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a b s t r a c t

The phase transformations of FeCoNiCrCu0.5 alloy with the as-cast structure and heat-treated structures
were studied. The as-cast alloy specimens were first heated at 1050 ◦C with a holding time of 1 h. Serial
heat-treatment processes at 350 ◦C, 500 ◦C, 650 ◦C, 800 ◦C, 950 ◦C, 1100 ◦C, 1250 ◦C and 1350 ◦C with
a holding time of 24 h were then carried out to understand the phase evolution and the relationship
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between the microstructure and the hardness of the specimens. The microstructures were investigated
and chemical analyses performed by optical microscopy (OM), scanning elector microscopy (SEM), X-ray
diffractometer (XRD) and transmission elector microscopy (TEM). The results show that FCC peaks were
observed from the X-ray diffraction of the as-cast specimens and a precipitate phase was present in the
specimens that had been heated to 950 ◦C. The hardness of the FeCoNiCrCu0.5 alloy remained unchanged
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. Introduction

In recent years, Yeh et al. developed new high-entropy alloy
ystems with multiple elements in equi-molar or near equi-molar
atios [1–3]. Alloy systems that are composed of at least five
rincipal elements at 5–35 at% have been reported [4–9]. High-
ntropy alloy contains no single matrix element. Solid solutions
ith multiprincipal elements have been found to be more sta-

le intermetallic compounds (IMC) at various temperatures. Since
hey have large entropies of mixing, IMC nano-precipitates eas-
ly form in the as-cast state [3,5–7]. Since they have excellent
igh-temperature behavior, mechanical behavior, and corrosion
esistance, high-entropy alloys are promising materials for indus-
rial applications [8–14]. However, putting FeCoNiCrCu0.5 alloy
ystem in 3.5% sodium chloride (NaCl) solution may have a neg-
tive result [15]. The mechanical behavior of a high-entropy alloy,
eCoNiCrCu0.5 as a function of heat-treatment temperature is of
nterest. This study investigates how the temperature of heat treat-

ent affects the microstructures, mechanical properties and phase
ransformations of the FeCoNiCrCu0.5 alloy system.

. Materials and methods
The high-entropy alloy system of FeCoNiCrCu0.5 was remelted in an argon atmo-
phere in an arc furnace with a mixture of appropriate amounts of high-purity
lements (99.99%), listed in Table 1. The specimens with 20 mm × 10 mm × 2 mm
ere prepared by heating at 1050 ◦C for 1 h and then heated in an argon atmosphere
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at various annealing temperatures from 350 ◦C to 1350 ◦C with a holding time of 24 h
at each temperature. The specimens were polished for observation using an optical
microscope and a scanning electron microscope (SEM, JEOL JSM-6500). The chemical
compositions of the phases were analyzed by energy dispersive X-ray spectrome-
try (EDS). X-ray diffraction (XRD, Rigaku D/Max-2500 diffractometer using Cu-K�
radiation) was used to identify the crystalline phases of these alloys at a scan speed
of 1◦/min and radiation conditions of 30 kV and 50 mA. The precipitate phases were
identified by field emission transmission electron microscopy (FE-TEM, Philips Tech-
nai G2 Dispersive X-ray Spectrometer) with thin-foil specimens that were prepared
by polished thinning and had then undergone electron-polishing and ion milling.
Microhardness was measured using a Vickers hardness tester (Matersuzawa, Seiki
MV-1) under a load of 300 kgf for 15 s.

3. Results and discussion

3.1. X-ray diffraction of FeCoNiCrCu0.5 alloy analysis

Fig. 1 shows the X-ray diffraction patterns (XRD) of the
FeCoNiCrCu0.5 alloy system at various annealing temperatures. As
can be seen, there are solid solution phases with a FCC crystal
structure. The lattice constant of this phase as calculated from the
principal peak was 3.562 Å. The principal peaks of the FCC crystal
structure are slightly shifted from those of the matrix substruc-
ture, the Cu-rich phase. The minor peaks close to the left of the FCC
matrix are identified as Cu-rich FCC. Because they have the same
structure and similar lattice parameters, the matrix and the Cr-rich
phase show diffraction peaks at the same positions. As a result, dif-
ferent phases can be recognized in backscattered electron images

but no distinction can be made in XRD pattern. Fe, Co and Ni ele-
ments may promote the formation of the FCC phase. Specifically,
the FCC structure remains unchanged for the alloy below 1100 ◦C.
However, increase in annealing temperature has reduced the peaks.
The Cu-rich FCC phase dissolves into the FCC matrix at elevated

http://www.sciencedirect.com/science/journal/09258388
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Table 1
Physical properties of elements [6].

Element Fe Co Ni Cr Cu

Crystal structure BCC HCP FCC BCC FCC
1.246 1.249 1.278

3.524 2.885 3.615
– – –
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Atomic radius (Å) 1.241 1.251

Lattice constant (Å) a 2.866 2.506
Lattice constant (Å) c – 4.069

nnealing temperature. The lattice distorted by copper is associ-
ted with extensive thermal migration under heat treatment and
iffers in atomic size.

.2. Microstructure of FeCoNiCrCu0.5 alloy analysis

Fig. 2 shows SEM backscattered electron images of the alloy sys-
em after various annealing processes. The second phase in this
lloy precipitated over a range of annealing temperatures. Table 2
resents the chemical compositions of the alloy under various con-
itions. The solidification phases were identified as the matrix
hase (MP), the Cr-rich phase (SP) and the Cu-rich phase (TP).
he morphology formed precipitate phase gradually changes over
range of annealing temperatures [13]. The formation of intra-

ranular phase segregations occurs dramatically at high annealing
emperatures. The segregation ratio (SR) represents the degree of
lement segregation and is defined as
R = matrix phase (MP) in zone A
second phase (SP) or third phase (TP) in zone B

,

here zone A is the zone of matrix phase (MP); zone B is the zone
f segregation of the second phase (SP), and the third phase (TP).

Fig. 1. XRD patterns of FeCoNiCrCu0.5 high-entropy alloy.

able 2
DX analysis of chemical composition of FeCoNiCrCu0.5 alloy under various heat treatments.

Temperature (unit: at%)

Fe Co Ni Cr Cu

AS-C MP 24 24 25 22 9
SP 15 14 14 47 12
TP 5 5 9 4 77

350 ◦C MP 24 24 22 22 8
SP 15 14 13 47 11
TP 3 3 7 3 83

500 ◦C MP 23 24 22 21 9
SP 8 8 7 67 11
TP 4 4 7 3 82

650 ◦C MP 23 23 23 22 9
SP 8 3 9 44 31
TP 3 3 7 3 84

800 ◦C MP 23 23 23 22 9
SP 8 S 9 44 31
TP 3 3 6 5 87

950 ◦C MP 23 24 23 21 9
SP 14 13 13 46 14
TP 4 4 8 3 81

1100 ◦C MP 23 23 23 22 9
SP 2 2 1 92 3
TP 8 9 11 8 63

1250 ◦C MP 23 22 22 22 11
SP 2 1 2 95 0
TP 8 9 10 9 65

1350 ◦C MP 25 23 25 20 10
SP 2 1 1 94 2
TP – – – – –

S-C: as-cast, MP: matrix phase, SP: Cr-rich phase and TP: Cu-rich phase.
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Fig. 2. The SEM micrographs of FeCoNiCrCu0.5 alloys: (a) as-cast, (b) 350 ◦C, (c) 500 ◦C, (d) 650 ◦C, (e) 800 ◦C, (f) 950 ◦C, (g) 1100 ◦C, (h) 1250 ◦C and (i) 1350 ◦C. (Matrix phase:
MP; second phase (SP): Cr-rich phase; third phase-discontinuous (TP-D): discontinuous Cu-rich phase; third phase-continuous (TP-C): continuous Cu-rich phase.)
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Fig. 2. (Continued ).

Table 3
Segregation ratio (SR) for both Cr-rich and Cu-rich phases.

Fe Co Ni Cr Cu

As-cast SR1 2 2 2 0.5 0.8
SR2 5 5 3 5 0.1

350 ◦C SR1 2 2 2 0.5 0.8
SR2 8 7 3 6 0.1

500 ◦C SR1 3 3 3 0.3 0.8
SR2 6 6 3 7 0.1

650 ◦C SR1 3 3 3 0.5 0.3
SR2 9 7 3 8 0.1

800 ◦C SR1 3 3 3 0.5 0.3
SR2 9 8 4 4 0.1

950 ◦C SR1 2 2 2 0.5 0.7
SR2 6 6 3 7 0.1

1100 ◦C SR1 11 11 30 0.2 3
SR2 3 3 2 3 0.1

1250 ◦C SR1 15 16 11 0.2 36
SR2 3 3 2 3 0.2

◦
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precipitates were dispersed, as shown in Fig. 3(e). The ordered
FCC plate transforms into Widmanstatten precipitates along the
〈0 2 0〉 direction. At temperatures of under 1350 ◦C, disordered
Widmanstatten precipitates transform into spherical precipitates

Table 4
Chemical mixing enthalpy of a pair of atoms.

Element (unit: kJ/mol)

Fe Co Ni Cr Cu
1350 C SR1 13
SR2 –

R1 = matrix phase (MP)/second phase (SP) and SR2 = matrix phase (MP)/third phas

Table 3 presents the phase segregation ratios. The matrix phases
re the major phases of the as-cast specimens and of those annealed
t up to 950 ◦C. The matrix phase became a Cr-rich phase when the
pecimen was treated from 1100 ◦C to 1350 ◦C.

The morphology of the third phase (Cu-rich phase) varied with
he annealing process. When the temperature was less than 350 ◦C,
he third phase morphology was a continuous precipitate. When
he specimen was treated from 350 ◦C to 950 ◦C, the third phase

orphology had coexisting continuous precipitate and discon-
inuous precipitate. Lastly, the specimens treated from 1100 ◦C
o 1350 ◦C comprised short precipitate and acicular precipitate
hases. The positive mixing enthalpy of the copper element is
esponsible for the Cu-rich phase segregation in the matrix phase,
s shown in Table 4 [15–17]. Preventing the segregation of copper
y heat treatment may be difficult. The morphology of the copper
ich phase may change from continuous precipitate to discontinu-
us precipitate upon heat treatment. Heterogeneous segregation in
olid solution from short-range order condition at low temperature

orms a solid solution of the third phase-continuous precipitate,
s shown in Fig. 2(a–d). At high temperature, the copper solute
toms tend to segregate as a solid solution with the third phase-
iscontinuous precipitate, as shown in Fig. 2(e–i). This fact was
onfirmed using a TEM bright-field image and the correspond-
21 16 0.2 7
– – – –

ing SAD pattern analysis, as shown in Fig. 3(a–f). The analyses
were carried out in FeCoNiCrCu0.5 high-entropy alloys at various
annealing temperatures of up to 1350 ◦C. The FCC structure with
lattice constants of 3.592 Å was further verified. In particular, at
higher temperatures, the phase was produced by phase transfor-
mation, as shown in Fig. 3(d–e). Due to the third continuous-phase
was partially dissolved into a matrix, as shown in Fig. 2(g). The
third continuous-phase was transformed into a matrix in which
Fe – −1 −2 −1 13
Co – 0 −4 10
Ni – −7 4
Cr – −1
Cu –
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Fig. 3. TEM microstructure of FeCoNiCrCu0.5 alloys of bright-field image and corresponding SAD pattern of FCC [0 1 1] zone axis in each insert figure: (a) as-cast, (b) 650 ◦C,
(c) 950 ◦C, (d) 1100 ◦C, (e) 1250 ◦C and (f) 1350 ◦C annealing temperatures.
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Fig. 4. The hardness values of FeCoNiCrCu0.5 high-entropy alloy.

ecause of the small elastic anisotropy and they disperse in the
trongly ordered matrix, as indicated by the arrow in Fig. 3(f).

.3. Hardness analysis

Fig. 4 shows the hardness values for the FeCoNiCrCu0.5 high-
ntropy alloy system. The alloy system was found to exhibit a
ardness of 174 HV under the as-cast condition and a hardness of
52–154 HV following annealing at 350–1350 ◦C. In this study, the
ardness of an alloy system was reduced by a decline in the bond-

ng strength between the element atoms that is caused largely by
hermal behavior associated with the positive mixing enthalpies of
u, Co and Ni.

. Conclusion
The FeCoNiCrCu0.5 alloy system, as-cast or annealed over a range
f temperatures up to 1350 ◦C, exhibits an FCC phase. The FCC phase
f the alloy system tends to form a Cu-rich phase (TP) and a Cr-rich
hase (SP) during different annealing treatments. In particular, Cu

[

[
[
[

d Compounds 489 (2010) 30–35 35

solute atoms tend to segregate as a third phase, potentially favoring
the presence of a continuous-third phase because heterogeneous
segregation occurs from short–range order in solid solution at the
low temperature. Annealing at high temperature may also favor the
segregation of Cu solute atoms as a discontinuous-third phase. The
hardness declines as the annealing temperature increases because
the bonding strength of Cu, Co and Ni is reduced, mostly by the
thermal behavior, which is determined by the positive mixing
enthalpies and thermal energy.
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