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Abstract: The Aly3;CoCrFeNi high-entropy alloy (HEA) particles reinforced Cu matrix composites (CMCs) were fabricated by
mechanical alloying and sintering. Transition layer structure was obtained by multi-step ball milling to investigate the related
influence on element diffusion behavior and wear properties of CMCs. The results indicate that a new Cu transition layer is generated,
and the thickness is about 5 um. Cr element diffuses into the interface via the transition layer, which forms the complex oxide.
Because of the structure of Cu transition layer, the diffusion rates of Ni, Co and Fe increase, especially the Ni element. The wear
resistance of CMCs is improved by 30%, which is due to the improvement of interface bonding strength, compared with the CMCs
without transition layer. This method is applicable to the development of advanced HEA reinforced metallic matrix composites.
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1 Introduction

Particles reinforced metal-matrix composites (MMCs)
have been extensively studied in past decades [1-3].
Carbon nano-tubes [4,5], MoS, [6], TiB, [7] and SiC [8,9]
ceramics are usually chosen as the reinforced phases in
MMCs to improve the strength, hardness and wear
resistance. However, the differences of expansion
coefficient and elastic modulus between matrix and
ceramics result in the weak interfacial bonding [8],
which limits the application of MMCs. Seeking new type
of reinforced phase is a promising way to improve the
interfacial bonding strength [10,11].

The high-entropy alloys (HEAs) have received
significant attention recently owing to their multiple
principle elements, which are a breakthrough of one
or two prevalent base elements of conventional
alloys [12—14]. Generally, the concentrations of the
principal elements are in equal-molar ratios or near

equal-molar ratios [12]. There are numerous opportunities
for investigations in the huge unexplored compositional
space of multicomponent alloys [13]. Different atom
sizes of principal elements result in the lattice distortion
effect and sluggish diffusion effects, which is positive to
obtain high melting point, hardness and strength [15,16].
Compared with the reinforcement phase of ceramic, the
metallic character of high-entropy alloy is beneficial to
improving the interfacial strength of MMCs.

Several studies have reported that high-entropy
alloy particles are selected as reinforced phase of
MMCs [17-19]. Interfacial bonding between particles
and interface during the sintering process is a prior issue.
AlICoCrFeNi high-entropy alloy reinforced Cu matrix
composites were fabricated by mechanical alloying and
sintering process, and no intermetallic phases are present
at the interfaces [17]. However, stress concentration is
prone to occur at the interface between matrix and
high-entropy alloy particles [18,19], which weakens the
properties of MMCs.
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Transition layer structure is considered to
effectively improve the wettability, and enhance
interfacial strength and mechanical properties of

composites [20—22]. Due to high Vickers hardness
and single face-centered-cubic [23], the
Alg3CoCrFeNi HEA particles were chosen as reinforced
phase in this work. Transition layer structure was
obtained by multi-step ball milling to investigate the
related influence on element diffusion behavior and wear
properties of CMCs. It is helpful and inspiring for the
development of advanced HEA reinforced metallic
matrix composites.

structure

2 Experimental

The Aly;CoCrFeNi HEA powders were prepared
with elemental powders of Al, Co, Cr, Fe and Ni
(purity >99.7 wt.% and particle size <45 pm) in a high-
energy planetary ball milling. Firstly, elemental powders
were placed in stainless steel vials with tungsten carbide
balls. The ball-to-powder mass ratio was 10:1, and a high
purity argon atmosphere was applied during the whole
mechanical alloying (MA) process. Then, the powders
were subjected to 48 h dry milling at 350 r/min. Thirdly,
in order to obtain the coated layer, elemental powder of
Cu (purity >99.7 wt.%, particle size <45 pm and mass
ratio of Cu to Aly;CoCrFeNi was 1:1) was subsequently
placed in vials, and the mixed powders were subjected to
8h dry milling at 200r/min, referred to as
M/Al,;CoCrFeNi.

The mixture of pure Cu powders and 5 wt.%
M/Aly;CoCrFeNi HEA powders was milled for 2 h
under the protection of an argon atmosphere at a rotation
speed of 100 r/min. The mixed powders were sintered at
950 °C for 30 min in a vacuum electrical resistance
furnace. Similarly, the mixture of Cu powders and
5 wt.% Aly;CoCrFeNi powders was also sintered by the
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same method for comparison.

Powder samples with a mass of 40 mg were
prepared for DTG analysis (TA 2000). The DTG
experiment temperature was raised to 1200 °C under an
argon atmosphere at a heating rate of 10 °C/min. X-ray
diffraction (XRD) measurements were performed using
Bruker D8 DISCOVER equipped with Cu K, radiation
operating at 40 kV and 40 mA, 26 values between 30°
and 110° with a step size 3 (°)/min. The Vickers hardness
was measured using a HMV—2T Vickers microhardness
tester, and a load of 490 N was applied for 15 s.

Wear behavior was examined using a block-on-ring
wear-testing machine (M—200) under the dry sliding
condition. The wear specimens
dimensions of 10 mm x 10 mm x 10 mm. Each specimen
was fixed in a holder to wear against a 42-mm-diameter
GCrl5 steel ring with a hardness value of HRC 60. The
sliding velocity and time were 200 r/min and 30 min,
respectively, with a normal load of 200 N. The
composition, line distribution and elements mapping of
micro area were obtained using JEOL 8530F electron
probe microanalysis (EPMA) measurements. The
microstructure of sample was examined with a JEOL
7100F scanning electron microscope (SEM). The
specimens for microstructural observation
mechanically polished by using 400—3000 grit sized fine
sand papers and diamond pastes to achieve a mirror-like
surface finish.

were cube with
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3 Results

3.1 Preparation of HEA particles with copper coating

HEA particles reinforced Cu matrix composites
(CMCs) with or without the transition layer structure are
prepared by mechanical alloying and sintering process,
as shown in Fig. 1. Firstly, the HEA particles are
prepared by mechanical alloying for 48 h, and face-
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Fig. 1 Schematic diagrams of HEA particles reinforced Cu matrix composites (CMCs) with (a) and without (b) transition layer

structure, prepared by mechanical alloying and sintering process (MA: Mechanical alloy; M: Transition layer elements such as Cu)
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centered cubic (FCC) phase is evident, as shown in
Fig. 2. Then, M powder (M represents transition layer
elements such as Cu) is milled with obtained HEA
particles, in order to obtain HEA particles coated by Cu
layer. Thirdly, the mixture of Cu powder and M/HEA
particles is sintered to prepare the CMCs. The CMCs
without transition layer are prepared with the Cu powder
and HEA particles for comparison. In order to investigate
the copper coating on HEA particles by MA, the copper
elemental mapping images of Cu and M/HEA powders
milled for different time are shown in Fig. 3. The results
indicate Cu is uniformly coated on HEA particles after
milling for 8 h, referred to as M/HEA particles. As
shown in Fig. 2, M/HEA particles exhibit two kinds of
FCC phases, corresponding to the phase of Cu and HEA
particles. Figure 4 shows the SEM images of Cu, HEA
and M/HEA powders, respectively. The sizes of M/HEA
particles are 10—-30 pum.

3.2 Diffusion behavior of CMCs during sintering

The M/HEA particles and Cu powders were sintered
to obtain HEA/M/Cu composites. For comparison, the
mixture of HEA particles and Cu powders was sintered
to obtain HEA/Cu composites. The SEM images of the
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Fig. 2 XRD patterns of Cu, HEA and M/HEA powders

sintered composites are shown in Fig. 5. In order to
investigate the stability of HEAs particles during the
sintering process, elemental mapping images of HEA/Cu
and HEA/M/Cu composites are detected by EPMA, as
shown in Fig. 6. The elemental line distributions of
HEA/Cu and HEA/M/Cu composites near the interface
are shown in Fig. 7. In the HEA/Cu composite,
component elements of HEA particles are evenly

Fig. 3 Elemental mapping images of Cu (a—d) and SEM images of M/HEA powders (e—h) milled for different time: (a, ) 0 h; (b, f) 1 h;

(c,g)4h;(d,h)8h

Fig. 4 SEM images of Cu (a), HEA (b) and M/HEA (c) powders
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Fig. 6 Elemental mapping images of HEA/Cu (a) and HEA/M/Cu (b) composites by EPMA
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Fig. 7 EPMA line distributions of HEA/Cu (a, ¢) and HEA/M/Cu (b, d) composites at interface
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distributed, and there is an obvious interface between the
matrix and HEA particles, according to the mapping
image and line distribution results. The element Al is an
exception, which is rich at the interface, as shown in
Fig. 7(c). However, in the HEA/M/Cu composites, there
is a transition layer structure with a thickness of about
5 pm, as shown in Fig. 7(d). Cu is the main element of
the transition layer, which is the element of the coated
layer on the HEA particles during mechanical alloying.
The diffusion behavior of Al and Cr elements is special,
which diffuse outwards through the transition layer
structure, and rich at the interface. Element mapping
images show that Co, Fe and Ni are mainly distributed in
the HEA particles, as shown in Fig. 6(b). The intensity of
Co and Fe elements maintains equivalent level in the two
composites, which indicates that the diffusion of Co and
Fe element is sluggish. Few Cu elements gradually
diffuse into the HEA particles. The content of Ni in the
transition layer is between that of HEA particles and
matrix, according to the elemental line distribution in
Fig. 7(d). Compared with the Ni distribution of HEA/Cu
composites in Fig. 7(c), the diffusion rate of Ni increases
owing to the structure of Cu transition layer. The
thickness values of the interface in the HEA/Cu and
HEA/M/Cu composites are about 1 and 3 um,
respectively. The results indicate that the transition layer
changes the diffusion behavior of elements during
sintering.

To clarify the detailed distribution of Al and Cr
elements, the mapping images at the interface of
HEA/Cu and HEA/M/Cu composites are displayed in
Fig. 8. The interface of matrix and HEA particles is
obvious in the HEA/Cu composites. Al and O elements
are mainly concentrated at the interface. These results
indicate that Al element diffuses towards the matrix and
the oxide forms during the sintering. According to the
quantitative analysis results, it is inferred as AlO;.
Different from the HEA/Cu composites, Cr element is
rich at the interface of HEA/M/Cu composites, and
(ALCr),0; is inferred to obtain during the sintering.

(a)

) |

DTG experiments of HEA/Cu and HEA/M/Cu
composites are carried out and the curves during heating
are presented in Fig. 9. The peak of HEA/M/Cu
composite indicates that a more dramatic chemical
reaction occurs, perhaps more Al and Cr elements are
transformed near the surface due to the oxygen
contamination. As shown in Fig. 10, the hardness of
HEA/M/Cu composite is higher than that of HEA/Cu
composite, resulting from the solution hardening of Co,
Fe and Ni in matrix, as displayed in Table 1. The
hardness of HEA particle in HEA/M/Cu is lower than
that in HEA/Cu, which is due to the diffusion of Cr
element towards the interface.

3.3 Tribological behavior

SEM micrographs of the worn surfaces of the two
composites are shown in Figs. 11(a) and (b). The results
reveal that the sign and appearance of many grooves and
adhesion phenomena are observed in the two composites.
In the wear process, the grooves are generated from the
surface by the plough of HEA particles. The grooves of
HEA/Cu composites are deeper, and more serious
shedding phenomena occur, as shown in Fig. 11(a). The
results indicate that the HEA particles are better
combined with the matrix in HEA/M/Cu composites.
The wear rates of HEA/Cu and HEA/M/Cu composites
are shown in Fig. 11(c). HEA/M/Cu composites have a
better wear resistance than HEA/Cu composites (about
30% increment). A significantly higher wear resistance
than that of HEA/Cu composites is attributable to the
improvement of interface bonding strength.

The schematic diagrams of the effect of transition
layer structure on elemental diffusion during sintering
are shown in Fig. 12. According to the experimental
results, the pathway of elemental diffusion during
sintering is modified via the transition layer structure
fabricated by mechanical alloying. Owing to the
transition layer structure, more Cr elements are diffused
into the interface, which form the complex oxide. More
Ni elements are diffused into the matrix via the transition

Fig. 8 Elemental mapping images of HEA/Cu (a) and HEA/M/Cu (b) composites at interface by EPMA
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Fig. 9 DTG curves of HEA/Cu and HEA/M/Cu composites
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Fig. 10 Hardness distributions of HEA/Cu and HEA/M/Cu
composites
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Table 1 Chemical compositions of matrix, particles and
interfaces in two composites measured by EPMA

Content/at.%

Composite Region
Al Co Cr Fe Ni O Cu

HEA 6.7 232 239 203 19.6 02 6.1

HEA/ nerface35.6 0.1 02 02 0.1 515 123
Cu
Cu

.03 02 02 02 02 18 971
matrix

HEA 22 33.7 185 308 84 0.0 64

HEA/ nterface28.5 0.6 10.0 07 0.4 494 104
M/Cu c
“ 02 06 01 06 10 18 957
matrix

layer. The diffusion behavior changes the hardness
and improves the wear resistance of HEA reinforced
Cu matrix composites. This method is potential and
applicable for the development of advanced HEA
reinforce metallic matrix composites.
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Fig. 11 SEM micrographs of worn surfaces of HEA/Cu (a) and
HEA/M/Cu (b) composites and wear rate of two composites (c)

4 Discussion

4.1 Mechanical alloying of HEA particles

Powder particles are usually subjected to high
energy collision during mechanical alloying, which
results in cold welding among the particles [24—27]. A
process of repeated cold welding and fracturing of
particles causes the formation of clean surfaces with
minimized diffusion distance. Laminated structure is
obtained at the initial stage of the MA process, but the
chemical composition of the whole particles varies
significantly. A characteristic layered structure consisting
of many welded small particles is observed during the
HEA milling [27]. Then, more refined and complexed
multilayer structures are induced due to the repeated
fracturing of particles. Owing to a large number of
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Fig. 12 Schematic diagrams of effect of transition layer
structure on elemental diffusion during sintering: (a) HEA/Cu
composites; (b) HEA/M/Cu composites

defects and free surfaces induced during the MA process,
the activation energy is decreased, which is positive for
the homogeneous diffusion even at a low temperature for
the increase of diffusivity. The decrease of activation
energy is critical to diffuse and dissolve among the
elements, since the temperatures during MA are usually
far from the diffusion temperature [26]. At the final
stage, diffusion and dissolution constantly take place,
and a homogenous chemical composition is achieved
after the long time milling process. Many works have
reported that a solid solution of HEA particles was
prepared with the pure elements via mechanical
alloying [28-34], with ultrafine grain and excellent
hardness and strength after the sintering [35]. As shown
in Fig. 2, the XRD pattern of HEA particles indicates a
single FCC phase obtained via MA for 48 h.

4.2 Effects of transition layer on diffusion behavior
After the fabrication of HEA particles, a new
layered structure has been prepared by the MA. A new
and clean interface has been generated between the HEA
particles and layered structure, which is beneficial to the
diffusion of elements of HEAs particles towards the
matrix. More Ni diffuses into the matrix than Co and Fe,
as shown in Table 1. In the HEA/Cu composite, Cr
element of HEA particles is evenly distributed for lack of
clean interface between HEA particles and Cu matrix.
However, in the HEA/M/Cu composite, Cr element

seems to diffuse into alumina coating, and the mixed
oxide layer of (Al,Cr),O3 is formed, which is similar to
the reported experimental results [36,37]. The diffusion
of Cr and Fe into an alumina coating applied to Inconel
718 was investigated by DRESSLER et al [36], and the
results indicate that many Cr and minor Fe are
incorporated into the alumina coating during heat
treatment. Cr is used as an active and interface-modified
element to prepare AlL,O;—W composites [37]. The
diffusion rate and thickness of Cr in Al,O3 are obviously
higher than those of Cr in W during sintering. In this
work, minor Cr still exists at the interface of HEA/Cu
composites, indicating that the diffusion is sluggish. And
Cu transition layer provides road and accelerates the
diffusion of Cr towards the interface of HEA/M/Cu
composites.

5 Conclusions

(1) The Aly3CoCrFeNi HEA particles with FCC
structure are prepared by mechanical alloying. And a
new layered structure of HEA particles coated by Cu has
been prepared by the MA for 8 h milling, which exhibits
two kinds of FCC phases, corresponding to Cu and HEA
phase.

(2) In the HEA/Cu composites, component elements
of HEA particles are evenly distributed in the particles,
except the Al element which is rich at the interface.
However, in the HEA/M/Cu composites, a new and clean
transition layer (about 5 um) has been generated. More
Cr is diffused into the interface, which forms the
complex oxide. Because of the structure of Cu transition
layer, the diffusion rates of Ni, Co and Fe elements
increase, especially the Ni element.

(3) The wear resistance of HEA/M/Cu composites is
better than that of HEA/Cu composites, which is owing
to the improvement of interface bonding strength and
increase of matrix hardness. The transition layer structure
changes the diffusion behavior of elements and wear
behavior owing to the new and clean interface via
multi-step ball milling. New HEA particles with higher
hardness should be chosen to improve the wear
resistance in future. This method is potential and
applicable for the development of advanced HEA
reinforced metallic matrix composites.
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Lo AE MRS MRRL2E S TRE2ARE RelRSE SRR AR FC RS, Ki# 300132;
2. RENMEEIRE S S A mEHHEARE LR, KE 300132

W E: RAVA S Regiiksl & Alj;CoCrFeNi Biffi & 4 (HEA)BUR 8 5 4 3E 2 A M BHCMCs). KR £ 25
BREEVEIRMF IS IR G, B I R A M R AR OB BT A RS SRR R . 45 IRR I, @
2B EREAAR B EELAN S pm MFTHEE . SoRBidE 2y 8EAms, BRESENY. BTHT
JEEIAATE, Niv Co M1 Fe ¥ HtR IR, JUHE Ni JuE . ZEHI %1 CMCs 5 i E 45811 CMCs AL,
fif B PR T 30%, XRHM TS AmERERE. ZETHTIFR T HEA 8R4 B2 54k .
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