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The synthesis of FeyoMnyoCri0Co10/WC composites by a combination of ball milling and
spark plasma sintering is reported and corresponding mechanical and tribological prop-
erties of these composites are investigated. Compared with the FesoMn,oCrioCo;o MEA
(medium entropy alloy), the addition of 10vol.% WC nanoparticles led to an increase in
the compressive strength and hardness from 1.571 GPa and 320 HV to 2.324 GPa and 788 HV,
respectively. Meanwhile, tribological tests demonstrated that the friction coefficient, wear
depth and width of the composite decreased in comparison with FesoMngoCripCoi9 MEA.
Load transfer effect, thermal mismatch mechanism, Orowan strengthening and grain refine-
ment resulting from synergistic effects between ex-situ WC nanoparticles and in-situ My3Cs
nanoprecipitates are responsible for the improvement in mechanical properties, especially

Tribological property thermal mismatch mechanism and grain refinement. In addition, the enhancement in tri-
bological properties is also ascribed to these synergistic effects.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
. paid to MEAs owing to their superior ductility and fracture
1. Introduction

toughness [3-6]. The metastable Fegy.xMnyCripCo1o (at.%) alloy
is one of the novel quaternary MEAs to offer outstanding

High-entropy alloys (HEAs) and medium-entropy alloys
(MEAs), which consist of multiple equiatomic or near-
equiatomic elements, are relatively-new concepts developed
to replace conventional alloys [1,2]. More attention has been
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engineering strain (46-73% elongation) [7]. A representative
microstructure of as-cast FesoMngoCri0Co19 MEA [8] consists
of a FCC single phase that is responsible for the extraordinary
elongation of 57.7%. However, its relatively low yield strength
of 213MPa and hardness of 143HV are insufficient to meet
the demands of some structural applications. Over the years,
various strengthening approaches have been introduced to

2238-7854/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.jmrt.2019.06.031
http://www.jmrt.com.br
http://www.sciencedirect.com/science/journal/00000000
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2019.06.031&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:y-hailin@csu.edu.cn
https://doi.org/10.1016/j.jmrt.2019.06.031
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

J MATER RES TECHNOL.2019;8(4):3550-3564

3551

enhance the mechanical properties of MEAs, which roughly
include grain refinement [9,10] and precipitation strengthen-
ing [11,12].

Taking the simple solid solution nature of MEAs in
consideration, these alloys have suitable matrices for particle-
reinforced metal matrix composite (PRMMC) with improved
mechanical and tribological properties, especially via rein-
forcement of nanoparticles. The strengthening in PRMMCs
is usually complicated on account of the comprehensive
effect of multiple strengthening mechanisms. The possible
mechanisms include [13-21]: (1) the load transfer effect, (2)
grain refinement strengthening, (3) Orowan strengthening, (4)
dislocation strengthening caused by the discrepancy in the
coefficient of thermal expansion (CTE), and (5) precipitation
strengthening. In fact, all the strengthening effects originate
from the synergistic effect of ex-situ reinforcements and in-
situ precipitates (if there are precipitates in the composites).
For example, in-situ &' (Al3Li) particles were dispersed homoge-
nously in the TiBy/Al-Li-Cu composite. Most of the TiB,
particles agglomerating along the grain boundaries and the
fine & (AlsLi) precipitates distributing within grains promoted
the improvement of mechanical properties [22]. Similarly,
Al-B4C composites with dispersion of nano-sized Al;Sc pre-
cipitates by the addition of Sc exhibited the highest strength
atroom temperature and the excellent stability in the strength
up to 673K (400°C), compared with the Al-B4C composites
[23]. In addition, MC-type carbide precipitates have attracted
a lot interesting of investigations. The fine My3Cg carbides
precipitating at grain boundaries in nickel-based superal-
loys demonstrated a beneficial effect on stress rupture lives
[24]. Shen et al. [25] investigated the effect of TiC on the
microstructure and fracture behavior of particle-reinforced
Inconel 625 composites and showed that the uniform distribu-
tion of precipitated MC (M=Nb, Ti, and Mo) phases enhanced
the mechanical properties of the TiC/Inconel 625 composite.
For MEAs and HEAs, the addition of 10vol.% SiC particles
facilitated the development of in situ formed M;3Cg nano-
precipitates from the FesoMnyoCripCoi0 MEA [26]. A uniform
distribution of SiC and M3 Cg particles delivered ultimate com-
pressive strength up to 2513 MPa. Elements Ti and C were
doped into the FeCoCrNiMn HEA, and TiC nanoparticles and
a small amount of M»3Cs and M;C3 (M=Cr, Mn, Fe) carbides
resulted in excellent mechanical properties [27]. Clearly, the
synergistic effects of ex-situ reinforcements and in-situ MC
precipitates can be considered as an advisable method in
counterpart with the simple particle dispersion strengthen-
ing.

Tungsten carbide (WC) has been used as one of the
preferred reinforcement phases in MMCs of Al- [28], Fe-
[29,30], and Cu-base alloys [31] because of its high hard-
ness, chemical stability, and wear resistance [32,33]. In this
study, Fe4soMnyoCrioCoio MEA matrix composites reinforced
with WC nanoparticles were prepared by spark plasma
sintering (SPS). The effects of the WC nanoparticles and
MC-type nanoprecipitates on the mechanical and tribolog-
ical properties of FesoMnyoCrioCo10/WC composites were
investigated. The discussion focuses on the strengthening
mechanisms and the improvement in tribological perfor-
mance.

2, Experimental

2.1. Materials preparation

Water-atomized FegoMngoCripCoqo (in atomic ratios) MEA
powder was used as the starting material, with the average
particle size being 5-15 pm. The concentration of WC nanopar-
ticles with a size of 100-200nm was 10vol.%, corresponding
to the FM-W10 composite (herein, the FesoMngoCri0Co1p and
the Fe4oMnyoCri9Co10/10vol.% WC, denoted as the FM and the
FM-W10, respectively). WC and the FM powder were mixed by
planetary ball milling to obtain uniform mixed powder. The
milling was conducted at a speed of 400 rpm for 6 h with a 3:1
weight ratio of ball to powder. Alcohol was used as the process
control agent (PCA) to avoid cold welding and prevent the pow-
der from oxidation. The mixed powders were subsequently
consolidated by SPS in a 40-mm-inner-diameter graphite die
at 1100°C for 10 min with a uniaxial pressure of 40 MPa.

2.2. Material characterization

CALPHAD simulations of the solidification pathway during
sintering were performed using JMatPro. Phase identification
and microstructural characterization were carried out using
X-ray diffraction (Rigaku X-2000, XRD) and scanning electron
microscopy (FEI nano 230 field emission, SEM) equipped with
energy dispersive spectrometry (EDS). Electron backscattered
diffraction (EBSD) was conducted using a Hitachi S-3400 N SEM
instrument equipped with an HKL-EABS system to examine
the grain size and lattice-preferred orientations. Transmission
electron microscopy (TEM) with selected-area electron diffrac-
tion (SAED) was performed with a Tecnai G2 F20 microscope
operated at 200kV. The specimens for TEM were prepared by
grinding-polishing to produce thin foils of 50 um thickness,
followed by ion beam thinning.

2.3.  Mechanical property test

The compressive properties of the FM MEA and the FM-W10
composite were assessed by an Instron 3369 universal testing
machine with a cross head speed of 1mm/min. The hard-
ness of the FM MEA and the FM-W10 composite was measured
by a HVS-5 hardness tester. Also, a nanoindentation test was
performed to measure the elastic modulus employing UNHT
equipment. All the reported data were the average of at least
five specimens.

2.4.  Tribological property test

Dry sliding wear tests of the FM MEA and the FM-W10 com-
posite were carried out with an HRS-2M roller friction wear
tester at room temperature. A counter-face ball with a diam-
eter of 5mm was made of Si3sNy. The testing time, load and
sliding speed were set at 5min, 10N, and 600 rpm, respectively.
The element composition on the surface after the tribologi-
cal test was estimated using X-ray photoelectron spectroscopy
(XPS) (K-ALPHA X-rays, Thermo Fisher Scientific) with an X-ray
source operated at 6 mA and 12kV.
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Fig. 1 - Typical SEM micrographs showing (a) Fe4oMng(Co19Crio MEA powder, (b) WC nanoparticles, (c) and (d)
FegoMnyCo10Cr10/10vol.% WC mixed powder, showing relatively homogeneous distribution of WC nanoparticles. Red
arrows in (d) indicate a few WC agglomerates in the micron size range. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).

3. Results
3.1.  Morphologies of raw material and mixing powder

The morphologies of the FM MEA, WC and ball-milled pow-
der are shown in Fig. 1. The raw water atomization the FM
MEA powder mainly displayed an irregular shape and some
of them were close to spherical (Fig. 1a). The results in Fig. 1b
shows that the WC nanoparticles presented with a relatively
homogeneous size distribution and the sizes ranged from 100
to 200nm. After ball milling of 6h, WC nanoparticles were
assembled slightly and distributed evenly on the FM MEA
powder, and only a few of WC nanoparticles was found as
agglomerates in micron size ranges, as shown in Fig. 1c and d.

3.2. Microstructure characterization

The SEM/BSE micrographs in Fig. 2 show the general
microstructure of the FM MEA and the FM-W10 composite pro-
cessed by SPS. The FM alloy exhibited a homogenous single
phase with some pores as marked by the arrows in Fig. 2a.
The FM alloy with the addition of WC nanoparticles shows
a relatively complex microstructure. Bright WC phases were
uniformly distributed, and a certain degree of agglomeration
of the WC phases, which could be attributed to the den-

sity difference between the matrix and WC, existed in the
FM-W10 composite. From the SEM image at higher magnifi-
cation in Fig. 2¢, nano-sized precipitates presented spherical
or irregular shape of within grains (red lines) and along grain
boundaries (yellow lines). Elemental mapping on the selected
area of precipitates was carried out by SEM/EDX. As shown in
Fig. 3, the Fe, Mn and Co elements were distributed uniformly
in the matrix grains. However, Cr and C were mainly segre-
gated to form precipitate phases. Considering the high affinity
of Crtoward C, itis believed that the chromium carbide formed
by the reaction with carbon during SPS processing. This is sim-
ilar to the phenomenon observed previously [29,34,35]. Fig. 2d
gives the XRD spectra of the FM MEA and the FM-W10 compos-
ite. The FM MEA showed a single-phase FCC structure, which is
in good agreement with the previous study [8]. The diffraction
spectrum of the FM-W10 composite also showed the existence
of the peaks of WC and Mj3Cs type carbides, indicating that
the chromium carbide was M,3Cg structure in this preliminary
work.

The mean grain size and grain orientation of the as-SPSed
FM MEA and FM-W10 composite were studied using EBSD
to understand the effect of WC nanoparticles on the grain
refinement of the FM MEA. As indicated by the EBSD maps in
Fig. 4, with the addition of WC nanoparticles, an obvious grain
refinement and much fewer pores were observed in the com-
posite. The average grain size of the FCC phase was decreased
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Fig. 2 - Backscattered SEM micrographs showing (a) the microstructure of Fe4oMn4oCr10Co19 MEA, (b) and (c)
Fe4oMny4oCr10Co10/10 vol.% WG composite; (d) X-ray diffraction patterns of FegoMnyoCr10Co10 MEA and its composite
reinforced by WC nanaparticles with clear WG, FCC and M33C¢ peaks. Red arrows in (b) indicate a few agglomerations of WG
phases. Red and yellow lines in (c) exhibit that precipitates are distributed within grains and along grains boundaries,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article).
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Fig. 3 - SEM-EDS mapping images showing the element distribution of Fe4oMn4oCr10Co10/10vol.% WG composite.

from 4.20 pm in the FM MEA to 1.61 pm in the FM-W10 com-
posite. The average size of the WC shown in Fig. 4d was
0.54 um, much higher than that of the raw WC nanoparticles
(100-200 nm in size). This might be attributed to two reasons:
oneis the aggregation of some WC nanoparticles that occurred
during materials mixing, and the other is that WC nanopar-

ticles were aggregated further during the sintering process.
The inverse pole figures of the FCC phase shown as inserts in
Fig. 4 confirmed that the FCC grains had no obvious preferred
orientation in the FM MEA and the FM-W10 composite.

TEM images and the corresponding selected area electron
diffractions patterns (SADPs) of the FM MEA and the FM-W10
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Fig. 4 - EBSD mapping-based microstructures showing the variation of grain sizes of (a) FeqoMn4Cr10Co19 MEA, (b)
FegoMnyoCry0Co10/10 vol.% WG composite; (c) and (d) Distribution of average grain sizes of FCC and WG phases, respectively.
The inserts in (a) and (b) are the inverse pole figures (IPFs) of the FCC phase in the alloy.

Fig. 5 - TEM BF micrographs of FegoMngoCr19Co19 MEA, including (a) BF and SADP (L1) showing FCC structure of
FegoMnyoCri0Co10 MEA; (b) BF and SADP (L2) showing annealing twins.

composite are shown in Figs. 5 and 6. A simple FCC phase was
seen in the microstructure of the FM MEA, but other phases
were not observed. Also, dark WC phases with sizes of 150
to 500nm were indicated by the yellow line in Fig. 6a. As
expected, some nanoprecipitates were also observed within
grains and along grain boundaries in Fig. 6b. The results were
consistent with the SEM observation shown in Fig. 2c. More-

over, a twinning phase was also observed in Figs. 5b and 6c,
confirming that these systems of MEA and composite had a
low stacking fault energy in the interval of 18 < yspg <45 MJ m~2
[36]. The corresponding TEM SADPs from Fig. 63, b, and c are
shown in Fig. 6(L1-L2) to (L3-L4). Furthermore, CALPHAD sim-
ulations of solidification pathway of the FM and the FM-W10
during sintering were performed using JMatPro software, as
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Fig. 6 - TEM BF micrographs of Fe4oMn4oCr190Co19 /10 vol.% WC composite, including (a) WC nanoparticles (padding between
adjacent grains),(b)M,3C¢ nanoprecipitates (within grain and along grain boundary) and (c) twinning phase; (L1)-(L2),(L3)
and (L4) showing SAD patterns corresponding to the areas marked by (L1)-(L2), (L3) and (L4) in (a), (b) and (c), respectively.
(For interpretation of the references to color in the text, the reader is referred to the web version of this article).
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Fig. 7 - Solidification pathway of the potential phases in (a) Fe4oMn4oCr10Co190 MEA and (b) Fe4oMngoCry0CGo10/10vol.% WG

composite during sintering using CALPHAD simulation.

seen in Fig. 7a and b. An FCC phase was predicted to become situ WC nanoparticles. However, under the same experimen-
tal conditions, no nanoprecipitates appeared in the FM MEA,

stable in the FM alloy. Also, CALPHAD calculation showed that
potential phases, i.e., M3Cg and M, (C,N), would be developed as shown in Figs. 2a and 6. Thus, the formation of nanopre-
from 1130°C and 1085 °C, respectively. However, the M;(C,N) cipitates in this study might not be attributed to the carbon
phase was not detected by XRD and TEM examination, which contamination in the MEA during SPS processing, but it was
might be attributed to the decomposition of M;(C,N) phase probably owing to the decomposition of WC nanoparticles. In
from 268°C. Similar experimental results have already been addition, several studies about the thermal stability of WC
reported in the FeCoCrNiWg 3 +0.5 at.% C alloy [37], C-doped and its chemical interaction with steel suggested that the
Fe44Niq1 3Mnss gAly sCrg HEAs [38], and WC-doped FeCoCrNi formation of W,C [40-45] and MgC (M =W, Fe) [40,46-48] was
expected to occur at temperatures above 1100 °C. For example,

alloy [39]. In this study, the potential source of C atoms came
from two aspects, carbon contamination of SPS graphite and ex Lou et al. [40] indicated that matrix compositions had a strong
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Fig. 8 - Compressive stress-strain curves of Fe4oMngCr10Coi9 MEA and FeqoMngoCry9C010/10 vol% WG composite in (a);
Fracture surfaces of the as-sintered Fe4oMn4oCr10Go1o With (b) 0 and (d) 10 vol.% WC. Voids of the post-deformed samples
are highlighted by the white arrows in (d); (c) comparison of strength vs deformation of typical HEA/MEAs [50-52] and

HEA/MEA based composites [26,27,53,54].

influence on the formation of W,C and MgC phases because
of the dissolution of WC particles, especially for Co, Fe, Cr, and
Mo elements. Rajaei et al. [49] suggested that WC decomposed
into W;,C at ~1450°C under a pressure of 30 MPa. Similarly,
M23Cs-type and MyCs-type carbides could be developed in the
microstructure of as-SPSed (FeCoCrNi);.x(WC)x HEA compos-
ites [39], Zhou et al. believed that these MC-type carbides
resulted from the diffusion and reaction of W and C with
the matrix and overlooked the contamination of SPS graphite.
However, carbon contamination from the SPS graphite die
mold in this study could not be fully avoided. Wang et al. [46]
found that the graphite die had a function of carburization,
which could compensate the sintered body for the lack of car-
bon. Thus, this raises an open question regarding the origin of
carbide formation.

3.3.  Mechanical properties

Fig. 8 shows the compressive performance curves of the FM
MEA and the FM-W10 composite and their corresponding
fracture morphologies. The detailed compressive properties
and Vickers hardness are listed in Table 1. It is seen that
the FM MEA exhibited a lower Vickers hardness of 320HV
and the compressive strength of 1.571GPa, but it presented
a relatively high compressive strain of 28.5%. With the addi-

tion of 10vol.% WC, the Vickers hardness and the ultimate
compressive strength of the FM-W10 composite increased to
788HV and 2.324 GPa, respectively, with a slight increase in
the compressive strain to 33.9%. the FM MEA showed a sin-
gle slip fracture surface in Fig. 8b, while the fracture surface
of the FM-W10 was a typical ductile-brittle mode in Fig. 8d.
Moreover, there were many voids remained on the surface of
the composite after WC nanoparticles were pulled out. The
mechanical properties of similar materials for comparison are
also shown in Fig. 8c. This figure shows that the compre-
hensive mechanical properties of the composite exceed the
properties of medium- and high-entropy alloys [50-52] and
their based composites reported in literatures [26,27,53,54].
TEM micrographs of the sintered FM MEA and the FW-W10
composite after the compress deformation are shown in Fig. 9.
A high density of dislocations could be observed in Fig. 9a.
In addition, some narrow deform twins (marked by the red
arrows) in Fig. 9b with a width of tens of nanometers were
observed. The interaction of dislocations with WC nanopar-
ticles and M3Cg nanoprecipitates in the FM-W10 composite
could be seen in Figs. 9c and d. The nanoparticles and nano-
precipitates blocked a large amount of dislocations to form
the pileup of dislocations. It is also noted that WC nanoparti-
cles and Mj3Cg nanoprecipitates were not plastically sheared
by gliding dislocations during plastic deformation. These
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Table 1 - Summary of mechanical properties obtained during compressive and hardness testing.

Yield strength (GPa)

Compressive strength (GPa)

Compressive strain(%) Vickers hardness

MEA 0.488 1.571
MEA/10vol.% WC 0.827 2.324

28.5 320
33.9 788

200 nm

200 nm'

Fig. 9 - TEM micrographs of the sintered FM MEA (a and b) and FW-W10 composite (c and d) after the compress
deformation, (a) a high density of dislocations and (b) deformation nanotwins in FM MEA. (c) and (d) the interaction of
dislocations with WC nanoparticles and nanoprecipitates. (For interpretation of the references to color in the text, the reader

is referred to the web version of this article).

non-shearable WC nanoparticles and My3Cg nanoprecipitates
accounted for high strength of the FM-W10 composite. On
top of these, nanotwins were also observed in the FM-W10
composite. Twin boundaries associated with nanotwins could
provide an exceptional ductility by blocking the motion of dis-
locations. This was one reason why the compressive strain
of the FM-W10 composite did not decrease. Another reason
was that the obvious decrease in grain size was shown in
Fig. 4. In the present work, we only focus on the effects of
WC nanoparticles and MC nanoprecipitates on the mechan-
ical and tribological properties. WC nanoparticles and MC
nanoprecipitates were sufficiently identified by the indexed
TEM diffraction patterns in Fig. 6. However, STEM elemen-
tal mapping can provide extra chemical/physical basis of the
processes used in the as-sintered composite.

3.4.  Tribological property

The 3D optical wear track and the corresponding 2D cross-
section depth profile of the FM MEA and the FM-W10
composite under 10N load are shown in Fig. 10. As expected,
the wear track of the FM MEA was deeper and wider than that
of the FM-W10 composite. The tracks of the FM MEA were 2.20
times deeper and 1.28 times wider than those of the FM-W10
composite. Meanwhile, the friction coefficient was 0.6 for the
FM MEA, compared with 0.28 for the FM-W10 composite. The
reduced depth, width, and friction coefficient demonstrated
that the FM-W10 composite had a better tribological property
than the FM MEA.

Figs. 11 and 12 show the SEM morphologies of the worn-
out surfaces of the FM MEA and the FM-W10 composite. Some
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Fig. 10 - (a) and (c) 3D optical wear track of Fe4oMngoCr19Co10 MEA and Fe4oMngoCr190Co10/10vol% WC composite under 10N
load; (b) Cross-section depth profile of Fe4oMn4oCri0Co190 MEA and FegoMnyoCry0C010/10 vol% WC composite; (d) Fraction
coefficient of Fe4oMnyCri0CGo10 MEA and FegoMngoCr10Co10/10 vol% WG composite from the 10N load test condition.

micro-ploughing was obviously present in the FM MEA, as
shown in Fig. 11a. From the SEM image at higher magnifica-
tion in Fig. 11b, the wear particles were clearly visible inside
the wear track of the FM MEA. According to the EDS results in
Fig. 11bl and b2, the matrix grains were oxidized during the tri-
bological test and the wear particles were identified as metallic
oxides. These characteristics suggested that the main wear
mechanism of the FM MEA included abrasive wear and oxida-
tion wear. Compared with the FM MEA, a smooth worn surface
could be found in the FM-W10 composite (Fig. 12a). Only a
few of slight friction marks along the sliding direction were
found. This showed that the uniformly dispersed WC limited
the plastic deformation of the matrix and played a positive
role in reducing the micro-ploughing. From the micrographs
in Fig. 12b, although some abrasion could be observed, a small
part of matrix removals and WC removals was also observed.
The fact that only a few particles were being torn out from the
matrix confirmed the existence of a strong interfacial bonding
between the matrix and WC. Elemental mapping was further
carried out by SEM/EDS. The results in Fig. 12b1-b7 confirmed
that the wear tracks had high oxygen content compared to the
unworn regions. Thus, WC particles increase the protection on
the matrix not only by the virtue of their high elastic modulus
and hardness but also by generating the oxides which actas a
lubricating layer.

XPS analysis was employed to further understand the
worn-out surface composition of the FM MEA and the FM-
W10 composite. As shown in Fig. 13, the oxidation reaction

occurred on the worn surface of the FM MEA. The spectrum
of Fey, could be fitted into four peaks, which were located at
the positions with binding energies of 706.9, 710.6, 720.1, and
724.5eV (Fig. 13a), which were in good agreement with the
standard values of Fe in FeO and Fe;03. Two strong peaks at
640.9 and 652.6 eV could be clearly observed in Fig. 13b, which
confirmed the existence of Mn;0s. Similarly, Fig. 13c and d
confirmed that Cr and Co mainly existed as CrpO3 and CoO.
Therefore, the metallic oxides were mainly composed of FeO,
Fe,03, Mn;,03, Cr03, and CoO. Also, the metallic oxides (also
mainly FeO, Fe;03, Mn,03, Crp,03, and CoO) in Fig. 14 were
found in the worn surface of the FM-W10 composite, although
no wear particles were visible in Fig. 12b. The XPS result also
demonstrated that the FM-W10 composite was oxidized dur-
ing wear testing. Hence, oxidation wear and abrasion wear
were the major wear mechanisms for the FM-W10 composite.

4. Discussion
4.1.  Strengthening mechanisms

As shown in Table 1, the addition of WC nanoparticles
delivered excellent comprehensive mechanical properties.
Synergistic effects between WC nanoparticles and M3Cg
nanoprecipitates are responsible for the improved properties.
In the following sections, the possible strengthening mecha-
nisms that are believed to contribute the improvement of the
mechanical properties are discussed separately: (1) load trans-
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Fig. 11 - (a) SEM micrographs of the wear track on Fe4oMn,4oCr10Co10 MEA and (b) High magnification SEM image of wear
track; (b1) and (b2) corresponding EDS pattern of denoted wear particles in (b).

fer from the FCC matrix to the reinforcements (WC and M»3Cg),
(2) the thermal mismatch mechanism resulting from the gen-
eration of dislocations due to the different CTEs between the
FCC matrix and the reinforcements; (3) Orowan strengthening
mechanism and (4) grain refining caused by pinning effect.

(1) Load transfer effect. It is reported that the hardness of
WC particles is up to 2200 HV and M»3Cg carbides can achieve
1600HV [55] — higher than the hardness of the FW MEA
(320HV), as shown in Table 1. Therefore, WC and Mj3Cs are
the main carrier phases in this study, working through load
transfer from the FCC matrix to the reinforcements during
deformation. The improvement in load transfer effect A or7
can be expressed by the following equation [56].

(1

Aorr=£fy00/2

where f, denotes the total volume fraction of the WC, and
Mj3Cs, o9 is the yield strength of the FM MEA. In this work,
the value of f, of WC is 10%, and o of the FM matrix is
488 MPa. Consequently, the yield strength increment from the
load transfer effect of WC is evaluated as 24.4 MPa. Unfortu-
nately, the load transfer effect of My3Cg cannot be calculated,
because the volume fraction of My3Cg is not clear.

(2) Orowan strengthening. In the present work, the fine
WC and M,3Cg have a size distribution of a dominant num-
ber of particles of less than 600 nm. During deformation, the
ex situ WC and in situ M»3Cg act as hard phases at grain bound-

aries and in the FCC matrix, which interact with dislocations
through the pinning effect and block the dislocation move-
ment further (Orowan type). The slip trace within a single grain
can move forward when dislocations bypass WC nanoparticles
and Mj,3Cg nanoprecipitates. Orowan strengthening can con-
tribute greatly to the improvement in compressive strength
for the FM-W10 composites. In this manuscript, unfortunately,
the Orowan strengthening effect of M»3Cs cannot be calcu-
lated, because the volume fraction of My3Cg is difficult to be
accurately determined. However, the Orowan strengthening
effect of WC only is able to be estimated using Orowan-Ashby
equation [57,58].

AcOrowan = 0.13Gb/A ln% (2)

A= D[(2Vp)~1/3-1] (3)

In this study, shear modulus (G) can be calculated as
G=E/2(1+u), where u is Poisson’s ration (~0.33), and E is the
elastic modulus. The value of the elastic modulus for the FM
MEA, measured by using the nanoindentation, is 125 GPa. The
magnitude of the Burgers vector is |b|=ao/+/2, with ag being
the lattice constant. The average diameter of WC nanoparti-
cles detected by EBSD is 0.54 pm, the volume fraction of WC
nanoparticles is 10%, and the lattice constant ap detected by
XRD is 3.52 x 10~° nm. Consequently, the yield strength incre-
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Fig. 12 - (a) SEM micrographs of the wear track on Fe4oMn4oCr10C010/10vol.% WG composite and (b) High magnification SEM
image of wear track; (b1)-(b7) EDS map of worn surface of Fe4oMn4oCr19C010/10vol.% WG composite based on (b).

a b c

Fe2p3/2
(Eepo/) Feapli2 Mn2p3/2 Mn2pl/2 Ci2p3/2 Cr2plf2

3 e INOXide) ] (Oe) (Oxide) | 3 [(Cr,0y) (Oxide)

2 Fe2p3/2 lite) \ = 3 23,

z = z

ks S | Mn2p3/2 E

@ » | (Mnmetal) %]

Ay

% & &

700 710 720 730 740 635 640 645 650 655 660 570 575 580 585 590 595

Binding Energy [eV]

Binding Energy [eV] Binding Energy [eV]
€
_ d Ols
5 | Co2p3/2 Co2pl/2 ': (Metal carbonate)
&, | (Co metal) 2 =,
> (Satellite) -
E i
w [72]
(a9
5 &
772 719 786 793 800 525 530 535 540 545
Binding Energy [eV] Binding Energy [eV]

Fig. 13 - The results of XPS analysis of Fe4oMn4oCr10Coi9 MEA in the air environment. (a) Fe element; (b) Mn element; (c) Cr

element; (d) Co element; (e) O element.

ment from Orowan strengthening is estimated to be 27.8 MPa
(WC only).

(3) Thermal mismatch enhancement. The thermal mis-
match mechanism in the composite is bound up with the
difference of the coefficient of thermal expansion between

the matrix and the reinforcement phase [59,60]. In this study,
the CTEs of the Mj3Cs carbides, WC nanoparticles, and
FeqoMnyoCrioCogo are 1.0-5.0x 10~°K-1 [61], 6.9 x 107K,
and 13 x10~°K~! (refer to FeCoCrNiMn) [62], respectively.
Thus, the new thermal mismatch dislocations may be gen-
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Fig. 14 - The results of XPS analysis of Fe4oMn4oCr10C010/10 vol.% WG composite in the air environment: (a) Fe element; (b)

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

erated at the matrix-WC and matrix-M,3Cg interfaces during
deformation to relax thermal stresses. TEM results (Fig. 9)
show that there were more dislocations at the matrix-WC
interface and matrix-Mj3Cg carbides. These increased dislo-
cations interact with each other, and then impede their own
motions and finally increase the resistance to bypass the WC
nanoparticles and M,3Cg nanoprecipitates. This thermal mis-
match eventually leads to the work hardening of materials.
The contributions of CTE mismatch strengthening to the yield
strength can be expressed as follows [57].

Aocte = nGbpl/2 4)
p= 12aATVp/[bD(1-V5p)] ©)

where 75 is a constant equal to 1.25 [63], and p is the
enhanced dislocation density. A« is the difference in the CTEs
of the matrix (13 x 1076 K~1) and WC (6.9 x 10~°K~1). AT is the
difference between the processing temperature (solidification
temperature of 1100 °C) and the test temperature (25 °C). Thus,
the contribution of thermal mismatch (WC nanoparticles) is
evaluated as 137.5 MPa. The contribution of M,3Cg can also be
overlooked because of a similar reason.

(4) Grain refinement of WC nanoparticles and M;3Cg nano-
precipitates. The EBSD result shows that the grain size of the
matrix decreased after adding the WC nanoparticles. The WC
nanoparticles and M»3Cg nanoprecipitates located at the grain
boundaries can bring a strong drag force between two adja-
cent grains. Then, grain boundary motion can be inhibited by
the pinning effect of WC nanoparticles distributing in grain
boundaries during sintering, achieving improved mechanical
properties. The relationship between yield strength and grain
size can be well described by the classical Hall-Petch equation
[64,65].

oy=oo+ky/d> 6)

where ky is a constant depending on the composites, d is
the grain size of the composites, and o have the same means
as defined above. In this work, the value of ky from the FeCoNi-
CrMn system, that is, 226 MPa um'/2, is used, according to the
study of Liu et al. [66]. The average grain sizes of the FCC
phase decrease significantly from 4.20 pm (FM MEA) to 1.61 pm
(FM-W10) with the increase of the WC nanoparticles. As a con-
sequence, the strength contribution from grain refinement to
yield strength is 67.8 MPa. In addition, smaller grain size offers
a higher volume fraction of grain boundaries, which could fur-
ther impede dislocation motion. Both effects are the primary
reasons for improving the mechanical properties of the FM-
W10 composite by grain refinement. Similar findings were also
reported in WC-reinforced Fe alloys [67] and Cu alloys [30].

4.2.  Improvement in friction behavior by adding WC
particles

The results of the tribological test reveal that the addition of
WC nanoparticles resulted in a significant increase in tribolog-
ical properties of the FM-W10 composite, mainly because of
the increased hardness of the composite. The FM MEA matrix
was more prone to plowing, grooving, and plastic deformation
caused by a lower hardness of the matrix and the harder coun-
terpart. As WC and in situ My3Cg particles were formed and
bonded strongly with the FCC matrix, the tribological prop-
erties increased dramatically. Because of the hardness and
load-bearing capacity, WC and M3Cg particles can act as plow-
ing stoppers to improve wear. In addition, elemental mapping
of worn surface morphology indicates that wear track has high
oxygen content in counterpart with the unworn region, WC
particles can also improve the friction behavior of the FM-W10
composites by producing oxides that act as lubricating layers.
Previous studies have shown that the proper amount of WC
and MC-type particles could remarkably improve the tribo-
logical properties of the matrix. For example, the tribological
properties of Cu alloy were reinforced by WC particles, and the
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addition of reinforcing particles enhanced the microhardness
and reduced the volume loss, compared with an unreinforced
sample [68]. Yuan et al. [69] also found that the friction coef-
ficient and wear rate of the NiAl intermetallic compound
significantly decreased by the addition of 30 wt.% WC content.
For MC carbide particles, Rainforth et al. [70] found that differ-
ent carbide sizes can lead to a difference in the wear rate by as
much as 40%. Similarly, Luan et al. [71] reported that the wear
resistance of a high-speed steel roll is further improved with
smaller MC eutectic carbides and uniform distribution in the
matrix.

In summary, an interpretation of the results indicates
that synergistic effects between WC nanoparticles and M23Cg
nanoprecipitates are responsible for improvement in mechan-
ical and tribological properties. In addition, the calculated
values of the quantitative contribution from load transfer
effect, Orowan strengthening, thermal mismatch enhance-
ment, and grain refinement are 24.4, 27.8, 137.5, and 67.8 MPa,
respectively. Thermal mismatch enhancement and the grain
refinement are much more effective than other strengthen-
ing mechanisms. In addition, the calculated yield strength,
745.5MPa, is lower than the measured yield strength of
827.5MPa. The discrepancy may be attributable to two reasons.
First, some parameters used for calculation are approxima-
tions, or cited from other HEAs. Second, load transfer effects,
Orowan strengthening, and thermal mismatch enhancement
of My3Cs nanoprecipitates are not calculated, because the
volume fraction is not clear. In general, the FM-W10 compos-
ite shows excellent mechanical properties because of a good
combination of strengthening mechanism, especially thermal
mismatch enhancement and grain refinement.

5. Conclusions

Effects of the addition of WC nanoparticles on the
microstructure, mechanical and tribological properties of the
FeqoMnyoCrioCo1o (FM) medium entropy alloys (MEAs) were
investigated. The following conclusions can be drawn:

(@) The addition of WC nanoparticles resulted in the forma-
tion of in-situ My3Cg precipitates (within grains and along
the grain boundaries) in the FM-W10 composite. The for-
mation of nanoprecipitates might not be attributed to the
carbon contamination from graphite mold into the MEA
during SPS but it is probably owing to the decomposition
of WC nanoparticles.

(b) Grain refinement was observed in the FM-W10 composite.
The average grain size of the FCC phase decreased from
4.20 to 1.61 pm with the addition of 10 vol.% WC nanopar-
ticles.

(c) The FM-W10 composite exhibited an obvious improve-
ment in mechanical properties with the Vickers hardness
of 788 HV, compressive strength of 2.324GPa, and com-
pressive strain of 33.9%. Load transfer effect, thermal
mismatch mechanism, Orowan strengthening mecha-
nism and grain refinement resulted from ex-situ WC
nanoparticles and in-situ My3Cg nanoprecipitates are
responsible for the improvement in mechanical proper-

ties, especially for thermal mismatch enhancement and
grain refinement.

(d) The tribological properties of the FM-W10 composite are
superior to those of the FM MEA under the same wear con-
dition. The wear modes of the FM MEA and the FM-W10
composite include the abrasive wear and oxidation wear.
Synergistic effects derived from ex-situ WC nanoparticles
and in-situ My3Cg nanoprecipitates are also responsible for
the improvement in tribological properties.
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