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Abstract: In order to improve the strength and corrosion resistance of CoCrNi medium entropy alloy, TiC strengthened 
CoCrNi medium entropy alloy (CoCrNi/(TiC)x (x=0.1, 0.2, 0.4)) was designed by addition of different amounts of TiC. 
The effects of TiC content on the microstructure, mechanical properties, and corrosion resistance of the alloy were 
investigated. It was found that the precipitation morphologies of TiC changed from lamellar eutectic to needle structure 
with the increase of TiC content, and finally formed mixed needled and bulk TiC particles. TiC appears as a 
dissolution−precipitation phenomenon in the CoCrNi alloy, which is important for the mechanical properties and 
corrosion resistance of the CoCrNi/(TiC)x alloy. The strength of alloy was enhanced obviously after the addition of TiC. 
The compressive yield strength of CoCrNi/(TiC)0.4 alloy reached 746 MPa, much larger than that of the CoCrNi 
medium entropy alloy, 108 MPa. Additionally, the addition of TiC was found to improve the corrosion resistance of 
CoCrNi medium entropy alloy in the salt solution. 
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1 Introduction 
 

Medium entropy alloys are a class of new 
structure materials with superior properties. 
Especially, the equiatomic CoCrNi medium entropy 
alloy has attracted much attention due to its 
excellent ductility, work hardening, and corrosion 
resistance [1,2]. In addition, the strength and 
ductility of CoCrNi medium entropy alloy at 
low-temperature are improved simultaneously. The 
tensile strength reached 1300 MPa and the tensile 
strain increased to 45%. It is an excellent low- 
temperature structural material with great application 

potential [3]. Nevertheless, the yield strength of the 
as-cast CoCrNi medium entropy alloy at room 
temperature is less than 400 MPa, which limits its 
extensive application as engineering materials. It is 
in great demand to improve the room temperature 
strength in order to promote its industrial 
applications.  

Currently, some investigations have shown that 
introduction of ceramic particles into the 
single-phase matrix of medium entropy alloy is an 
effective method to improve the mechanical 
properties [4−10]. For example, 5% Al2O3 and 5% 
SiC ceramic particles were added in CoCrFeMnNi 
high entropy alloy (HEA), respectively, and the 
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compressive yield strengths of alloys were 
increased to 1480 and 1600 MPa, respectively [11]. 
TiC is often used as a reinforcing agent because of 
its high hardness, high melting point, good 
wettability, and chemical stability [12−18]. WANG 
et al [19] prepared TiC reinforced Fe40Mn40Cr10Co10 
medium entropy alloy with volume fraction of 10% 
by ball milling combined with spark plasma 
sintering (SPS). The results show that the 
compressive strength of the alloy increased from 
1571 to 2174 MPa and the hardness increased from 
HV 320 to HV 872 by adding 10% TiC particles. It 
is indicated that the introduction of TiC ceramic 
particles can effectively improve the mechanical 
properties of medium entropy alloy. In spite of that, 
it should be noted that the morphologies and 
distribution of ceramic reinforcement in the alloys, 
and the dissolution and precipitation process of 
ceramic particles have a great influence on the 
microstructure and mechanical properties of the 
alloys. For example, the microstructure and 
properties greatly depend on the dissolution and 
precipitation of WC in cobalt for the WC/Co 
ceramet [20]. However, up till now, few 
investigations about the dissolution and 
precipitation of the TiC ceramic particles in the 
medium entropy alloy were reported. The behavior 
of dissolution and precipitation of TiC in this kind 
of alloys with multi-components is still not clear. 

In this work, TiC was selected as the 
reinforcing agent and TiC strengthened CoCrNi 
medium entropy alloy, CoCrNi/(TiC)x, was 
prepared with the different amounts of TiC. The 
dissolution and precipitation process of TiC in 
CoCrNi medium entropy alloy and its influence 
mechanism on microstructure, mechanical 
properties, and corrosion resistance were studied. 
 
2 Experimental 
 

CoCrNi/(TiC)x (x=0, 0.1, 0.2, 0.4, and x is the 
molar ratio) alloys were designed by adding 
non-equal mole ratio TiC into the CoCrNi medium 
entropy alloy. The nominal composition of the 
alloys is listed in Table 1. The raw materials were 
small pieces of Co, Cr, and Ni with purity of 99.5%, 
and the added TiC powder with purity of 99.5%. 
The alloys were prepared by conventional vacuum 
non-consumptive arc melting method. Argon 
charging was started when the vacuum in the 

furnace reached 5×10−3 Pa. The melting current was 
about 400 A. Each alloy was melted five times 
repeatedly to ensure homogeneous composition. 
The samples with different molar ratios were 
marked as T0 (x=0), T1 (x=0.1), T2 (x=0.2), and T4 
(x=0.4), respectively. 

X-ray diffractometry (XRD, Cu Kα radiation, 
Rigaku D/Max 2550VB, BRUKER) was used to 
analyze the phases in the alloy, with a scanning 
speed of 5 (°)/min and a scanning range of 20°−80°. 
Scanning electron microscopy (SEM) was used   
to characterize the microstructure, and energy- 
dispersive spectrometry (EDS) was used for 
element composition analysis. HVST−1000Z 
semi-automatic Vickers hardness tester was used to 
test the hardness of the alloy (static load: 100 g; 
holding time: 15 s). Three data points were 
collected for each sample, and the average value 
was taken. Samples with the sizes of d5 mm ×    
8 mm were cut from the ingots, and a CMT5105GL 
electronic universal tensile testing machine was 
used to test the compressive mechanical properties 
at room temperature with a loading rate of 
0.5 mm/min (without extensometer). 3.5 wt.% NaCl 
solution of 25 °C and neutral pH range was used  
to simulate seawater environment and conduct 
electrochemical corrosion test. Electrochemical 
polarization was carried out in a typical three- 
electrode battery, consisting of a sample as a 
working electrode, a platinum sheet as a counter 
electrode, and a saturated calomel electrode as a 
reference electrode. Before all electrochemical tests, 
the samples were sealed with epoxy resin, leaving 
only 1 cm2 of the metal surface in contact with the 
electrolyte, and immersed in the solution for 30 min. 
The electrochemical parameters were controlled  
by Solartron 1470E analyzer. The potentiodynamic 
polarization tests were performed at a potential 
ranging from −0.25 to 1.5 V and a scanning rate of 
1 mV/s. 
 
Table 1 Nominal composition of CoCrNi/(TiC)x (x=0, 
0.1, 0.2, 0.4) medium entropy alloy 

Alloy No. Alloying 
constituent 

Molar ratio 
Co Cr Ni TiC

T0 CoCrNi 1 1 1 0 
T1 CoCrNi/(TiC)0.1 1 1 1 0.1
T2 CoCrNi/(TiC)0.2 1 1 1 0.2
T4 CoCrNi/(TiC)0.4 1 1 1 0.4
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3 Results and discussion 
 
3.1 XRD analysis 

XRD patterns of CoCrNi/(TiC)x (x=0, 0.1, 0.2, 
0.4) medium entropy alloys are shown in Fig. 1. 
The results show that a single solid solution of FCC 
was formed in CoCrNi alloy, which is consistent 
with the previous research [21]. With the addition 
of TiC, the Sample T1 is still FCC phase, and the 
diffraction peaks shift to the left. No obvious TiC 
phase diffraction peaks were found. When x=0.2, 
TiC diffraction peaks appear in Sample T2. Here, 
the alloy structure begins to transform from 
single-phase FCC to FCC + TiC dual phases. With 
the further increase of TiC content, TiC in the 
Sample T4 increases significantly, while the 
diffraction peak intensity of the FCC phase 
decreases obviously. 
 

 
Fig. 1 XRD patterns of CoCrNi/(TiC)x (x=0, 0.1, 0.2, 0.4) 
medium entropy alloys 
 
3.2 Microstructure 

The morphology of the original TiC powder 
for the fabrication of the alloys is shown in 
Figs. 2(g) and (h). It can be seen that the original 
TiC is bulk particles with an average size smaller 
than 5 μm. Microstructure of CoCrNi/(TiC)x (x=0.1, 
0.2, 0.4) medium entropy alloy is shown in 
Figs. 2(a)−(e). It can be seen from Figs. 2(a) and (b) 
that TiC precipitated as lamellar eutectic in Sample 
T1. With the increase of TiC content, lamellar 
eutectic precipitates disappeared in Sample T2 
(Figs. 2(c) and (d)), and lots of needled TiC 
precipitated along the grain boundary. A small 
amount of TiC particles were also found in Sample 
T2 in some partial areas. The width of needled TiC 
is less than 1 μm and the length varies from a few 

microns to a dozen microns. With further increasing 
TiC content, it is found that the precipitates are 
mainly needled and bulk TiC ceramic particles in 
Sample T4 (Fig. 2(e)), and the needled structure 
was significantly reduced. 

Based on the above characterization, it is 
obvious that the TiC morphologies in CoCrNi/ 
(TiC)x alloy present a gradual precipitation 
phenomenon with the increase of the TiC addition. 
The precipitated morphologies change from the 
initial lamellar eutectic to needled shape and  
finally evolve into bulk particles. Compared   
with the original TiC morphology, the precipitation 
morphologies of TiC in the alloy are quite different 
from the original TiC morphology. This indicates 
that TiC dissolves and reprecipitates in CoCrNi 
alloy. In order to further identify the composition of 
the phases, EDS analysis was carried out and the 
results are shown in Table 2 and Fig. 3. When TiC 
content is low, the solubility of TiC into the alloy is 
high and TiC precipitates in the form of lamellar 
eutectic. It can be seen from EDS results in Table 2 
and Fig. 3 that there are a small amount of Ti and C 
elements in the CoCrNi matrix, which proves that 
the CoCrNi alloy has a certain solubility for TiC. 
With the increase of TiC content, lamellar eutectic 
disappeared and needled TiC appeared in Sample 
T2, indicating that TiC content exceeded the 
eutectic point. When the TiC content further 
increases, the volume fraction of block TiC  
ceramic phase increases, and needled TiC decreases 
obviously in Sample T4. The needled TiC 
preferentially nucleates and grows into block TiC 
particles with sizes ranging from several microns to 
more than ten microns. If TiC content continues to 
increase, the block TiC ceramic phase will be 
expected to grow. In order to confirm this, the 
equimolar ratio of CoCrNi/TiC alloy was prepared 
by adding higher content of TiC into CoCrNi alloy, 
and its microstructure is shown in Fig. 2(f). It was 
found that when the TiC content reached 25%, the 
precipitated block TiC phase was more densely 
distributed in the CoCrNi alloy. The bulk TiC grows 
obviously and its size increases to about tens of 
microns, accompanied by the decrease of needled 
TiC phase. In addition to the dissolution and 
reprecipitation of TiC, EDS results also showed 
some Cr segregation in partial areas in Samples T2 
and T4. This is not a common phenomenon, so we 
did not further discuss and mention it. 
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Fig. 2 SEM images of CoCrNi/(TiC)x (x=0.1, 0.2, 0.4) medium entropy alloys and TiC powder: (a, b) CoCrNi/(TiC)0.1;  
(c, d) CoCrNi/(TiC)0.2; (e) CoCrNi/(TiC)0.4; (f) CoCrNi/TiC; (g, h) TiC powder 
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Table 2 EDS analysis results of typical micro zones in Fig. 2 (at.%) 
Position Co Cr Ni Ti C 

Entire area of Fig. 2(a) 28.52 24.47 27.71 9.88 9.22 

Fig. 2(b)-1 19.41 4.75 24.70 16.76 34.39 

Fig. 2(b)-2 18.94 19.45 16.26 2.97 42.37 

Fig. 2(b)-3 18.37 17.43 17.97 5.98 40.25 

Entire area of Fig. 2(c) 27.68 26.57 27.04 4.93 13.77 

Fig. 2(c)-3 10.73 37.96 9.00 1.38 40.94 

Entire area of Fig. 2(d) 27.68 26.57 27.04 13.77 4.93 

Fig. 2(d)-1 6.28 12.57 5.81 24.96 50.38 

Fig. 2(d)-2 24.06 19.51 23.44 1.87 31.12 

Entire area of Fig. 2(e) 22.47 23.77 21.97 10.30 21.49 

Fig. 2(e)-1 − − − 56.12 43.88 

Fig. 2(e)-2 28.44 23.98 26.75 2.10 18.73 

Fig. 2(e)-3 4.08 60.01 − 1.28 34.63 

Fig. 2(e)-4 11.34 17.13 11.05 24.49 35.99 
 

Based on the above analysis and verification, 
the dissolution and precipitation process of TiC in 
CoCrNi alloy is summarized, and the evolution 
diagram is shown in Fig. 4. When the TiC content is 
low and not enough to precipitate, the TiC particles 
are dissolved in the CoCrNi alloy (Fig. 4(I)). With 
the increase of TiC content, the excess TiC particles 
start to accumulate and precipitate out of the matrix, 
forming a two-phase structure with the coexistence 
of FCC matrix and eutectic TiC (Fig. 4(II)). When 
the TiC content continues to increase, the eutectic 
structure disappears and is replaced by the dense 
precipitation of needle-like TiC at the grain 
boundaries (Fig. 4(III)). If the TiC content 
continues to increase, a large amount of TiC will 
form bulk TiC ceramic particles, which will 
eventually form the structure in the CoCrNi alloy as 
shown in Fig. 4(IV). This is dominated by the 
precipitation of needle-like and bulk TiC ceramic 
particles. Finally, if the TiC continues to be added, 
the tissue structure remains basically unchanged, 
and the size and volume fraction of bulk TiC 
precipitates will further increase, accompanied   
by a gradual decrease in the volume fraction of 
needle-like TiC. 
 
3.3 Mechanical properties 

To investigate the addition of TiC on 
mechanical properties of the CoCrNi/(TiC)x alloys, 
Vickers hardness and compression properties of the 

alloys were measured and listed in Table 3. Figure 5 
shows the compression engineering stress−strain 
curves of Samples T0, T1, T2, and T4 at room 
temperature. Compared with CoCrNi alloy, the 
compressive yield strength of CoCrNi/(TiC)x is 
obviously improved from 188 to 746 MPa. In 
addition, the compressive strength of Samples T2 
and T4 increased to 1430 and 1850 MPa, and the 
fracture strains were still 36% and 28%. Addition of 
TiC significantly improves the strength of CoCrNi 
alloy. As shown in Fig. 5 and Table 3, different 
shaped TiC precipitates from the CoCrNi/(TiC)x 
alloys and some Ti and C atoms dissolve into the 
alloy’s matrix. Thus, the strength enhancement of 
alloy can be mainly attributed to the solid solution 
strengthening and the second phase strengthening 
of TiC. Similar to the mechanical properties, the 
microhardness also increases with the addition of 
TiC as shown in Fig. 6. The microhardness of 
Samples T1, T2 and T4 was increased to HV 324, 
HV 355 and HV 503, respectively. Compared with 
CoCrNi alloy, the hardness of Sample T4 increased 
by 160%. The increase of Vickers hardness is also 
attributed to the precipitation and strengthening of 
TiC for the alloys. 

The fracture surface morphologies of 
CoCrNi/(TiC)x (x=0.2, 0.4) after compressive tests 
are shown in Fig. 7. The Samples T0 and T1 were 
pressed into the cake without fracture, indicating  
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Fig. 3 Elemental maps of selected regime in CoCrNi/(TiC)x (x=0.1, 0.2, 0.4) medium entropy alloys: (a) T1; (b) T2;    

(c) T4 
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Fig. 4 Diagram of microstructure evolution with increasing TiC content in CoCrNi alloy 
 

 
Fig. 5 Typical engineering stress−strain curves of 
CoCrNi/(TiC)x (x=0, 0.1, 0.2, 0.4) medium entropy 
alloys 
 
Table 3 Mechanical properties of CoCrNi/(TiC)x (x=0, 
0.1, 0.2, 0.4) medium entropy alloys 
Alloy 
No. 

Compressive yield 
strength/MPa 

Compressive 
strength/MPa 

Fracture
strain/%

T0 108 − − 
T1 413 − − 
T2 500 1430 36 
T4 746 1900 29 

 
that CoCrNi alloy and Sample T1 have excellent 
plasticity. A small number of dimples were found in 
Sample T2 (Fig. 7(a1)). These dense dimples are the 
main contributors to the plasticity of Sample T2. 
With the increase of TiC content, obvious 
dissociation steps and tongue-like patterns can be 
observed in Figs. 7(b1) and (b2). It shows that the 
precipitation of block TiC makes the fracture mode 
of Sample T4 change from ductile fracture to brittle 
fracture. 

 

Fig. 6 Variation of Vickers hardness of CoCrNi/(TiC)x 
(x=0, 0.1, 0.2, 0.4) medium entropy alloys 
 
3.4 Corrosion performance 

Figure 8 shows potentiodynamic polarization 
curves of CoCrNi/(TiC)x (x=0, 0.1, 0.2, 0.4) alloys 
in 3.5 wt.% NaCl solution. It can be seen from 
Fig. 8 that all polarization curves do not show 
activation−passivation region. After adding TiC, the 
activation region of the anode shifted to the left 
obviously. It suggests that the corrosion current 
(Jcorr) decreases. According to the polarization curve, 
the increase of corrosion resistance is mainly due to 
the decrease of corrosion current density. Combined 
with Table 4, the corrosion current density of the 
alloys decreased by an order of magnitude after 
adding TiC, and gradually decreased with the 
increase of TiC content. Compared with CoCrNi 
alloy, the corrosion current density of Sample T4 is 
reduced by nearly 80%, indicating that Sample T4 
has the best corrosion performance. 
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Fig. 7 Fracture surfaces of CoCrNi/(TiC)x (x=0.2, 0.4) medium entropy alloy: (a, a1, a2) CoCrNi/(TiC)0.2; (b, b1, b2) 
CoCrNi/(TiC)0.4 
 

 
Fig. 8 Polarization curves of CoCrNi/(TiC)x (x=0, 0.1, 
0.2, 0.4) medium entropy alloys 
 
Table 4 Parameters of potentiodynamic polarization 
curves of CoCrNi/(TiC)x (x=0, 0.1, 0.2, 0.4) medium 
entropy alloys 

Alloy No. φcorr(vs SCE)/V Jcorr/(A·cm−2) 

T0 −0.46694 1.63×10−7 
T1 −0.40005 6.51×10−8 
T2 −0.48838 3.92×10−8 
T4 −0.56905 3.46×10−8 

4 Conclusions 
 

(1) TiC was dissolved and precipitated in 
CoCrNi alloy. TiC was dissolved in CoCrNi alloy 
when TiC content was low. With the increase of TiC 
content, the precipitation morphology of TiC 
changed from lamellar eutectic to needle structure 
and finally formed needle and bulk mixed structure. 

(2) The strength and hardness of CoCrNi/ 
(TiC)x alloy increase with TiC content addition  
due to the solution strengthening and the second 
phase strengthening. The compressive strength of 
CoCrNi/(TiC)0.4 alloy was increased to 1850 MPa, 
and the fracture strain was 28%. The hardness of 
the alloy was increased from HV 188 to HV 503. 

(3) With the increase of TiC content, the 
corrosion current density of CoCrNi/(TiC)x alloy 
decreased gradually in 3.5 wt.% NaCl solution, and 
the corrosion resistance of CoCrNi/(TiC)x medium 
entropy alloys increased gradually. 
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TiC 强化 CoCrNi 中熵合金： 
TiC 溶解析出及其对显微组织和性能的影响 
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摘  要：为了提高 CoCrNi 中熵合金的强度和耐腐蚀性能，通过添加不同含量 TiC 设计 TiC 强化 CoCrNi 中熵合金

(CoCrNi/(TiC)x (x=0.1, 0.2, 0.4))。研究 TiC 含量对合金的显微组织、力学性能和耐腐蚀性的影响。研究发现，随着

TiC 含量的增加，TiC 的析出形态从片状共晶转变为针状结构，最后形成针状与块状 TiC 混合颗粒。TiC 在 CoCrNi
合金中出现溶解−析出现象，这对 CoCrNi/(TiC)x合金的力学性能和耐腐蚀性能具有重要意义。加入 TiC 后，合金

的强度明显提高。CoCrNi/(TiC)0.4合金的抗压屈服强度达到 746 MPa，远高于 CoCrNi 中熵合金的 108 MPa。此外，

TiC 的加入还能提高 CoCrNi 中熵合金在盐溶液中的耐腐蚀性。 
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