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Microstructure and Mechanical Properties of
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Abstract: Three groups of AISiTiCrNiCu high entropy alloy (HEA) particles reinforced A16061
composites were fabricated by spark plasma sintering at 520 and 570 C (S520, S570) and by hot-pressed
sintering at 570 ‘C(H570). The AISiTiCrNiCu (AST) particles used as reinforcements were synthesized by
mechanical alloying. The influences of the sintering process on the microstructure and mechanical properties
of composites were investigated. The results showed that the AST particles had a near-equiatomic composition
with a single BCC structure. The sintering temperature and time had a coupling influence on the interfacial
microstructure. S520 had hardly reaction products and slight interfacial diffusion, and the AST particles were
completely high entropy. Intense interfacial reactions happened on S570 and H570 with the same reaction
products. The element diffusion of S570 was focused on the edge of the AST particles with partial loss of high
entropy. Complete element diffusion and entire loss of high entropy of AST particles happened on H570. The
differences in the microstructure caused by the three preparation methods led to the changes in mechanical

properties and fracture mechanisms of composites.
Key words: high entropy alloys; mechanical alloying; Al matrix composites; spark plasma sintering;

hot-pressed sintering

1 Introduction

Aluminum matrix composites (AMCs) are com-
posites with metals or alloys as matrix and particles,
fibers, or whiskers as reinforcements. Reasonable
process optimization enables the materials to have
good ductility and processability of the matrix, as well
as high specific strength and specific stiffness, good
thermal conductivity, wear resistance, and dimensional
stability of the reinforcements' . However, in the face
of the rapid progress of manufacturing in the few years,
the development of traditional ceramic reinforced
aluminum composites has entered a bottleneck be-
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cause the bonding strength of the interface between
ceramic and matrix is hard to guarantee as well as the
ceramic itself has serious defects leading to a decrease
in the comprehensive mechanical properties of the
composites'®'”. In 2004, Yeh!""'"” broke the concept
of traditional alloys in designing and preparing multi-
components high entropy alloys (HEAs). HEAs are
promising structural and functional materials due
to their high strength, wear resistance, corrosion
resistance, and special thermal and electromagnetic
properties that are not available in conventional alloys,
and their nature as metals makes it possible to have
better interfacial compatibility with the aluminum
matrix'">",

Recently, studies on using HEAs as reinfor-
cements in composites have already been carried out.
Karthik et al''” first used frictional deposition for
additive manufacturing of CoCrFeNi nanocrystalline
HEA particles reinforced AA5083 composites. The
fabricated 12 vol% HEA /AA5083 composite exhibited
excellent microscopic properties. Fine nanocrystalline
HEA distributed in the matrix uniformly, no brittle
phase formed on the interface, and the forged aluminum
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matrix dynamically recrystallized to obtain an ultrafine
crystal with well-dispersed second phase particles,
which significantly improved the tensile strength and
compressive strength of the composite. In another
study, Liu ef al'” used SPS method for the fabrication
of 5 vol% AlCoCrFeNi high-entropy alloy reinforced
Al matrix composites. The research shows that a
smooth interface between HEA reinforcement and the
Al matrix could be generated at 540 ‘C. Moreover,
at a higher temperature of above 560 °C, there was a
melting of the particle-contacting zone between HEA
and Al leading to the formation of the transition layer
to a single FCC phase, of which the sickness increased
with increasing sintering temperature. It could be found
that the strengthening effect of the HEA particles in the
Al matrix is mainly reflected by the element diffusion
layer between HEA and matrix which can hinder the
crack propagation'®'®. Therefore, controlling the
interface bonding state between the HEA particles and
the Al matrix through process regulation can effectively
improve the mechanical properties of the HEA/AI
composites.

In this study, a novel AISiTiCrNiCu high entr-
opy system was chosen as a reinforcement and was
prepared by mechanical alloying. A16061 was selected
as the matrix and a group of AlSiTiCrNiCu particles
reinforced composites were firstly fabricated by
SPS (spark plasma sintering) and HPS (hot-pressed
sintering). The relationship between microstructures
and mechanical properties of the composites were
also investigated. Through the research of this article,
new ideas will be provided for the preparation and
strengthening mechanisms of AMCs.

2 Experimental

2.1 Synthesis of AISiTiCrNiCu HEA par-

ticles

Commercial powders of Al, Si, Ti, Cr, Ni, Cu
(400-mesh, 99.5 wt% purity, ZhongNuo Advanced
Material (Beijing) Technology, China) with the
composition of equiatomic were used as initial
materials to synthesize AISiTiCrNiCu HEA particles.
The mixtures were sufficiently mixed for 24 h in a
V-type mixer followed by a high-energy ball milling
in a planetary ball mill (QM-3SP2, Nanjing University
Instrument Factory, China) using stainless steel pot
and balls to reach mechanical alloying. The pot was
inflated with nitrogen then sealed before milling. A
ball-to-powder weight ratio of 10:1 and a rotation

speed of 350 rpm/min was applied. 15 min of milling
was followed by 5 min of cooling to avoid excessive
heat during mechanical alloying. A small number of
powders was taken out at regular intervals of 10 h up to
the total milling period of 40 h for microstructures and
phase analysis, then the milled powders were taken out,
vacuum dried for 2 h, separated by a 400-mech stand
sieve, and vacuum sealed as reinforcement, as shown in
Fig.1. In the following, the abbreviation AST particles
was used to represent the AISiTiCrNiCu particles.
2.2 Synthesis of AISiTiCrNiCu-Al6061 com-

posites

The samples used in this work were fabricated
with A16061 powders (10 pm, 99.5 wt% purity,
Northeast Light Alloy, China) as matrix and
AISiTiCrNiCu powders prepared in advance as
reinforcements in a volume ratio of 3: 97 and 5: 95.
The powders were sufficiently mixed for 24 h in a
V-type mixer as starting materials of composites.
The composites were fabricated by SPS and HPS
methods (Fig.1). For SPS, the composite powders
were first cold pressed at 5 MPa for 5 min to obtain
a preform, followed by spark plasma sintering under
an argon atmosphere with a pressure of 40 MPa. The
heating-up time was controlled at 12 min to reach the
final sintering temperature, and the holding time was
controlled at 10 min then being rapid cooled in the
cooling room to obtain a composite bulk. The SPS
temperatures were 520 C and 570 °C, respectively. For
HPS, the composite powders were placed in steel mold
(inner diameter is 100 mm) with both sides contacted
with graphite plates (100 mm in diameter) and cold
pressed at 5 MPa for 15 min followed by being heated
in the furnace (570 °C, argon atmosphere). Then the
treated preform was pressed under 150 MPa for 30 min
and air-cooled to obtain a composite bulk. Hereafter the
abbreviated “Sxxx-v” or “Hxxx-v”” was used to describe
the composites (S and H respectively means the SPS
and HPS method, xxx means the sintering temperature,
v means the volume fraction of the reinforcement).
2.3 Tests and characterization

All sintered bulks were low temperature annealed
at 340 °C for 1 h before mechanical properties tests
and other characterizations. The density of composites
was measured by Archimedes method using a precision
analytical balance (BS 224B, Sartorius, Germany)
while the Brinell Hardness was measured with a load
of 250 kg and holding for 15 s (HB-3000, Fangyuan
Testing Machine, China). The elastic modulus of
composites was measured by impulse excitation of
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Fig.1 Schematic diagrams of preparation process of AlISiTiCrNiCu particles and its aluminum matrix composites (AMCs) as reinforcements
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Fig.2 (a) XRD patterns of AiSiTiCrNiCu (AST) particles at different milling times; (b) enlarged image of the selected area in (a); Schematic
diagrams of the BCC structure of (c) Cr element and (d) AST high entropy alloy

vibration (IET-01, ZhuoSheng Detection Instrument,
China) using 3 mm x 4 mm x 36 mm samples. The
room temperature tensile strength tests were conducted
using a universal electronic mechanical tester (5569,
Instron, USA), of which the displacement speed of
the clamp is 0.5 mm/min, and the strain was measured
using a capacitance extensometer. The surface of the
tensile samples (Fig.1) was polished by sandpapers
to eliminate wire-cutting marks before testing. A
laser particle size analyzer (Masterizer 2000, Marven
Panalytical, the UK) was used to measure the size of
particles using deionized water as a dispersant. All the
tests were repeated at least three times.

Phase analysis was carried out on a diffractometer
(X’PERT, Panalytical, Dutch) with Cu Ka radiation
and the spectra were collected in the range of 10°-90°
(26) and a scanning speed of 6°/min. The morphology
observation and elemental analyses were conducted
on a field emission scanning electron microscope
(SUPRAG65, ZEISS, Germany) equipped with an
energy dispersive spectrometer (EDS, Oxford, the UK).

Additionally, metallographic samples were polished
with sandpapers and chromium oxide turbid liquid.
Further microstructure analysis was conducted on a
transmission electron microscope. The sample was
manually thinned to less than 40 um and then etched by
an ion beam milling machine (Gatan 695, the USA).

3 Results and discussion

3.1 Microstructure and phase constituent
3.1.1 AISiTiCrNiCu particles

The XRD results of the AST powders with
different milling times are shown in Fig.2(a). It can
be found that the diffraction peaks of all composing
elements were clearly distinguished at 0 h. However,
after 10 h of milling, most of the initial peaks had
weakened or disappeared and a significant broadening
of the major peak (20 = 44°) took place and shifted
to a lower angle, indicating the lattice expansion and
the gradual formation of the solid solution phase'”*",
which could be observed in Fig.2(b) showing the
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enlarged image of the selected area in Fig.2(a). In
addition, the characteristic peaks of Cu (20 = 43°)
and Ni (26 = 52°) had almost completely disappeared,
while the intensity of Al peaks (26 = 38°) reduced
observably, illustrating the Cu and Ni elements firstly
dissolved into the lattice of the system followed by Al,
which was due to the severe deformation enhanced
diffusion”"**. The earlier dissolution of Al, Cu, and
Ni elements can be explained by the higher diffusion
coefficients of Al and Cu due to the lower melting
points™”. Furthermore, the lower value of the mixed
enthalpy of Cu with other alloying elements is also the
reason for its earlier alloying, and the ability to form an
infinite solid solution with Cu allowing the Ni element
to be alloyed earlier™.

After milling for 20 h, the Al peaks(26 = 38°)
disappeared completely, while those of Ti (26 = 40°)
and Si (260 = 28°) had slightly weakened, indicating
the slow process of mechanical alloying for Si and Ti.
Moreover, the major peak (260 = 44°) further broadened
as shown in Fig.2(b) and the corresponding Cr-like
BCC phase was found. According to the report that
materials with higher melting points have higher
bonding energies and lower diffusion coefficients,
the Cr element in this article possesses the highest
melting points which limited its serving as a solvent
during mechanical alloying. And therefore, during
the mechanical alloying process, the Cr atoms were
replaced by other elements and the high entropy solid
solution possessed a BBC structure similar to the Cr

=

E

element”*”!. Fig.2(c) and (d) are sketch maps showing
the formation of solid solution with BCC structure
based on Cr lattice.

When the milling time increased to 40 h,
significant broadening of the major peaks could be
observed as shown in Fig.2(b), which was attributed to
the formation of nanocrystalline according to Scherrer’s
equation”™!. Moreover, the Si and Ti peaks were greatly
reduced but had not completely disappeared, indicating
the incomplete solution of Si and Ti elements into
the high entropy system because of the unique cubic
diamond structure of Si element and HCP structure of
Ti element as well as the high melting points and large
mixing enthalpies with other elements' >***].

The surface morphologies of the particles milled
for 0, 5, 10, 15, 20, and 40 h are shown in Fig.3(a-f).
The original particles are characterized by various
shapes such as spherical, rod-like, flaky, and other
irregular shapes (Fig.3(a)). It is obvious that the
particle size of the powders increased significantly at
5 h then decreased dramatically along with significant
changes in the surface morphology with the prolonging
of the milling time. It is known that, during the
mechanical alloying process, violent deformation, work
hardening, cold welding, and fracture would happen on
the particles on account of the impact, extrusion, and
shearing of the grinding ball!">*"),

At the very initial stage of milling (5 h), the
shape of milled powders was irregular with remarkably
large size to the range of 200 - 500 um, which can be

o
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Fig.3 SEM images of particle morphologies at different milling time: (a) 0 h, (b) 5 h, (c) 10 h, (d) 15 h, (e) 20 h, (f) 40 h; (g) The particle
size distribution of the as-milled particles; (h) EDS maps of the as-milled particles
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Fig.4 (a) SEM image of the as-milled particles (partially enlarged image of Fig.3(f)); (b) EDS analysis result of the selected area in (a); (c)

TEM bright-field image of the particle

explained that the powders of different elements still
maintained good deformation ability, which caused
severe cold welding and led to an increase of particle
size (Fig.3(b)). After 10 h of milling, the median size
of particles was significantly reduced to 45.7 um, and
the surface of particles is quite rough, which should be
caused by the adhesion of finer particles on the surface
of larger ones. Obvious cracks on the particles should
be caused by the weakening of deformation and work
hardening of particles (Fig.3(c)). When the milling
time increased to 15, 20, and 40 h, the continuous
weakening of plastic deformation and cold-welding
ability of particles induced cracks on the particles, and
thus, a significant decrease of the particle size to the
median diameter of 32.5, 15.4, and 7.2 um, respectively
(Fig.3(d-f)). Furthermore, the shape of particles became
more closer to spherical, and the surface of particles
became smoother. In addition, the refinement process
of particles during mechanical alloying was always
accompanied by atomic diffusion leading to phase
transformation and formation of solid solution”***!, It
can also be observed that the as-milled particles exhibit
lognormal distribution according to Fig.3(g). The EDS
mappings of the as-milled particles (40 h) (Fig.3(h))
showed that all constituent elements were evenly
distributed in the particles.

The high magnification SEM image of the
rectangle area in Fig.3(f) is shown in Fig.4(a) that the
as-milled particles are nearly spherical with relatively
coarse surfaces. Fig.4(b) is the EDS analysis result
of the selected area in Fig.4(a) that the stoichiometric
ratio of each constituent element is approximately
equal to 1, indicating that the as-milled particles have
the characteristic of high entropy"*"". Fig.4(c) presents
the TEM bright-field image of a single AST particle,
which is composed of many grains with a diameter of
hundreds of nanometers. Therefore, the conclusion can
be obtained that the as-milled AlSiTiCrNiCu particles
with nanocrystalline were successfully synthesized by

mechanical alloying.
3.1.2 AISiTiCrNiCu- Al6061 composites

" Debondng

Fig.5 Representative second electron SEM microstructures of the
polished surface of the AST particles/Al6061 composites:
(a), (b) S520-5; (c), (d) S570-5 and (e), (f) H570-5

Three groups of (AlISiTiCrNiCu),/A16061
composites (S520-3, S520-5; S570-3, S570-5; H570-
3, H570-5) were fabricated by SPS at 520 and 570 C
and by HPS at 570 ‘C. SEM images of S520-5, S570-
5, and H570-5 are shown in Fig.5(a-f), showing good
dispersion of AST particles in the A16061 matrix. At
higher magnifications (Fig.5(a), (c), (e)), it is evident
that S520-5 had almost no interfacial bonding layer
because the interface between AST particles and matrix
was quite clean (Fig.5(b)). As for S570-5, it could be
observed from Fig.5(c) and (d) that the morphology
of AST particles changed greatly compared to S520-5
with a relatively thick diffusion layer caused by severe
element diffusion between AST particles and matrix.
Furthermore, large numbers of holes are formed at the
boundaries between the AST particles and the matrix
as well as on the AST particles themselves (Fig.5(d)),
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and the holes generated at the boundaries could also
induce local debonding between AST particles and
matrix. However, for H570-5, the morphology of AST
reinforcements was quite different from the other two
methods above and completely different from the
original as-milled AST particles, but no holes were
observed at the interface or on the reinforcements
and the edges of particles were smoother than S570-
5 (Fig.5(e) and (f)), as the elements in AST particles
diffused more intensely and more drastically than
S570-5 due to longer sintering time of HPS method.
Diffusion layers between white dotted lines in Fig.5(d)
and (f) showed that the diffusion behavior in H570-5
was more serious than in S570-5.

The difference in the interface morphology among
S520-5, S570-5, and H570-5 could be explained by
combining the sintering temperature, sintering time,
and local high temperature. As S520-5 had a lower
sintering temperature and the same sintering time
compared with S570-5, conclusions could be obtained
that the ability for element diffusion of SPS methods is
mainly controlled by temperature. The holes generated
in S570-5 (Fig.5(d)) could be explained that the SPS
method will cause the local melting between particles
to be more intense with the increase of temperature
than traditional powder metallurgy, not only resulting
in a gradient on thermal expansion of the particles but
also leading to an intense increase in the difference
in thermal expansion coefficient between the AST
particles and the matrix inducing a significant increase
in interfacial stress. In addition, the sintering time
of SPS was too short to guarantee that the holes
mentioned above were filled due to the fluidity and
plastic deformation of the powder during sintering®®"*"),
And thus, because of the much longer sintering time
of the HPS method, adequate element diffusion and
powder lowing could be determined, and therefore,
much fewer holes were generated. The same reason
could also explain the smooth edges of AST particles in
H570-5.

The XRD patterns of S520-5, S570-5, and
H570-5 are shown in Fig.6. For S520-5, most of the
reinforcement particles in the matrix still retained
the characteristics of high entropy, and the phase
compositions were mainly composed of Al and HEA
by XRD analysis, indicating that no serious interfacial
reaction occurred because of the lower sintering
temperature. For S570-5 and H570-5, the diffraction
peaks corresponding to the AST particles can hardly
be detected and many peaks of new phases appeared

by XRD analysis, proving that the AST particles
underwent severe reaction at 570 °C, and thus, many
new phases were generated, which means that the AST
particles can react with Al at elevated temperature
and the interfacial reactions are mainly controlled by
sintering temperature. Moreover, despite the difference
in the metallographic morphologies between S570-5
and H570-5, the peaks of the two composites are quite
the same despite the local high temperature due to SPS.
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Fig.6 (a) XRD patterns of S520-5, S570-5, and H570-5 and (b)
magnified zone marked in (a)

3.2 Interface diffusion layer

The EDS mappings of the areas surrounded by the
dotted lines in Fig.5(b), (d), (f) are shown in Fig.7(a-c),
showing the representative elemental interdiffusion
behavior at the interface of S520, S570, and H570,
respectively. The EDS results of the rectangular areas in
Fig.7(a-c) (I, II, III, IV, V, and VI) are respectively
plotted in Fig.9(a-f). For S520, there was a significant
elemental boundary between the AST particles and the
matrix (Fig.7(a)), and no obvious element diffusion
layer could be observed. Fig.9(a) and (b) illustrated that
element in Il remained near-equiatomic, confirming
the high entropy character, while the majority of Al
in area [ further clarified the elemental boundary
mentioned above.

For S570, it could be found that the interdiffusion
behavior of elements between AST particles and matrix
was extremely serious with a significantly thicker
diffusion layer than S520 and the interdiffusion mainly
occurred on the very edge of the particles. Moreover,
the diffusion behaviors of elements were various, and
different elements were segregated in different regions
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Fig.8 TEM images of S570: (a) bright-filed image of the interface; (b) HADDF image of the rectangle region marked in (a)

(Fig.7(b)). In this condition, Al was mainly exited in
the matrix with a thick diffusion layer between the
matrix and AST particle; Si occupied the initial AST
particle zone with higher content in the diffusion
layer on the edge; Ti and Cr stayed in the initial AST
one with no apparent diffusion layers on the edge; Ni
performed an exotic diffusion behavior as segregation
regions were separated by poor layer, and thus, the
segregation regions of Si and Ti on the edge of particles
were complementary; Cu diffused violently into the
matrix and just occupied the very center of the initial
AST particle zone. Fig.9(c) confirmed that the interior
of particles still retained high entropy, while Fig.9(d)
illustrated the loss of high entropy in the edge of
particles. The strong edge effect of element diffusion in
S570 may be due to the local high temperature of the
sintered neck by SPS, and the short diffusion time of
elements because of the inadequate sintering time. The
TEM images of S570 are presented in Fig.8. Fig.8(b)
shows the HADDF image acquired from the enlarged

interface region in Fig.8(a). It can be observed that
a clear interface diffusion layer between Al and AST
exists. The indexed SEAD pattern shows that there is
AlCu phase between Al and the interface. However,
the reaction in this study is complex with many kinds
of interface products, and therefore, further work is
needed to analyze all the products.

For H570, element diffusion behavior is more
intense and complete than the other two methods
without significant edge effects (Fig.7(c)). A large
amount of Al in the matrix diffused into the AST
particles, showing an obvious concentration gradient;
Si and Ti mainly occupied the initial AST particle
zone with no edge segregation of Si as in Fig.7(b);
however, Cr performed differently with a small degree
of segregation on the edge; the diffusion of Ni and Cu
was quite intense with only a small part of the element-
rich region in the center of particles. Fig.9(e) also
confirmed the high entropy character in the very center
of particles, yet Fig.9(f) verified the intense diffusion
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Fig.10 (a) Brinell hardness and (b) relative density of AST particles/Al6061 composites

of Al, Ni, and Cu. The sufficient sintering time of HPS
gave a longer diffusion time for elements, which led to
the intense diffusion of some elements.
3.3 Mechanical properties

The relative density and Brinell hardness of AST
particles/A16061 composites of different sintering
methods and reinforcement contents are plotted in
Fig.10. The hardness of composites enlarges greatly
with increasing reinforcements contents, but the
regularity of relative density is opposite as shown

in Fig.10(a). All composites are possessed with
high relative densities more than 96%. The relative
density follows the rules of H570 > S520 > S570,
and the relative density of S570-5 is smaller than
other composites according to Fig.10(b). The relative
densities of composites are strictly consistent with
the metallographic images in Fig.5 that the holes
generated at S570 have the main responsibility for
the reduction of relative density. In addition, higher
contents of AST particles introduced more interfaces,
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Fig.11 Room temperature tensile stress-strain curves of

composites: (a) S520-3, S570-3 and H570-3 (as-

annealed); (b) S520-5, S570-5 and H570-5 (as-annealed);

(c) $520-3 and S520-5 (T6)
and resulted in more interfacial holes, as shown in
Fig.5(d). The comparatively higher relative densities
of H570 are because of the longer sintering time and
more adequate densification degree of the HPS method.
The Brinell hardness follows the rules of H570 > S570
> S520. The hardness of AMCs is related to both the
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densification degree of composites and the content of
reaction products'***”. According to the XRD analysis
(Fig.6), a large number of reaction products can be
generated at S570 and H570, which may increase the
hardness of composites. For H570, both a high degree
of densification and intense interfacial reaction have
positive effects on the hardness of the composites,
so that the hardness values of HPS-3 and HPS-5 are
the highest. For S570, the densification degree has
fewer effects than the interfacial reaction, leading to
the medium hardness of composites. Moreover, the
reason that Brinell hardness increased with increasing
AST particles contents for all the three groups of
composites can be explained using Orowan dislocation
strengthening theory: the reinforcements particles
could restrain the deformation of the Al6061 matrix
because of the dislocation bypassing mechanism!"*"**,
and thus, harder interfacial reaction products and better
interfacial bonding could improve the hardness of
composites.

The elastic moduli of the AST particles/A16061
composites are plotted in Fig.12(a). It can be seen that
the elastic modulus follows the rules of H570 > S570 >
S520 and increase with increasing AST content. It was
reported that the elastic modulus of AMCs is related
to the efficiency of load transferred from the matrix
to the reinforcements, and higher load transformation
often leads to a high elastic modulus””. When the
interface is clean without reaction products as shown in
Fig.7(a), the elastic modulus is low. Conversely, when
the interface is full of reaction products and exists as
a band-like region as shown in Fig.7(b) and (c), the
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Fig.12 Room temperature mechanical properties of composites (as-annealed): (a) elastic modulus, (b) yield strength, (c) ultimate tensile

strength, and (d) elongation
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elastic modulus is high"*. However, the development
of holes in the interface will also lead to a decrease in
elastic modulus, which can also explain that the elastic
modulus of $570 is slightly smaller than H570".

The typical tensile stress-strain curves at room
temperature of as-annealed 3 vol% and 5 vol%
composites are illustrated in Fig.11(a) and (b),
respectively, and the relevant mechanical properties are
plotted in Fig.12. It is illustrated that, with the increase
of AST content, the ductility corresponding to three
sintering methods all decreased (Fig.12(d)), while the
ultimate tensile strength (UTS) increased (Fig.12(c)).
This is because the AST alloy in this article is a kind of
brittle high entropy alloy”**”, and hence, the increase
of AST particles contents could manifestly reduce
the ductility of the matrix. In addition, the increase
in UTSs of S570 and H570 is not evident, which is
attributed to the interfacial brittle phases and defects.
For 3 vol% composites, it can be seen from Fig.11(a)
that elongation follows the regularity of A16061 >
S520-3 > S570-3 > H570-3 (Fig.12(d)). Compared with
Al6061, the plasticity of S570-3 and H570-3 reduced
drastically, while S520-3 still retained relatively good
ductility of 11.7%.

In addition, the UTS follows the opposite
regularity of H570-3 > S570-3 > S520-3 > Al6061,
and the H570-3 exhibited great improvement of
UTS (220.1 MPa) compared with the matrix (142.2

@) Q)
/

/
Particle pullout]

Particle broken
>,y

MPa), but the improving effects of S520-3 and S570-
3 are not obvious (Fig.12(c)). Similar regularities
can also be seen in Fig.11(b) except for the intense
plasticity reduction of S570-5. It is worth noting that
the comprehensive mechanical properties of S570-
3 and S570-5 are poor with low elongation and low
UTS, which can be explained by the cracks in the AST
particles themselves and the boundaries between AST
particles and matrix as shown in Fig.5(d). The high
UTS growth rates of H570 are related to the violent
element interdiffusion behavior and the generation of
new brittle phases, which were also attributed to the
lower ductility compared with S520.

The strengthening effect of AST particles in the
matrix is evaluated by yield strength (YS), as plotted
in Fig.12(b). It is shown that the elastic modulus
follows the rules of H570 > S570 > S520 and increases
with increasing AST content. As mentioned above,
the interface of S520 is clean with almost no reaction
products that cannot play the role of transforming
load, and thus, the load shared on the AST particles
is not enough, which causes lower YS of S5208°. As
for the H570 and S570, the reaction layer (Fig.7(b)
and (c)) could effectively bridge the AST particles
and the matrix, leading to a more effective load
transformation™”". And therefore, the AST particles
could effectively share the load, leading to higher
YS. Similarly, holes on the interface of S570 can also

Q)
Good bonding

W

b
Tearing ridge
¥ F.

Fig.13 Room temperature tensile morphologies of (a) S520-3, (b) S570-3, and (c) H570-3

Table 1 Mechanical properties of as-annealed and T6 A16061 and composites

Materials Elastic modulus/GPa Elongation/% Yield strength/MPa Ultimate tensile strength/MPa
Al6061 as-annealed 71.1 20.5 66.8 142.2
$520-3 as-annealed 73.9 11.7 68.7 160.5
S$520-5 as-annealed 75.8 6.5 84.4 178.1
S570-3 as-annealed 77.6 6.5 74.2 163.2
S570-5 as-annealed 79.6 2.6 91.8 183.6
H520-3 as-annealed 77.9 4.8 85.1 220.1
H520-5 as-annealed 80.2 2.4 107.0 223.8

Al6061 T6 — 11.0 306.6 356.1

S$520-3 T6 — 6.3 362.4 473.8

S520-5 T6 — 2.4 413.5 507.7
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explain the lower Y'S of $570 than H570"",

The results above indicate that S520 composites
have better comprehensive mechanical properties,
and the AST particles still remained intact with high
entropy characteristics. Thus, T6 treatment of S520 was
conducted, and the room temperature tensile stress-
strain curves (Fig.11(c)) showed that the T6 treated
S520-3 and S520-5 had a yield strength of 362.4 and
413.5 MPa, an ultimate tensile strength 472.4 and 509.3
MPa, and an elongation of 6.3% and 2.4%, indicating
a large increase in UTS and YS. The mechanical
properties of Al6061 and composites in the state of as
annealed and T6 are listed in Table 1.

3.4 Fracture mechanism

Fig.13 shows the room temperature tensile
fracture surface morphologies of S520-3, S570-
3, and H570-3. It can be observed that the fracture
morphologies of the composites mainly consist of
the reinforcement particles being peeled off from the
matrix or broken by themselves, dimples, or tearing
ridges of the Al6061 matrix. For S520-3, nearly
equiaxed pits and protrusions can be observed as
shown in Fig.13(a), which is because of the particles
being pulled out from the matrix. In addition, large
numbers of dimples existed on the matrix, indicating
the ductile fracture mode of S520-3. While, for S570-
3, it is illustrated in Fig.13(b) that no obvious particles
peeled-off can be observed, instead, the AST particles
themselves fractured with flattened fracture surface.
Furthermore, the AST particles were surrounded by a
large number of holes, and thus, the holes gradually
merged during the tensile process, causing the partial
debonding between reinforcements and matrix. Few
cracks can also be observed on the inside of AST
particles. Fracture of reinforcement particles and
flattened fracture surface of particles can also be
observed in H570-3, as shown in Fig.13(c), except that
no holes or debonding existed around the particles. In
addition, there is a large number of tearing ridges in the
matrix instead of the dimples in Fig.13(a).

The differences in fracture morphologies of
three composites mainly depend on the strength of the
interface between AST particles and matrix, which
in general is positively correlated with the degree of
interfacial reaction and element diffusion. During the
loading process of composites, the stress acting on the
matrix can be transferred to the reinforcements through
the interface, thereby improving the yield strength (YS)
and the ultimate tensile strength (UTS). The stress
transformed through the interface increases with the

increasing external load. For S520, the interface was
weakly bonded with lower strength than AST particles.
When the stress on the interface gradually increased to
be larger than the interfacial bonding strength, it could
cause the debonding of the interface and the peeled off
of AST particles. But at this time, the value of stress
on the interface is still low and in some areas is even
lower than the yield strength of the matrix, resulting
in the matrix still with the characteristics of ductile
fracture and lower YS of composites. For S570, the
interface was well bonded with higher strength than
AST particles, but with few holes existed. When the
load was transferred through the interface, the stress
concentrated near the holes, eventually leading to the
original cracks in the AST particles and the matrix. As
the load increased, those cracks further expand until
instability, causing the fracture of AST particles and
the matrix. In this case, due to the stress concentration
of the holes, the failure occurred when the stress on
the interface was still at a low level, resulting in the
relatively low YS and elongation, which leads to low
UTS. For H570, the interface was clean and well
bonded with higher strength than the AST particles.
At this time, the load transferred to the reinforcements
through the interface reaching a level much higher
than the YS of the matrix and caused the fracture of
AST particles. Therefore, the matrix fractured rapidly
after the AST particles was broken, resulting in a large
number of tearing ridges.

4 Conclusions

The AISiTiCrNiCu HEA particles obtained
by mechanical alloying was used as the
reinforcements, and Al6061 was used as the matrix.
The (AISiTiCrNiCu),/Al16061 composites with
reinforcement fractions of 3 vol% and 5 vol% were
fabricated by SPS and HPS at 520 °C. The effects
of the sintering process on the microstructure and
mechanical properties of composites were investigated.
The conclusions are as follows:

a) AISiTiCrNiCu HEA nanocrystalline particles
with near-equiatomic composition were obtained by
mechanical alloying, which is mainly composed of
single-phase Cr-like BCC solid solution structure.

b) Sintering temperature and time were the main
factors that affect the interface reaction and diffusion
behavior of the composites. S520 had almost no
reaction, while S570 and H570 had the same reaction
products. No obvious element diffusion happened on
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S520, and the AST particles were completely high
entropy. Significant edge-focused element diffusion
happened on S570 with partial loss of high entropy

of the AST particles. Sufficient element diffusion
happened on H570, and the high entropy of the AST
particles was completely lost.

¢) S520 had the best plasticity due to the absence

of interface reaction. H570 had the highest elastic
modulus, YS, and UTS because of the intense element

diffusion and high interfacial bonding strength. The
comprehensive mechanical properties of S570 were
weak because of the holes at the interface.
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