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Abstract

High-entropy alloys (HEAs) are novel multi-element alloys based on five or more constituent elements in a range of 5-35 at%.
Here we present a method to improve strength of a body-centered cubic (bcc) matrix HEA without loss of ductility. The
improvement was achieved by phase modulation combined other strengthening effect of interstitial carbon addition. Carbon
addition can enhance strength and retain good ductility in some steels because carbon increases the volume fraction of
face-centered cubic (fcc) phase. We used the same principle to design and fabricate a set of Alg(FeCuCrMn),,C, (x=0, 1,
2, 3, 4 at%) HEAs under near-rapid solidification. Our results showed that carbon addition modulated constituent phases by
increasing the volume fraction of fcc phase and carbides. As a result, addition of carbon increased yield strength of this bcc
matrix HEA. But the ductility decreased, especially when carbon content was higher than 3 at%, which was ascribed to uneven
distribution of Cu-rich fcc phase and carbides precipitated in bce phase region. After annealing at 1173 K for 2 h, addition
of 1 at% carbon improved yield strength without compressive fracture. It demonstrated that a proper carbon content addition
with annealing can enhance the yield strength without loss of ductility for this bcc matrix HEA. Thus, interstitial carbon addi-
tion is a meaningful method to improve the mechanical properties by phase modulation combined other strengthening effect.
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1 Introduction

High-entropy alloys (HEAs) contain multi-principal ele-
ments in a range of 5-35 at%, which is an extraordinary
alloying design paradigm [1-4]. HEAs show a great poten-
tial for application in many fields due to high fatigue resist-
ance [5, 6], wear resistance [7], irradiation resistance [8],
and other physical properties [9, 10]. The solid-solution
phase is usually the main constituent phase in HEAs, which
is different from traditional physical metallurgy theories
[11]. In general, the most broadly investigated phases are
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body-centered cubic (bcc) and face-centered cubic (fec) [12,
13].

It is difficult to further improve comprehensive mechani-
cal properties in bee-structured HEAs, because an increase
of strength usually comes at the price of sacrificing ductil-
ity and vice versa [3, 4, 14-17]. For instance, Zhou et al.
[15] enhanced the compressive strength of a bce-structured
AlCoCrFeNi HEA by introducing solid solution effect of Ti
element but decreased its ductility from 26.9 to 5.3%. On the
other hand, some improvement measures were only for duc-
tility rather than strength. For example, based on the electron
theory, Sheikh et al. [16] designed a bcc-structured HEA
with an elongation of near 20%, while its fracture strength
was lower than conventional refractory alloys. Huang et al.
[17] improved ductility of Ta,HfZrTi from 4 to 27% by using
transformation-induced ductility effect but led to a reduc-
tion of 400 MPa in strength. However, the ways to increase
simultaneously both strength and ductility were seldom
reported, except for grain refining [18].

Instead of adding substitutional elements, addition of
interstitial elements is also an important method to tune
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structures and properties of HEAs. Among them, carbon
addition is widely studied [19, 20], e.g. Wang et al. [21]
improved fracture strength of a fcc-structured FeNiMnAICr
HEA from 381 to 754 MPa by adding 1.1 at% interstitial
carbon to obtain much higher lattice friction stress. Add-
ing a certain content of carbon would promote formation of
nano-sized carbides and improve strength of the equiatomic
CoCrFeMnNi HEA by precipitation strengthening [22]. Fur-
thermore, carbon can increase the fraction of austenite and
improve ductility in some steels, which is really impressive
[23]. Recently, it was confirmed that carbon addition also
can increase fraction of fcc phase in some bce matrix HEAs
[24-26]. Thus, the achievement of a strength improvement in
a bee matrix HEA without loss of ductility by phase modula-
tion of interstitial carbon element, is of great possibility. By
addition of carbon, researchers had achieved compressive
fracture strain of 48.8% in (AlIFeCoNi)ygC, HEA [26], which
contained several expensive alloying elements. Therefore,
lower cost and higher ductility are desired in similar alloys.

We selected more common 3d transition metal elements
(Fe, Cu, Cr and Mn) for our studies [27-29]. Using an inex-
pensive bcc matrix Alg(FeCuCrMn)y, HEA as a templet,
we added interstitial carbon element to improve strength,
while maintaining good ductility. The microstructures and
mechanical properties of the Alg(FeCuCrMn),,C, (x=0, 1,
2,3, 4 at%) alloys were studied in this work.

2 Materials and methods

Alloy ingots with nominal compositions of
Alg(FeCuCrMn)y,C, (x=0, 1,2, 3, 4 at%) HEAs were made
by cold-crucible levitation melting. The purity of Al, Fe, Cu,
Cr, Mn and C (graphite) was above 99.9%. The composition
homogenization was ensured by repeated melting at least
four times. Strips in size of 60 mm X 60 mm X 2.5 mm were
made by centrifugal casting under near-rapid solidification in
an Ar atmosphere, which was described in detail in previous
papers [25, 30]. Several samples were annealed at 1173 K
for 2 h to eliminate thermal stress and obtain stable phases
according to some reports [31-33]. Phase characterization
was performed by X-ray diffraction (XRD), microstructures
were characterized by using scanning electron microscopy
(SEM) and electron probe microscopic analyzer (EPMA).
Image analysis method have been used to quantitative assess
phase fraction by Image J. The specimens for transmission
electron microscopy (TEM) were prepared by using a twin-
jet electrolytic polishing in a mixed solution of 10 vol% per-
chloric acid and 90 vol% alcohol. The cylindrical specimens
with dimension of @ 2 mm X 4 mm were prepared for com-
pression tests at room temperature. At least three specimens
for each strip were tested at a strain rate of 10~ s~!.
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3 Results and Discussion
3.1 Phase Constitution and Microstructures
3.1.1 Microstructure of As-Cast Strips

Figure 1 shows XRD patterns of the as-cast
Alg(FeCuCrMn),,C, (denoted as Cx hereafter) HEA strips.
In the CO strip, XRD showed both bcc and fce phases, with
the bee phase as the matrix. In the C1 and C2 strips, the
intensity of the diffraction peak for fcc phase were greater
than that of the CO strip, indicating that interstitial carbon
element addition had promoted the formation of fcc phase.
Thus, carbon addition modulated constituent phases of these
alloys. A peak at around 44°, identified as M,;C, carbides,
appears in the C3 strip, suggesting the formation of a small
amount of carbides. When the carbon content was increased
to 4 at%, the intensity of the diffraction peak for carbides is
enhanced, indicating that the amount of carbides increased
as carbon content increased.

Figure 2 presents SEM back-scatter images of the as-cast
Alg(FeCuCrMn),,C, HEA strips. The CO strip exhibited
a flower-like structure, as shown in Fig. 2al and a2. SEM
results showed distinct dark and bright regions. According
to the XRD patterns, the dark region was bce phase and the
bright region was fcc phase. As carbon content increased,
the fcc phase region expanded. Image analysis showed that
the fraction of fcc phase increases from 17 vol% in the CO
strip to 33 vol% in the C4 strip. This quantitatively confirms
that carbon addition had modulate constituent phases by the
formation of fcc phase in the as-cast Alg(FeCuCrMn)y,C,
HEA strips. After carbon addition, however, some bcc phase
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Fig. 1 XRD patterns of the as-cast Alg(FeCuCrMn),,C, (marked as
Cx) HEA strips
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Fig.2 Back scattering electron images of the as-cast Alg(FeCuCrMn),,C, (marked as Cx) HEA strips: al, a2 for CO strip, b1-b3 for C1 strip,

cl, c2 for C2 strip, d1-d3 for C3 strip, el, e2 for C4 strip

grains began to aggregate and embed in the fcc phase region.
With the addition of carbon, needle-like or fishbone-like pre-
cipitations arose in the bce phase region. The distribution
of fcc phase became more uneven when the carbon con-
tent was above 2 at%. The fraction of fcc phase increased
as carbon content increased, but the uneven distribution of
fcc phase became more pronounced when carbon content
reached 3 at%.

To investigate the distribution of elements and pre-
cipitated phases in the as-cast Alg(FeCuCrMn),,C, HEA
strips, we examined all of the samples using EPMA. Fig-
ure 3 displays elemental distribution maps of the C1 strip
and the C3 strips. Chemical compositions of bce and fcc
phases in the as-cast strips are listed in Table 1. Elemental
distribution maps of the C1 and C3 strips showed that the
bce phase was rich in Fe and Cr but poor in Cu, whereas
the fcc phase was rich in Cu but poor in Fe and Cr in all
strips. The bce phase contained only 3 at% Cu, while the
fcc phase contained over 60 at% Cu. In the CO strip, the

content of Al and Mn in the fcc phase was higher than
that in the bcc phase, and the difference in Al and Mn
content between fcc phase and bee phases decreased after
carbon addition. In the center of the bee phase, Al and Mn
were poor. Based on both morphology analysis and chem-
istry mapping, it is concluded that the precipitated phase
appearing in the bcc phase region was rich in C and Cr,
and should be considered a chromium carbide. It is also
deduced that the carbides began to appear in the C1 strip,
but its amount is too low to be detected by XRD.

To obtain the detailed information of carbides, TEM
analysis was performed on the C1 strip. TEM image of
the C1 strip is shown in Fig. 4. Both bright field (BF)
and selected-area electron diffraction patterns (SADPs)
showed that the C1 strip consisted of elongated fcc par-
ticles embedded in a bee matrix. Figure 5a presents a BF
TEM image of the chromium carbides. Figure 5b shows
SADP taken along [111] zone axis and the dark field (DF)
image from (022) is shown in Fig. 5Sc. It is indicated that
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Fig.3 Elemental distribution maps of the as-cast Alg(FeCuCrMn),,C; and Alg(FeCuCrMn),,C; HEA strips: a CO strip, b C3 strip

Table 1 Chemical corppositions Sample Phase Al (at%) Fe (at%) Cu (at%) Cr (at%) Mn (at%)

of bee and fec phases in the

as-cast Alg(FeCuCrMn)g,Cy co bee 5.6+0.7 33.9+0.9 2.7+0.2 39.3+2.5 185+ 1.5

HEAs derived from EPMA- fec 93417 31404 61.1+09 24402 241412

EDS (since limited accuracy for

light elements, carbon content is Cl bece 63+14 340+1.8 33+04 36.0+3.5 20.4+2.7

not listed here) | fec 85+13 29402 61.7+1.7 1.9£0.2 25.0+0.7
C2 bee 7.1+1.6 349+1.3 42+05 31.3+3.9 225+1.7
| fec 89+1.1 23+03 62.4+1.3 1.5+02 249+1.0
C3 bce 7.6+1.0 364+1.6 3.7+0.8 29.8+3.3 225+14
| fee 7.3+0.5 2.8+0.3 64.2+1.7 1.9+0.2 23.9+1.2
C4 bee 89+1.6 37.0+1.8 29+0.8 273+3.8 23.8+2.1

| fec 83+0.8 24405 63.6+0.7 1.6+0.4 24.1+1.0

Fig.4 TEM images of the as-
cast Alg(FeCuCrMn)y,C; HEA
strip: a BF image of the matrix,
b the SADP along [311] zone
axis, ¢ the SADP along [110]
zone axis

e (111) ™ (111)

Z=[110]
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Fig.5 TEM micrographs of
submicron Cr,;C; in the as-cast
Alg(FeCuCrMn),,C; HEA strip:
a BF image of Cr,;Cg, b the
SADP along [111] zone axis, ¢
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Fig.6 XRD patterns of the annealed Alg(FeCuCrMn),,C, (marked as
CxA) HEA strips

the chromium carbides were Cr,;Cg particles, even smaller
than 100 nm.

3.1.2 Microstructure of Annealed Strips

Figure 6 shows XRD patterns of Alg(FeCuCrMn),,C,
strips after annealing at 1173 K for 2 h. In the annealed
Alg(FeCuCrMn),,C, (denoted as CxA hereafter) strips,
XRD patterns showed that, as in the as-cast samples, the
bce phase was major and fcc phase was minor. The intensity
of the diffraction peak for fcc phase was greater with higher
carbon content, indicating that carbon addition increased
the fraction of fcc phase and modulated constituent phases
in the annealed strips, as was in the as-cast strips. No dif-
fraction peak of carbide phase was clearly observed from
XRD patterns, not even in the C4A strip, suggesting that
some carbides have dissolved during annealing such that
the amount remained below the detectable limit of XRD.
Figure 7 exhibits microstrucutres of the annealed
Alg(FeCuCrMn),,C, HEA strips. Annealing at 1173 K
for 2 h had little influence on the main constituent phases
of the strips prepared under near-rapid solidification. The
COA strip displayed a flower-like microstructure like that of

the as-cast one. The C1A strip, however, clearly exhibited
precipitation of carbide particles in bce phase region. After
annealing, the uneven distribution of fcc phase became more
homogeneous in C3A and C4A strips, as the morphology
of carbide particles changeed from fishbone to worm-like
shapes. Statistical results suggested that the fraction of fcc
phase in the annealed strips increased from 21 to 34 vol%
after the addition of 4 at% carbon. Therefore, it is conclued
that carbon addition modulated constituent phases in both
as-cast and annealed Alg(FeCuCrMn)y, HEA strips by
increasing the fraction of fcc phase.

Figure 8 shows elemental distribution maps of the C1A
and the C3A strips. Chemical compositions of bee and fcc
phases in the annealed strips are listed in Table 2. Elemental
distribution maps of the C1A and the C3A strips, like their
cast counterparts, showed that the bcc phase was rich in
Fe and Cr but poor in Cu, whereas the fcc phase was rich
in Cu but poor in Fe and Cr. The difference in Al content
between bee phase and fcc phase, however, was smaller in
the annealed strips than in the as-cast ones. For the other
alloying elements, annealing increased the inhomogeneous
between the two phases. The bce phase contained just 1 at%
Cu and the fcc phase contained almost 70 at% Cu, indicat-
ing that annealing had led to diffussion of Cu from the bcc
phase to the fcc phase. The bce phase contained more Mn
in the annealed strips than in the as-cast ones. This uneven
distribution was especially marked in the annealed strips
with higher carbon content. The annealed samples also con-
tained a higher number of carbides in the bce phase, which
apparently depleteed Cr in annealed strips. The higher the
carbon content of a given strip, the lower the Cr measured
in the bce phase of that strip (Table 3).

3.1.3 Action Mechanism of Carbon on Microstructures

The experimental results strongly suggest that carbon addi-
tion can increase the fraction of fcc phase in both as-cast and
annealed Alg(FeCuCrMn),,C, HEA strips. When the carbon
content is 1 at%, Cr,;C¢-type carbides precipitate in the bce
phase. This is because Cr is a strong carbide-forming ele-
ment and limits carbon solubility [34]. Both Cr and Mn are
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Fig.7 Back-scattering SEM images of the annealed Aly(FeCuCrMn),,C, (marked as CxA) HEA strips: al, a2 for COA strip, b1-b3 for C1A
strip, cl, ¢2 for C2A strip, d1-d3 for C3A strip, el, e2 for C4A strip

Fig.8 Elemental distribution maps of the annealed Alg(FeCuCrMn)y,C; and Alg(FeCuCrMn),y,C; HEA strips: a COA strip, b C3A strip
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Table 2 Chemical comp ositions Sample Phase Al (at%) Fe (at%) Cu (at%) Cr (at%) Mn (at%)

of bee and fcc phases in the

annealed Alg(FeCuCrMn)o,Cy COA bee 6.8+0.6 323424 1.4£0.7 347413 23.8+0.9

ggg?jﬁg‘;‘:ni‘;“aﬁfxa‘iy o | fec 71403 3.6+04 69.0+2.2 28403 175416

light elements, carbon content is ClA bee 7.8+0.8 33.5+22 1.0+0.8 329+14 24.7+0.8

not listed here) | fec 87+12 32409 67.1+1.8 2.1+07 18.9+0.9
C2A bce 74+1.1 34.0x1.5 1.1+0.5 30.1+1.6 262+1.5
| fee 7.3+0.4 35+18 68.9+3.2 22+0.6 18.1+0.6
C3A bee 75+1.2 339+1.7 1.4+0.6 252+1.0 285+19
| fee 6.7+0.3 29+04 69.1+1.1 1.4+0.3 199+1.2
C4A bee 8.1+1.6 33.9+0.3 1.3+0.5 241+1.7 31.8+0.4
| fec 7.8+0.3 33+1.7 68.5+0.8 1.0+0.1 19.4+0.7

Table 3 Mixing enthalpy, Element Atomic radius Fe Cu Cr Mn C

AHmix(KJ/mol), of atomic (10710 m)

pairs among elements in the

Alg(FeCuCrMn),,C, alloys Al 1.43 —11 -1 -10 -19 =36
Fe 1.24 - 13 -1 0 =50
Cu 1.28 - - 12 4 -33
Cr 1.25 - - - 2 -61
Mn 1.29 - - - - —66
C 0.77 - - - - -

known to form carbides with C because the mixing enthalpy
values of C—Cr and C—Mn are largely negative [31].

The atomic size difference ¢ of an alloy can be caculated
by the following equation [2, 35]:

ey

r=Y o )

where n is the number of elements in an alloy, c; is the
atomic percentage of the i-th element, r is the average atomic
radius, and r; is the atomic radius of the i-th element. The
atomic radius of carbon is much smaller than that of the
other constituent elements. Based on Egs. (1) and (2), the
atomic size difference of HEAs increases as carbon content
increases, thus decreasing solubility in solid solutions and
resulting in the formation of a new phase, i.e. carbide [31,
36].

On the other hand, the mixing enthalpy values of Cu-Fe
and Cu-Cr pairs are positive, which results in a Cu-rich fcc
phase and a (Fe,Cr)-rich bcc phase. Figure 9 shows phase
diagrams for Alg(FeCuCrMn),,C, HEA strips obtained
by Thermo-Calc Software. Our calculated pseudo-binary

diagram shows a miscibility gap and a monotectic reac-
tion, i.e. Liquid » BCC + Liquid. We estimated AT, which
is defined as AT=T; — T,,, where T, is the liquid phase
separation (LPS) temperature and 7, is the melting tem-
perature [37, 38]. Wherever there exists a miscibility gap,
LPS takes place. Our calculations indicate that when LPS
occurs, the alloys separate into Cu-rich and Cu-poor lig-
uid phases. This is similar to what occurs in other Cu-
containing alloys, such as Cu-Nb [39], Cu-Fe [40] and
Cu-Co-Fe [41, 42]. When our C1 strip was cooled, the
miscibility gap (AT=112 K) caused the melt to separate
into a Cu-rich fcc phase and a Cu-lean bec phase, result-
ing in uneven distribution of Cu-rich fcc phase. As carbon
content increased, the AT increased, i.e., the miscibility
gap expanded and LPS occurred more readily. Our cal-
culation of mole fraction changes of different phases in
an Alg(FeCuCrMn),y,C; HEA strip subjected to different
temperatures showed that 7 and 7,, were around 2104 K
and 1590 K, respectively (Fig. 9c). The AT was therefore
514 K when carbon content was 3 at%. This large AT led
to LPS and more uneven distribution of the Cu-rich fcc
phase, even under conditions of near-rapid solidification,
as displayed in Fig. 2b3 and d3. Therefore, carbon addi-
tion accelerated LPS, which in turn caused more uneven
distribution of the Cu-rich fcc phase.
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Fig. 10 Compressive mechanical
Alg(FeCuCrMn),,C, HEA strips

properties of the as-cast

3.2 Mechanical Properties
3.2.1 Mechanical Properties of As-Cast Strips

Figure 10 depicts engineering stress—strain compression
curves for as-cast Alg(FeCuCrMn),,C, HEA strips. We
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different phases as temperatures in Alg(FeCuCrMn),y,C; HEA strip

extracted the values of yield strength, fracture strength,
and fracture strain from these curves. These data showed
that carbon addition enhanced yield strength from
512 MPa for the CO strip to as high as 1023 MPa for
the C4 strip (Table 4). The CO strip showed no fracture,
indicating very high ductility. With addition of carbon,
fracture strain values were reduced to 19%, 15%, 7%, and
5% for the C1, C2, C3, and C4 strips, respectively. Thus,
we concluded that carbon addition had improved yield
at the cost of ductility, especially when carbon content
reached 3 at%, at which point fracture strain value had
decreased below 10%.

3.2.2 Mechanical Properties of Annealed Strips

Figure 11 shows compressive properties of the annealed
Alg(FeCuCrMn),,C, strips. Yield strength, fracture strength
and fracture strain of the annealed strips are listed in Table 4.
The test results showed that carbon addition increased yield
strength from 505 MPa for the COA strip to 796 MPa for the
C4A strip. Yield strength was reduced after annealing, but,
C-added annealed strips maintained better ductility com-
pared with the corresponding as-cast ones. In fact, the C1A
strip, like both the CO and COA strips, remained completely
free of compressive fracture. It is concluded that addition
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Table 4 Compressive properties of as-cast and annealed Alg(FeCuCrMn),,C, HEA strips
Sample As-cast Annealed

Cco Cl C2 C3 C4 COA ClA C2A C3A C4A
Yield strength (MPa) 512 672 796 859 1023 505 624 670 752 796
Fracture strength (MPa) — 1312 1349 1361 1450 - - 1624 1458 1423
Fracture strain (%) No Fracture 19 15 7 5  No Fracture No Fracture 20 16 9
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Fig. 11 Compressive mechanical of the annealed

Alg(FeCuCrMn),,C, HEA strips

properties

of 1 at% carbon with annealing at 1173 K for 2 h enhanced
yield strength in Alg(FeCuCrMn)y, without loss of ductility.

3.2.3 Effect of Carbon on Mechanical Properties

After carbon addition to Alg(FeCuCrMn),,C, HEA strips,
yield strength increases markedly. The yield strength (o) of
these strips can be decribed as follows [32]:

6, =0p + 0, t 0o, +0,, 3)
where o, is lattice friction stress, o;,, o, and o, are the
strengthening contributions from interfaces, solid solutions
and precipitates, respectively. In our alloys, o;, results from
the interfaces between bec and fcc phases and grain bounda-
ries [43-45]. Microstructure examination showed that inter-
face density became higher in strips with higher carbon
content, indicating that interface strengthening contribute to
strength enhancement. In HEAs, it is difficult to distinguish
the solvent from the solute because the consituent atoms of
the alloy are distributed randomly throughout the lattice.
Therefore, the value for o, is commonly embedded into o,
[32, 46]. Lattice distortions are introduced by carbon addi-
tion, whose atomic radius is small [24, 47-50]. Since the
number of carbides is low in the C1 strip, the majority of

the increase in yield strength is ascribed to the increase in o
[21]. On the other hand, as carbon content increased, addi-
tional carbides were precipitated in the bce phase region, and
the resulting precipitation strengthening further improved
yield strength. We thus concluded that the enhanced yield
strength observed in the as-cast Alg(FeCuCrMn),, HEA strip
after carbon addition was the result of both interstitial solid
solution strengthening and precipitation strengthening.

The fraction of fcc phase is relatively high in strips with
high carbon content, which would normally be beneficial
for ductility [24]. We found, however, that carbon addition
causes reduction in ductility of the as-cast Alg(FeCuCrMn)y,
HEA strips because of uneven distribution of fcc phase.
When carbon content was increased beyond 2 at%, the
increasingly uneven distribution of fcc phase, along with
the increasing size and number of carbides long certain
boundaries, resulted in sharply decreasing ductility due to
the extreme unevenness of stress distribution [47, 51-54].

After annealing at 1173 K for 2 h, the yield strength of all
HEA strips decreased to some extent, but the yield strength
of the C-added strips was still higher than that of the C-free
strip. The ductilty of all the C-added strips was improved by
annealing. The fraction of fcc phase did not clearly change
after annealing, but thermal stress is relieved [55]. XRD pat-
terns also showed that diffraction peaks for certain carbides
had disappeared, indicating that some carbides had dis-
solved, and SEM images showed that the morphology of the
remaining carbides had changed from fishbone-like to worm-
like shapes. Since all these factors contribute to improve-
ment of ductility, we conclude that annealing had improved
the ductility of our Alg(FeCuCrMn),,C, HEA strips. The
C1A strip also showed no fracture during compression, we
therefore concluded that optimized carbon content addition
with annealing brought about marked improvement of the
yield strength of our bcec matrix Alg(FeCuCrMn)y, HEA
strips without any loss of ductility.

4 Conclusions

We studied the effect of interstitial carbon on the micro-
structure and the mechanical properties of bcc matrix
Alg(FeCuCrMn)y, HEA strips. We concluded the following:
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The as-cast Alg(FeCuCrMn)y, HEA strip prepared
under near-rapid solidification had 17 vol% of Cu-
rich fcc phase embedded in a (Fe, Cr)-rich bcc phase
matrix. Carbon addition modulated constituent phases
by increasing the fraction of fcc phase, but also led to
the uneven distribution of this phase in the bcc matrix.

Carbon addition enhanced yield strength of the as-
cast HEA strips by introducing both interstitial solu-
tion strengthening and precipitation strengthening. At
the same time, however, carbon addition decreased the
ductility because of the precipitation of needle-like or
fishbone-like carbides in the bcc phase region and the
uneven distribution of the fcc phase.

After annealing at 1173 K for 2 h, the main constituent
phases of our Alg(FeCuCrMn),y, HEA strips were simi-
lar to the as-cast ones, but their ductility was markedly
improved. We attributed this result to several factors: (a)
the volume fraction of fcc phase remained high in these
alloys, (b) thermal stress was relieved by annealing, and
(c) certain carbides dissolved, while the morphology of
those remaining was shifted from fishbone-like to worm-
like shapes.

Addition of carbon to an optimized level of 1 at%
achieved an improvement of 30% in the yield strength
of our annealed bcc matrix Alg(FeCuCrMn)y, HEA strip
without any loss of ductility.
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