. Taylor & Francis
Materials
NENIERIdelsl  \aterials Research Letters

ISSN: 2166-3831 (Online) Journal homepage: www.tandfonline.com/journals/tmri20

A eutectic high-entropy alloy with good high-
temperature strength-plasticity balance

Liuliu Han, Xiandong Xu, Li Wang, Florian Pyczak, Rui Zhou & Yong Liu

To cite this article: Liuliu Han, Xiandong Xu, Li Wang, Florian Pyczak, Rui Zhou & Yong Liu
(2019) A eutectic high-entropy alloy with good high-temperature strength-plasticity balance,
Materials Research Letters, 7:11, 460-466, DOI: 10.1080/21663831.2019.1650130

To link to this article: https://doi.org/10.1080/21663831.2019.1650130

8 © 2019 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

A
h View supplementary material &

@ Published online: 05 Aug 2019.

\]
CA/ Submit your article to this journal &

||I| Article views: 4986

A
& View related articles &'

(&) view Crossmark data &'
CrossMark

@ Citing articles: 14 View citing articles &'

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tmr|20


https://www.tandfonline.com/journals/tmrl20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/21663831.2019.1650130
https://doi.org/10.1080/21663831.2019.1650130
https://www.tandfonline.com/doi/suppl/10.1080/21663831.2019.1650130
https://www.tandfonline.com/doi/suppl/10.1080/21663831.2019.1650130
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2019.1650130?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2019.1650130?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2019.1650130&domain=pdf&date_stamp=05%20Aug%202019
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2019.1650130&domain=pdf&date_stamp=05%20Aug%202019
https://www.tandfonline.com/doi/citedby/10.1080/21663831.2019.1650130?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/21663831.2019.1650130?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=tmrl20

MATER. RES. LETT.
2019, VOL. 7,NO. 11, 460-466
https://doi.org/10.1080/21663831.2019.1650130

RESEARCH LETTERS Taylor & Francis Group

"§ MATERIALS Taylor&Francis

ORIGINAL REPORT

8 OPEN ACCESS

A eutectic high-entropy alloy with good high-temperature strength-plasticity

balance

Liuliu Han?, Xiandong Xu

ab i Wang®, Florian Pyczak®, Rui Zhou? and Yong Liu?

aState Key Laboratory of Powder Metallurgy, Central South University, Changsha, People’s Republic of China; PCollege of Materials Science and
Engineering, Hunan University, Changsha, People’s Republic of China; ¢Institute of Materials Research, Helmholtz-Zentrum Geesthacht,

Geesthacht, Germany

ABSTRACT

We developed a eutectic high-entropy alloy (EHEA) with appreciable high-temperature strength-
plasticity balance. Structural characterizations of the as-cast sample revealed a lamellar structure
with austenite (face-centered-cubic, FCC) and Laves phases. Upon annealing at 873 K, precipitation
of nanoscale (Ni, Al, and Zr)-rich L1, phase from the FCC phase took place, which eventually trans-
formed into a martensitic (hexagonal, €) phase with rearrangement of atomic species. Compressive
properties revealed a brittle behavior at temperatures below 873 K, but changed to a ductile behav-
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ior with considerable strain hardening at 973 K, due to the formation of a high density of deformation

twins observed by transmission electron microscopy.
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IMPACT STATEMENT

A eutectic high-entropy alloy with attractive high-temperature compressive strength-plasticity bal-
ance was realized by tuning the microstructure via heat treatment, during which nanoscale L1, phase

formed within the FCC matrix phase.

Eutectic high-entropy alloys (EHEAs), which combine
the alloy design concepts of high-entropy alloys and
eutectic alloys [1], have received considerable atten-
tion since the first successful fabrication of an EHEA
by Lu et al. [2,3]. The reported EHEAs were shown
to overcome strength-ductility trade-oftf of both high-
entropy alloys (HEAs) and eutectic alloys [4]. The essen-
tial design strategy of strong and ductile EHEAs is to
grain strength from a hard phase and ductility from a soft
phase, where the soft and hard phases being the product
of a eutectic reaction [5]. The resulting eutectic struc-
ture is expected to provide a good thermal stability and
a high-temperature softening resistance [6-8], making
the EHEAs promising for high-temperature applications.
The selection for the hard and soft phases on EHEAs

has to be careful though, to achieve the desirable bal-
ance of strength and ductility. For example, the hard
phase could be the Laves phase which is known to be
brittle in nature at the room to intermediate tempera-
tures [9,10]. EHEAs containing a significant amount of
Laves phase showed only marginal compressive plasticity
at temperatures below 1073 K [6,11]. Although consider-
able strength (843 MPa) and compressive plasticity (28%)
could be attained at higher temperatures (> 1073 K) [11],
the EHEAs suffered from softening and limited strain
hardening due to the lack of strain hardening sources,
which makes them less attractive as structural materials.
Hence, developing strong EHEAs with retained plastic-
ity and strain hardening capability at high temperatures
is of great interest for many industrial applications [2,11].
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Figure 1. (a,b) X-ray diffraction patterns of the as-homogenized and annealed EHEASs, (c, d) low magnification BSE-SEM images showing
eutectic cells and (e, f) are corresponding enlarged views showing a lamellar structure.

Moreover, despite that a brittle-to-ductile transition with
increasing deformation temperatures has been reported
for many EHEAs [7,8,11], the underneath fracture mech-
anism has not been studied in detail. This motivated us to
investigate the high-temperature deformation behavior
of a non-equimolar EHEA with a nominal composition
of Coz7.6Crz2.6Fe196Niz34Taz 4Zry 5Alp9 (in at. %). The
EHEA was designed by the ‘simple mixture method’ as
per the M-Ta (where M = Co, Cr, Fe, and Ni) binary
phase diagrams [12]. The detailed compressive behavior
at temperatures from 873 to 1273 K was investigated, and
post-deformation microstructure were examined.

The EHEA samples were prepared by arc-melting
high purity constituent elements (better than 99.99%,
wt. %). The ingots were remelted at least three times
to improve chemical inhomogeneity and subsequently
solidified in a water-cooled copper mold. The resultant
ingots were homogenized at 1373 K for 5h in a vacuum
and quenched in ice water. The measured chemical com-
position from the as-cast ingot using inductively cou-
pled plasma-optical emission spectrometry (ICP-OES) is
C029.0Cr21.6Fe19.5Niz33Taz 5Zr 4Alg7 (at. %), which is
close to the nominal one. The homogenized samples were
annealed at 873 K for 0-100 h and quenched in ice water.
For comparison, the as-homogenized sample and as-
homogenized sample annealed for 60 h were chosen for
the evaluation of mechanical properties and microstruc-
ture characterization. Hereafter, the as-homogenized
sample and sample annealed for 60h are denoted as

‘as-homogenized” and ‘annealed’ samples, respectively.
Cylindrical samples with a dimension of 6 mm in diame-
ter and 9 mm in length were compressed using a Gleeble-
3800 at 873, 973, 1073, and 1273 K and at a strain rate
of 1.0 x 1073s~!. All the samples were heated to the
compression temperatures at a rate of ~ 50 K/s and then
kept for 300s before compression. At least three sam-
ples were tested for each condition. Backscattered elec-
tron (BSE) scanning electron microscopy (SEM) images
were acquired using a Quanta FEG 250 microscope oper-
ated at 20kV. Electron transparent specimens for high-
resolution transmission electron microscopy (HRTEM)
and scanning TEM (STEM) observations were prepared
by the standard twin-jet electro-polishing technique.
The HRTEM images and energy dispersive spectroscopy
(EDS) maps were acquired using a FEI Titan 80-300
TEM operated at 300kV. The selected area electron
diffraction (SAED) patterns were taken using a Philips
CM200 TEM operated at 200 kV. X-ray diffraction exper-
iments (XRD) were conducted using an X-ray diffraction
system (X’ Pert PRO MRD) with the Cu Ko radiation.
Figure 1(a,b) shows normalized XRD patterns of the
as-homogenized and annealed bulk samples. A face-
centered-cubic (FCC, a = 3.539 A) phase and a Cl4-
type Laves phase with the MgZn, prototype [13] can
be identified, and no more other phases are seen to
exist. The major diffraction peak positions for the Laves
phase in the annealed EHEA do not vary significantly,
which indicates that annealing does not influence the
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Figure 2. (a) HAADF-STEM and corresponding elemental STEM-EDS maps of Ni, Ta, Fe, Co, Cr, Al and Zr, respectively. (b, ) HRTEM images
and SAED patterns (right panel) of the as-homogenized and annealed samples, respectively.

lattice parameter. It is noted that changes in the peak
intensity ratio of the Laves phase are due to crystal tex-
ture in the bulk samples and the volume fraction of the
Laves phase does not change upon annealing based on
SEM observations. While the diffraction pattern in the
as-homogenized sample reveals no noticeable superlat-
tice peaks, the annealed sample displays the presence of
(100) superlattice reflection, which could be attributed to
the formation of the L1, phase. The low magnification
and enlarged BSE-SEM images of the as-homogenized
and annealed EHEAs are shown in Figure 1(c-f), respec-
tively. Both samples exhibit a eutectic lamellar structure,
and the morphology of the as-homogenized sample has
not changed much upon annealing. The lamellar struc-
ture with alternating layers is composed of the Laves
phase (bright contrast) and the FCC phase (dark con-
trast) (Figure 1(c-f)). As shown in a high-angle annular
dark-field (HAADF)-STEM and the corresponding ele-
mental STEM-EDS maps (Figure 2(a)), the Laves phase
is enriched with Ta, Co, Zr and the FCC phase contains

Fe, Co, Cr, Ni, Ta, and Al The detailed chemical compo-
sitions of the constituent phases in the annealed sample
are summarized in Table 1.

Figure 2(b) depicts HRTEM image of the FCC
and Laves phases with their SAED patterns shown in
the right panel (note the modulation contrast in the
Laves phase is Moiré fringes, not additional phases),
the observed crystallographic orientation relationship
is [011]pcc//[110]1aves and is consistent with previ-
ous reports [12,14]. Upon annealing at 873K for 60h,
ordered L1, domains appear in the FCC matrix phase,
as shown in the [001]gcc HRTEM image and SAED pat-
terns (right panel) (Figure 2(c)), these L1, domains have
atypical size of 2-5 nm. Chemical analysis reveals the L1,
phase is mainly enriched in Ni, Zr, Al, and has a chemical
composition (Table 1) close to the stoichiometric NizAl
compound. In addition, both the matrix and Laves phases
contain a similar amount of constituent elements except
for Ta, which is 19.8 0.2 at.% for the Laves phase but
only 3.5+ 0.3 at. % for the matrix phase, respectively.
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Table 1. Chemical compositions of the constituent phases in the annealed EHEA samples before and after compression at 1073 K.

Phase Ta Co Cr Fe Al Zr
Before compression y 35+03 284+03 26.0+0.4 22.1+£0.2 19.54+0.2 02+£0.1 03+£0.1
L1, 0201 52402 39.3+0.2 45+02 1.0£0.2 2234022 27.2402
Laves 19.8+0.2 27.8+03 17.6+03 1420.1 152402 3940.1 15£02
After compression y 2940.1 25.1£01 259403 23.0£02 206+03 1.8+£0.2 0.740.1
€ 78+0.1 254+03 29.6£0.2 17.7 £0.1 16.6 0.2 2.0£0.1 0.9£0.1
Laves 270402 265403 16.4£0.2 120£03 13.1£02 3201 1.8£0.1
Temporal evolution of the Vickers hardness of the as- 660 -
. : . 1(a)
homogenized samples upon annealing at 873 K is plotted 640 ..
in Figure 3(a). The hardness reaches to 642.0 Hv at 60 h 620 -
. . . Annealed
and saturates with prolonged annealing, the increased ~ 600
hardness values upon annealing could be attributed to = 530.]
the formation of ordered L1, phase in the matrix FCC -
phase because the structure, chemistry, and morphol- 2 i
ogy of the Laves have not changed much upon annealing = il
. . . & 5204
(Figures 1 and 2). Figure 3(b) shows compressive stress- an 1
. . s004 [_, .
strain curves of the as-homogenized and annealed sam- As-homogenized

ples at a temperature of 873-1273 K, respectively. The
stress-strain curves obtained at 873 K terminated imme-
diately after yielding for both samples. This supports a
brittle nature of the EHEAs deformed at temperatures
lower than 873 K. With the compression temperature
increases to 973K, the as-homogenized EHEA under-
goes a softening process without any strain hardening.
Further increase of compression temperature leads to
a more pronounced softening with reduced 0.2 offset
yield strength values. In contrast, although the annealed
EHEA exhibits a similar brittle deformation mode at
873K as compared to that of the as-homogenized case,
the annealed EHEA compressed at 973 K shows a con-
tinuous strain hardening after yielding, which is in sharp
contrast to the as-homogenized sample that shows only
a strain-softening behavior. At the temperature higher
than 973 K, the annealed EHEAs exhibit a similar soften-
ing process as compared to those of the as-homogenized
samples. However, the annealed sample compressed at
1073 K shows significantly higher yield strength value
than that of the as-homogenized one. The summarized
0.2 offset yield strength values vs. compression tempera-
tures for both the as-homogenized and annealed samples
are plotted in Figure 3(d), the annealed EHEA samples
show higher 0.2 offset yield strength values compared to
those of the as-homogenized ones, and the difference in
strength reaches maximum at 1073 K, further increase
of compression temperature leads to convergence of the
yield strength values. This suggests that the annealed
samples are stronger against high-temperature softening
than the as-homogenized counterparts at temperatures
below 1273 K.

The compression yield strength (og2), peak yield
strength (o) and fracture strain (§) of the as-
homogenized and annealed samples are then compared
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Figure 3. (a) Temporal evolution of the Vickers hardness of the as-
homogenized sample annealed at 873 K, (b, ¢) compressive engi-
neering stress-strain curves of the as-homogenized and annealed
EHEAs at 973-1273 K, (d) plot of temperature dependence on 0.2
offset yield strength values.
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Table 2. Compressive yield strength (0 ¢.2), peak yield strength (o) and fracture strain (§) of the as-homogenized and annealed EHEAs

compared with the previously studied EHEAs [11,15,16].

Compression temperature 873K 973K 1073K

Composition (at. %) o092 (MPa) op(MPa) &8 (%) o002 (MPa) o, (MPa) 3 (%) 002 (MPa) o, (MPa) 8 (%)
C022'5Cr22,5 F622_5 Ni22_5Nb10‘0 [1 5] - - - 843 1082 279 535 655 > 50
Al Coz0CryoFezoNizg [16] 1075 1317 29.3 450 622 > 50 417 480 > 50
Nb25M025T825W25 [17] 561 1140 - - - - 552 1283 -
V20NbagMoygTazoWyo [17] 862 1597 13 - - - 846 1509 -
C029'0Cr21.6Fe19_5 Ni23_3Ta3A52r2_4AI0,7 1487 1973 17.7 953 1338 > 50 458 659 > 50

(As-homogenized, this work)
C029'0Cr21,6 Fe19_5 Ni23_3Ta3,5 Zr2_4AI0,7 1622 2069 20.0 1081 1644 > 50 802 1025 > 50

(Annealed, this work)

Figure 4. (a, b, ) Low magnification and (d, e, f) enlarged SEM
BSE images showing post-deformation microstructures of the
annealed EHEA samples compressed at 873, 973, and 1073K,
respectively.

with previously studied EHEAs [11,15,16] and summa-
rized in Table 2. Both the as-homogenized and annealed
samples show concurrent improvement on both yield
strength and fracture strain at 873-1073 K except for the
AlypCo20CraoFezoNiyg EHEA that has a lower strength
but larger fracture strain compared with other reported
EHEAs. This reveals that our EHEA possesses an excel-
lent compressive strength-plasticity balance.

To understand the brittle-to-ductile transition
observed for the EHEA samples with increasing com-
pression temperatures, the samples compressed at 873,
973, and 1073 K were chosen for detailed microstruc-
ture analysis. For the brittlely deformed sample at
873 K, the fractured surface was carefully polished before

SEM observation (Figure 4(a)); while for the ductilely
deformed sample at 973 and 1073 K, the center part of
the samples normal to the compression direction was
observed (Figure 4(b,c)). The observation reveals that
the morphology of the lamellar structure is retained
in the 873 K-compressed sample and cracks within the
elongated Laves phase were frequently observed. As
shown in an enlarged SEM image in Figure 4(d), these
cracks are found to initiate within the Laves phase other
than at phase boundaries. This validates the assumption
that brittle deformation of the as-homogenized HEAs
at 873K is due to the intrinsic brittleness of the Laves
phase. In contrast, the annealed EHEAs compressed at
973 and 1073 K show a completely different morphol-
ogy compared to that of the brittlely deformed case
(Figure 4(b,c)), in which the Laves phases are observed
to be refined and any noticeable cracks are not observed
throughout the samples. Notably, despite similar mor-
phology of the Laves phase is observed in the annealed
samples compressed at 973 and 1073 K, the former
exhibits finer Laves phase with zig-zag interfacial mor-
phology and the latter with well-defined round shape
(Figure 4(e,f)).

Microstructures of the EHEA samples compressed
at 973 and 1073K are further inspected in order to
understand the mechanical behaviors associated with
deformation, particularly the observed enhanced strain
hardening and increased yield strength value of the
as-annealed samples compared to those of the as-
homogenized counterparts are of great interest (Figure
4(b,c)). In the annealed sample compressed at 973K, a
high density of deformation twins are observed by bright-
field (BF) TEM observation in combination with electron
diffraction experiment (inset) (Figure 5(a)) and high-
resolution HAADF-STEM observation (Figure 5(b)).
However, deformation twins are not observed in the
as-homogenized 973 K-compressed sample, in which
only dislocations are observed at the phase bound-
aries between the FCC (inset SAED pattern) and Laves
phases (Figure S2(a,b)). Upon increasing the compres-
sion temperature to 1073 K, the compressed annealed
sample shows a high density of entangled dislocations



Figure 5. Post-deformation microstructures of the annealed
EHEA samples compressed at 973 and 1073 K. (a, c) Bright-field
(BF)-TEM image with inserted SAED patterns; (b, d) HAADF-
STEM image showing a deformation twin and precipitates in the
annealed samples compressed at 973 and 1073 K, respectively; (e)
high resolution HAADF-STEM image showing the structures of the
precipitate and matrix phases; (f) enlarged view showing faulted
111-type planes within the precipitate phase.

without any noticeable deformation twins, as is fur-
ther confirmed by BF-TEM observation as shown in
Figure 5(c). The corresponding SAED pattern (inset)
confirms the presence of weakly ordered L1, phase
along with diffused streaks running through the 111-
type spots and parallel to the <011 > pcc directions,
implying a possible martensitic phase transformation
progresses from the austenite FCC phase. The same area
observed using HAADF-STEM revealed a high density
of disk-shaped precipitates, which align perfectly well
along with the <011 > directions of the matrix phase
(Figure 5(d)), these precipitates are observed to pin dis-
locations strongly at phase interfaces (Figure 5(c)). This
suggests that the high-temperature yield strength of the
1073 K-compressed annealed sample is partly strength-
ened by the disk-shaped precipitates. An example of
the precipitate phase is shown in Figure 5(e), both the
matrix and precipitate phases are confirmed to share
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a fully coherent interface. The corresponding FFT pat-
tern (inset) of the precipitate phase reveals one pair
of diffused streaks, confirming a good match with the
SAED pattern in Figure 5(c). An enlarged view of the
precipitate phase reveals the presence of faulted 111-
type planes and some of them can be viewed as a mix-
ture of austenite (y) and martensitic (¢) phases with
severe lattice distortions (Figure 5(f)). Hereafter, this pre-
cipitate phase is called e-phase. In contrast, no visible
precipitate phases within the matrix can be observed
in the as-homogenized sample compressed at 1073 K
(Figure 2(b,d)), in which only weakly ordered L1, phase
is confirmed from a [011] SAED pattern (Figure 5(e)).
Similar to the post-deformation microstructure of the as-
homogenized sample compressed at 973 K, the 1073 K-
compressed sample exhibits dislocation-pinning at the
Laves/FCC phase boundaries. Apart from the structural
analyses, the chemical compositions of the precipitate,
matrix and Laves phases measured by STEM-EDS (Fig-
ures S3 and S4) are summarized in Table 1. From the
table, the disk-shaped precipitate phase appears to have a
higher amount of Ta (7.8 & 0.1 at.%) than that of the L1,
phase (0.2 £0.1 at.%) in the as-annealed sample.

In this work, we have fabricated an EHEA with good
high-temperature strength-plasticity balance; the EHEA
is composed of the hard Laves and soft FCC phases with
the lamellar structure. Upon annealing at 873 K, the Vick-
ers hardness increased with increasing annealing time
and saturated at 60h with a value of 642.0 Hv. Since
the structure, chemistry and morphology of the Laves
phase have not changed upon annealing (Figures 1 and
2), the increased Vickers hardness could be attributed to
the precipitation of L1, ordered (Ni, Zr, M)3Al (where
M = Co, Cr, Fe, and Ta) phase from the FCC matrix
(Figure 2(c)). The L1, ordering involves with local rear-
rangement of atomic species due to the strong affin-
ity (or negative mixing enthalpy) between Al and the
rest of constituent elements [17,18]. As the L1, order-
ing nearly completed, saturation of Vickers hardness was
observed (Figure 3(a)). The difference in the degree of
L1, ordering between the as-homogenized (Figure 2(b))
and annealed EHEAs (Figure 2(c)) contributed to the
0.2 offset yield strength differences of the EHEA samples
compressed at 873K and 973 K because the compres-
sion temperatures are close to the annealing temperature
(873 K) and the strong chemical L1, ordering was pre-
served in the annealed sample (Figure 5(a)) but not in the
as-homogenized counterpart (Figure S2(d)). The pres-
ence of the ordered L1, nanophase in the FCC matrix
is expected to increase local lattice friction stress for
dislocation motion, which in turn favors the formation
of deformation twins because dislocation and twinning
are two competitive modes and both are highly stress



466 (&) L.HANETAL.

dependent [19]. The twin formation also explains the
enhanced strain hardening for the annealed sample com-
pared to that of the as-homogenized one, in which L1,
phase was not formed after compression (note the time
for heating, keeping and compression is less than 300s
and this time is significantly shorter compared with the
time required for the formation of L1, phase, which
is 36h at 873 K). The continuous strain hardening via
deformation twinning at 973K is expected to increase
local stress concentration at the FCC (L1,)/Laves phase
interface, which promotes refinement of the Laves phase
(Figure 4(e)).

With compression temperature further increased to
1073 K, precipitation of a high density of weakly ordered
Ta-containing € precipitates took place (Figure 5(c-f))
due to the enhanced atomic diffusion compared to those
of the samples compressed at 873 and 973 K. How-
ever, such a high density of Ta-containing € precip-
itates was not observed in the as-homogenized sam-
ple compressed at 1073 K (Figure S2(b,d)], suggesting
that the time for heating and compression, was insuf-
ficient to precipitate the Ta-containing € phase, dur-
ing which rejection of Al and Zr and gaining of Ta,
Co, Cr, and Fe from the L1, phase occurred (Table 1).
This delayed precipitation in the as-homogenized sam-
ple explains the significantly smaller yield strength value
compared to that of the annealed sample as shown in
Figure 3(b).
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