Taylor & Francis
Taylor & Francis Group

Materials
IEEEelsM |\ aterials Research Letters

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

Cryogenic-deformation-induced phase
transformation in an FeCoCrNi high-entropy alloy

Qingyun Lin, Junpeng Liu, Xianghai An, Hao Wang, Yong Zhang & Xiaozhou
Liao

To cite this article: Qingyun Lin, Junpeng Liu, Xianghai An, Hao Wang, Yong Zhang & Xiaozhou
Liao (2018) Cryogenic-deformation-induced phase transformation in an FeCoCrNi high-entropy
alloy, Materials Research Letters, 6:4, 236-243, DOI: 10.1080/21663831.2018.1434250

To link to this article: https://doi.org/10.1080/21663831.2018.1434250

8 © 2018 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

ﬁ Published online: 22 Feb 2018.

N
CJ/ Submit your article to this journal &

||I| Article views: 8805

A
& View related articles &'

7B\
@ View Crossmark data &'

@ Citing articles: 84 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=10.1080/21663831.2018.1434250
https://doi.org/10.1080/21663831.2018.1434250
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/10.1080/21663831.2018.1434250?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2018.1434250?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2018.1434250&domain=pdf&date_stamp=22%20Feb%202018
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2018.1434250&domain=pdf&date_stamp=22%20Feb%202018
https://www.tandfonline.com/doi/citedby/10.1080/21663831.2018.1434250?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/21663831.2018.1434250?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=tmrl20

MATER. RES. LETT,, 2018
VOL. 6, NO. 4, 236-243
https://doi.org/10.1080/21663831.2018.1434250

%® MATERIALS

RESEARCH LETTERS

Taylor & Francis
Taylor & Francis Group

ORIGINAL REPORT

8 OPEN ACCESS

Cryogenic-deformation-induced phase transformation in an FeCoCrNi

high-entropy alloy

Qingyun Lin?%, Junpeng LiuP, Xianghai An®*, Hao Wang?, Yong Zhang® and Xiaozhou Liao?*

aschool of Aerospace, Mechanical and Mechatronic Engineering, The University of Sydney, Sydney, Australia; °State Key Laboratory for
Advanced Metals and Materials, University of Science and Technology Beijing, Beijing, People’s Republic of China

ABSTRACT

An FeCoCrNi high-entropy alloy (HEA) was deformed at ambient temperature and cryogenic temper-
atures down to 4.2 K. Phase transformation from a face-centered cubic (FCC) structure to a hexagonal
close-packed (HCP) structure occurred during cryogenic deformation. Lowering the temperature
promotes the transformation. Atomic-scale structural characterisation suggested that the forma-
tion of the HCP structure was achieved via the glide of Shockley partial dislocations on every other
{111}gcc plane. Due to the kinetic limitation, the occurrence of this transformation was limited even
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though theoretical investigations predicted lower free energy of the HCP phase than that of the FCC

phase in the HEA.

IMPACT STATEMENT

Atomic-scale FCC-to—-HCP transformation was revealed in an FeCoCrNi high-entropy alloy during
cryogenic-temperature deformation. The transformation was restricted due to the kinetic limitation.

1. Introduction

High-entropy alloys (HEAs), referred to entropy-stabil-
ized solid solution alloys with multi-principal elements
having approximately equiatomic concentrations, have
triggered substantial research interest in the last decade
[1-4]. Due to the tremendous compositional variabil-
ity of HEAs, their configuration entropy can be sophis-
ticatedly engineered to stabilise a single solid solution
state [1-4]. Therefore, HEAs usually exhibit a single-
phase structure with high symmetry including face-
centered cubic (FCC) [5-7], body-centered cubic (BCC)
[8-10] and hexagonal close-packed (HCP) structures
[11-13]. The heavy lattice distortion and the sluggish dif-
fusion induced by mixing multiple elements enable HEAs
to possess exceptionally high structural stability and
excellent mechanical properties [1-4]. For example, the
FeCoCrNiMn HEA maintains its single FCC structure

over a large temperature range from cryogenic tempera-
tures up to the melting temperature without phase trans-
formation [5]. In addition, exceptional combination of
mechanical properties under various temperatures was
achieved in this alloy, including outstanding cryogenic
fracture toughness due to the occurrence of deformation
nanotwinning [5,6,14,15].

It was generally proposed that maximised configura-
tional entropy could be the main reason for the single-
phase stability of HEAs [1-4]. However, this type of
entropy is only one of the factors contributing to the
Gibbs free energy that plays the crucial role in the phase
formation and phase stability. By recourse to a finite-
temperature ab initio method, the significance of the
formation enthalpy and other entropy contributers in the
formation of these single-phase solid solutions has been
essentially identified [16]. Therefore, the originally strict
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HEA rule regarding single-phase stability can be thermo-
dynamically relaxed. This increasingly catalyzes the novel
HEA design strategy to introduce twinning-induced
plasticity (TWIP) [17] and transformation-induced plas-
ticity (TRIP) effects [18-20] into HEAs through the
optimisation of their stacking fault energy (SFE) via
tuning their chemical compositions and concentrations.
For example, a FeqoMn49Co;0Crio HEA was developed
that expands the nanotwinning deformation behaviour
from cryogenic temperatures to ambient temperature
[17], while FesoMn3pCo19Crjp with a dual-phase (FCC
and HCP) structure demonstrates TRIP-assisted excel-
lent strength-ductility combination [18].

Apart from the compositional complexity of HEAs,
their high structural stability was apparently challenged
when various extreme processing and deformation con-
ditions were imposed. The decomposition of FeCoCrN-
iMn HEA occurred after long-term annealing at interme-
diate temperatures [21,22]. The polymorphic transition
from FCC to HCP in this HEA was detected during com-
pression at high pressure but the atomic mechanism of
the transformation remains unknown [23,24]. In addi-
tion, finite temperature ab initio simulations proposed
that the HCP structure in FeCoCrNiMn HEA may have
the lowest free energy at room temperature, compared
with its FCC and BCC counterparts [16]. The ab initio
calculations also predicted the occurrence of the HCP
phase at cryogenic conditions by estimating the temper-
ature dependent SFE of this HEA [25]. However, the
predicted HCP phase in HEAs is still seldom observed
at ambient pressure and cryogenic temperatures. In this
letter, we report cryogenic-deformation-induced phase
transformation from FCC to HCP in an FeCoCrNi HEA
and reveal the atomic-scale mechanism of the trans-
formation. This polymorphic phase transformation is
significant scientifically, for the comprehensive under-
standing of the deformation behaviour and phase stabil-
ity of HEAs, and technologically, for guiding the design
of HEAs with advanced mechanical properties [26].

2. Experimental details

The equiatomic FeCoCrNi alloy was produced by vac-
uum induction levitation melting of the constituent ele-
ments with at least 99.9 wt% purity in high-purity argon
atmosphere. The ingot was melted at least three times to
improve the chemical homogeneity and then annealed at
1373 K for 20 h, followed by hot-forged at 1473 K for six
times [27]. The as prepared FeCoCrNi HEA is a single-
phase FCC solid solution with an average grain size of
~ 13 um and compositional homogeneity [27]. Tensile
tests were carried out using specimens with gauge dimen-
sions of 15mm x 3 mm x 1.7 mm at a strain rate of 10~>
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s~! and 293 K (the ambient temperature), 77 K (the lig-
uid nitrogen temperature) and 4.2 K (the liquid helium
temperature) in a MTS-SANS CMT5000 universal test-
ing machine. All the samples were deformed to fracture.
Uniform tensile strain of ~0.63, ~0.78 and ~0.62 at
the three temperatures, respectively, was achieved imme-
diately before necking and fracture [27]. Plan-view speci-
mens for transmission electron microscopy (TEM) char-
acterisation were taken from the uniformly deformed
regions (i.e. away from the necking areas). The TEM
specimens were mechanically ground to a thickness of
~ 100 pm, and then thinned by a twin-jet method using
a Struers TenuPol-5 jet electropolishing unit and a solu-
tion of 6 vol. % perchloric acid in methanol under an
operating voltage of 20V at —30°C. TEM, high resolu-
tion TEM (HRTEM) and high-angle annular dark-field
(HAADF) scanning TEM (STEM) observations were
conducted to characterise post-deformation microstruc-
tures using a JEOL 3000F TEM operating at 300 kV and a
JEOL ARM200F aberration-corrected TEM operating at
200kV.

3. Results and discussion

Typical microstructures of the HEA after tensile defor-
mation at 293K, 77K and 4.2K, were exhibited in
Figure 1(a—c), respectively, while the corresponding
selected area electron diffraction (SAED) patterns were
shown in Figure 1(d-e). It is clear that the plastic
deformation at ambient temperature was dominated
by dislocation activities, as shown in the TEM image
of Figure 1(a) and the SAED pattern of Figure 1(d),
although a small amount of deformation twins also
formed [28]. Similar to that in an FeCoCrNiMn HEA
[5,28], the dislocation structure, which was planar at low
strains, has reorganised into loose dislocation cells at
large strains, as marked by arrows in Figure 1(a). When
the HEA was deformed at 77K and 4.2K, the promi-
nent microstructure morphologies were mainly sculp-
tured by extensive deformation twinning activities, as
illustrated in Figure 1(b,c) respectively. The correpsond-
ing SAED patterns of Figure 1(e,f) reveal two sets of
diffraction spots belonging to deformation twins and
the matrix. Comparision of Figure 1(b,c) indicates that
twin thickness decreases with lowering the deformation
temperature. However, the total amount of deforma-
tion twins increases with lowering temperature, as evi-
denced by the increased intensity of the twin diffraction
spots in Figure 1(f). Also, multiple intersecting twins
were observed more frequently in the sample deformed
at 42K than in the sample deformed at 77 K. There-
fore, in parallel with previous studies [5,28], lowering the
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Figure 1. (a—c) Bright-field TEM images and (d—f) corresponding electron diffraction patterns along the [110] zone axis of the FeCoCrNi

HEA after tensile deformation at 293 K, 77 Kand 4.2 K, respectively.

deformation temperature essentially promotes deforma-
tion twinning in HEAs.

Apart from the formation of profuse nanotwins and
stacking faults as shown in Figure 2(a), an HCP struc-
ture in the form of thin layers also formed as evidenced
by weak diffraction streaks pointed by two arrows in
the inset SEAD pattern, implying FCC-to-HCP phase
transformation in the FeCoCrNi HEA when deformed
at 77K. The HRTEM image in Figure 2(b) clearly
indicated the formation of an HCP phase with the
ABAB stacking sequence. Based on the SAED pattern,
the orientation relationship between the two phases is
(110)pcc//(1120)gep and {111}gcc//(0001) cp, which is
the same as that observed in a medium-entropy CoCrNi
alloy [29] and an FeCoCrNiMn HEA [23,24]. However,
unlike the HCP structure formed within the nanotwin
leading to nanotwin-HCP lamellar composite structure
in CoCrNi [29], the formation of HCP stacking in the
current alloy seems not to be necessarily along any twin
boundary.

As mentioned above, when the alloys was deformed at
extremely low temperature of 4.2 K, a higher density of
nanotwins and stacking faults was detected, as exhibited
in Figure 3(a). Additionally, the amount of the HCP phase
also increased although the tensile strain of the sample
deformed at 4.2 K was slightly lower than that at 77K,
which is demonstrated by the stronger and separated
(1100)ycp diffraction spots in Figure 3(b). According to
the SAED pattern containing the FCC and HCP phases,
their lattice parameters were approximately calculated

as follows. The longitudinal planar boundary between
the two phases is the {111}rcc/(0001)ycp, ie. a close
packed plane in the FCC lattice and the basal plane of
the HCP structure, and then the atomic planar spacing
of the {111}pcc is identical to that of (0001)ycp, which
is averaged to be 0.202 nm from measuring in more than
ten SAED patterns such as that in Figure 3(b). Thus, arcc
and cycp were calculated to be 0.350 nm and 0.404 nm,

respectively. Based on djj00HCP =1/ 4/3atcp =

(v/3/2)ancp and the measured d (i100)HCP = 0.214nm,
apcp is determined to be 0.247 nm. Therefore, the exper-
imental lattice constants of FCC and HCP FeCoCrNi
agree very well with those obtained via ab initio sim-
ulations (apcc = 0.349 nm, aycp = 0.249 nm, cycp =
0.398 nm) [30]. In some local regions, a large amount of
HCP stacking with the two-layer period was observed,
as marked by ellipses in Figure 3(c). The high resolu-
tion HAADF STEM image in Figure 3(d) was obtained
in another area to reveal the atomic structure of HCP,
indicating 8 atomic layers of HCP lamellae bounded by
the FCC structure. Although lowering deformation tem-
perature promotes the FCC-to-HCP transformation, the
total amount of HCP phase in the whole sample is still
not significant, which makes it extremely challenging to
quantifiy the volume fraction of the HCP phase.

Figure 4(a) shows a typical high-resolution HAADF
STEM image of an FCC/HCP interfacial region viewed
along the [110]gcc//[1210]ycp direction, which was
taken from the same sample of Figure 3. Clearly, HCP
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Figure 2. (a) A bright-field TEM image and a corresponding [110] electron diffraction pattern in the sample deformed at 77K; (b) an

HRTEM image including the ABAB HCP stacking sequence.

laths formed via the glide of Shockley partial dislocations
with Burgers vectors of (112) /6 on every other {111}rcc
planes. It should be mentioned that the Burgers vectors of
those Shockley partials may not be the same. In the tran-
sitional zone, two adjacent Burgers circuits were drawn
and the nature of the partials was identified to be a 30°
Shockley partial and a 90° Shockley partial. In fact, there
are three types of Shockley partials on each {111}pcc
plane. Although it is not possible to differentiate stacking
faults caused by the motion of all the three types of Shock-
ley partials [31], the components of the Burgers vectors of
these partials along (110)pcc direction are different. In
addition to a single type of HCP stacking in Figures 3(d)
and 4(a), two kinds of stacking sequences can coexist.
Figure 4(b) presents an example, in which a 12-layer HCP
lamella comprises a 6-layer ABAB stacking and a 6-layer
ACAC stacking. It is well known that an FCC struc-
ture with the ABC stacking sequence can be transformed
into an HCP structure with the AB stacking sequence
via the correlating glide of Shockley partials shearing the
FCC matrix on every other {111} plane. However, when
the gliding of one Shockley partial occurred on an adja-
cent {111} plane, the stacking sequence of subsequent

HCP lattice changes, leading to the coexistence of two
kinds of HCP stacking sequences. As schematically illus-
trated in Figure 4(c), every horizontal line represents the
gliding of one Shockey partial and the gliding of the illus-
trated 6 partials would transform 12 layers of FCC into
6-layer ABAB stacking and 6-layer ACAC stacking, just
as detected in Figure 4(b).

Based on the nature of FCC and HCP lattices, the
HCP structure can be readily transformed locally from
the FCC structure by introducing stacking faults [23,31].
Therefore, the SFE of materials, which represents the
energy associated with interrupting the normal stacking
sequence of a crystal plane [32], plays a significant role
in the FCC-to-HCP transformation. Very small or neg-
ative SFE has been regarded as the crucial indicator of
TRIP phenomena, while a low SFE (~20-25mJm~2)
of FeCoCrNi HEA has been confirmed experimentally
[33] and theoretically [30,34]. Recently ab initio calcula-
tions predicted a large positive temperature dependence
of the SFE of HEAs and proposed that the SFE of the cur-
rent alloy is negative at 0K [25,30]. Therefore, lowering
the deformation temperature significantly promotes the
occurrence of this polymorphic phase transformation,
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Figure 3. (a) A bright-field TEM image in the specimen deformed at 4.2 K; (b) corresponding electron diffraction pattern along the [110]
zone axis; () a bright-field TEM image in a local region showing a large amount of the HCP phase as indicated with red ovals; (d) a HAADF

STEM image including 8 layers HCP stacking.

especially when the temperature is down to 4.2K. In
addition, theoretical investigations have revealed that the
HCP structure is more stable than the FCC structure
due to the low free energy [16,30,32]. All these results
manifest that the formation of the HCP structure in the
FCC structure is energetically favourable and it should
occur extensively at low temperatures although external
thermal or mechanical stimulation is needed to over-
come the transformation barrier. However, in experi-
ments at ambient pressure, the HCP structure has not
been observed so far in the FeCoCrNiMn HEA, whose
SFE is even slightly lower than that of FeCoCrNi HEA
[33,34], either at room temperature or at cryogenic tem-
peratures down to 77 K. The volume fraction of the HCP
phase in a medium-entropy CoCrNi alloy, whose SFE
was also determined to be negative at 0 K [30], was esti-
mated to be around only ~ 3% in samples deformed
to 53% true tensile strain at 77 K [29]. In the current
study, the quantity of the HCP phase is still not sig-
nificant in the whole sample even at the extremely low
temperature of 4.2 K, although a high density of HCP thin
layers can be detected in some local areas, which may

due to the high stress/strain localisation and need further
investigations.

The difference about the FCC-to-HCP transforma-
tion in HEAs between experimental and theoretical
investigations suggests the kinetic limitation of phase
transformation under experimental conditions. In fact,
the free energies of different crystal structures deter-
mined using ab initio calculations are related to thermo-
dynamic ground state only [16]. However, the deforma-
tion behaviour of materials including dislocation gliding,
deformation twinning and phase transformation is pre-
dominantly governed by the entire generalised stacking
fault energy (GSFE) curve (y-surface) [35,36]. It was
suggested that the y-surface of HEAs might be sophis-
ticated due to the compositional complexity, which hin-
ders kinetically the phase transformation [16,34]. More-
over, the formation of short-range order in the mas-
sive solid solutions, reflected by the large friction stress,
also affects the phase transformation since additional
energy is required for the movement of Shockley partials
to break the ordered region [5]. Details of the mecha-
nism behind the difficulty of the displacive FCC-HCP
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Figure 4. (a) A [110]rcc//[1210]cp high-resolution HAADF STEM image exhibiting FCC transforming to HCP; (b) a high-resolution
HAADF STEM image illustrating 12 layers of HCP stacking including ABAB and ACAC sequences; (c) Schematic illustration of the phase
transformation mechanism from 12-layer ABC stacking to 6-layer ABAB and 6-layer ACAC stacking.

phase transformation in HEAs even at cryogenic tem-
peratures need to be further investigated. Nevertheless,
the formation of the HCP phase should be beneficial
for the improvement of strength and work hardening
behaviour by restricting dislocation slip and accommo-
dating plastic strains [18,29]. Although applying high-
pressure seems to be more powerful to promote the

transformation than lowering the temperature [23,24],
pressure and temperature are essential parameters that
can induce the polymorphic transformation by alter-
ing the atomic and/or electronic structures. Therefore,
the combination of high pressure and low tempera-
ture can be employed to manipulate the microstruc-
tures and phases of HEAs to precisely control their
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mechaincal properties and then broaden their potential
applications.

4. Conclusions

The cryogenic-deformation-induced phase transforma-
tion from the FCC structure to the HCP structure in an
FeCoCrNi HEA was observed. Atomic-scale investiga-
tion revealed that the HCP phase formed via the glide
of Shockley partial dislocations on every other {111}pcc
plane. Lowering the deformation temperature promotes
the phase transformation. The complex y-surface and
the formation of short-range order, both of which orig-
inate from the compositional complexity of HEAs, can
kinetically hinder the transformation. These discoveries
enliven and enrich our understanding of the deforma-
tion behaviour and phase stability of HEAs at cryogenic
temperatures.
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