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Abstract

In situ TiC particles-reinforced FeCrNiCu high-entropy alloy matrix composites were prepared by vacuum induction melt-
ing method. The reaction mechanisms of the mixed powder (Ti, Cu and C) were analyzed, and the mechanical properties of
resultant composites were determined. Cu,Ti were formed in the reaction of Cu and Ti when the temperature rose to 1160
K. With the temperature further increased to 1182 K, newly formed Cu,Ti reacted with C to give rise to TiC particles as
reinforcement agents. The apparent activation energy for these two reactions was calculated to be 578.7 kJ/mol and 1443.2 kJ/
mol, respectively. The hardness, tensile yield strength and ultimate tensile strength of the 15 vol% TiC/FeCrNiCu composite
are 797.3 HV, 605.1 MPa and 769.2 MPa, respectively, representing an increase by 126.9%, 65.9% and 36.0% as compared to
the FeCrNiCu high-entropy base alloy at room temperature. However, the elongation-to-failure is reduced from 21.5 to 6.1%
with the formation of TiC particles. It was revealed that Orowan mechanism, dislocation strengthening and load-bearing effect
are key factors responsible for a marked increase in the hardness and strength of the high-entropy alloy matrix composites.

Keywords High-entropy alloy matrix composite - TiC particle - Reaction mechanism - Mechanical properties -
Strengthening mechanism

1 Introduction

The concept of high-entropy alloys (HEAs) was first intro-
duced in 2004 [1]. Compared with conventional alloys,
HEAs contain multiple principal elements with each compo-
nent having a mole percent of 5-35 [1-3]. Alloys with multi-
ple principal components were previously expected to form
complex multi-phase compounds. However, HEAs could
consist of simple face-centered cubic (FCC), body-centered
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cubic (BCC) solid solutions or their mixtures [4—6]. Moreo-
ver, HEAs have exhibited excellent mechanical properties
[7-10], thereby attracting considerable attention in recent
years.

The mechanical properties of the HEAs can be further
improved by incorporating reinforcing particles such as TiC
[11-13], TiB, [14, 15] and SiC [16, 17]. For example, 5% of
TiC was added to the CoCrFeMnNi high-entropy alloy [11].
The alloy matrix was refined. At the same time, the compres-
sive strength and tensile strength of the composites were
enhanced. In another study, HEA composites prepared by
adding 5% SiC nano-particles [16] also showed the improve-
ment on corrosion resistance and hardness in comparison to
the base alloy.

High-entropy alloy matrix composites can be generally
divided into two types according to how reinforcements are
introduced, namely ex-situ and in situ. It is difficult to con-
trol the distribution uniformity of reinforcement particles in
the matrix using ex-situ methods. In addition, the interface
between the reinforcing particles introduced ex-situ and the
matrix is often contaminated and unstable due to poor com-
patibility between them [18, 19]. In comparison, the in situ
technique involves the reaction of well mixed elements under
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controlled conditions, and the mechanical properties of the
resulting composites are improved by a uniform distribution
of reinforcing particles. Moreover, the interface between the
reinforcing particles and the alloy matrix is stable, due to
enhanced compatibility between the reinforcing particles
and the alloy matrix.

FeCrNiCu high-entropy alloy matrix has a single FCC
crystal structure with excellent plasticity but mediocre
strength. To enhance the strength of this alloy, the FeCrNiCu
alloy was prepared by incorporating TiC particles into the
system. The reaction mechanism was analyzed. The micro-
structure of the composites was determined. In addition, the
strengthening mechanisms of the composites were identi-
fied and their contributions to the strength increase were
quantified.

2 Experimental
2.1 Material Processing

Carbon powders (1-5 pm in diameter), titanium powders
(30-50 pm in diameter), copper powders (30-50 pm in
diameter), iron particles (1-2 mm in diameter and 4 mm in
length), nickel particles (1-2 mm in diameter and 4 mm in
length) and chromium particle (1-2 mm in diameter and 4
mm in length) were used as raw materials, with the purity
of 99.9% for each. Three types of composite with different
volume fractions (5-15 vol%) of TiC reinforcements were
prepared.

The mixed powders (Ti, Cu and C) were placed in a vac-
uum stainless jar, followed by eight hours of ball milling
before being compressed into precast green compacts under
the pressure of 150 MPa. The precast green compacts and
other element particles (Fe, Cr and Ni) were then placed in
a ceramic crucible surrounded by the induction coil prior
to vacuum inductive melting. The mechanical and molecu-
lar pumps were used to make the vacuum level down to
5% 1073 Pa. The current was set to be 550 A, and magnetic
stirring was carried out for 5 min before the molten metal
was poured into a copper crucible and cooled to room tem-
perature. The procedure of samples preparation is presented
in Fig. 1.

In order to compare the microstructure and mechanical
properties of in situ and ex-situ composites, ex-situ 15 vol%
TiC/FeCrNiCu high-entropy alloy matrix composites were
fabricated from the powder mixture of TiC, iron, chromium,
nickel and copper using vacuum induction melting.

2.2 Microstructure Characterization

The X-ray diffraction with Cu-Ka was used to identify the
phase constituents in the composites. The diffraction angle
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Fig. 1 Schematic diagram of sample preparation process using vac-
uum inductive current melting

(260) was in the range of 20°-90° and the scanning speed
was set to be 4°/min. The operating voltage of the scanning
electron microscope is 30 kV, and the element composition
of the samples was analyzed by energy-dispersive spectros-
copy (EDS). The detailed microstructure of the samples was
examined by transmission electron microscopy (TEM) under
the operating voltage of 200 kV. Image-Pro plus 6.0 software
was used to estimate the size and volume fraction of TiC
reinforcements based on the scanning electron microscope
images obtained at 3000 X magnification. At least three scan-
ning electron microscopy (SEM) images were examined for
each sample.

2.3 Differential Scanning Calorimetry (DSC)
Analysis

The green compact sample (with a mass about 10 mg) was
placed in a thermal analyzer (DSC, STA449C). The sample
was heated from room temperature (293 K) to 1373 K in
argon atmosphere at four different heating rates (i.e., 15,
20, 25 and 30 K/min). The activation energy of the reactions
was determined.

2.4 Mechanical Properties

The Vickers hardness tests were carried out under the maxi-
mum load of 5 N. The hardness values were obtained from
the measurements undertaken in five different regions. The
samples for the tensile tests (length ~ 10.6 mm; width~2.4
mm; and thickness ~ 1.2 mm) were wire cut from ingots.
The tensile tests were conducted using an UTM/CMT 5000
electronic universal testing machine under a strain rate of
0.5 mm/min at room temperature. The elongations of the
samples were measured by an extensometer. Fracture sur-
faces were examined using SEM to determine the fracture
mechanisms.
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3 Results and Discussion
3.1 Thermodynamic Analysis

For the powder mixture of Ti, C and Cu, the following reac-
tions might take place [20]:

Reaction 1: 3Ti+2C = 2TIC  AGY = ~92400 +6.2757 Jmol.

3.2 Reaction Mechanisms

Figure 3a shows the DSC curve of the Ti—-Cu—C system
obtained at a heating rate of 20 K/min in argon gas. There
are exothermic peaks at 1160 K and 1182 K, indicative of
two exothermic reaction steps. The endothermic peak at
1359 K corresponds to the melting process of Cu (1356 K),
while the exothermic peak at 1337 K arose from solidifica-

(1)  tion [22]. Comparing to the DSC curve of the Cu-Ti sys-
Reaction 2: %Ti + %Cu - %TizCu AGY = 12131 + 4.6887 J/mol. @)
Reaction 3: %Ti + %Cu - %TiCu AGY = 11206 + 3.272T J/mol. (3)
Reaction 4: %Ti + ;—‘Cu - %Ti3Cu4 AGY = -9748 +2.278T J/mol. “
Reaction 5: %Ti + §Cu - éTiCu4 AG(S) = —6011 + 2.339T J/mol. (%)

To predict the direction and final products of a reaction,
the standard Gibbs free energy AG® was calculated by feed-
ing thermodynamic data into Eqgs. (1)—(5) [21]. Figure 2
shows that the standard Gibbs free energy change is negative
for all the five reactions, meaning that the above reactions
are all possible. However, it is worth noting that in the case
of Eq. (1) the free energy change is the lowest among the five
reactions. Therefore, it can be inferred that TiC is the most
possible reaction product for the Ti—Cu—C system.
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Fig.2 Gibbs free energy of the reactions as a function of temperature
for the Ti—-Cu—C system

tem obtained at a heating rate of 20 K/min (Fig. 3b) and
also assisted by the study of Yu et al. [22], inferring that
the exothermic peak of 1160 K in Fig. 3a stemmed from
Ti+ Cu— Cu,Ti. In order to verify the first step reaction, the
samples were heated to 1171 K and subsequently analyzed
with XRD, SEM and EDS. Cu and Cu,Ti were identified
from the corresponding XRD pattern shown in Fig. 3c. The
microstructure and EDS spectrum of reaction products can
be seen in Fig. 3d, which confirms the formation of Cu,Ti
when the temperature increased to about 1160 K.

The exothermic peak (1182 K in Fig. 3a) represents the
formation of TiC. Figure 3e shows the XRD diffraction pat-
tern of the sample prepared from heating up to 1373 K, in
which only the diffraction peaks of Cu and TiC can be seen.
The EDS spectrum of the gray region indicates the exist-
ence of Cu, while the dark region is composed of Ti and C,
suggesting the formation of TiC. Therefore, Cu,Ti exists
only as the transition phase [23]. The reaction process tak-
ing place in the Ti—-Cu—C system can thus be summarized
as follows (Fig. 4):

Step1:  4Cu+Ti —» Cu,Ti. 6)

Step2:  CuyTi+ C — 4Cu + TiC. 7
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Fig.3 a DSC curve of Ti—-Cu—C system; b DSC curve of Ti—Cu system; ¢ XRD diffraction pattern of Ti-Cu—C system heated to 1171 K; d SEM
image of Ti—-Cu—C system heated to 1171 K; e XRD diffraction pattern of Ti—-Cu—C system heated to 1373 K; f SEM image of Ti—-Cu-C system

heated to 1373 K
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Fig.4 Schematic diagram of reaction process in the Ti—Cu—C system

3.3 Calculation of Reaction Activation Energy

Taking 10 vol% TiC/FeCrNiCu as an example, Fig. 5 shows
the DSC curve obtained at the heating rates of 15, 20, 25
and 30 K/min, respectively. As the heating rate increases,
the reaction peak becomes sharper and the reaction tempera-
ture moves upward. Based on Kissinger’s equation [24], the
activation energy of a reaction can be calculated as follows:

d<ln T% ) E
—d ( T ) =R ®)
Tm

where T}, is the temperature of the reaction peak, f is the rate
of heating, F is the activation energy of the reaction and R is
the ideal gas constant (i.e., 8.31 J/mol). The peak tempera-
ture of the two reactions at different heating rates (i.e., 15,
20, 25, 30 K/min) can be obtained from Fig. 5. The values of
1/T,, and In (/T*,,) can then be determined. The relationship
between In (#/T%,) and 1/T,, can be fitted linearly and the
slope values are —6.9637 x 10* and — 17.3671 x 10* for two
reaction steps expressed in Fig. 6. The activation energies
are thus calculated and found to be 578.7 kJ/mol and 1443.2
kJ/mol, respectively. The results show that forming TiC is
difficult (at about 1182 K), and the reaction requires a large
amount of energy input.

3.4 Microstructural Characteristics

Figure 7 shows the XRD diffraction pattern of the com-
posites with different volume fraction of TiC particles. As
exhibited in Fig. 7a, the FeCrNiCu high-entropy alloy matrix
is made up of a single FCC phase merely. Figure 7b reveals
that the TiC particles begins to form in the 5 vol% TiC/
FeCrNiCu high-entropy alloy matrix composites in com-
parison to the base alloy as seen in Fig. 7a. As the volume
fraction of TiC particles gradually increase, its diffraction
peak becomes more evident, as seen in Fig. 7c. According to
Fig. 7d, a new peak of the TiC particles is found at 26 = 60°,
when the volume fraction of TiC particles increases to 15%.

Figure 8a—d show the microstructure of composites
with different volume fractions of TiC particles. The EDS
spectrum of composites is displayed in Fig. 8c, d. A single
phase structure can be observed in Fig. 8a, suggesting that
the matrix is only made of FCC phase, which is consist-
ent with Fig. 7. The distribution of TiC particles in high-
entropy alloy matrix is shown in Fig. 8b, c. Compared to
Fig. 8c, the distribution of TiC particles becomes increas-
ingly non-uniform as observed in Fig. 8d. The reason may be
that the volume fraction is so large that the congregation of
TiC particles occurs. Note that dark round phase in Fig. 8d
represents TiC particles, whose average diameter is approxi-
mately 1.611 pm. Figure 8c indicates that the content of Cu
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Fig.7 XRD diffraction patterns of FeCrNiCu high-entropy alloy matrix composites with different volumes fractions of reinforcements: a matrix;

b 5 vol% TiC/HEA; ¢ 10 vol% TiC/HEA; d 15 vol% TiC/HEA

in the matrix is relatively low, and the segregation of Cu
may occur at the grain boundaries. The formation of these
distinct regions may be explained by the difference in AH,;,
value between Cu and other atoms [25, 26].

Figure 9a shows the microstructure of the TiC/FeCrNiCu
(10 vol%) high-entropy alloy matrix composites. Apparently,
the TiC particles have an irregular shape. The diffraction
patterns of TiC particles are shown in Fig. 9b, and the cor-
responding crystal planes are indexed and lattice constants
are derived.

3.5 Mechanical Properties

Figure 10 shows the hardness and engineering stress—strain
curves of the high-entropy alloy matrix composites with dif-
ferent volume fractions of TiC particles. The mechanical
properties of the base alloy and in situ composites are sum-
marized in Table 1. As revealed in Table 1, the hardness of
the composites increases by 126.9% from 351.4 to 797.3 HV

with the formation of in situ TiC particles. The engineering
stress—strain curves of the alloy matrix and the new com-
posites are shown in Fig. 10b. It is worth noting that HEAs
have excellent mechanical properties compared to traditional
alloys [27]. Apparently, with the increase in the volume frac-
tion of TiC, both the tensile yield strength and ultimate ten-
sile strength increases markedly. The tensile yield strength of
the high-entropy base alloy is 364.7 MPa. When the volume
fraction of TiC increases from 5 to 15%, the tensile strength
of the composites increases from 425.6 to 605.1 MPa. Simi-
larly, the ultimate tensile strength is enhanced as the volume
fraction of TiC increases. The ultimate tensile strength of the
matrix and composites (15% vol TiC) are 565.5 MPa and
769.2 MPa, respectively, representing an increase by 36.0%.
Nonetheless, the elongation of the composites decreases as
a result of the increase in volume fraction of TiC. When the
volume fraction of TiC increases from O to 15%, the percent
elongation decreases from 21.5 to 6.1%.
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face-centered cubic structure

Fig. 9 a TEM micrograph of TiC in 10 vol% TiC/FeCrNiCu high-entropy alloy composites; b electron diffraction pattern of single TiC particle

Figure 11 reveals the fracture surface morphologies of the =~ materials, as shown in Fig. 11b. In Fig. 11c, the number
high-entropy alloy matrix composites with different volume  of dimple is reduced, but the fracture is still controlled by
fraction of TiC particles following the tensile tests. A large  ductile process. It is inferred that the dimple is a plastic
number of dimples shown in Fig. 11a reflect a good ductil-  deformation caused by the interface modulation between the
ity [28]. Compared to the matrix, a small number of TiC  TiC particles and the high-entropy alloy matrix [29]. As the
particles were found in the fracture surface of the composite ~ volume fraction of TiC increases to 15%, river-like patterns
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Table 1 Mechanical properties

. : Sample Hardness (HV) Yield strength Ultimate strength ~ Elongation (%)
of the FeCrNiCu high-entropy (Mpa) (MPa)
alloy with different volume
fractions of in situ TiC HEA 351.4+153 364.7 565.5 215
5 vol% TiC-HEA 383.7+£13.5 425.6 706.5 21.0
10 vol% TiC-HEA 569.1+14.1 482.3 738.6 15.0
15 vol% TiC-HEA 7973158 605.1 769.2 6.1

are evident in the fracture surface in Fig. 11d, which is a
typical feature of brittle fracture [30].

Figure 12a shows the microstructure of the ex-situ com-
posites. It can be seen that there are a number of TiC par-
ticles, with severe contamination at the interfaces with the
matrix, which may be ascribed to the poor wettability of the
interfaces [18, 19]. The engineering stress—strain curves of
both in situ and ex-situ composites at room temperature are
displayed in Fig. 12b showing that the yield strength, ulti-
mate tensile strength and elongation of in situ composites
are superior to those of the ex-situ composites.

3.6 Strengthening Mechanisms

The hardness, tensile yield strength and ultimate tensile
strength of high-entropy alloy matrix composites may be
enhanced by several strengthening mechanisms: Orowan
strengthening, dislocation strengthening, load-bearing effect
and solid-solution strengthening mechanisms [31-34]. In
this work, the Orowan strengthening, dislocation strengthen-
ing, load-bearing effect are deemed to be the main strength-
ening mechanism responsible for enhancing tensile yield
strength of the high-entropy alloy matrix composites.
When TiC particles are small and dispersed in the matrix,
the resulting strength is high, since the particles cannot be

cut through by dislocations. As such, the applied load is
mainly borne by the matrix. It can be explained by Orowan
mechanism. The increase in tensile yield strength can be
described by the Orowan—Ashby equation [35]:

0.13G b d
_ ln< ),

AO-Orowan = ) % (9)

where G, is the shear modulus (~102.4 GPa [36]), b is the
Burgers coefficient which equal to 0.286 nm [37], d is the
average grain size of reinforcements, and A is the distance
between the grains, which is defined as follows:

1
a=dl (L) 1),
2,

where Vp is the volume fraction of dispersed TiC particles.
The dislocation slip in the matrix containing TiC particles
would leave a dislocation ring around the particle, and with
dislocations constantly passing through, the number of dislo-
cation rings would increase. As such, the obstruction against
the dislocation motion would increase, leading to enhanced
strength.

Due to the difference in the thermal expansion coeffi-
cient between the matrix and the TiC particles, a certain

(10)
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Fig. 11 Fracture surface of samples with different volume fractions of reinforcements: a matrix; b 5 vol% TiC/HEA; ¢ 10 vol% TiC/HEA; d 15
vol% TiC/HEA
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Fig. 12 a SEM image and EDS spectrum of the ex-situ 15% TiC/FeCrNiCu composite; b engineering stress—strain curves of samples with dif-
ferent preparation methods

number of dislocations would be induced around the TiC  plastic deformation can be generated in the matrix at the pro-
particles during the cooling stage, leading to an increase  cess of preparation to form a high-density dislocation, which
in the dislocation density and strength [38, 39]. Moreover, results in dislocation strengthening [40, 41]. Dislocation
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strengthening is considered to be an important strengthening
mechanism of high-entropy alloy matrix composites.

In addition, the effect of particle reinforcement should be
taken into account. The tensile yield strength of the com-
posites enhanced by the formation of TiC particles can be
estimated by the following equation [42]:

AO‘load = O.Sfam, (1 1)

where o, is the tensile yield strength of high-entropy alloy
matrix (~364.7 MPa) and fis the volume fraction of rein-
forcement. The FeCrNiCu high-entropy alloy matrix trans-
fers some of the applied stress to TiC reinforcement, which
bears a fraction of the load. As the volume fraction of rein-
forcement increases, the load of particle will increase as
well.

4 Conclusions

TiC particle-reinforced FeCrNiCu high-entropy alloy matrix
composites were prepared in situ by vacuum induction melt-
ing. The following conclusions can be drawn:

1 The reaction process of the Ti-Cu—C powder system
consists of two consecutive steps: (a) Cu reacted with
Ti to form Cu,Ti and then (b) Cu,Ti reacted with C to
form TiC particles as reinforcement phase. The activa-
tion energies of the two reactions are found to be 578.7
kJ/mol and 1443.2 kJ/mol, respectively.

2 The alloy matrix has a FCC structure. The TiC rein-
forcements are distributed in the matrix. The hardness,
tensile yield strength and ultimate tensile strength of
the 15 vol% TiC/FeCrNiCu composite are increased by
126.9%, 65.9% and 36.0%, respectively. However, the
elongation to failure is reduced from 21.5 to 6.1%.

3 The strengthening is underpinned by the Orowan mecha-
nism, dislocation strengthening and load-bearing effect,
respectively.
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