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ABSTRACT

Coarse-grained (CG) single-phase face-centered cubic (fcc) high-entropy alloys (HEAs) normally
show insufficient room temperature strength. Here we design and implement a heterogeneous grain
structure to strengthen a single-phase fcc FeagNizgCozgCu; Tiz HEA. Significantly, the heterostruc-
tured (HS) fcc HEA shows a dramatic enhancement (increasing from ~ 350 to ~ 614 MPa) in tensile
yield strength as compared to its CG counterpart. As a result of its extraordinary work-hardening abil-
ity arising from the heterogeneous grain structure, the novel HS HEA exhibits a very high ultimate
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strength of ~ 1308 MPa, and a good ductility of ~ 23.1% which is almost identical to that of its CG

counterpart.
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Introducing a heterogeneous grain structure to a soft fcc FeygNizgCo,gCuy Ti; HEA, the heterostruc-
tured HEA shows significantly enhanced strengths at an essentially identical ductility as compared

to the CG counterpart.

Multi-component high entropy alloys (HEAs), consisting
of at least five principal alloying elements with each ele-
ment having atomic concentration between 5 at.% and 35
at.%, are of scientific and technological interest as they
provide novel design pathways to attain exceptional com-
binations of physical and mechanical properties [1,2].
HEAs usually form simple crystal structures, such as
face-centered cubic (fcc) and body-centered cubic (bcc)
structures, and therefore they have been defined as a new
class of solid solutions that correlate directly with the
high configurational entropy which refers to the ‘high
entropy effect’ [2,3].

To date, the reported superior mechanical properties
of HEAs, have been achieved mostly with multi-phase
structures, which are principally attributed to the pres-
ence of second phases and phase metastability induced
strengthening [2,4-10]. Comparing with multi-phase
HEAs, it is more difficult to attain a good combination of
strength and ductility in single-phase HEAs at room tem-
perature, particularly for single-phase fcc HEAs [2,11].
This is because the hypothesized ‘severe lattice distor-
tion’ which was believed to contribute to the strengthen-
ing, plays a minor role in single-phase fcc HEAs; more-
over, the inherent solid solution strengthening is very
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limited [12,13]. As a result, CG fcc HEAs usually exhibit
excellent ductility but insufficient strength at room tem-
perature, especially relatively low yield strength (lower
than 350 MPa) [11]. While the strength of these alloys
remains low, high radiation tolerance [14], excellent cor-
rosion resistance [15] and exceptional fracture toughness
[16], make single-phase fcc HEAs promising candidates
for various applications. Hence, it would be desirable to
develop novel design strategies to engineer the strength
in these alloys.

Extensive efforts have been undertaken to strengthen
single-phase fcc HEAs; these include: Carbon- and
Boron-doping strategies [8,17], introducing coherent
precipitates [13] and introducing brittle intermetallic [7]
into the fcc matrix, as well as various grain refinement
strategies [18]. With the exception of the grain refine-
ment approach, other strategies invariably lead to alloys
that are not single-phase fcc, thereby leading to com-
plex HEA matrices. Grain refinement via severe plastic
deformation (SPD), such as high pressure torsion (HPT),
typically can only generate samples with small geome-
try, which are generally not suitable for a wide range of
engineering applications [18]. Furthermore, grain refine-
ment through thermo-mechanical processing and subse-
quent full recrystallization, which can be used to produce
large samples with homogenous microstructures, usu-
ally enhance yield strength significantly; however, this
approach also reduces hardenability dramatically, result-
ing in limited enhancement in ultimate strength and
significant loss in ductility [19].

Interestingly, heterostructured metals/alloys with a
multi-modal grain size distribution, realized through
thermo-mechanical processing and post partial recrys-
tallization, are known to exhibit excellent ductility and
high work hardenability, arising from the so-called ‘back
stress strengthening’ concept [20-23]. In other words,
it should be straightforward to achieve good combi-
nations of strength and ductility by introducing het-
erogeneous structures. For instance, a heterostructured
multi-phase AlCoCrFeNi; HEA shows a simultane-
ous strength-ductility enhancement in comparison with
its homogenous counterpart [24]. More recently, it has
been reported that a single-phase fcc CrNiCo medium-
entropy alloy (MEA), which is derived from the con-
cept of HEA, with a heterogeneous grain structure
exhibits superior mechanical properties [25]. Thus, it
is reasonable to hypothesize that a good combination
of strength and ductility can be achieved in single-
phase fcc HEAs via the introduction of a heterogenous
microstructure.

In view of the above discussion, we examined the
feasibility of strengthening soft fcc HEAs using the well-
accepted ‘heterogeneous microstructure’ in this study.
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The non-equiatomic fcc-based FegNiygCoygCuy Ti; HEA
was selected as a model alloy system, which exhibits a
single-phase fcc microstructure in the homogenized state
[26]. Our ultimate goal is to obtain good combinations
of strength and ductility in soft fcc HEAs by fabricating
single-phase microstructure consisting of heterogeneous
grain structures.

Bulk Fey9Niy9Co,3Cuy Ti; HEA was prepared by melt-
ing and casting method performing on a cold Cu cru-
cible levitation melting device under an Ar atmosphere.
Bulk Fe, Ni, Co, Cu and Ti elemental metals (purity
larger than 99.7 wt.%) were used as the starting mate-
rials. The ingot was first re-melted five times to assure
uniformity of composition, and it was flipped follow-
ing each remelting step. When the fifth time melting
was finished, molten alloy was poured into a steel die
with a dimension of 50 mm in diameter and 220 mm in
length. After removing the surface layer by turning, a
plate with a geometry of 127 mm x 37 mm X 12 mm was
sectioned from the bottom of the ingot using electrical
discharge machining (EDM). The thickness of the as-
cast plate was reduced from 12 to 5 mm after hot rolling
at 1273 K. Afterwards, the hot-rolled plate was homoge-
nized at 1473 K for two hours in Ar atmosphere followed
by water quenching, and the homogenized sample will be
denoted as CG Fey9NizgCoz3Cu;Ti; HEA. The homoge-
nized plate of 5 mm thickness was cold-rolled to a thick-
ness reduction of 50%, and subsequently encapsulated,
evacuated in quartz ampules and annealed at 1223 K for
5min followed by water quenching. The post-annealed
sample will be denoted as HS Fe;9NizgCo3Cu; Ti; HEA
hereinafter.

Phase characterization was carried out by X-ray
diffraction (XRD) using a Rigaku SmartLab X-ray
diffractometer with a Cu Ko (A = 0.1542 nm) radia-
tion in a 26 range from 20° to 100°. An FEI Quanta
3D FEG scanning electron microscope (SEM) equipped
with a back-scattered electron (BSE) detector, an energy
dispersive X-ray spectrometer (EDS) and an HKL elec-
tron backscatter diffraction (EBSD) system, was utilized
to study the microstructure and chemical compositions.
The EBSD data was analysed using the Oxford Chan-
nel 5 software. Transmission electron microscopy (TEM)
studies were carried out with a JEOL JEM-2100F and a
JEOL 2800 equipped with a selected area electron diffrac-
tometer (SAED) and EDS, operating at 200 kV. For TEM
studies, thin-foil specimens with a diameter of 3 mm were
first polished down to ~50pum using SiC grit papers,
and subsequently the ion milling process was performed
on a dual ion-beam Gatan PIPS. Uniaxial tensile tests
were carried out at room temperature using a Zwick
universal material testing machine at a strain rate of
1 x 1073 s~ 1. Rectangular dog-bone-shaped specimens
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Figure 1. EBSD phase map (a) and inverse pole figure map (b) of the HS HEA. HAGB, LAGB and TB in (a) correspond to high-angle grain
boundaries (> 15°), low-angle grain boundaries and twin boundaries, respectively.
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Figure 2. TEM images. (a) Bright-field TEM of a coarse grain with corresponding SAED pattern showing an fcc structure presented in the
inset, (b) Bright-field TEM image of some fine grains with SAED pattern corresponding to grain A showing an fcc structure presented in

the inset.

with a gauge length of 10 mm, a thickness of 1 mm, and a
width of 2.5 mm, were used for tensile tests. Additionally,
Vickers hardness of the bulk HEA samples was mea-
sured by a Struers Duramin Microindenter with a load of
2942 mN.

As shown in Supplementary Figures S1, S2 and S3,
the post-annealed Fe;9NiygCo3Cu;Tiy HEA potentially
exhibit a single fcc phase with a randomly distributed het-
erogeneous microstructure. Only a single fcc phase with
heterogeneous grain sizes can be indexed in the EBSD
phase map in Figure 1(a) and inverse pole figure (IPF)
map in Figure 1(b), further confirming the post-annealed
Fe9Niz9Co,3Cu;Ti; HEA possibly possesses a single fcc
phase and heterogeneous microstructure. Additionally,
some annealing twins are clearly present in coarse grains
in Figure 1. It is impossible to obtain accurate average
grain size on the basis of the EBSD results on account
of the heterogeneous grain size distribution. However,
according to the EBSD results taken from a fine-grain

region as presented in Supplementary Figure S4, an aver-
age grain size for the fine grains was estimated to be
~ 3 pm (excluding twin boundaries).

Figure 2(a) illustrates a bright-field TEM image of a
coarse grain in the HS FeygNiygCo,3Cu;Ti; HEA. The
corresponding SEAD pattern taken along the [011] zone
axis presented in the inset. The SAED pattern presented
in the inset of Figure 2(a) suggests an fcc structure with a
lattice parameter ~ 0.3603 nm. As shown in Figure 2(b),
bright-field TEM image of a fine-grain region indicates
some grains are less than 1 um, suggesting that the size
of the fine grains can be as small as several hundred
nanometers. The SAED pattern corresponding to grain
A displays an fcc structure along the [011] zone axis
presented in the inset of Figure 2(b), and the measured
lattice parameter of ~0.3603 nm is identical to that of
the coarse grain in Figure 2(a).

There are no secondary phases in the high-angle annu-
lar dark-field scanning transmission electron microscopy
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Figure 3. (a) HAADF-STEM image, (b) EDS elemental mapping of the boxed region in (a) showing uniform distribution of all the principal

elements.
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Figure 4. (a) True stress-strain curves of tensile tests of the HS and CG Fe9NiygCo,8CuyTiz HEA, (b) Work-hardening response of the HS

and CG F629Ni29C023CU7Ti7 HEA.

(HAADF-STEM) image in Figure 3(a). Additionally,
EDS elemental mapping results (Figure 3b) of the
boxed region in Figure 3(a) reveal uniform distribu-
tion of all the principal elements. Therefore, the HS
FeygNipCoz3Cu;Ti; HEA shows a single fec
microstructure.

Representative tensile true stress-strain curves of the
HS and CG F629Ni29C023CU7Ti7 HEA are shown in
Figure 4(a). Note that as shown in Supplementary Figure
S5, the CG Fey9NiygCo,8Cu;Ti; HEA has very large
grains with some annealing twins present. Compared to
its CG counterpart, the HS FeygNiygCo,3CuyTi; HEA
exhibits a significant improvement in mechanical prop-
erties as evidenced by increasing the yield strength from
~350 to ~614 MPa and the ultimate tensile strength
from ~703 to ~ 1308 MPa, while showing a negligible
decrease in failure strain (from ~23.5% to ~23.1%).

In order to provide insight into the mechanical
behaviour of the HS single-phase fcc FeagNizgCo28Cu; Tiy
HEA, the yield strength versus failure strain and the ulti-
mate tensile strength versus failure strain are plotted in

Figure 5 alongside other single-phase fcc HEAs/MEAs
and enhanced fcc HEAs/MEAs [7-9,11,13,16,17,19,
27,28]. It is worth mentioning that the enhanced
fcc HEAs/MEAs refer to the alloys using C- [17]
and B-doping [8], coherent precipitation strengthening
[9,13,28] and brittle intermetallic strengthening [7], as
well as grain refinement strategies [19], to strengthen
a fcc HEA/MEA matrix. As shown in Figure 5(a), the
Yleld strength of the HS F629N129C028CU7Ti7 HEA,
which is comparable with those of some enhanced
fcc HEAs/MEAs, is much higher than those of the
single-phase fcc HEAs/MEAs. Surprisingly, the HS
Fey9Niz9Coy3Cu;Ti; HEA [see Figure 5(b)] in the cur-
rent study exhibits a highest ultimate tensile strength thus
far reported in the literature with an exception that an
intermetallic strengthened Cr;5Fe;0Cos5NizoMojg HEA
[7] shows an ultimate tensile strength of 1410 MPa but
with a failure strain of 12.1% which is much lower than
that (23.1%) of the HS Fe;9NiygCo,3Cu;Ti; HEA.

As reported in our recent work [26], the as-cast
Fey9NiygCo,3Cu;Tiz; HEA followed by homogenization
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Figure 5. (a) Tensile yield strength-failure strain plot of selected single-phase fcc HEAs/MEAs and enhanced fcc HEAs/MEAs. (b) Ulti-
mate strength-failure strain plot of selected single-phase fcc HEAs/MEAs and enhanced fcc HEAs/MEAs. Note that Ti; refers to the

Fezg Ni29 COngU7Ti7 HEA.

at 1453 K for 2 h exhibits a single fcc phase. Thus, it is not
surprising that a single fcc phase is present in the hot-
rolled Fey9NiygCo23Cu;Ti; HEA followed by homoge-
nization at 1473 K for 2 h in the present work. The single
fcc phase was retained following the cold rolling pro-
cess, while texture and subgrains formed simultaneously,
as well as high density of dislocations [29]. During
the short time (5min) annealing on the cold-rolled
Fez9Niz9Co,sCu;Ti; HEA at 1223 K, some grains with
unique slip systems and orientations which have achieved
more plastic strain and higher dislocation density, could
grow remarkably faster than other grains, thereby result-
ing in the formation of coarser grains [23,30]. Conse-
quently, the majority of the grains of the post-annealed
Fey9NiygCo,8Cu;Ti; HEA are in the ultrafine to 10
micrometers range, with a small amount of coarser grains
ranging from several ten to several hundred micrometers.

As shown in Figure 4, the most impressive fea-
ture of the heterogeneous microstructure of the HS
Fey9NiygCorCu;Ti; HEA is the exceptional work-
hardening ability, leading to an ultimate tensile strength
of ~1308 MPa and a high failure strain of ~23.1%.
Due to the graded grain size distribution, the hardness
of grains accordingly tends to display a graded distribu-
tion. As shown in Supplementary Figure S6, the fine grain
region shows a Vicker hardness of 327 &= 7 HV, whereas
the coarse grain region exhibits a much lower hardness
of 179 £ 17 HV. Recently, the pronounced strengthen-
ing and the exceptional work-hardening ability in het-
erostructured materials are reported to be attributed to
the presence of a back stress [20-22,31,32]. This mech-
anism can be explained as follows: First, both coarse
and fine grains deform in an elastically similar man-
ner to their homogeneous CG counterparts [22]. Second,
the fine grains continue deforming elastically while the
coarse grains begin to deform plastically, resulting in

a deformation incompatibility. Therefore, to accommo-
date the deformation incompatibility near grain bound-
aries and interfaces separating the coarse- and fine-grain
regions, geometrically necessary dislocations (GNDs)
are required. Accordingly, the accumulated GNDs can
directly strengthen the soft coarse grains through for-
est hardening and cross-slip mechanisms, leading to
an improved yield strength [22,23]. Finally, a three-
stage work-hardening behaviour was present follow-
ing yielding, as shown in Figure 4(b). Although both
coarse and fine grains undergo plastic deformation, the
coarse grains experience severe deformation, introducing
strain partitioning [22]. The work-hardening rate curve
in Figure 4(b) can further confirm this phenomenon.
Clearly, as shown in Figure 4(b), stage B of the work-
hardening rate of the HS Fey9NiygCo,3Cu;Ti; HEA
maintains a constant value due to the severe deformation
of coarse grains, and subsequently the deformation of fine
grains causes gradual decreasing in work-hardening rate.
More importantly, the HS Fey9NiygCo,3Cu;Ti; HEA
shows much higher work-hardening rates as compared
to its homogeneous CG counterpart. As the strain parti-
tioning increases, strain gradients presented at the inter-
faces separating the coarse- and fine-grain regions will
increase simultaneously. This leads to generating long-
range stresses caused by GNDs effectively impede dis-
location motion near the interfaces, thereby producing
an additional hardening which is called back-stress work
hardening [22,23]. Concurrently, necking during tensile
testing will be delayed thanks to the back-stress work
hardening, and therefore promotes a high failure strain
(~23.1%) in the HS Fey9NiygCo,8Cu;Ti; HEA [22].

In summary, the HS Fey9NiyCor3Cu;Ti; HEA
exhibits a tensile yield strength of ~ 614 MPa, an ultimate
strength of ~ 1308 MPa, and a failure strain of ~23.1%.
As compared to the data reported in the literature for



enhanced fcc HEAs/MEAs, the HS Fep9NiygCo,gCu; Tiy
HEA shows a highest ultimate tensile strength reported
with an exception that an intermetallic strengthened
Cry5Fey0Co35NipgMojg HEA shows an ultimate ten-
sile strength of 1410 MPa but with a failure strain
of 12.1% which is much lower than that of the HS
Fey9Niz9Co,gCuyTi; HEA. It suggests that an outstand-
ing combination of strength and ductility has been real-
ized in the HS Fe;9Niy9Co,8Cu;Ti; HEA.
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