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FeCoCrNiZr high-entropy alloy was melted by vacuum arc melting. The alloys were vacuum annealed at
873, 1073, and 1273 K, respectively. The microstructure, compressive mechanical properties, thermal
stability, and hardness of as-cast and annealed FeCoCrNiZr alloys at different annealing temperatures
were investigated by using X-ray diffractometry (XRD), scanning electron microscopy (SEM),
microhardness tester and universal material testing machine. The results reveal that it has no noticeable
change in the phase composition of the alloy after high temperature annealing. The as-cast FeCoCrNiZr
alloy is composed of the body-centred cubic phase and Laves phase. In the 1073 K annealed state, the 0
-phase was detected in the alloy, and the alloy's hardness reached a maximum value of 915.94 HV ;. The
hardness of the alloy in the annealed state is obviously higher than that of the as-cast alloy, and the
increased compressive strength is the result of the combined effect of the hardening of the C15 Laves

phase and the solid solution strengthening of the Zr atoms.
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1 Introduction

High-entropy alloys (HEAs), compared with other
alloys are more stable at high temperature as well as
more resistant to high temperature oxidation.
Compared to single-phase HEAs, multi-phase HEAs
exhibit higher vyield strength and better high
temperature properties. HEAs are known for their
large atomic disorder, which will be greater at high
temperatures, so HEAs become more stable in both
crystalline and amorphous states. It bears a solid
solution-strengthening effect, allowing for very high
temperature strength [1-4]. A review of the existing
literature on HEAs shows that the FeCoCrNi-based
HEA alloy is one of the extensively studied HEAs.
The high-entropy alloy system not only presents a
simple microstructure but also has excellent overall
performance and heat treatment has a positive effect
on improving alloy properties [5-7]. The FeCoCrNi-
based HEA alloy exhibits a single face-centred cubic
solid solution with superior mechanical properties.
The study of the high temperature properties of
FeCoCrNi-based HEA alloy is of great significance
for scientific research and industrial applications [8, 9].

C15 Laves phase is a gas-absorbing element having
the ability to collect free gases (e.g. hydrogen) and can
be used in nuclear applications. The CoCrFeNiZr,
alloy consists of a body-centred cubic solid solution
and the laves phase. The typical sub-eutectic
microstructure was identified in the as-cast alloy

having x=0.1~0.4, while the typical -eutectic
microstructure was identifified in the as-cast alloy
having x=0.5. For sub-eutectic CoCrFeNiZr,, the
volume fraction of eutectic microstructure increases
with the increasing x content. The resulting eutectic
alloy consists of a face-centred cubic solid solution
and alternating layers of Laves phase. The structure of
sub-cutectic alloys consists of face-centred cubic
primary crystalline solid solutions and eutectic
clusters. An increase in Zr content leads to not only
an increase in the volume fraction of the laves phase
and alloy strength but also in brittleness [10, 11].

However, there are few research results on the
correlation between the properties and composition
of FeCoCiNi alloys with Zr addition by heat
treatment, and some scholars have only focused on
studying the effect of annealing temperature on the
phase of FeCoCrNiZr alloy or on the effects of
annealing on the properties of the alloy. For these
reasons, FeCoCrNiZr alloy was prepared by vacuum
arc smelting in this paper to study the microstructural
evolution process, phase structure, and high
temperature stability of FeCoCtNiZr alloy under
different annealing temperatures [12, 13].

2 Experimental

Fe, Co, Cr, Ni, and Zr (purity >99.9 wt.%) were
smelted by vacuum arc melting. The arc-melted ingots
are repeated and remelted at least five times to ensute
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a homogeneous composition. After natural cooling, a
cylindrical sample with a diameter of 5 mm and a
length of 10 mm is cut by wire cutting. The samples
were vacuum annealed at 873, 1073, and 1273 K for 2
hours. The cast and annealed alloys were polished to a
mirror finish using a grinder (EcoMet 30), the
metallographic specimens were etched with aqua regia
(HCLHNO3 = 3:1) for 10s, and the surface
morphology of the samples was observed using a
scanning electron microscope (Hitachi s-4800). The
phase composition of the cast and annealed alloys
were examined using an X-ray diffractometer (X'Pert
Pro MPD). The hardness of the alloy was determined
using a microhardness tester (Wolpert Wilson
401MVD). Five testing points were selected on the

Tab. 1The composition of FeCoCrINiZr high-entropy alloy

surface of the specimen, and each measurement point
was spaced at 200 yum intervals with a load of 0.2 kg
and a holding time of 15 s. During this process, the
average hardness value was calculated. The thermal
stability of the HEAs was studied using a simultaneous
thermal analyser (TGA-DSC), heated to 1273 K at a
rate of 20 K/min and protected by nitrogen gas, and
cooled to ambient temperature with the furnace. A
universal testing machine (Instron MTS Sans) was
used to test the compressive properties of the
specimens at room temperature with a compressive
strain rate of 103 S1. The composition of the
FeCoCrNiZr high entropy alloy is shown in Tab. 1.
Tab. 2 illustrates the atomic radii and binary mixing
enthalpies of the elements.

Elements Fe Co Cr Ni Zr
at.% 20 20 20 20 20
wt.% 17.64 18.64 16.43 18.54 28.75

Tab. 2 Binary mixing enthalpies (in k] /mol) and atomic siges of different elements

Atomic radius/pm Co Cr Fe Ni Zt
Co(126pm) - 4 1 0 41
Cr(127pm) 4 - 1 7 12
Fe(127pm) 1 1 - 2 25
Ni(124pm) 0 7 2 - -49
Zr(160pm) -41 -12 -25 -49 -

3 Results and discussion
3.1 XRD analysis

Figure 1 illustrates the XRD patterns of
FeCoCrNiZr alloy in the as-cast state and at different
annealing temperatures. The main phases are the BCC
phase and the C15 Laves phase and they are
unchanged and constant under different annealing
conditions. However, a new minor phase o-phase was
detected at an annealing temperature of 1073 K. As
the four basic elements, Fe, Co, Cr, and Ni, are present
in the compound in similar concentrations and are
frequently interchangeable in the CoCtFeNiZr alloy,
the composition of the compound is considered to be
(Cr, FC, CO, Ni)77_6Zr22,4, or (Cr, FC, CO, Ni)3Zr. AS the
annealing temperature increases, the relative intensity
of the Laves phase increases as well, indicating that the
volume fraction of the precipitated phase is increasing
and becoming the dominant phase, which reveals that
the FeCoCtNiZr alloy is in the nature of excellent
thermal stability [14]. The phase transformation at
different annealing temperatures is due to the
presence of sub-stable supersaturated solid solution
phases, which evolve into stable phases in the final
stage of annealing [15]. The increased intensity of the

XRD peaks is also associated with the coarser dendrite
morphology formed during the annealing process.
Therefore, the possible solidification path for
FeCoCiNiZr alloy is, . — L1 + C15 Laves phase —
eutectic (BCC + C15 Laves phase) + C15 Laves phase.

#BCC
®Laves phase
M0 phase
.1’10 200 211
S 8 e ¢ ¢ AT-1273K
)
: |
< I
= H . AT-1073K
= -
S ‘v\’ll N A. A
=
= ° o
3
- " o ¢ T8I
eI Y, st Mt
L ¢
J‘ ° ¢ o ¢ As-cast
L...“J\)L P I N——
1 " 1 " 1 " 1 " 1 " 1 " 1
30 40 50 60 70 80 90
26(deg)

Fig. 1 XRD patterns of FeCoCrINiZr alloys in the as-cast
state and at different annealing temperatures
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3.2 Microstructure analysis

As illustrated in Figure 2, the microstructure of the
FeCoCrNiZr alloy is presented at different annealing
temperatures. The dendrites are C15 Laves phase,
while the interdendritic region forms a eutectic
structure consisting of a body-centred cubic phase
(charcoal grey) and a C15 Laves phase (french grey).
Regardless of the annealing conditions, a dendritic
structure similar to the cast alloy is observed. In the
1073K annealed alloy, the FeCoCrNiZr alloy was
detected by XRD to contain the presence of the o-
phase. As illustrated in Figure 2d, the o-phase coexists
with the body-centred cubic phase in the
interdendritic region, and the formation of a small
number of new phases is observed either between or
near the dendrites [16]. As illustrated in Table 3, the

10um 2um
—

dendrites and interdendritic of the FeCoCrNiZr alloy
were spots scanned by EDS and found to be rich in
Co, Ni, and Zr elements in the dendrites and Fe and
Cr clements in the interdendrites [17]. With the
increase of annealing temperature, the Cr element
gradually deviates to the dendrites, and the content
increases from 46.28 mol.% to 52.99 mol.%. The Ni
element diffuses and deviates towards the dendrites,
and though the Ni element content between the
dendrites gradually decreases, the Ni content in the
dendrites increases from 21.10 mol.% to 24.12 mol.%.
The Fe, Co, and Zr elements do not vary much during
the annealing process at different temperatures, but at
1073K annealing temperature, the interdendritic Zr
element content is elevated due to the precipitation of
a o-phase with an atomic ratio of ZrFe; between the
dendrites.

|

Fig. 25EM images of FeCoCrNiZr alloys in an as-cast state and at different annealing temperatures: (a)As-cast; (b~ ¢)AT-
873 K; (dv ¢)AT-1073 K; (HAT-1273 K

Tab. 3 Composition distribution of nicro-regions in FeCoCrNiZr alloys in the as-cast state and at different annealing temperatures

Mole fraction/%

State Position
Cr Fe Co Ni Zt
DR 13.67 17.89 22.41 21.10 24.93
As-cast
1D 46.28 28.07 12.60 10.81 2.24
DR 10.85 18.23 24.22 23.09 23.61
AT-873K
1D 47.76 27.24 13.67 8.38 2.95
DR 9.87 18.86 22.52 23.56 25.19
AT-1073K
1D 48.90 28.71 10.23 6.79 5.37
DR 8.56 18.81 23.76 24.12 24.75
AT-1273K
1D 52.99 28.25 10.13 6.28 2.35
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3.3 Thermal analysis
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Fig. 3TG-DSC curves of FeCoCrINiZr alloys

Figure 3 illustrates the results of the TG-DSC
curves for the FeCoCtNiZr alloy during heating from
room temperature to 1273 K [18]. At higher
temperatures, changes in thermogravimetric behavior
are usually evident, but in this experiment, the
thermogravimetric curve showed a maximum weight
loss of 0.816 tg.%, which is attributed to the
decomposition of trace surface oxides and the trace
amorphous crystallization [19,20]. Remarkably, there
is no significant change in mass, which indicates the
commendable thermal stability of the FeCoCrNiZr
alloy in the temperature range from room temperature
to 1273 K. The DSC curve shows a downward trend
below 523 K, which is caused by the gradual destruc-
tion of the crystal structure caused by the increasing
temperature. The long DSC exothermic lines from
523 K to 973 K are associated with the release of
internal stresses, such as the release of solid solution

lattice distortion energy. The exothermic peak above
973 K is associated with the release of energy during
the phase transformation [21]. Whether the
FeCoCrNiZr alloy undergoes a phase transformation
in the temperature field can be determined by the
exothermic and endothermic peaks on the DSC curve.
The DSC curve is no obvious exothermic or
endothermic peak, which is probably due to the
intermetallic compounds in the FeCoCtNiZr alloy
releasing or absorbing little heat during the phase
transformation in the whole temperature range,
indicating that the FeCoCtNiZr alloy has excellent
thermal stability [22].

3.4 Microhardness analysis

The microhardness values of the FeCoCrNiZr
alloy in the as-cast state and at different annealing
temperatures were averaged by taking five
measurements at 0.2 mm intervals, as illustrated in
Table 4. The microhardness of the alloy at annealing
temperatures of 873, 1073, and 1273 K are all
increased compared to the as-cast alloy. The
microhardness of the FeCoCrNiZr alloy reaches a
maximum value of 915.94 HVi: at an annealing
temperature of 1073 K. At this point, the alloy consists
of the body-centred cubic phase, the C15 Laves phase
and the o-phase. Since the o-phase is a complex
intermetallic compound, the presence of the o-phase
contributes more to the microhardness of the alloy
than the body-centred cubic. At an annealing
temperature of 1073 K, the intensity of the C15 Laves
phase peak is much higher than that of the body-
centred cubic phase peak, indicating that the Laves
phase accounts for a more significant volume fraction
of the main phase of the alloy and is more resistant to
temper softening.

Tab. 4 Microbardness values of FeCoCrINiZr alloys in the as-cast state and at different annealing temperatures (H1y.2)

State As-cast AT-873K AT-1073K AT-1273K
1 502.5 776.1 910.6 834.6
2 531.2 835.0 939.5 893.1
3 538.1 796.4 889.5 870.2
4 498.2 789.8 943 .4 864.7
5 511.5 812.3 896.7 886.8
average 516.30 801.92 915.94 869.88

3.5 Compression mechanical property analysis

Figure 4 illustrates the stress-strain curves for the
FeCoCsNiZr alloy in the as-cast state and at different
annealing temperatures, and the values for the
compressive properties are illustrated in Table 5. With
the increase in annealing temperature, the
microhardness of the FeCoCtrNiZr alloy reached a
maximum value of 915.94 HV at 1073 K annealing

temperature, and the compressive strength of the alloy
increased from 531.2 MPa to 1164.2 MPa. The
plasticity of the FeCoCrNiZr alloy in different states
does not change much in general, and the brittle
hardness is more considerable. The physical phase
diffraction peak intensity of the alloy after annealing
at 873 K is not very different from that of the as-cast
alloy, but the compressive strength has increased by
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286.1MPa. More defects arise due to the preferential
nucleation at vacancies and other point defects in the
solid state phase transition of cast multi-principal
alloys [23, 24]. After annealing at 1073 K, the o-phase
in the alloy increases, improving the corresponding
solid solution strengthening of the matrix and slightly
increasing the strength of the alloy compared to that
after annealing at 873 K. As can be seen from the
XRD pattern, the diffraction peak intensity of the C15
Laves phase decreases significantly after annealing at
1273 K, indicating a decrease in the volume fraction.
Since the presence of the Laves phase is the crucial
reason for the greater brittleness of the FeCoCrNiZr
alloy, the compressive strength of the annealed alloy is
significantly increased. The compressive strength
results from a combination of the hardening of the
C15 Laves phase and the solid solution strengthening
of the Zr atoms.
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Fig. 4 Compressive stress-strain curves of FeCoCrINiZr
alloys in cast state and at different annealing temperatures

Tab. 5 Room temperature compression performance parameters of as-cast and annealed FeCoCrINiZr alloys

State 6y(MPa) or(MPa) &i( %)
As-cast 273.3 531.2 3.3
AT-873K 776 817.3 3.9
AT-1073K 641 896.6 3.7
AT-1273K 530 1164.2 4.1

3.6 Fracture Morphology Analysis
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Figure 5 illustrates the main characteristic of
fracture in FeCoCtNiZr alloys is endowed with a
relatively smooth surface, and slight plastic
deformation, which means that the ductility of
FeCoCrNi alloys is reduced after the addition of Zr,
and the fracture mechanisms are brittle fracture and
cleavage fracture. Microcracking was observed in the
Laves phase flakes, which implies increased brittleness
of the alloy, consisting of the observed stress-strain
curve [25-27]. The addition of equimolar ratios of Zr
elements makes the volume fraction of the Laves
phase comparable to that of the matrix body-centred
cubic phase, the deformability of the C15 Laves phase

Fig. 5SEM image of the compression fracture of FeCoCrNiZr alloys

: JC'fea;;agé sté})‘s/ )

|

is limited and affected by microcracking under the
action of strain, and the large volume mass fraction of
the Laves phase inevitably makes the alloy hard and
friable at room temperature [28, 29].The alloys under
stress cause grain-piercing fractures due to the low
solid solution of Zr elements in the body-centred
cubic phase. Owing to the inevitable presence of some
segregation, precipitation, etc., in the alloy, the
disconnection of the deconstruction is a rough crystal
surface and showed a step type, and a more significant
number of tearing ribs will retard the expansion of the
crack [30].

indexced on biip:/ | www.webofscience.com and btip:/ | www.scopus.com

330



June 2023, 1Vol. 23, No. 3

MANUFACTURING TECHNOLOGY

ISSN 1213-2489
e-ISSN 2787-9402

4 Conclusions

The ductility of FeCoCtNi alloy decreases
after the addition of Zr. The fracture
mechanism is a brittle fracture along with the
crystal and deconvolution fracture, and the

brittleness of the alloy increases.

The FeCoCrNiZr alloy shows a new minor
phase o-phase after annealing at 1073 K. At
this moment, the alloy consists of the body-
centred cubic phase, the C15 Laves phase,
and the o-phase. As the o-phase is a complex
intermetallic compound, the presence of the
o-phase increases the microhardness of the
alloy. The microhardness of the FeCoCtrNiZr
alloy reaches a maximum value of 915.94
HVO0.2 at an annealing temperature of 1073
K. The phase composition does not change
with  different

significantly annealing

temperature conditions.

As the annealing temperature increases to
1273 K, the compressive strength of the alloy
increases from 531.2 MPa to 1164.2 MPa.
The plasticity of the FeCoCrNiZr alloy in the

annealed state did not change much at

different temperatures, and the brittle
hardness was more significant at this
moment. The increase in compressive

strength results from the combination of the
hardening of the C15 Laves phase and solid
solution strengthening of the Zr atoms.
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