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In the present study, metallic-ceramic composites were fabricated, with an equimolar high-entropy AICoCuFeNi
alloy as the matrix, and tungsten carbide WC (5 and 10% by volume) as the reinforcing phase. Induction melting and
arc melting techniques were used for composite preparation. The metallic matrix of the composite exhibited a two-
phase structure consisting of FCC and BCC solid solutions. Microscopic investigations revealed a dendritic micro-
structure of the matrix, in which the WC particles were distributed non-homogeneously, regardless of the melting
method. Strong precipitation of the chemical composition in the matrix was observed, with interdendritic regions en-
riched in copper and dendrites enriched in aluminium, nickel and iron. Additionally, besides WC particles, two types
of precipitates, with various morphology, were observed in the matrix. The addition of tungsten carbide particles re-
sulted in an increase in the composite hardness from approximately 273 HV for the high-entropy alloy to as high as
332 HV for the composite. The appearance of the precipitates can be attributed to the chemical reaction between the
liquid matrix and WC, resulting in the formation of complex carbides.
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INTRODUCTION

The term high-entropy alloys (HEAs) were
first proposed two decades ago by Yeh and his re-
search team. They defined these materials as con-
taining at least five metallic elements, with an
equal or nearly equal proportion of each (not less
than 5% and not more than 35%) [1]. Over the
years, the definition of high-entropy alloys has
been modified several times, particularly regard-
ing the number of elements in the alloy. Initially,
HEAs usually consisted of four or five alloying el-
ements (with an equimolar composition), but this
number has gradually increased over time [2]. In
addition, the concept of configurational entropy,
which plays a key role in distinguishing high-en-
tropy alloys from other metallic systems, has also
evolved. A new category of multi-component al-
loys emerged — in addition to high entropy alloys,

also alloys with medium configurational entropy
[3]. Since 2004, the year in which the first article
related to HEAs was published, a huge increase in
the number of publications devoted to this group
of materials has been observed [4]. These devel-
opments reflect ongoing efforts to better charac-
terise the thermodynamic stability and phase for-
mation behaviour of HEAs, which are affected by
their increased compositional complexity.

HEAs are distinguished from traditional alloys
by four effects that are exclusive to them [5].
These effects can be categorised as the high-en-
tropy effect, lattice distortion effect, slow diffu-
sion effect and the “cocktail” effect.

HEAs are not mere scientific curiosities; they
have begun to find application across a spectrum
of industries. In the medical field, they are used as
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implant coatings. They will be available as a ma-
terial for use in energy, particularly as fusion and
nuclear reactor materials [6, 7]. Additionally, they
have been utilized in the electrical industry owing
to their low-melting characteristics as solders [8].
They also serve as potential substitutes for super-
alloys, like Inconel and Haynes alloys [9, 10].

The investigation of implant materials is fo-
cused on alloys containing titanium, zirconium,
tantalum and hafnium, among others. These ele-
ments can be found in medium and high-entropy
alloys, including TiZrHf (111 GPa), TiZrNbHfTa
(103 GPa), TiZrNbHf (83 GPa), and TiZrTaHf
(86 GPa). These materials have a lower Young's
modulus than commercially used Ti6Al4V alloys
(116 GPa) [11]. A reduction in the Young's mod-
ulus value of a metallic implant results in a closer
matching to that of natural bone, thus reducing the
probability of stress shielding at the implant-bone
interface.

It is also possible that HEAs could become a
crucial component in the construction of nuclear
power plants, particularly those based on nuclear
fusion. The action of radiation on the reactor ma-
terial can result in the formation of defects, which
are also known as “helium bubbles”. The lattice
distortion of HEAs enables this phenomenon to be
reduced, thereby extending the operational life-
time of the reactor. A comparison of the micro-
structure of the WMoTaVNb alloy exposed to he-
lium plasma (simulating reactor operation) with
that of tungsten reveals a significantly lower num-
ber of helium bubbles with smaller dimensions in
the HEA [6].

Moreover, some studies have indicated that
a specific group of HEAs exhibits excellent me-
chanical properties at elevated temperatures, even
better than Inconel 718 and Haynes 230 superal-
loys. These HEAs are based on Nb, Mo, Ta, W and
Hf (for example, the equimolar alloy
VNbMoTaW). It is possible, that over time, these
alloys may replace the previously mentioned sup-
eralloys in applications such as jet engines or gas
turbine blades resulting from their ability to main-
tain high strength values at elevated temperatures
[10].

One of the trends observed in the field of
metal-ceramic composites is the use of high-en-
tropy alloys for the matrix of composites. This
idea was born out of the desire to increase the
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hardness, reduce tribological wear [12] or improve
other strength properties of composites in compar-
ison to those previously utilising metals and alloys
as their matrix [13]. A further motivation for cre-
ating this type of material is the desire to exploit
the distinctive characteristics that high-entropy al-
loys can offer. They include enhanced corrosion
resistance, resistance to oxidation at high temper-
atures and the absence of magnetic properties,
which can present a challenge in certain applica-
tions [14].

Without any doubt, the use of high-entropy al-
loys in the development of metal-ceramic compo-
sites could provide many surprising discoveries
and translate into wider practical applications of
these advanced composites.

The aim of this study is to fabricate a metal-
ceramic composite in which the matrix is a high-
entropy AlCoCuFeNi alloy, and the ceramic phase
is tungsten carbide, as well as to investigate the
microstructure and selected properties of the re-
sulting composite.

MATERIALS, SAMPLE PREPARATION
METHODS AND EXPERIMENTAL DETAILS

An equimolar AlCoCuFeNi high-entropy al-
loy was selected as the matrix for the metal-ce-
ramic composite reinforced with WC particles.
The alloy is characterised by a two-phase struc-
ture, composed of a mixture of BCC and FCC
phases with a dendritic microstructure. The two-
phase structure of the alloy is a consequence of the
high content of Al, which serves to stabilise the
BCC phase, and the high content of Cu, which sta-
bilises the FCC phase [15].

For fabrication of the composites pure metals
were used (purity at least 99.9%) for the metallic
matrix and WC powder particles (average particle
size 80 um, measured by means of a Kamika In-
struments Mini 3D particle size analyser) as the
reinforcement. The contribution of the ceramic
phase was 5 and 10 % by volume. The metallic
AlCoCuFeNi alloy was prepared in advance by arc
melting and induction melting. In both methods of
composite preparation, the WC powders were cold
pressed. During the composite fabrication process
by arc melting, the piece of metallic alloy and
powder compact were placed together in an arc
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furnace block and melted several times under ar-
gon protective atmosphere. In the induction melt-
ing process, the ceramic WC compact was placed
at the bottom of the quartz tube and the HEA on
top of it. After melting of the metallic component,
the liquid alloy infiltrated the ceramic compact.
The melting process, performed under argon at-
mosphere, was repeated three times to ensure bet-
ter homogeneity of the composites.

The following material designation system
was employed to identify the samples: XXWC Y.
In this system, XX denotes the volume content of
tungsten carbide in the sample, representing a per-
centage value. Y denotes the melting method of
the metallic phase, with the following values: “I”
denotes induction melting and “A” denotes arc
melting.

Diffraction analysis was conducted using
a Rigaku MiniFlex II X-ray diffractometer,
equipped with Cu Ko radiation (A= 1.5418 A). All
the measurements were conducted with the fol-
lowing parameters: step 0.05°, counting time 3 s,
and 20 range from 20° to 120°. The microstructure
of the composites was studied by means of
a Keyence VHX-7000 digital light microscope.
The samples for observations were subjected to
a standard procedure of polishing and etching. The
following etching reagent was applied: 68 cm® of
water, 16 cm® of nitric acid and 16 cm?® of hydro-
fluoric acid. For all the evaluated materials, SEM
observations in topographic contrast mode SE
were performed utilising a Hitachi S3500 scan-
ning electron microscope. In addition, elemental
distribution mapping was also performed for all
the samples by the EDS technique. To analyse the
hardness of the studied materials, the Vickers
method was employed with a constant loading of
10 kG (98.07 N). Three indentations were made in
each material and then the result was averaged.

RESULTS

Microscopic observations of the OWC I and
OWC_A samples show a typical dendritic micro-
structure consisting of light dendrites DR and
a dark interdendritic component ID (Fig. 1). Arc
melting resulted in a smaller grain size of the alloy
than induction melting.

The microstructures of composite samples
SWC I and SWC_A reveal both polyhedral ce-
ramic particles (blue arrows in Fig. 1), as well as
a new acicular phase (marked by a yellow circle
inFig. 1), which is not observed in the microstruc-
ture of the AICoCuFeN:i alloy. In addition, for the
arc-melted composite (red circle in Fig. 1 of
SWC_A), the presence of small precipitates with
an “arrow-like” morphology, often radiating from
a single point and quite uniformly distributed in
the HEA matrix was observed.

The 10WC composite samples, both after in-
duction melting (10WC_I) and after arc melting
(10WC_A), show strong agglomeration in the
lower part of the composites — particularly evident
in sample 10WC _I (Fig. 1). The carbide particles
must have sedimented intensively when the metal-
lic matrix was in liquid form. This phenomenon
can be related to the significant difference in the
density of metallic matrix and WC, 7.47 gcm™ and
15.63 gem™, respectively. The experiments sug-
gest that the 10 vol.% WC reinforcement in the
AlCoCuFeNi alloy matrix is too high to achieve
a homogeneous microstructure throughout the
composite.

Fig. 1 >
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Fig. 1. Microstructures of investigated materials (a-h) depending
on ceramic phase content and on preparation method (dig-
ital light microscope)
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Fig. 2. Diffractogram sequence for: a) pure AlCoCuFeNi,
b) composites containing 5 vol.% WC, ¢) composites con-
taining 10 vol.% WC melting via both methods (“_b” —
bottom edge of sample, “ t” — top edge of sample).
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X-ray studies of the bottom surfaces of refer-
ence samples OWC I and OWC_A (Fig. 2a)
showed the existence of two solid solutions: FCC
and BCC. The diffraction lines of the solid solu-
tions and WC were observed in all the XRD pat-
terns for the SWC composites (Fig. 2b). Their in-
tensities are slightly higher for the pattern taken on
the bottom surface of the samples. The diffraction
data set for the composites with 10 vol.% WC
(Fig. 2c) revealed strong peaks derived from WC
for sample 10WC I b, which are practically not
observed in the upper surface of this sample owing
to the non-uniform distribution of the ceramic in
the composite volume. The unidentified peaks ob-
served in the diffraction patterns may originate
from the unidentified acicular or arrowlike precip-
itates present in these composites.

24 ] 162

Fig. 3. Element mapping (a-f) of AlCoCuFeNi alloy matrix
(made on 10WC_I composite)

EDS analysis mapping showed that the two
phases of the high-entropy matrix have different
chemical compositions. This is best illustrated by
the analysis carried out on the 10WC I sample at
a location away from the carbides: the darker
phase is rich in Cu, while the lighter phase is rich
in aluminium, iron and nickel. Cobalt is fairly
evenly distributed in both phases (Fig. 3). The ap-
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parent chemical precipitation is seen in all the mi-
crostructures and confirms previous findings for
this alloy. It can be concluded that the darker
phase is the a-solid solution FCC and the lighter
B-solid solution BCC [16].

EDS analysis of the acicular precipitates
(Fig. 4 —5WC _I1b) present in all the types of com-
posites and the arrowlike precipitates (Fig. 4 —
SWC_A) in the arc-melted composites indicates
that the tungsten carbide is likely to react with the
HEA elements. The multi-walled WC particles
contain a 1:1 atomic ratio of C to W atoms
(Table 1 — 10WC I and 5WC I). The arrow-
shaped precipitates contain an increased Cu con-
tent and a similar content of the other elements ex-
cept aluminium (Table 1 — grey-blue frame). The
acicular precipitates, on the other hand, have al-
most twice the amount of Co and Fe, but a lower
amount of copper than the arrowlike precipitates
(Table 1 —red frame). The proportion of Ni is sim-
ilar in both precipitates. The increased proportion
of Fe and Co in these phases may explain why
a depletion of the a-phase in these elements is ob-
served.

The ceramic tungsten carbide should not react
with the metallic matrix melted by induction/arc
melting. It is suggested that during arc melting, the
melting temperature of the carbide was locally ex-
ceeded (2870°C), resulting in the formation of
a complex carbide containing Fe and Co in addi-
tion to W, with an arrowlike morphology. Im-
portantly, significant diffusion of C into the metal-
lic matrix was also observed (Table 1 — green
frame).

10WC_I

Fig. 4. EDS analysis points of microstructural elements of se-
lected composites

Table1. Measured values of atomic content of elements, to-
gether with measurement uncertainties, determined
from selected locations in Fig. 4

s"’“!:',"(““ Crl | Wl ‘ Al%] l Co[%] | Cul%] | Fe[%] \ Nif%] | S[%] } Au (%]
F1owC_ 1| 27.08 86 | 0.05 |
| point1 | +/-7.40 | +.072 | | = | | | | | 41005 |
10WC_I: | 58.83 | 40.24 0.20 056 : 012 | 005
point2 | +-6.51 | +-0.40 +/-0.11 +/-0.10 +/-0.09 | +/-0.05
SWC_A | 48.36 | 23.39 : 7 50| 6.2
oint1 | +-158 | +-028 | +/ 4/ +/- +1-0.16 - '
SWC la:| 3295 | 34.65 ; : 500 | 0.17 -
point1 | +-1.59 | +-0.38 | #1022 | +1-0.17 | +1-020] +/-0.19 | +/-0.09 |
BWC_iai| 5656 | 4354 | - : : — 00
oint 2 +/-1.78 | +/-041 | +/- 0.10
SWC_1b:| 28.36 64 | 222 | 1057 | 647 | 1129 ] 677 -
|_point 1 /- 141 | +/-0.37 | +/- 0.09] +/-0.20 | +/-0.21 | +/-0.18] +/-0.18
SWC_Ib:| 2040 | 36.63 | 2.30 | 13.01 | 123 | 1268 | 476
point2 | +/.1.41 | +/-038 | +.0.09] +-022 | +.0.17 | +/-020] +-0.18
BWC_Ib: [ 1684 ] 033 | 696 . 18.73
point3 | +/-1.04 | +/-0.11 | +-0.12 | +-020| +-0.27 | +/-0.15 | +-0.23 |
5WC_Ib:| 2554 1120 | 1533 | 17.55 | 1289 | 17.50
point4 | +/-092 | #1-0.11 | +-0.17 | +1-021 | +/-0.14 | +-0.20 |

| Arrowlike precipitation I

| Acicular precipitation

Table 2. Results of hardness measurements

Sample Hardness [HV10]
O0WC_| 273+20
O0WC_A 2716 + 7
5WC_I 328+13
5WC_A 309 +12
10WC_| 323+32
10WC_A 332+23

It can be observed that the melting method of
the HEA has practically no effect on the change
in hardness of all the investigated materials
(Table 2). The addition of WC increases the hard-
ness of the composites compared to the pure HEA.
However, its 10% content is not observed to sig-
nificantly raise the hardness of the composites
compared to its equivalent with the 5% WC con-
tent. This probably results from the non-homoge-
neous distribution of the ceramic phase in the vol-
ume of the material.

DISCUSSION AND CONCLUSIONS

In the present study, an attempt was made to
produce a metal-ceramic composite with a high-
entropy alloy as the matrix. Based on literature
data, the AICoCuFeNi alloy matrix was selected.
This matrix, which exhibits a two-phase structure
of FCC and BCC solid solutions, is an example of
a material that deviates from the theoretical as-
sumptions of phase structure based on the VEC
criterion proposed by Guo [17] and other research-
ers [16, 18]. By adding tungsten carbide, com-
monly used in metal-ceramic composites, to the
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selected matrix, the aim was to investigate how the
addition of 5 and 10 vol.% WC would affect the
microstructure, phase structure and hardness of
the AICoCuFeNi-WC composite.

To produce the composite samples, an original
method was proposed to introduce the ceramic
particles into the liquid melt using two melting
methods: induction and arc melting. In both cases,
the produced composite samples had to be re-
melted several times due to problems with the in-
troduction and distribution of the ceramics in the
liquid metal matrix. These problems were a con-
sequence of the significant difference in density
between the metallic alloy (7.47 gcm-3) and tung-
sten carbide (15.63 gcm-3). Despite several re-
melts, it was not possible to obtain a homogeneous
distribution of the ceramics in the volume of all
the composite samples.

For the pure AICoCuFeNi alloy — without the
addition of ceramics — two solid solutions of FCC
and BCC with similar proportions were detected.
This observation was made for both the manufac-
turing methods. The structure of the pure high-en-
tropy alloy shows a dendritic character with pro-
nounced chemical precipitation — the dendrites are
significantly enriched in aluminium, nickel and
iron, while the interdendritic regions are highly
enriched in copper. The observed precipitation is
confirmed by literature data [16].

The studies of the HEA-WC composites con-
firmed the difficulties associated with the homo-
geneous distribution of the ceramics in the metal-
lic matrix — although the carbide was relatively
uniformly distributed in the volume of the compo-
site samples with 5 vol.% ceramics, it was ob-
served that it tended to be located close to the
edges of the samples. This was observed for both
the manufacturing methods. In the composites
with the higher ceramic content, the WC was com-
pletely sedimented in the liquid metal. As a result,
strong agglomeration of the carbide particles in the
lower part of the sample was observed in the cross-
section of the composites with the 10% WC con-
tent.

The addition of ceramic reinforcement to the
matrix did not affect the phase structure of the
solid solutions. Nevertheless, it is important to
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note that new phases were observed in the micro-
structure of the HEA-WC composites: acicular
and ones resembling small arrows radiating out-
wards. The acicular precipitates were observed in
both the induction and arc melting methods, while
the arrowlike ones were present in the composites
after arc melting only. Analysis of the chemical
composition showed that the acicular phase con-
tains iron and cobalt in addition to W and C atoms,
while the second type of precipitates contain a sig-
nificant amount of copper in addition to the previ-
ously mentioned elements.

The identification of the new phases, as well
as the investigation of the mechanism of their for-
mation, are beyond the scope of this work, how-
ever, it can only be suggested that the formed pre-
cipitates are the result of the reaction of the tung-
sten carbide with the liquid metal of the matrix.

The hardness of the composites obtained by
the two methods does not differ significantly. It is
not possible either to see that the increase in the
proportion of ceramic from 5 to 10 % by volume
has any significant effect on the rise in the hard-
ness of the composites. For instance, the hardness
of the SWC I material is 328+13 HV, while for
the IOWC _I material it is 323+32 HV. This may
be because it was not possible to achieve com-
pletely uniform distribution of the ceramics in the
matrix of the composites due to differences in the
density of the ceramics in relation to the matrix.

In this study an original method for manufac-
turing metallic-ceramic composites was applied to
successfully obtain AlCoCuFeNi-WC compo-
sites. Nonetheless, owing to significant differ-
ences in the density of the metallic matrix and ce-
ramic phase, the distribution of the WC particles
in the HEA matrix was not homogeneous. Addi-
tionally, a chemical reaction between WC and the
metallic elements from the matrix was observed,
resulting in the formation of new phase(s) in the
form of precipitates.
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