phases besides the main ones used to 
prepare the starting mixtures (Si3N4, ZrN, TiN) were found [15–17]. 

After SPS consolidation, the sintered composites were longitudinally cut and polished for mechanical and 
tribological analyses. The standard Vickers hardness measurement employing an MMT-3 tester (Buehler, Germany) 
was performed. The impression diagonal was measured after holding for 15 sec under a load of 19.61 N. The 
microhardness of the test materials was evaluated from 15 imprints and the root-mean-square measurement error 
was assessed. 

The fracture toughness was determined by indentation with a standard IT 5010 hardness tester (Tochpribor, 
Russia) under a load of 49.03 N. The calculation was performed with the Evans method [27]. 

Microstructural analysis of the consolidated ceramic samples and their surfaces after tribological tests was 
carried out by scanning electron microscopy using Vega 3 and Mira 3 microscopes (Tescan). 

Tribological wear tests were performed employing an automated tribological dynamic test machine 
(ATDS) (Fig. 1).  

The indenter moved reciprocally over the flat samples with local Hertzian contact and a preliminary 
determined load component of 30 N (quasistationary or static loading). At an effective load of 30 N (maximum 
wear reproducibility in both load modes) in dynamic mode, the forces of normal load are set as a train of 
oscillations for the dynamic load component. The dynamic load component has an amplitude of 5 N, pulse length of 
5 · 10–2 sec, and frequency of 25 Hz. The choice of these parameters ensures that the experimental conditions are as 
unified as possible and accelerates ATDS tests. A sliding speed of 0.0147 m/sec was chosen to record the friction 
force as accurately as possible. The roughness profile patterns for the surfaces subjected to wear were used to 
determine the wear (friction path depth), dispersion (correlating with weight wear), and wear variation coefficients 
for static and dynamic modes. The friction force was self-recorded on tribological patterns. 

 

 
Fig. 1. Schematic diagram of ATDS: 1) fixed part; 2) coil; 3) moving electromagnet part; 4) spring; 

5) lock ring; 6) indenter; 7) sample; G—generator of electric pulses 
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The tribological properties of the samples were examined in plane–ball tests (dry friction) under indenter 
static and dynamic loads in accordance with the procedure described in [22–25]. For tribological tests, composite 
samples were prepared as polished plates approximately 6 mm thick. The counterface (indenter) was balls 8 mm in 
diameter made of the VK6 hardmetal or Si3N4. The testing time was 900 sec and temperature T = 20ºC in both cases. 

The sample surfaces subjected to tribological tests were studied with a Micron Lambda automatic 
roughness meter (National Aviation University, Ukraine). 

CONSOLIDATION OF THE ZRNSI3N4 AND ZRN–SI3N4TIN COMPOSITE POWDERS 

The ZrNSi3N4 and ZrN–Si3N4TiN composite powders were consolidated by SPS in a nitrogen 

atmosphere to 1750°C. Table 1 summarizes the composition of the starting powders and associated materials.  
 

TABLE 1. Composition of the Starting Powders and Properties of the ZrNSi3N4  

and ZrN–Si3N4TiN Composites Consolidated by SPS  

Sample No. 
Composition of (powder) material, 

wt.% 
Relative 
density 

HV2, GPa 
Fracture toughness, 

MPa · m1/2 

1 57 ZrN43 Si3N4 0.95 17.3 ± 1.5 – 

2 84 ZrN16 Si3N4 0.93 16.9 ± 2.2 – 

3 (84 ZrN–16 Si3N4)15 TiN 0.97 18.7 ± 1.1 5.2 

4 (57 ZrN–43 Si3N4)30 TiN 0.98 19.1 ± 1.9 5.8 
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Fig. 2. Densification dL/L (a) and densification rate versus sintering temperature  of the ZrNSi3N4 

(b) and ZrN–Si3N4TiN (c) composite powders in SPS: curve numbers correspond to sample numbers  

in Table 1 
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The temperature dependence of shrinkage is shown in Fig. 2a. The ZrNSi3N4 composite powders (Fig. 2a, 

curves 1 and 2) were consolidated first. The 57 ZrN43 Si3N4 composite, characterized by an almost equal ratio of 

components, starts consolidating at ~1300ºC (Fig. 2a, curve 1), and the maximum densification rate is reached at 
1700ºC (Fig. 2b, curve 1). At the same time, densification of the composite with lower silicon nitride content, 
84 ZrN16 Si3N4, begins at ~1180ºC (Fig. 2a, curve 2) and proceeds with almost the same speed to 1700ºC (Fig. 

2b, curve 2). The higher densification rate of the 84 ZrN16 Si3N4 material is due to a greater content of the phase 

with high electrical conductivity (ZrN). Similar results were reported in [15, 16], focusing on the synthesis and SPS 
of the ZrNSi3N4 composite powders with 33, 22, and 11 vol.% ZrN up to 1750ºC. For complete densification of 

the test materials, greater temperatures (~1800ºC) or isothermal holding at high temperatures are needed. 
To intensify the densification of the composites, 15 and 30 wt.% of the nanocrystalline titanium nitride 

powder were added to the starting ZrNSi3N4 powder mixtures. The densification of the ZrN–Si3N4TiN 

composites starts at ~1000ºC (Fig. 2a, curves 3 and 4) and proceeds at ~0.015–0.023 1/sec in the range 
11001300ºC (Fig. 2c). Nanocrystalline titanium nitride is the main factor that promotes the densification process 
in this temperature range [8, 18, 20]. The maximum densification rate, ~0.0025 1/sec (Fig. 2c, curve 3), is observed 
for the (84 ZrN–16 Si3N4)15 TiN composite at ~1400ºC, which is similar to the densification of the ZrNSi3N4 

composite powders (Fig. 2b). This maximum is characteristic of zirconium nitride densification by SPS [28]. 

 
Fig. 3. Microstructure of the composites, wt.%: a) 57 ZrN–43 Si3N4; b, d) (57 ZrN–

43 Si3N4)30 TiN; c) (84 ZrN–16 Si3N4)15 TiN 
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The mechanical properties of the composites (Table 1) depend on their microstructure and residual 
porosity. Thus, considering high residual porosity, hardness of the ZrNSi3N4 composites is 16–17 GPa (Table 1). 

At the same time, composites with titanium nitride showed an increase in hardness to 19 GPa and their fracture 
toughness was 5.2 and 5.8 MPa · m1/2 at 15 and 30 wt.% TiN, accordingly (Table 1). Information only on the 
mechanical properties of the Si3N4TiN, Sialon–ZrN, and ZrN composites consolidated by SPS was published 

previously [3, 5–10]. Studies of tribological properties focused only on films in the SiZr–N system [11–14]. 
In studying the SPS consolidation of the ZrN powders in different process conditions (Tsint = 1400–1700ºC, 

P = 30–120 MPa), it was shown in [28] that the grain size and porosity influenced the mechanical properties of  
 

 
Fig. 4. Characteristic sections of the friction paths of samples 3–4 (Table 1) with the Si3N4 and VK6 

counterface; 56 
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zirconium nitride. The highest hardness, HV1 ~ 15 GPa, was shown by the sample with an average grain size of 
~33 µm that was consolidated by SPS to 1700ºC at P  = 60 MPa [28]. Increase in the hardness of the ZrN–Si3N4 

composites to ~17 GPa (Table 1) was due to finer structure (Fig. 3a, b). 
The mechanical properties of the ZrN–Si3N4TiN composites (Table 1) are commensurable with those of 

the fine Si3N4TiN and Sialon–ZrN composites [3, 5–9, 19, 28]. Thus, the paper [20] shows that hardness of the 

Si3N4TiN composites improves to 20–24 GPa with finer grains and with increase in the titanium nitride content to 

40 wt.%.  
Microstructural analyses indicated that the 57 wt.% ZrN–43 wt.% Si3N4 composite was characterized by 

uniform distribution of components over the volume (Fig. 3a); the average grain size was 200–300 nm. The ZrN–
Si3N4TiN composites are also characterized by uniform distribution of the components, when finer titanium 

nitride grains ~100 nm in size are observed against the background of submicron Si3N4 and ZrN grains (Fig. 3d). 

Hence, addition of nanocrystalline titanium nitride to the ZrNSi3N4 composite not also substantially promotes the 

densification of the materials (Fig. 2c) but also leads to a finer structure (Fig. 3d) and improves the mechanical 
properties (Table 1). 

TRIBOLOGICAL PROPERTIES OF THE ZRNSI3N4 AND ZRN–SI3N4TIN COMPOSITES 

Characteristic sections of the friction paths resulting from tribological tests are shown in Fig. 4. Effect of 
the counterface material (Si3N4 and VK6) on contribution of the adhesion interaction between the sample and 

counterface was examined for samples 3 and 4 (Fig. 4), considering their high mechanical properties (Table 1). The 
friction path depth was determined by surface profile recording and the path geometry and roughness by 3D surface 

 
TABLE 2. Tribological Properties of the ZrNSi3N4 and ZrN–Si3N4TiN Composites Consolidated by SPS 

Sample 
No. 

Si3N4 counterface VK6 counterface 

Friction coefficient Wear, µm Friction coefficient  Wear, µm 

1 0.85 / 0.19* 0.85 / 0.85 – – 
2 0.89 / 0.18 0.7 / 0.6 – – 
3 0.56 / 0.11 0.3 / 0.12 0.4 / 0.08 0.16 / 0.08 
4 1.62 / 0.18 2.4 / 1.75 0.5 / 0.11 0.3 / 0.2 

*Values for testing under static loading/dynamic loading. 

 

 
Fig. 5. Surface analysis of sample 3 after friction against the VK6 counterface 
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Fig. 6. Friction force of samples 1 and 2 in testing with the Si3N4 counterface (a) and samples 3 (b) 

and 4 (c) with the Si3N4 and VK6 counterface under static (st) and dynamic (dyn) indenter load  

profile measurement (Fig. 5). The results of tribological tests for the ceramic samples are shown in Figs. 6–8 and 
Table 2. 

Note that adhesive wear in interaction with the Si3N4 counterface is predominant in the ZrNSi3N4 system 

(Fig. 4, samples 1 and 2), which is confirmed by a significant friction force (Fig. 6). Similar reliefs of the friction 
paths and a significant number of seizure sections were observed in the friction area of the ZrNSi3N4 composites 

(Fig. 4, samples 1 and 2). 
Figure 7 indicates that sample 2 containing 84% zirconium nitride, promoting significant lubrication in the 

tribological system, has higher wear resistance than sample 1 containing 57% zirconium nitride. However, addition 
of 15 wt.% TiN to the composite exerted a positive effect on its wear resistance; this is confirmed by 2.5 times 
lower wear in quasistatic testing conditions and 4 times lower wear in dynamic conditions. 

Analysis of the tribological systems containing composites with titanium nitride revealed that addition of 
15 wt.% nanocrystalline TiN to ZrN–Si3N4 positively influenced its wear resistance and surface relief (Fig. 4, 

sample 3). This is due to increase in the relative density of the material resulting from addition of titanium nitride 
(Table 1) and a sufficient amount of zirconium nitride that ensures the lubricating effect in the tribological system. 
At the same time, when titanium nitride content increases in the ceramics to 30% (sample 4), the wear resistance 
decreases. This is associated with decrease in the zirconium nitride in the composite, and increase in the Si3N4 

content leads to interaction with the counterface material (Si3N4) and seizure and brittle fracture effects (Fig. 4, 
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Fig. 7. Effect from the content of TiN addition on the wear resistance of ceramic samples 1–4 in the 
ZrN–Si3N4 system under static (st) and dynamic (dyn) loading with the Si3N4 counterface 

Fig. 8. Wear of ceramic samples 1, 3, and 4 depending on the ZrN content under static (st) and 
dynamic (dyn) loading with the Si3N4 and VK6 counterfaces 
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sample 4). As a result, the friction force increases for the (57 ZrN–43 Si3N4)30 TiN composite, especially in 

quasistatic testing conditions (Fig. 6). 
Note that the physicochemical interaction between the sample and counterface has proved to be decisive for 

tribological indicators of samples 3 and 4 in friction against the VK6 hardmetal (Fig. 8). The higher the Si3N4 

content in the ceramic sample, the greater the contribution of the adhesion interaction between the sample and 
ceramic counterface to the friction force and wear (Figs. 6–8).  

As is the case with the Si3N4 counterface, the wear resistance of the composite in friction against the VK6 
hardmetal significantly increases with higher content of zirconium nitride (Fig. 8); zirconium nitride ensures 
substantial lubricating capacity in the tribological system, which is confirmed by behavior of the friction force (Fig. 
6b, c). Consider also that quite fine wear products, commensurable with the composite grain sizes, formed during 
tribological tests. Analyzing this effect, the authors [5] note that fine particles—wear products of the tribological 
pair—cover the counterface in the ‘nanoceramic Si3N4–TiN–VK6 counterface’ tribological system to form the 

ceramic–ceramic tribological pair, significantly decreasing its friction coefficient and total wear. We observed a 
similar effect in the ZrNSi3N4 composites and the composite with 15 wt.% TiN (Fig. 5). Contrastingly, for the 

composites with high titanium nitride content, there may be rather intensive wear of the friction pair, resulting from 
predominant content of hard abrasive particles of titanium nitride in the wear products [29]. 

Therefore, the ‘ceramic–VK6’ tribological system proved to be more adaptable for use, having, in 
particular, lower wear and friction coefficient, while the Si3N4 amount in the material turned out to be crucial for 

the ‘ceramic–Si3N4’ tribological system. 

 CONCLUSIONS 

The ZrNSi3N4 and ZrN–Si3N4–TiN powder composites have been consolidated by spark plasma sintering 

to 1750ºC. The 84 ZrN–16 Si3N4 composite begins to densify at ~1180ºC in the SPS process almost at the same rate 

to 1700ºC. The 57 ZrN–43 Si3N4 composite shows higher densification rate. The ZrN–Si3N4–TiN composites 

densify more intensively in the range 1100–1300ºC. Nanocrystalline titanium nitride is the main factor that 
promotes their densification. 

Microstructural analysis indicates that components with an average grain size of 200–300 nm are uniformly 
distributed throughout the 57 ZrN–43 Si3N4 composite. Fine titanium nitride grains (~100 nm) are observed in the 

ZrN–Si3N4TiN composites against the background of submicron Si3N4 and ZrN grains (~300 nm). High 

mechanical properties (~19 GPa HV2, ~5.8 MPa · m1/2 fracture toughness) are reached when titanium nitride is 
added to the composites.  

When zirconium nitride content in the composites increases to 84%, their tribological properties improve 
significantly through the lubricating capability of zirconium nitride. At the same time, greater Si3N4 content leads to 

intensive interaction with the counterface material, resulting in seizure effect and, as a result, substantial increase in 
the friction force. High titanium nitride content in the composite can cause abrasive wear of the friction pair. The 
(84 ZrN–16 Si3N4)–15 TiN composite is the most optimal for performance in dry friction conditions.  
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