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Abstract 

The Fe40Mn40Cr10Co10/TiC (volume fraction of TiC, 10%) composites were synthesized in 

combination of ball milling and spark plasma sintering (SPS) in the present work. Mechanical 

properties and wear resistance of the Fe40Mn40Cr10Co10/TiC composites were individually 

investigated. It was found that TiC particles homogenously distributed in the 

Fe40Mn40Cr10Co10/TiC composite after being sintered at 1373 K for 15 min. Meanwhile, 

grain refinement was observed in the as-sintered composite. Compared with the pure 

Fe40Mn40Cr10Co10 medium entropy alloy (MEA) matrix grain, addition of 10% TiC 

particles resulted in an increase in the compressive strength from 1.571 to 2.174 GPa, and the 

hardness from HV 320 to HV 872. Wear resistance results demonstrated that the friction 

coefficient, wear depth and width of the composite decreased in comparison with the 

Fe40Mn40Cr10Co10 MEA matrix. Excellent mechanical properties and wear resistance 

could offer the Fe40Mn40Cr10Co10/TiC composite a very promising candidate for 

engineering applications. 
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1 Introduction  

High entropy alloys (HEAs)/medium entropy alloys (MEAs) have been accepted great 

interest in research as a new class of metallic alloys. The unique feature of the MEAs/HEAs 

is the simple solid solution (FCC/BCC/ HCP) phase comprising of multiple equiatomic or 

near-equiatomic elements with high configurational entropy. This is significantly different 

from the conventional alloys consisting of principal elements and minor elements and often 

crystallized in the formation of solid solution and intermetallic phases [1,2]. Although a 

number of advantages of HEA/MEAs have been well recognized, the drawbacks of 

HEA/MEAs including relatively low strength and poor wear resistance, have limited their 

applications as strong candidates of structural materials. Therefore, the attempts to improve 

the strength are becoming important in industrial applications.  

It has been confirmed that metal matrix composites (MMCs) can offer outstanding 

mechanical properties and superior wear resistance [3−5]. The alloys reinforced by 

particulates, such as SiC [6], TiB2 [7], WS2 [8], B4C [9] and Al2O3 [10], have been used in 

various applications. The introduction of particulates into a single-phase matrix of 

HEA/MEAs can be an effective approach to improve mechanical properties, in particular the 

wear resistance. Recently, the effect of reinforcement particles on the microstructure and 

wear resistance of the HEA/MEAs has been the topics of a number of investigations. LIU et 

al [11] introduced brittle σ and μphases into a FCC-structured CoCrFeNi MEA through 

addition of Mo particles. The particle-strengthened alloy exhibits a tensile strength as high as 

1.2 GPa and a tensile elongation of ~19%. ROGAL et al [12,13] pointed out that 5% Al2O3 

(mass fraction) and 5% SiC (mass fraction) particles were uniformly distributed in 

CoCrFeMnNi HEA, which delivered compressive yield stress and compressive strain as high 

as 1480 MPa and 1600 MPa, and 31% and 6.5%, respectively. COLOMBINI et al [14] 

studied the FeCoNiCrAl high entropy alloy reinforced by reactive silicon carbide (SiC) 

particles through a powder metallurgy synthetic route. The reactive sintering produced a 

single isomorphic BCC structure and formed stable carbides and silicide particles, which 

increased the hardness of the alloy. CoCrFeNi self-lubricating composite reinforced by 

graphite and MoS2 powder has good mechanical and tribological properties [15]. 

Fe40Mn40Cr10Co10 is a newly developed MEA with the features of excellent elongation 

(57.7%) but low yield strength (213 MPa) [16]. It is interesting to study the effect of TiC 

particles on the reinforcement of Fe40Mn40Cr10Co10 MEA, in particular the wear 

resistance. In the present work, Fe40Mn40Cr10Co10/TiC composites were processed by 

spark plasma sintering (SPS) to obtain fully dense materials at relatively low temperature and 

a short time. Mechanical properties and wear resistance of the FCC-type 

Fe40Mn40Cr10Co10/TiC composite were assessed in association with the microstructure. 

The strength and hardness of the composites were compared with those of Fe40Mn40Cr10- 

Co10 MEA. Discussion focused on the effect of TiC on the strengthening mechanism and the 

improvement in tribological behavior.  

2 Experimental  

2.1 Materials and composites manufacturing  

The water-atomized Fe40Mn40Cr10Co10 MEA powder (with the average particle size of 

5−15 μm) and TiC (99.5 wt.%) particles were used as starting materials. The size of TiC 



particles is mainly 1−4 μm. Fe40Mn40Cr10Co10MEA and Fe40Mn40Cr10Co10/10% TiC 

composite were fabricated by planetary ball milling and SPS. Alcohol was employed as the 

process control agent (PCA) to avoid welding and oxidation of the powder. The powder was 

mixed by ball milling for 6 h, followed by consolidating into discs of 40 mm in diameter 

using SPS at 1373 K for 15 min with a uniaxial pressure of 40 MPa.  

2.2 Microstructure characterization  

X-ray diffractometer (XRD, Rigaku X−2000) and scanning electron microscope (SEM, FEI 

nano 230 field emission) equipped with an energy dispersive X-ray (EDAX) spectrometer 

were used to characterize the microstructure and phase composition. Electron backscattered 

diffraction (EBSD) was conducted to access the grain structure using a Hitachi S−3400N 

SEM instrument equipped with a HKL-EABS system. The microstructure and selected area 

electron diffraction (SADP) were observed using a Tecnai G2 F20 transmission electron 

microscope (TEM). To prepare thin foil specimens for TEM examination, slices cut from the 

as-SPSed alloy samples were mechanically ground and cut into discs with 3 mm in diameter. 

These discs were then ground to a thickness less than 60 μm and finally ion-beam thinned 

using a Gatan precision ion polishing system (PIPS) at a voltage of 5 kV and an incident 

angle of 3°−7°. 

2.3 Mechanical properties test  

An Instron® 3369 universal testing machine was used for testing the compressive mechanical 

properties of Fe40Mn40Cr10Co10 MEA and Fe40Mn40Cr10Co10/10%TiC composite, with 

a cross-head speed of 1 mm/min. The size of the cylindrical sample was d5 mm × 7 mm. The 

hardness tests were carried out using an HVS−5 hardness tester with the load being 49 N for 

10 s. All the reported data were the average of at least 5 specimens.  

2.4 Wear resistance test  

Wear tests were carried out using an HRS−2M roller friction wear tester at room temperature 

with a rotation speed of 600 r/min, a test load of 10 N, a duration time of 5 min and a total 

sliding distance of 60 m. The counter body of roller was a Si3N4 ball with a diameter of 5 

mm.  

3 Results  

3.1 Microstructure characterization  

SEM−BSE images in Fig. 1 show the micro- structure of Fe40Mn40Cr10Co10 MEA without 

and with 10% TiC particles. The microstructure of Fe40Mn40Cr10- Co10 MEA exhibited a 

homogenous single phase. Pores were observed in the as-SPSed alloy, as marked by the 

arrows in Fig. 1(a). With the addition of TiC particles, obvious changes in the microstructure 

were observed in comparison with Fe40Mn40Cr10Co10 MEA. The Fe40Mn40Cr10Co10 

matrix powder was present in a softening state at sintering temperature during SPS process. 

Under an external pressure during SPS, TiC particles filled the pores/gaps between their 

neighboring matrix powder particles to form more compact mixed powder particles. Thus, the 

grains were refined considerably and much less pores were found in the composite (Fig. 

1(b)).  



Table 1 gives the chemical compositions of various phases measured by SEM−EDS analysis. 

The analyzed results from the matrix at Point 1 in Fig. 1(a) are consistent with the initial 

proportion of alloy powder (n(Fe):n(Mn):n(Cr):n(Co)=4:4:1:1). Analysis from the dark grey 

phase at Point 2 in Fig. 1(b) shows that the phase consists mainly of carbon and titanium. 

Similarly, the composition at Point 3 in Fig. 1(b) is roughly satisfied with the alloy 

composition of n(Fe):n(Mn): n(Cr):n(Co)=4:4:1:1. It was also seen that the two phases in Fig. 

1(b) contained other elements. For example, there were a small quantity of Fe, Mn, Cr and Co 

in the TiC phase. There were also Ti and C in the matrix phase. This could be attributed to 

two reasons: one is the measure error as the phase is too fine for SEM beam; the other is that 

atomic diffusion is resulted from the added particles and the matrix alloy during the sintering 

process at high temperature, indicating that the interaction between the added particles and 

the matrix alloy occurred. Elemental mapping on the selected area of the composite was 

further carried out by SEM−EDS. As shown in Fig. 2, Fe, Cr and Co elements distributed 

uniformly in the matrix grains; however, Mn and O mainly segregated to the matrix grain 

boundaries. Due to the high chemical affinity between Mn and O atoms, some MnO may be 

expected to develop at the matrix grain boundaries. The dark gray phase was composed of Ti 

and C, confirming that the dark grey phase in Fig. 1(b) was TiC.  

The XRD patterns of Fe40Mn40Cr10Co10 and Fe40Mn40Cr10Co10/10% TiC composite are 

shown in Fig. 3. Fe40Mn40Cr10Co10 MEA only showed the peaks of a FCC phase, 

implying that no other phases were formed except for the matrix phase. This was in good 

agreement with medium entropy alloy and also agreed with the previous study [16]. On the 

other hand, Fe40Mn40Cr10Co10/10% TiC composite consisted of FCC phase and TiC phase 

with no other phases.  

 
 

Fig. 1 Backscattered SEM micrographs showing microstructure of Fe40Mn40Co10Cr10 

MEA (a) and Fe40Mn40Co10Cr10/10% TiC composite (b) (Arrows mark porosities. “+” 

marks are locations for composition analysis)  

Table 1 EDS results of Fe40Mn40Cr10Co10/10%TiC composite corresponding to Fig. 1 

(at.%) Point in Fig. 1  

Fe Mn Cr Co Ti C  

1 40.33 38.26 11.12 10.29 − −  

2 01.94 01.82 01.09 00.55 49.09 45.51  

3 39.16 32.75 09.37 05.94 05.02 07.76  



 
 

Fig. 2 SEM−EDS mapping images showing element distribution of 

Fe40Mn40Cr10Co10/10% TiC composite: (a) SEM image; (b−h) EDS mapping images  

 
Fig. 3 XRD patterns of Fe40Mn40Cr10Co10 MEA and Fe40Mn40Cr10Co10/10% TiC 

composite  

EBSD results in Fig. 4 show the grain structure of Fe40Mn40Cr10Co10/10% TiC composite 

in comparison with Fe40Mn40Cr10Co10 MEA. The addition of the TiC particles resulted in 

an obvious grain refinement and much less pores for the composite. The average grain sizes 

of the FCC phase were 4.85 μm for Fe40Mn40- Cr10Co10 MEA and 2.64 μm for the 

composite. The inverse pole figures (IPFs) of the FCC phase shown as inserts in Fig. 4 

confirmed that the FCC grains have no obvious preferred orientation in Fe40Mn40Cr10Co10 

with and without TiC addition.  

TEM bright field image in Fig. 5(a) shows the microstructure of Fe40Mn40Cr10Co10 MEA, 

and the SADP (insert in Fig. 5(a)), taken from area L1, verified the FCC structure. TEM 

bright field image taken from the composite is shown in Fig. 5(b), where two phases can be 



seen in the microstructure. The SADP from area L2showed that the matrix was also FCC 

structure. The dark particles marked as L3 were identified as TiC, with the SADPs shown in 

the insert. High resolution TEM (HRTEM) images in Figs. 5(c) and (d) show the interface 

between TiC particles and the FCC matrix. It is seen that the interface is sharp and clean 

(without secondary phase). Fast Fourier transformation (FFT) patterns from the lattice image 

confirm the orientation relationship of the FCC solid solution and TiC particle. The FCC 

phase is along the [011] zone axis (see L4) and TiC is along its [122]zone axis (see L5).  

3.2 Mechanical properties  

Figure 6 shows the compressive stress−strain curves of Fe40Mn10Cr10Co10 with addition of 

TiC in comparison with some other HEA/MEAs. Fe40Mn40Cr10- Co10 MEA had a 

compressive strength of 1.571 GPa with corresponding compressive strain of 28.5%. The 

addition  

 
 

Fig. 4 EBSD mapping-based microstructures showing variation of grain sizes of 

Fe40Mn40Cr10Co10 MEA (a), Fe40Mn40Cr10Co10 /10% TiC composite (b) and 

distribution of average grain size (c) (Inserts in (a) and (b) are inverse polefigures (IPFs) of 

FCC phase in alloy)  

of 10% TiC led to an obvious increase in compressive strength to 2.174 GPa and a slight 

increase in compressive strain to 32.2% for the composite. Considering the fact that 

compressive strain normally decreases with the addition of the ceramic particles, a slight 

increase in compressive strain could be ascribed to two factors. One is the effect of grain 

refinement, the other is the reduction of pores. As shown in Table 2, the hardness is also 



significantly increased from HV 320 to HV 872. The difference in fracture morphology is 

shown in Figs. 6(c) and (d). Fe40Mn40Cr10Co10 MEA showed a single slip fracture surface, 

and the fracture consisted of a large number of slip bands. While the fracture surface of the 

composite was of a typical ductile-brittle mode. Moreover, there were many voids left on the 

surface of the composite after TiC particles were pulled out.  

 
Fig. 5 TEM bright field micrographs of Fe40Mn40Cr10Co10 MEA with SADP revealing 

single FCC solid solution (a), Fe40Mn40Cr10Co10/10% TiC composite with corresponding 

SADP patterns (b) and image showing interfacial relationship between matrix phase and TiC 

(c), TEM high resolution image of rectangular area (d) in (c) and indexed schematic of 

corresponding interface relationship (e)  



 
Fig. 6 Compressive stress−strain curves of Fe40Mn40Cr10Co10 MEA and 

Fe40Mn40Cr10Co10/10% TiC composite (a), comparison of compressive strength vs 

compressive strain of typical HEA/MEAs [17−19] and HEA/MEA based composites [12−13, 

20−21] (b), fracture surfaces of as-sintered Fe40Mn40Cr10Co10 (c) and 

Fe40Mn40Cr10Co10/10% TiC (d) (Voids of post-deformed samples are highlighted by white 

arrows in (d))  

3.3 Wear resistance  

Figure 7 shows the 3D optical wear tracks and the corresponding 2D cross-section depth 

profiles of Fe40Mn40Cr10Co10 MEA and Fe40Mn10Cr10Co10/10% TiC composite under a 

load of 10 N. As expected, the wear track of Fe40Mn40Cr10Co10 MEA was deeper than that 

of the composite. The depth of Fe40Mn40Cr10Co10 MEA was 1.9 about times that of 

Fe40Mn10Cr10Co10/10% TiC composite. The friction coefficients were 0.6 and 0.26 for 

Fe40Mn40Cr10Co10 MEA and the composite, respectively (see Table 3). The reduced depth 

and friction coefficient confirmed that the wear resistance of the composite was improved.  

SEM images in Fig. 8 show the morphologies of the wear tracks. For Fe40Mn40Cr10Co10 

MEA, numerous wear particles and micro-ploughing were found inside the wear track (Fig. 

8(a)). However, there were no visible micro-ploughs and wear particles on the worn surface 

of the composite (Fig. 8(d)). SEM images of the wear track at higher magnification in Figs. 

8(b) and (e) showed that wear particles were clearly visible inside the wear track of 

Fe40Mn40Cr10Co10 MEA. These particles were identified as metallic oxides based on the 

SEM−EDS results shown in Fig. 8(c). The observation of the worn surface indicates that the 

wear modes of Fe40Mn40Cr10Co10 MEA included abrasive wear and oxidation wear, while 

the worn surface of the composite (Fig. 8(e)) was rough, which may be caused by the 

debonding of TiC and matrix. And the shedding TiC particles acted as abrasive particles and 

the primary wear mode of the composite was abrasion wear.  

The XPS analysis results of Fe40Mn40Cr10Co10 MEAand Fe40Mn40Cr10Co10/10% TiC 

composite are shown in Figs. 9 and 10, respectively. From Fig. 9, the metallic oxides (mainly 

Fe2O3, Cr2O3 and Mn2O3) were formed on the worn surface, which was in good agreement 



with the SEM−EDS results in Fig. 8(c). Similarly, the metallic oxides were also found on the 

worn surface of Fe40Mn40Cr10Co10/10% TiC composites (Fig. 10), although no wear 

particles were visible in Fig. 8(e). The results of XPS showed that both Fe40Mn40Cr10Co10 

and Fe40Mn40Cr10Co10/10% TiC composite were obviously oxidized during wear test. 

Therefore, oxidation wear is the major wear mechanism for Fe40Mn40Cr10Co10/ 10% TiC 

composite.  

Table 2 Mechanical properties of Fe40Mn10Cr10Co10 MEA and Fe40Mn10Cr10Co10/10% 

TiC composite  

Alloy Yield strength/GPa Compressive strength/GPa Compressive strain/% Hardness (HV) 

Fe40Mn10Cr10Co10 MEA 0.48 1.571 28.5 320  

Fe40Mn10Cr10Co10 MEA/10% TiC 0.73 2.174 32.2 872  

 
 

Fig. 7 3D optical wear tracks of Fe40Mn40Cr10Co10 MEA (a) and 

Fe40Mn40Cr10Co10/10% TiC composite (d) under 10 N load, cross-section depth profiles of 

Fe40Mn40Cr10Co10 MEA (b) and Fe40Mn40Cr10Co10/10% TiC composite (e), and 

fraction coefficients of Fe40Mn40Cr10Co10 MEA (c) and Fe40Mn40Cr10Co10/10% TiC 

composite (f)  

Table 3 Wear resistance properties of Fe40Mn10Cr10Co10 MEA and 

Fe40Mn10Cr10Co10/10% TiC composite  

Alloy Depth of wear track/μm Width of wear track/μm Friction coefficient MEA 23.64 

674.87 0.6 MEA/10% TiC 12.44 567.18 0.26  



 
 

Fig. 8 SEM images showing wear tracks on Fe40Mn40Cr10Co10 MEA (a) and 

Fe40Mn40Cr10Co10/10% TiC composite (d), high magnification SEM images of wear 

tracks on Fe40Mn40Cr10Co10 MEA (b) and Fe40Mn40Cr10Co10/10% TiC composite (e), 

and corresponding EDS pattern of denoted wear particle in (b) (c)  

 
Fig. 9 XPS analysis results of Fe40Mn40Cr10Co10 MEA in air: (a) Fe; (b) Mn; (c) Cr; (d) 

Co; (e) O  

4 Discussion  

4.1 Improvement in mechanical properties by adding TiC particles  

The present study has confirmed that Fe40Mn40- Cr10Co10/10% TiC composite fabricated 

by powder metallurgy with SPS exhibited improved mechanical properties in comparison 

with Fe40Mn40Cr10Co10MEA, as shown in Fig. 6. Fe40Mn40Cr10Co10/10% TiC 

composite also presented superior comprehensive mechanical properties in counterpart with 



HEA/ MEAs [17−19] and their based composites [12−13,20,21]. An orientation relationship 

(OR), i.e., [011]//[122], (111)//(022), was determined, as shown in Fig. 5(d). This OR 

indicates that a coherent interface ((111)//(022)) exists between the matrix and the nanoscale 

particle. Thus, Orowan strengthening would be introduced through the TiC nanoscale 

particles. The addition of the TiC particles can inhibit the grain growth during sintering 

process and hinder dislocation motion during the deformation period. Grain refinement, 

effective load transfer effect and Orowan strengthening mechanism are responsible for these 

improved mechanical properties. In the following sections, the possible strengthening 

mechanisms will be discussed separately.  

 
Fig. 10 XPS analysis results of Fe40Mn40Cr10Co10/10% TiC composite in air: (a) Fe; (b) 

Mn; (c) Cr; (d) Co; (e) O  

(1) The load transfer of interface between Fe40Mn40Cr10Co10 and TiC particle  

The load can transfer from matrix to the uniformly distributed reinforcement particles 

efficiently during deformation [22,23]. As depicted in Fig. 6(d), there are many voids left on 

the surface of the composite after TiC particles were pulled out. The interface can transfer 

load from Fe40Mn40Cr10Co10 matrix to TiC effectively, which contributes to the 

improvement of the strength of Fe40Mn40Cr10Co10/10% TiC composite. According to the 

modified shear lag model reported in Ref. [21], the strength contribution of load transfer 

effect in PRMMCs can be expressed by the following expression:  

∆σLoad = 0.5VPσm    (1)  

where σmis the yield strength of Fe40Mn40Cr10Co10 MEA, as presented in Table 2. VP is 

the volume fraction of the TiC particles. Equation (1) exhibits that ∆σLoadmainly depends on 

the volume fraction of TiC particles. The increase in VPbrings a higher strength contribution.  

(2) Orowan strengthening of TiC particles σOrowan can be calculated as follows [24]: 

Orowan0.13ln2Gbrbσλ= (2) where G is the shear modulus of matrix, b is the Burgers vector 

value, λ is the inter-particle spacing, and r is the radius of the particle. In present work, TiC 



particles are hard (the hardness is as high as HV 2000−3000), which incorporate with the soft 

ductile Fe40Mn40Cr10Co10 MEA matrix and result in an increase in the hardness of the 

composite from HV 320 to HV 872 (see Table 2). These hard and dispersive particles are 

distributed to the grain boundaries and create resistance to dislocation propagation and 

movement. This suggests that higher shear stresses are needed to bypass dislocations through 

impeding the TiC particles, which eventually result in strengthening of the 

Fe40Mn40Cr10Co10/10% TiC composite.  

(3) Dislocation strengthening caused by the difference in coefficient of thermal expansion 

(CTE)  

Large thermal mismatch stress can be generated owing to the difference in coefficient of 

thermal expansion between the matrix and the reinforcement during deformation [25,26]. 

Hence, a lot of thermal mismatch dislocations are generated in the composite to relax these 

thermal stresses. In present work, the CTEs of TiC particle and Fe40Mn40Cr10Co10 MEA 

are 7.4×10−6 [27] and 23×10−6 K−1 [28], respectively, which lead to high dislocation 

density in Fe40Mn40Cr10Co10/TiC composite. These increased dislocations interact with 

each other, then impede their own motions and further increase the resistance to bypass the 

TiC particles.  

(4) The grain refinement effect of TiC particle  

The particles segregated at grain boundaries can provide a strong resistance between two 

neighboring grains. Grain boundary motion can be inhibited during sintering and achieve 

improved mechanical properties. For example, the grain size of CoCrFeNiMn MEA is 

decreased from 0.8 to 0.4 μm by in-situ yttrium nano-oxides particles [29]. The addition of 

TiC particles, locating at the grain boundaries, can decrease the average grain size of the FCC 

phase, as indicated by the results of SEM and EBSD and theoretically descripted by the Zener 

pinning [30]. The grain size and the second phase particle size satisfy the following 

relationship:  

dm=4αdp/3vSP    (3)  

where dmis the grain diameter, dp is the second particle diameter, vSP is the volume fraction 

of the second particle, and α is the proportionality constant. This equation ties the grain radius 

of the matrix, the second particle diameter and volume fraction of the second particle so 

tightly together. Obviously, the decrease in dpand the increase in vSPbring a finer grain. This 

phenomenon has also previously been verified in Refs. [31−33]. 

4.2 Improvement in friction performance by adding TiC particles  

TiC-based ceramic metals have been reported to show a high abrasive wear resistance [34]. 

Figure 7 shows that the wear depth and faction coefficient of alloy decreased by adding TiC 

particles. The improvement in wear resistance of Fe40Mn40Cr10Co10/10% TiC is attributed 

to the improved strength and hardness (see Table 2). TiC particles bonded with the FCC 

matrix and acted as plowing stopper to confine the soft FCC phases pulling out from the 

composite. Therefore, the hard TiC particles could protect the soft FCC matrix against the 

Si3N4 balls during the sliding and the composite exhibited improved resistance and lower 

fraction coefficient. ZHANG et al [35] found that the wear resistance of Fe−28Al−5Cr alloy 

was significantly improved by the addition of TiC and confirmed that the high hardness of 



TiC was the main reason. The wear resistance of Al2219 alloy was also reinforced by TiC 

particles at different loads and sliding distances [36]. The uniform distribution of TiC 

particulates in matrix enhanced the wear resistance of the composite.  

5 Conclusions  

(1) Fe40Mn40Cr10Co10/10% TiC composites can be produced by powder metallurgy route 

through SPS at 1373 K for 15 min under 40 MPa. Fe40Mn40Cr10Co10MEA exhibits a 

single FCC phase and Fe40Mn40Cr10Co10/ 10% TiC composite consists of FCC phase and 

TiC phase.  

(2) Grain refinement is obtained by the addition of TiC in Fe40Mn40Cr10Co10 MEA. The 

average grain size was 2.64 μm for Fe40Mn40Cr10Co10 /10% TiC composite, which is finer 

than that for Fe40Mn40Cr10Co10 MEA with an average grain size of 4.85 μm.  

(3) The significant increase in strength is achieved for Fe40Mn40Cr10Co10/10% TiC 

composite. The com- pressive strength increases from 1.571 to 2.174 GPa and the hardness 

improves from HV 320 to HV 872 for Fe40Mn40Cr10Co10 MEA and 

Fe40Mn40Cr10Co10/10% TiC composite.  

(4) Wear resistance of Fe40Mn40Cr10Co10/10% TiC composite is superior to that of 

Fe40Mn40Cr10Co10 MEA under the same condition. The wear modes in 

Fe40Mn40Cr10Co10 MEA and Fe40Mn40Cr10Co10/10% TiC composite include the micro-

abrasive wear and oxidation wear. 
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