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Abstract  

whisker (SiCw) composite was developed by a combination method of coating and spark plasma sintering 

(SPS). SiCw could be evenly distributed on the CoCrNi gas-atomized powder after coating and an obvious 

grain refinement could be observed in the microstructure of composite after sintering. Meanwhile, the 

CoCrNi/SiCw composite with a trace of in-situ M23C6 phases showed superior mechanical properties: 

addition of 2 wt% SiCw led to an increase in the yield strength (YS) and hardness from 352 MPa and 159 HV 

to 595 MPa and 422 HV respectively, compared with the CoCrNi MEA. The improved strength is attributed 

to synergistic effects of Orowan strengthening, grain refinement and thermal mismatch mechanism. 

 

1. Introduction  

The entropy-based alloys shape an entirely new field of materials design and induce considerable 

excitement in the community of materials science and engineering [1]. Of which, medium entropy alloy 

(MEA) is becoming a focus of many scientific researches. Compared with conventional alloy materials, 

typical MEAs exhibit excellent structural stability and comprehensive properties because of the unique 

microstructure and alloy design [2,3]. For instance, the Fe80-xMnxCr10Co10 and the CoCrNi MEAs could 

reach an excellent strength-ductility trade-off and showed superior mechanical properties in counterpart with 

metals, alloys and metallic glasses [3,4]. However, the yield strength of many FCC structured MEAs, such as 

the FeCoCrNi that synthesized by drop casting and powder metallurgy were only 165 and 395 MPa 

respectively [5,6]. Clearly, the MEAs with only FCC crystal structure may not strong enough for engineering 

applications. Therefore, the development in alloy design and/or materials synthesis approaches is necessary to 

increase the mechanical properties.  

Taking the simple microstructure of MEAs into consideration, many MEAs have suitable matrices for metal 

matrix composites (MMCs) for improved mechanical properties. Meanwhile, the study on nano-scale 

reinforcements has become a very important field of research [7,8], from which, silicon carbide whiskers 

(SiCw) has been confirmed to provide excellent mechanical properties such as high strength, elastic modulus 

and superior elevated temperature stability in MMCs [9]. Therefore, we aim to synthesize a CoCrNi/SiCw 

composite using a combination method of coating and SPS in order to deliver homogeneous the CoCrNi/SiCw 

mixture through coating method and to obtain the composites with fine grain size and high density by SPS. 

The effects of SiCw on the mechanical properties of the CoCrNi MEA were investigated in association with 

the detail analysis of microstructure.  

2. Experimental  

The CoCrNi powder was synthesized using gas atomization method. The diameters and lengths of SiCw are 

non-uniform with a size distribution as specified by the supplier of 0.1–1 mm and 10–50 mm respectively. The 

CoCrNi/SiCw powder mixture was prepared by coating method. SiCw was dispersed into the normal hexane 

at 25 oC and the CoCrNi powder was then added into the solution to form the CoCrNi/SiCw suspension with 

constant stirring at 120 oC. Secondly, powder mixture was placed in vacuum at 60 oC for 24 h after the 

normal hexane has evaporated in suspension and mixture cannot be stirred further. Finally, powder mixture 



was consolidated in a graphite die mould to experience SPS at a pressure/temperature of 40 MPa/1200 oC for 

a holding time of 15 min.Phase structures were characterized by X-ray diffractometer (XRD) with the Cu-Ka 

radiation. Microstructural characterization was carried out by scanning electron microscope (SEM), electron 

backscattered diffraction (EBSD) and transmission electron microscope (TEM). Uniaxial tensile tests were 

performed using a material testing system (MTS Alliance RT30) tension machine with an engineering strain 

rate of 1 x 10
-3

s
-1 

and the hardness values were measured by an HVS-5 hardness tester.  

 

3. Results and discussion  

3.1. Microstructure  

Fig. 1 presents the SEM micrographs of the CoCrNi powder and the CoCrNi/SiCw mixture. A majority of 

the raw gas atomized powder displayed spherical shapes and satellite particles were observed in the 

microstructure of powder due to the collision of large and small particles during the flight process in the spray 

chamber. 1 wt% SiCw addition could homogeneously distribute among the matrix powder after coating, while 

a minority of SiCw were aggregated to form agglomerates in the microstructure of the CoCrNi/2 wt% SiCw 

mixture. In addition, the matrix powder particles in the mixture did not change obviously in the morphologies 

and still maintained spherical shapes. Clearly, coating method can produce the satisfied powder mixtures for 

this study.  

Microstructures of the CoCrNi MEA without and with 2 wt% SiCw are shown in Fig. 2. An obvious grain 

refinement was observed in the CoCrNi/SiCw composite. The measurement showed that the average grain 

size of FCC grains in the MEA was 20.80 lm and that was 6.38 lm in the MEA with 2 wt% SiCw. In addition, 

the average size of the  in-situ M23C6 phases shown in Fig. 2d was 0.25 lm. The inverse pole figures (IPFs) 

of FCC phase shown as inserts in Fig. 2 confirmed that FCC grains have no obvious preferred orientation in 

the CoCrNi MEA and the CoCrNi/SiCw composite. XRD spectra of the CoCrNi MEAs with 0 and 2 wt% 

SiCw in Fig. 1d confirmed that the CoCrNi MEA only exhibited the peaks of FCC phase, implying that there 

are no other phases except CoCrNi matrix, in good agreement with previous studies [2,10]. However, the 

extra peaks (i.e. SiC and M23C6) were also identified in the CoCrNi/SiCw composite. These revealed the 

change in microstructure after adding the reinforcement phase and the phenomenon of in-situ M23C6 phases 

was also consistent with the results of EBSD and previous reports [11]. The details of the microstructure of 

the CoCrNi/SiCw composite were investigated by TEM as shown in Fig. 2g and f. The plenty of SiCw was 

found to evenly distribute in the microstructure of CoCrN/SiCw composite. The crystal structures of the  

in-situ M23C6 and twinning phases are further verified by selected-area electron diffraction (SAED) as shown 

in Fig. 2L2 and L4. In addition, a trace of SiCw was also observed in the interface of matrix grains and 

matrix-M23C6.  

3.2. Mechanical properties  

The stress-strain curves of the CoCrNi MEA with and without SiCw are shown in Fig. 3, the CoCrNi MEA 

exhibited outstanding elongation of 53.6% but moderate strength (YS = 352 MPa). The addition of SiCw into 

the MEA enhanced strength and decreased ductility, which showed high strength (YS = 595 MPa) with the 

moderate elongation of 18.6%. Moreover, the hardness was improved from 159 HV to 422 HV. In Fig. 3b, the 

yield strength phase maps of FCC and M23C6 in the microstructure of composite and the distribution of grain 

sizes; (g-h) TEM analysis of CoCrNi/SiCw composites and corresponding SADPs (L1-L4). and elongation of 

the pure MEA and the composite in this work are primary strengthening mechanisms include grain refinement, 

Orocompared with those of the same MEA synthesized by other wan strengthening and thermal mismatch 

enhancement. As shown method [10], and with other typical HEAs/MEAs [3,12–15].Itis in Fig. 1c and 2 g, 

coating method delivered more homogeneous seen that the CoCrNi MEA had superb ductility but moderate 

yield CoCrNi/SiCw mixture, and mixture with high quality is also the strength, while the CoCrNi/SiCw 

composite had high yield strength key to improvement of yield strength. Uniformly distributed ex-but 



moderate elongation. Several strengthening mechanisms situ SiCw and in-situ M23C6 phases located at grain 

boundaries rationalized the improvement of strength of the composite. The can bring a drag force between two 

adjacent FCC grains. Then grain boundaries motion can be inhibited during sintering, achieving refine grains 

and improved mechanical properties. Meanwhile, evenly distributed SiCw at grain boundaries and in-situ 

nanoscale M23C6 phases interact with dislocation through the pining effect and block the dislocations 

movement further (Orowan-type) during deformation, slip trace within a single grain can move forward when 

dislocation bypass SiCw and M23C6 phases. Also, the coefficient of thermal expansion of SiC, M23C6 and 

CoCrNi are  

4.7 x 10
-6

K
-1

, 1.0–5.0 x 10
-6

K
-1 

[16] and 17.4 x 10
-6

K
-1 

[10], respectively. The thermal mismatch dislocations 

could be generated at matrix-SiCw and matrix-M23C6 interfaces during deformation to relax thermal stresses. 

In summary, the improved strength of composite can be attributed to synergistic effects of various 

strengthening mechanisms.  

 

 
Fig. 1. SEM showing microstructure of (a) CoCrNi powder, (b) CoCrNi/1 wt% SiCw and (c) CoCrNi/2 wt% 

SiCw mixture; (d) XRD spectra of CoCrNi MEA and CoCrNi/SiCw composite.  

 



 

Fig. 2. EBSD maps showing the microstructure of (a) CoCrNi and (b) CoCrNi/SiCw composite; (c-f) EBSD  

 

 
Fig. 3. (a) Tensile stress-strain curves of CoCrNi MEA and CoCrNi/SiCw composite, (b) Comparison of 

strength vs deformation of CoCrNi synthesized by other methods [10] and HEA/MEAs [3,12–15].  

 



4. Conclusions  

The CoCrNi/SiCw composite with grain refinement could be successfully synthesized by a combination 

method of coating and SPS. More homogeneous CoCrNi/SiCw mixture could be obtained after coating. 

Meanwhile, powder mixture with high quality was also the key to superior mechanical properties. Comparing 

with the CoCrNi MEA, the yield strength and the hardness of the CoCrNi/ SiCw composite with a trace of 

in-situ M23C6 phases were improved from 352 to 685 MPa (95.60%) and 159 to 422 HV (165.41%) 

respectively. The improved strength was attributed to various strengthening mechanisms including grain 

refinement, Orowan strengthening and thermal mismatch enhancement.  
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