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Abstract The Cr3C2 phase of chromium carbides exhibits excellent corrosion resistance and low density, but vacancies in these
materials sometimes limit their use in some applications. In order to expand the areas of use and further develop these materials,
cermets containing metallic phases that provide better strength, hardness, and workability have been developed. This study exam-
ined the microstructure and mechanical properties of Cr3C2–Ni cermets fabricated through direct resistance rapid hot pressing.
Cr3C2 and Ni powders were mixed in varying ratios, sintered, and analyzed using optical microscopy and X-ray diffraction for
microstructural characterization. Mechanical properties were evaluated via Vickers hardness tests, density was measured using
Archimedes’ principle, and wear behavior was assessed. Results indicated that changes in Cr3C2 content significantly influenced
mechanical properties and wear resistance, with the sample containing 18% Cr3C2 displaying superior strength and wear resistance.
These findings highlight the potential of Cr3C2–Ni cermets in applications demanding robust and durable materials, representing a
significant advancement in their development.

1 Introduction

In recent years, ceramic materials have attracted significant attention due to their high hardness, high melting points, and excellent
mechanical properties [1]. Among the most well-known ceramic materials are Al2O3, WC, TiC, SiC, and Cr3C2 [2, 3]. Among
these ceramic materials, chromium carbides exist in three forms: Cr3C2, Cr7C3, and Cr23C6. Especially, Cr3C2 possesses properties
such as high strength, excellent coating resistance, low density, and good chemical stability [4]. However, during the sintering
process, numerous voids are formed in ceramics. These voids limit the strength, fracture toughness, and industrial applications of
the ceramics. To overcome these limitations, various metallic phases such as Co, Ni, Fe, Cu, and Mo are added to ceramic materials
[5]. The composites obtained in this manner are referred to as cermets (ceramic–metal composites). Cermets are formed by the
combination of ceramic particles with a metallic binder phase, and they possess common advantages such as higher hardness,
strength, and exceptional machinability [6–14]. These composites exhibit lower porosity, better microstructural distribution, and
superior mechanical properties [15]. Various ceramic–metal composites, such as WC–Co [16, 17], TiC–Fe [18], SiC–Cu [19, 20],
and Cr3C2–Ni [21], have been extensively researched and utilized in industrial applications due to their excellent performance
[22–24]. In addition to these, Ni- and Ni-based superalloys have been extensively studied for the preparation of ceramic–metal
composites due to their good ductility and excellent high-temperature properties [1]. The close thermal expansion coefficients of
Cr3C2 and Ni effectively prevent the formation of microcracks at the interface, thereby enhancing the bonding strength between
the ceramic and metallic phases. Chromium carbide–nickel composites are widely used in aerospace engineering, automotive
manufacturing, high-temperature coatings, and petrochemical environments due to their superior mechanical properties and high-
temperature performance [15]. Therefore, in this study, chromium carbide and Ni were investigated as ceramic and metallic phases.
Some examples of current studies are as follows: Weng et al. [5] examined the high-temperature oxidation behavior of Ni-based
alloys and found that they exhibit excellent oxidation resistance due to the formation of Cr2O3. Klenk et al. [25] discovered that
Ni-based alloys demonstrate exceptional welding behavior at high temperatures, making them suitable for applications in power
plant components and turbine pipes. The thermal expansion coefficients of Cr3C2 and Ni are 10.3×10–6/°C and 13×10–6/°C,
respectively, and this compatibility effectively prevents the formation of interface microcracks, thereby enhancing the bonding
strength between the ceramic and metallic phases [1]. Bullock et al. [26] investigated directionally solidified Ni–Ni3Al–Cr3C2
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Table 1 Mass percentage mixing
ratios and coding of the powders
constituting the samples

Sample Cr3C2 content (wt.%) Ni content (wt.%)

N1 3 97

N2 6 94

N3 9 91

N4 12 88

N5 18 82

composites and found that these composites exhibited better creep resistance than the matrix material alone. The wear performance
of chromium carbide-reinforced Ni3Al matrix composites at ambient temperature has been studied by Gong et al. [27–29] Duran
et al. [11] produced Cr3C2–NiCr composites using Cr3C2, Ni, and Cr mixed powders at 1573 K and found that these composites
had a bending strength of approximately 600 MPa. Hussainova et al. [14] prepared chromium carbide-nickel composites using the
method employed by Duran et al. [11] and added a small amount of Mo to improve the microstructure and physical properties. As
a result of this method, the bending strength increased to approximately 1100 MPa, and this improvement was attributed to grain
refinement and the enhancement of physical properties due to the addition of alloying elements.

With advancing technology and the increasing demand for stronger materials, the development of superalloys with complex
chemical compositions containing heavy elements has become prevalent. Challenges have arisen in obtaining homogenous super-
alloys free of segregation through conventional ingot metallurgy [30]. To overcome these challenges, a powder metallurgy (P/M)
method has been developed, which involves powder production via inert gas/vacuum atomization, powder consolidation through
hot isostatic pressing (HIP)/hot extrusion, and subsequent isothermal forging [30]. Some important examples in the literature are
as follows: Chang et al. [31] reported that hot isostatic pressing (HIP) eliminated casting microporosities in the nickel-based SX
superalloy CMSX-4, resulting in an 185% improvement in stress-rupture life at 950 °C/355 MPa. Ruttert et al. [32] confirmed
the positive effects of HIP on the porosity and low-cycle fatigue (LCF) life of the nickel-based SX superalloy ERBO/1 at high
temperatures. However, the impact of HIP on the tensile properties of SX superalloys has been rarely reported, as microporosity
is not commonly considered a major factor influencing failure during tensile deformation. Recently, Fritzemeier et al. [33] and
Razumovskii et al. [33] found that HIP enhances the ductility of the SX superalloys PWA1480 and GS32 at ambient temperature.

In this study, high-density homogeneous composite materials were obtained by using the direct resistance rapid hot pressing
technique method in order to provide lower energy consumption with a shorter production process. This method provided significant
advantages in improving the microstructure and mechanical properties compared to the conventional HIP (hot isostatic pressing)
method. The microstructure and phase composition of Cr3C2/Ni composites were characterized using optical microscopy and X-ray
diffraction (XRD) techniques. Additionally, microhardness and density measurements were conducted, and the obtained data were
evaluated. The wear behaviors were also analyzed in detail and interpreted.

2 Experimental procedure

Firstly, in the study, commercially pure Cr3C2 (99.9% purity, supplied by Alfa Aesar, Thermo Fisher Scientific, USA) and Ni (99.9%
purity, supplied by Sigma-Aldrich, USA) powders were used. Ni powder was used as the matrix and Cr3C2 powder at different
weight percentages (3%, 6%, 9%, 12%, 18%) was used as the reinforcement. To achieve a homogeneous mixture, the prepared
powder mixtures were mixed in a three-axis mixer at 180 rpm for 60 min. Three samples from each group were produced for
microstructural, XRD, and wear analyses. The mass percentage mixing ratios and coding of the powders constituting the samples
are given in Table 1. Subsequently, the powder mixtures were placed into graphite molds with dimensions of 40×10×7 mm3 and
sintered at 960 °C under 35 MPa pressure for 6 min using a direct resistance hot pressing device (HPV 120, ÇELMAK Machine
Industry and Trade Limited Company, Turkey).

Liquid boron nitride was applied to the graphite mold to prevent the sample from sticking to the mold and to prevent mass
loss. Additionally, an N2 gas atmosphere was used during the sintering process to prevent samples from coming into contact with
oxygen. After the hot pressing process, microstructural analyses were performed on the prepared samples by sequential grinding
with 240–1200-grit SiC sandpapers. After grinding, the samples were polished using a 3 μm diamond solution and ethanol. To
facilitate microstructural analysis, the samples were then chemically etched with 5% HNO3 + 95% C2H5OH solution.

Microstructural analyses of the samples were carried out using an optical microscope (Nikon Eclipse MA200, Nikon Corporation,
Japan). To analyze phase transformations in the produced Ni-based cermet samples, an X-ray diffractometer (Rigaku RadB-DMax II,
Rigaku Corporation, Japan) was used. The XRD analysis was performed with CuKα radiation (λ � 1.54059 Å) over a scanning range
of 20°–90°. In addition to microstructural analysis, the hardness values of the cermet samples were determined using the Vickers
hardness measurement technique with a microhardness tester (Emcotest Duroscan G5, EMCO-TEST Prüfmaschinen GmbH, Austria)
to assess their mechanical properties. Hardness values were determined by taking measurements from five different points on each
sample and calculating the arithmetic mean of the results. Archimedes’ principle was used to determine the density changes in the
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Fig. 1 Microhardness analysis
graph of samples taken by Vickers
method

cermets after sintering (Eq. 1). In this equation (Eq. 1), D is the density of the sample, W air is the dry weight of the sample in air,
Wwater is the weight of the sample in water, and ρwater is the density of the water used. The density measurements of the produced
samples were performed using a precision electronic balance (GR-200, A&D Company, Ltd., Japan) with a sensitivity of 0.001 g.
For measurements before and after wear tests, the mass of the samples was determined using the precision balance. The amount
of wear was calculated by examining the difference between these two weights (Eq. 2). The dry weights of the samples were first
determined, followed by measuring their weights again in a container filled with pure water at a measured temperature.

D � Wair

Wair − Wwater
× ρwater (1)

V � Wear trace × Sliding distance (2)

�W � V × ρ

V � The volume of wear, ρ � Material density.
For some mechanical characterization of the samples, the wear test was performed using a tribometer T10/20 device in a pin-

on-disk configuration. In the tests, a Ø6-mm-diameter Al2O3 ball was used. During the wear test, a load of 20 N was applied, the
sliding distance was set to 300 m, and the sliding speed was fixed at 300 rpm. After the wear tests, optical microscope analyses were
conducted to examine the worn surfaces of the samples and determine the wear mechanisms. It is well known that microstructural
images are essential to examine the surface morphology changes and microstructural features that occur during the wear process.
The tribometer T10/20 device is an advanced testing equipment that enables precise and repeatable wear tests. Its high-precision
load and speed control enhance the reliability and accuracy of the wear tests.

3 Results and discussion

As is well known, the addition of Cr3C2 in Ni-based cermets significantly influences their microstructure and mechanical properties.
In this study, Ni-based cermets containing varying amounts of Cr3C2 were prepared to determine the optimal addition ratio.
Microhardness measurement results of the samples are given in Fig. 1. According to these results, increasing the amount of chromium
carbide led to notable changes in the density of the Ni-based cermets. These changes are attributed to the differing density of Cr3C2

compared to Ni, which is thought to affect the overall density of the composite directly. Therefore, the increased Cr3C2 content also
influenced the porosity level and internal structural integrity of the material, resulting in the observed variations in density. Figure 2
shows the graph of density measurements of the samples before the wear analysis. Microhardness measurements show a significant
increase in the hardness values of Ni-based cermets with the rising Cr3C2 addition ratio. The microhardness measurement yielded
1017.5 HV for N1 and 1147.6 HV for N5. This increase is attributed to the incorporation of Cr3C2’s hard and wear-resistant structure
into the Ni matrix. Consequently, the addition of Cr3C2 in specific ratios significantly enhanced the mechanical strength and wear
resistance of the Ni-based cermets.

The increase in chromium carbide content generally led to a rise in the density of the samples, indicating a more compact structure.
This densification trend, particularly observed at lower Cr3C2 additions, suggests a reduction in porosity, which in turn resulted in
an increase in microhardness values (Fig. 1). However, when the Cr3C2 content was increased from 3 to 6%, a slight decrease in
density was recorded, although the microhardness continued to increase. This behavior can be attributed to the higher fraction of the
chromium carbide phase, which possesses significantly greater hardness. In this system, where nickel acts as the binder and matrix
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Fig. 2 Graph of density
measurements of the samples
before the wear analysis

phase, its relatively lower hardness compared to chromium carbide imposes a limitation on the overall hardness of the composite [11,
26]. Therefore, the observed increase in hardness in the N2 sample is associated with the dominant effect of the reinforcement phase,
while the slight reduction in density may result from inhomogeneous phase distribution or the presence of localized voids. When
the Cr3C2 content was further increased to 9% and 12%, the density values increased again; however, a decreasing trend in hardness
was observed. This behavior is likely related to the reduced Ni content, which compromised matrix continuity and weakened the
interfacial bonding between the reinforcement and the matrix. Moreover, the agglomeration or non-uniform dispersion of Cr3C2

particles, along with the formation of microcracks, promoted intergranular fracture in the cermets. Although the observed increase
in density at these compositions can be linked to the higher volumetric content of ceramic phases, the formation of localized voids
and interfacial defects led to reduced fracture resistance. This outcome highlights that higher density does not necessarily indicate
lower porosity and that localized microstructural defects can significantly influence the mechanical performance. In the sample with
18% Cr3C2 addition, both density and hardness decreased again. This reduction is believed to stem from the inability of the Ni
binder phase to adequately wet or melt, thereby failing to fill the voids formed by the excess Cr3C2 particles. Consequently, at high
reinforcement levels, the integrity of the microstructure was impaired, adversely affecting the mechanical properties. The thermal
expansion coefficients of Cr3C2 and Ni are 10.3×10–6/°C and 13×10–6/°C, respectively. The matching of these thermal expansion
coefficients effectively prevents the formation of interface microcracks and supports the interfacial bonding between ceramic and
metallic phases. The growth of ceramic particles and pores within the structure and their inability to be removed have led to a
decrease in density [1, 34, 39]. These results provide significant insights for determining the optimal addition ratio of Cr3C2 and for
optimizing the microstructure and mechanical properties of Ni-based cermets. Figure 3 shows OM images of the samples before
wear, taken at different magnifications.

The optical microscope examination of Ni-based cermets for microstructural characterization was conducted with images obtained
at 200× and 500× magnifications. These optical microscope images are crucial for determining the distribution of Cr3C2 within
the nickel matrix and the morphology of the phases. The images at 200× magnification reveal a homogeneous distribution of
Cr3C2 particles within the Ni matrix. At this magnification, the sizes and shapes of the particles are clearly discernible. Specifically,
samples with lower Cr3C2 content exhibit finer and more uniform particle distribution. This homogeneous distribution is thought
to contribute to the improvement of the cermet’s mechanical properties. The optical microscope images at 500× magnification
reveal detailed microstructural features of the Cr3C2 particles. At this higher magnification, the interfaces between Cr3C2 particles
and the nickel matrix become more distinct, allowing for the detection of potential microcracks and voids at the interfaces. Such
microstructural examinations are critical for assessing the thermal and mechanical durability of cermets. As shown in Fig. 3, Cr3C2

particles are well-bonded to the matrix and exhibit a uniform distribution in the microstructure. Additionally, an increase in Cr3C2

content correlates with an increase in particle density and size. Particularly in samples with 9% and 12% Cr3C2 addition, the density
and size of the particles have increased, although this has led to a decrease in hardness. These results highlight the importance of
controlling the distribution of Cr3C2 within the Ni matrix. The homogeneous distribution of Cr3C2 particles and the quality of the
interface bonding directly affect the mechanical and thermal performance of the cermets. The increase in Cr3C2 content led to a
measurable rise in the overall density of the samples, as shown in the density measurements presented in Fig. 2, indicating a reduction
in porosity. This correlation is supported by the microstructural observations presented in Fig. 3; as the Cr3C2 content increases, a
noticeable decrease in porosity is observed. Particularly in the high-magnification SEM images (Fig. 3—500×), internal porosity
is more clearly defined, and a reduction in both pore size and number is evident from samples N1 to N5. These visual findings
corroborate the quantitative density measurements (Fig. 2) and reinforce the conclusion that the addition of Cr3C2 enhances the
structural integrity of the material by reducing porosity. Furthermore, this improvement in structural integrity is also reflected in the
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Fig. 3 OM images of the samples
before wear (×200–×500):
a Ni-3% Cr3C2, b Ni-6% Cr3C2,
c Ni-9% Cr3C2, d Ni-12% Cr3C2,
and e Ni-18% Cr3C2

microhardness measurements shown in Fig. 1, where an overall increase in hardness is observed in correlation with the increasing
Cr3C2 content and decreasing porosity. Figure 4 shows the XRD pattern of Cr3C2–Ni samples processed at 960 °C under 35 MPa
pressure for 6 min.

The examinations revealed that the produced samples contained three distinct phases: Cr3C2, Cr7C3, and surface-coincident
cubic Ni [11, 35, 36]. The phases thought to belong to the peaks obtained from the XRD analysis graph were determined with the
help of literature. A slight carbon loss was observed due to the sintering atmosphere not being an absolute vacuum and some of the
Cr3C2 phase transforming into the Cr7C3 phase. This finding is consistent with results previously reported in the literature [10, 31,
35]. During high-temperature processing, partial dissolution of chromium and carbon from the added Cr3C2 particles into the Ni
matrix occurs due to the high solubility and diffusion rates of these elements in Ni. As a result of carbon depletion and chromium
enrichment in the matrix, the thermodynamically more stable Cr7C3 phase precipitates. This phase transformation from Cr3C2 to
Cr7C3 is facilitated by the elevated temperature and the ability of the Ni matrix to act as a solvent for both Cr and C, promoting
dissolution–reprecipitation mechanisms. Similar transformations of chromium carbides under comparable conditions have been
reported in Ni-based systems. The transformation of Cr3C2 to Cr7C3 occurs depending on the solubility of the reinforcement and
the cooling rate. Although the Cr7C3 phase can exhibit superior performance under high-temperature and wear conditions, this
transformation is undesirable in a Ni-based material due to the dissolution of chromium from Cr3C2. The dissolution of chromium
carbides leads to the formation of the Cr7C3 phase in the Ni matrix, and the presence of this phase can negatively impact the
material’s mechanical and thermal properties. The solubility of the Cr3C2 phase triggers the formation of Cr7C3 in the Ni matrix,
which, although it may increase wear resistance, can adversely affect overall performance. In this context, the amount of Cr3C2

reinforcement and the sintering conditions should be carefully controlled to ensure the optimal performance of Ni-based cermets.
The dry sliding wear behavior of the samples was investigated under a 10 N load against a 6-mm-diameter Al2O3 ball with a 300 m
sliding distance, and the results are shown in Fig. 5. Figure 6 displays the graph of friction force variation with respect to the distance
after the wear test applied to the cermets.
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Fig. 4 XRD pattern of Cr3C2–Ni
samples processed at 960 °C
under 35 MPa pressure for 6 min

The N5 sample with 18% Cr3C2 content exhibits the highest density and hardness values, while the N1 sample with 3%
Cr3C2content shows the lowest values. The microstructure of the chromium carbide ceramic particles used as reinforcement in
the material is observed to be hexagonal and tetragonal in shape. An increase in the amount of reinforcement is associated with
a noticeable increase in the frequency of these structures. The wear marks on the material’s surface are in the form of parallel
groove lines, indicating that the surface roughness of the material is being abraded by the hard particles during the friction process,
and the wear mechanism occurring in the material is abrasive wear [37–40]. Additionally, the wear marks on the N1 sample with
3% Cr3C2 (Fig. 5a) are observed to be more pronounced. This is attributed to the low amount of reinforcement. As the amount of
reinforcement increases, the carbide particles become more distinct. During the wear process, heating of the material surfaces occurs
due to friction. At high temperatures, the loss of some particle boundaries leads to the merging and growth of ceramic particles. This
results in larger carbide particles with an increase in their quantity (Fig. 5d) [1]. With the increase in chromium carbide content,
the carbide-nickel cermets exhibited numerous voids (Fig. 5d). The formation of oxides (chromium oxide, nickel oxide) at the
temperature of the wear test plays a lubricating role during the friction process. The variability in the wear marks on the samples is
due to the partial differences in the oxide layer [37]. The oxides formed as a result of the wear process did not cover the material
surface completely, leading to the removal of some oxides and the formation of relatively loose, shallow pits. Additionally, due to the
alternating compressive contact with the abrasive ball and fatigue, material loss occurred on the oxide film of the material surface,
resulting in noticeable cracks and spalling pits on the wear marks. The lower wear depth of the sample with 3% Cr3C2 compared to
the sample with 18% Cr3C2, despite the latter having the highest Cr3C2 content, is attributed to the ease of sliding facilitated by the
oxide layer on the sample surface. The lubricating effect of the oxide layer is greater due to the higher Cr3C2 content, which leads
to increased wear depth. Figure 7 shows that weight loss observed in specimens as a function of reinforcement ratio.

In Cr3C2-reinforced nickel-based composites, the calculation of weight loss before and after wear was performed by multiplying
the wear tracks on the material with the volume losses associated with these tracks. Wear tracks are a significant indicator that
directly reflects the wear resistance of the material. The study observed a marked change in wear tracks with an increase in Cr3C2

content. Specifically, samples containing 6% and 12% Cr3C2 showed an expansion in wear tracks and a corresponding increase in
weight loss. These findings indicate that increasing the Cr3C2 content up to a certain level positively affects wear resistance, but
exceeding this level results in a reduction in wear resistance. At 18% Cr3C2 content, it was observed that wear tracks were the
widest and this resulted in the highest weight loss (27.67 g). These results indicate that an excessive amount of Cr3C2 addition
makes the material more brittle and more susceptible to wear, rather than enhancing its wear resistance. The increase in wear tracks
is considered to be related to various microstructural factors, such as the distribution of chromium carbide particles within the nickel
matrix, inter-phase bonding strength, and potential microstructural changes [38, 40].
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Fig. 5 Optical images of the
cermets after the wear test at ×
200 magnification: a Ni-3%
Cr3C2, b Ni-6% Cr3C2, c Ni-9%
Cr3C2, d Ni-12% Cr3C2, and
e Ni-18% Cr3C2
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Fig. 6 The graph of friction force
variation with respect to the
distance after the wear test applied
to the cermets

Fig. 7 The weight loss graph
observed depending on the
reinforcement ratio in the samples

4 Conclusions

This study evaluated the effects of Cr3C2 reinforcement on the microstructure and mechanical properties of Ni-based cermets. The
research revealed that samples with different Cr3C2 contents exhibited significant differences in density, microhardness, and wear
resistance.

• Samples with 18% Cr3C2 content were observed to have the highest microhardness values and the lowest density values, while
samples with 3% Cr3C2 content exhibited the opposite trend.

• Samples with 3% Cr3C2 content showed fewer and more irregularly shaped carbide particles, whereas samples with 18% Cr3C2

content exhibited larger and more uniformly distributed carbide particles.
• The parallel groove markings on the wear tracks indicate that the surface roughness of the material was ground down during the

wear process and addressed by the hard particles. These observations confirm the presence of an abrasive wear mechanism in the
samples.

• Wear tests revealed that the oxide layers formed on the surface significantly influenced the wear resistance of the samples.
• The observed low wear depth in samples produced by powder metallurgy with 3% Cr3C2 is related to the effect of the binder

powder used during the production process and the resulting oxide layer. This low Cr3C2 content facilitates a reduction in wear
depth by creating a type of lubrication effect during friction due to the oxide layer, which helps to ease sliding. The oxide layer
forms on the surface due to oxidation during the powder metallurgy process and the influence of the binder powders, and this
layer plays a role in reducing wear under friction conditions.

• Higher microhardness values were observed in samples containing 18% Cr3C2. This high Cr3C2 content results in a denser carbide
phase and, consequently, a harder microstructure. However, this may increase the thickness and hardness of the oxide layer, which
can lead to greater depth formation on the surface during wear. Due to the influence of binder powders and the oxide layer, high
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Cr3C2 content may enhance the wear resistance of the sample, but this phenomenon can also be associated with increased wear
depths. These results indicate that the powder metallurgy method and the binder powders used have a significant impact on the
surface properties.
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