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Mechanically-induced martensitic transformation can be a double-edged sword: depending on
composition and processing history it can either lead to various beneficial mechanical effects (e.g.
transformation-induced plasticity, transformation-toughening), or induce local brittleness and damage
nucleation. While several corresponding guidelines are presented in steels research, controlling micro-
structure metastability has not drawn sufficient attention in the quick-emerging field of high-entropy
alloys. In the present work, we investigated the damage mechanisms of a mechanically metastable
Fe45Mn35Co10Cr10 high-entropy alloy under uniaxial tensile loading. Our integrated in-situ scanning
electron microscopy/electron backscatter diffraction experiments revealed a two-fold effect of the highly
localized strain, induced by asynchronously transformed martensite, leading to boundary damage
nucleation and dissimilarly oriented martensitic variant formation. The latter suppresses slip transfer
between adjacent grains, further expediting the growth of the nucleated damage incidents. Based on
these experimental observations and corresponding theoretical calculations, we discuss the underlying
mechanisms and propose a sequence of micro-events that create the observed phenomena.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

High-entropy alloys (HEAs), or complex concentrated alloys
(CCAs) have aroused considerable research interest ever since their
first discovery over a decade ago [1e3]. Based on the original
thermodynamic hypothesis that the maximization of configura-
tional entropy can suppress the formation of brittle intermetallic
compounds, numerous heavily alloyed single-phase equiatomic
HEAs have been developed through compositional design or novel
processing techniques [4e6]. Yet, in recent years, it has been
recognized from both experimental and computational perspec-
tives that the maximization of configurational entropy is not a
priori criterion to achieve single-phase solid solution microstruc-
ture [7,8]. This dramatically stimulated the innovation of advanced
HEAs in a broader compositional space: by loosening the equia-
tomic constraint, non-equiatomic [9e11], precipitation strength-
ened [12e14], and lately interstitial atom-doped HEAs [15e17] have
been successfully developed with improved mechanical properties.

More importantly, the expanded compositional space has also
Elsevier Ltd. All rights reserved.
paved a way for designing metastable HEAs [18]. Li et al. [19] re-
ported that both the thermal and mechanical stability of the face-
centered cubic (FCC) austenitic phase can be well manipulated by
optimizing the Fe/Mn ratio in FeMnCoCr HEAs. The resultant
dominant deformation module can also be tuned amongst dislo-
cation glide, mechanical twinning, and strain-induced martensitic
transformation. This sort of metastable alloy deign strategy has
enabled a unique combination of the intrinsic massive solid solu-
tion strengthening effect from HEAs and the enhanced work-
hardenability from strain-induced martensitic transformation,
which improves the mechanical performances to a significant
extent. Following this metastability engineering concept, Huang
et al. [20] have developed transformation-induced plasticity (TRIP)-
assisted TaHfZrTi body-centered cubic (BCC) HEAs that overcome
the ambient temperature brittleness dilemma and achieve a
desirable balance between strength and ductility.

The FeMnCoCr alloy exhibited some characteristics of the binary
Fe-Mn based alloys. In the latter, two typical strain-induced
martensitic transformation pathways have been well recognized
in the literature [21,22]: (1) FCC austenite (g) / hexagonal closed
packed (HCP) martensite (ε); and (2) FCC austenite (g) / hexag-
onal closed packed (HCP) martensite (ε) / body-centered tetrag-
onal (BCT) martensite (a’). As has been reviewed by Chowdhury
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et al. [23], the Mn content plays a key role in dominating the
transformation pathway: the first type of transformation takes
place in Fe-Mn-based alloys that exhibit a higher Mn content of
15e30wt. %, while the second type of transformation occurs in
medium Mn content (5e12wt. %) alloys. In the present work, we
will focus our scope on the former type of transformation.

According to the phenomenological theories proposed by Olson
and Cohen [24e26], the strain-induced FCC-austenite to HCP-
martensite transformation is accomplished by the shear of Shock-
ley partial dislocations along every other {111} plane of the parent
austenitic phase. Numerous studies have then focused on the
thermodynamics [22,27,28], kinetics [28,29], and crystallography
[30,31] of such a transformation. More recent literature also reflects
the trend of exploring deformation mechanisms together with
defect evolution. High-resolution in-situ characterization tech-
niques are critical for this purpose [23], especially when electron
backscatter diffraction (EBSD) and electron channeling contrast
imaging (ECCI) techniques can be combined. Wang et al. [32] clar-
ified the interactive effect of twinning and strain-induced
martensitic transformation in a carbon-doped Fe-Mn-based HEA.
They observed the intrinsic stacking faults-assisted nucleation
mechanisms of the strain-induced HCP-martensite and demon-
strated the grain-size dependent mechanical stability. Recently,
Arabi-Hashemi et al. [33] employed high-resolution EBSD in their
investigation of variant growth mechanisms in an Fe-Mn-Si-based
bi-crystal alloy under uniaxial compressive stress. They reported
that the formation of a dissimilarly oriented HCP-martensite
variant mostly resulted from the highly localized shear stress.

Compositional or microstructural inhomogeneity ascribed to
thermo-mechanical processing and phase transformations have
beenwell-documented to strongly influence the damagemodule of
metallic alloys under external loading [34,35]. In the former case,
impurity atom segregation such as hydrogen, sulfur, and phos-
phorus have been proved to weaken local atomic bonding, giving
rise to catastrophic failure caused by grain boundary decohesion
[36,37]. While in the latter situation, microstructural in-
homogeneity resulting from the strain-induced FCC-austenite to
HCP-martensite transformation can also lead to the similar damage
module [23,38]. In fact, owing to the strain hardenability difference
between FCC andHCP phases, interfacial decohesion failuremodule
has been widely highlighted in ferrous-based alloys. Koyama et al.
[39] examined the fracture mechanisms of an Fe-Mn-C alloy at
various temperatures under tensile loading. From post mortem
microscopy and topography observations, they demonstrated that
the principal crack initiated at the intersected regime between
HCP-martensite and annealing twin boundary which resulted in
quasi-cleavage fractography [40]. In a more recent work, Lee et al.
[41] reported that the fracture surface of Fe-Mn-Si-C alloys
exhibited both dimple and quasi-cleavage characteristics, sug-
gesting that the formation of HCP-martensite was the origin of
brittle-like fracture under tensile stress. While these classical post
mortem analyses on fracture surface or cross section have brought
about qualitative explanations of damage incidents, challenges still
remain in (1) providing a quantitative assessment of damage evo-
lution characteristics; (2) interpreting the role of crystallographic
orientation differences in the damage process; and (3) synchronous
monitoring of both phase transformation and morphological evo-
lution. To overcome these shortages, there have been investigations
of utilizing continuum mechanics-based simulation and modeling
protocols to decipher the damage behavior [42,43]. However, the
complexity in phase constituents and microstructural characteris-
tics with respect to various deformation levels hinders the devel-
opment of reliable constitutive laws. To date, systematic studies of
the role of strain-induced HCP-martensite formation in the micro-
scale damage mechanisms are absent.
In the present study, with the aid of in-situ scanning electron
microscopy (SEM) and EBSD analyses, we aim to clarify the damage
mechanisms of a mechanically metastable Fe45Mn35Co10Cr10 high-
entropy alloy under uniaxial tensile loading. We reveal that the
highly localized incompatible strain caused by the asynchronously
transformed HCP-martensite dominates the whole cracking pro-
cess in two respects: first, it facilitates the nucleation of microvoids
that initiate crack propagation along grain boundary; second, it
activates the formation of a dissimilarly oriented HCP-martensite
variant that suppresses slip transfer between two adjacent grains.
2. Experimental procedure

2.1. Alloy fabrication

The mechanically metastable HEA with a nominal composition
of Fe45Mn35Co10Cr10 (at. %) was fabricated from pure metals in a
vacuum induction furnace. The as-cast ingot was hot-rolled at
900 �C to 50 % thickness decrease, and after being homogenized at
1200 �C for 2 h, it was subsequently water quenched to room
temperature during which a thermally-induced partial martensitic
transformation has taken place.
2.2. In-situ mechanical testing

Rectangular dog-bone-shaped specimens with gauge dimension
of 6.5�2.5�1mm3 were prepared for the uniaxial tensile experi-
ment via electrical discharged machining (EDM). They were sub-
jected to mechanical grinding on a series of SiC papers and then
polished by using diamond suspension with particle size down to
1 mm together with 40 nm SiO2 oxide polishing suspension (OPS).
All the polished specimens were ultrasonically cleaned in acetone
bath before testing. Fractured specimens for cross-sectional ana-
lyses were prepared following the same procedure. The in-situ
uniaxial tensile experiment was conducted at ambient tempera-
ture in a TESCAN MIRA 3 SEM equipped with an EDAX Hikari EBSD
camera and an Orientation Imaging Microscopy (OIM) data-
collection software. In-situ EBSD diffraction data were acquired
under 20 kV high voltage with 19.00mm working distance and a
step size of 1.5 mm (scanning area 270�270 mm2). The loading speed
was controlled down to 0.1mm/min by a Gatan MTEST2000 micro-
mechanical testing system. Both microstructural and crystallo-
graphic characteristics of the selected area were recorded by
interrupting the tensile deformation process.
3. Results

3.1. Non-deformed microstructure and uniaxial tensile properties

Owing to the thermally-induced partial martensitic trans-
formation, the Fe45Mn35Co10Cr10 HEA exhibits a dual-phase
microstructure with 88 % of FCC-austenitic phase and 12 % of
HCP-martensitic phase (Fig. 1 (c)). Further EBSD and SEM analyses
reveal that after hot-rolling and homogenization, the grain
morphology demonstrates a quasi-equiaxed geometry with an
average grain size of 45 mm (Fig. 1 (a) and (b)). As shown in the
ambient temperature engineering stress-strain curve in Fig. 1 (d),
the Fe45Mn35Co10Cr10 HEA displays a desirable balance between
strength and ductility: with ultimate tensile strength reaching
about 579MPa while preserving a fracture elongation of 54 %
(measured by Gatan MTEST2000 micro-mechanical stage coupled
with digital image correlation technique, details see supporting
information).



Fig. 1. Non-deformed microstructure and uniaxial tensile behavior of the mechanically metastable Fe45Mn35Co10Cr10 HEA: (a) BSE image of grain morphology; (b) inverse pole
figure with image quality (IQ) value overlapped; (c) phase map with IQ value overlapped; (d) engineering stress-strain curve.
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3.2. Plastic deformation and damage characteristics

In the present HEA, due to the comparatively low stacking fault
energy, strain-induced FCC-austenite to HCP-martensite trans-
formation acts as the primary deformation module at lower global
stress levels. Similar to the well-established TRIP mechanism in
advanced high-strength steels [44,45], this sort of transformation
accommodates the plastic strain and simultaneously leads to the
creation of FCC/HCP phase boundaries which further suppresses
dislocation glide, leading to an enhanced strain hardening capa-
bility. At higher global stress levels, it has also been demonstrated
that dislocation plasticity was also activated within both FCC and
HCP phases [19]. As a result of the strain-induced martensitic
transformation and the massive solid solution strengthening effect,
the mechanically metastable Fe45Mn35Co10Cr10 HEA exhibits an
excellent resistance to plastic instability: necking is delayed to
occur only at an extensive global strain level (Fig. 1 (d)).

The cross-sectional backscattered electron (BSE) micrograph of
the fractured specimen in Fig. 2 (a) shows that a high density of
microcracks exists in the necking regime, indicating a superior
damage resistance of the Fe45Mn35Co10Cr10 HEA. In terms of
morphology, the observed microcracks can be classified into two
categories: (1) cracks with a relatively large aspect ratio and sharp
tips (Fig. 2 (b)); and (2) near ellipse-shaped cracks with an inclusion
particle at the middle (Fig. 2 (c)). From a mechanistic perspective,
such morphological distinctions clearly indicate that both bound-
ary decohesion-induced and inclusion-induced cracking exist in
the present HEA. The corresponded SEM micrograph of fracture



Fig. 2. SEM micrographs for fracture morphologies after uniaxial tensile testing: (a) fracture cross-section; (b) boundary decohesion-induced microcracks; (c) inclusion-induced
microcracks; (d) fracture surface; (e) dimple-free tearing ridges; (f) quasi-equiaxed dimples.

S. Wei et al. / Acta Materialia 168 (2019) 76e86 79
surface in Fig. 2 (d) displays typical ductile fracture characteristics.
At higher magnifications, two types of fracture characteristics can
be clearly observed: (1) comparatively smooth and dimple-free
tearing edges (Fig. 2 (e)); and (2) quasi-symmetric dimples with
some of which containing spherical inclusions (Fig. 2 (f)).

Fig. 3 presents a quantitative assessment of the evolution of
damage area fraction, number of cracking incident, and average
crack size along the loading direction for both types of cracking
features. In order to better interpret the damage evolution ten-
dency, the uniform elongation regime has been divided into six
equi-area subsections (denoted as (i)-(vi) in Fig. 2 (a)) by setting the
Fig. 3. Damage evolution characteristics for inclusion-induced and boundary decohesion-in
crack size.
necking regime area as a reference unit value. As demonstrated in
Fig. 2 (a) and (b), a number of 29 boundary decohesion-induced
microcracks is observed within the necking regime, contributing
to 0.69 % of the total area. While in contrast, only 15 inclusion-
induced cracking events exist within the necking regime, exhibit-
ing a comparatively lower area fraction of 0.17 %. Outside the
necking regime, the number of boundary decohesion-induced
microcracks exhibits a significant decrease and the corresponded
area fraction also demonstrates a similar tendency. However, the
quantity of the inclusion-induced microcracks maintains a com-
parable value to that of the necking regime, and their total area
duced cracking modules: (a) area fraction; (b) number of cracking incident; (c) average
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fraction varies within the range of 0.10e0.20 %. In terms of the
average crack size evolution (calculated by utilizing the raw data in
Fig. 3 (a) and (b)), the boundary decohesion-induced microcracks
possess an average size of approximately 30.0 mm2 within the
necking regime, which is significantly larger than that of the
inclusion-induced ones (about 14.5 mm2). However, the boundary
decohesion-induced microcracks exhibit a sharp decrease in their
average size outside the necking regime, while in contrast, only
small variations exist in the average size of the inclusion-induced
microcracks. In the light of the distinctions in damage evolution
characteristics and fracture morphologies, it can be concluded that
even though two types of cracking event co-exist during defor-
mation, it is the boundary decohesion-induced microcracks that
dominate the eventual fracture process.
3.3. In-situ SEM/EBSD analyses

In order to clarify the mechanisms for boundary decohesion-
induced cracking, in-situ SEM/EBSD analyses were conducted for
a selected area of interest. Fig. 4 presents the in-situ BSE/EBSD
micrographs of the Fe45Mn35Co10Cr10 HEA at various tensile states
with corresponded engineering stress-strain curves inserted. As
confirmed from the in-situ EBSD measurement (Fig. 4 (a1)), the
monitored regime completely consists of FCC-austenite phase at
undeformed state, and it undergoes elastic deformation until the
global stress level exceeds 160MPa (Fig. 4 (a2) and (b)). At such a
stress level, the incipience of plasticity can be observed within the
upper grain (darker contrast) in the form of parallel slip steps (Fig. 4
(b)), while in the lower grain (brighter contrast), no evident trait of
slip steps exists. However, a relatively narrow line with an even
brighter contrast appears at the middle of the grain, which is later
proved to be the onset of the strain-induced martensitic trans-
formation. As the stress level increases to approximately 300MPa
(Fig. 4 (c)), clear traits of martensitic formation appear in the lower
grain. Three microvoids (marked with pink arrows) nucleate at the
intersected regimes between the martensite and grain boundary.
Fig. 4. In-situ EBSD/BSE analyses of the selected regime at different deformation states with
map corresponds to (a2); (d1) IPF and IQ overlapped map corresponds to (d2).
The martensitic transformation features of the upper grain show
significant differences at the grain boundary compared to its inner
part: a large amount of martensitic regions are observed near the
grain boundary, while only very thin martensite (thickness close to
slip steps) forms inside the grain. When the global stress further
increases to about 400MPa, the nucleated martensite within both
the lower and upper grain undergoes an evident thickness increase
(Fig. 4 (d1) and (d2)). Further EBSD analysis (Fig. 4 (d1)) reveals that
a dissimilarly oriented HCP-martensite variant nucleates along the
upper grain boundary and the corresponded BSE micrograph con-
firms the coalescence of the microvoids and the formation of a
microcrack at the grain boundary. It is noteworthy that the
microcrack exhibits a large aspect ratio together with sharp ends,
agreeing well with the observation from the fracture cross-section
(Fig. 2 (b)). With increasing global stress level (Fig. 4 (e) and (f)), the
microcrack keeps propagating along the grain boundary, and slip
steps also appear in the HCP-martensite. It should be pointed out
that only at such high stress levels, the inclusion (or pore) starts to
initiate cracking (Fig. 4 (d2)-(f)), however, its size is almost negli-
gible compared to the principal crack induced by grain boundary
decohesion.

Fig. 5 demonstrates the in-situ EBSD analyses of the monitored
boundary decohesion regime at a global stress level of 400MPa. As
reveled in Fig. 5 (a) and (c), the intersection regimes between the
martensite and the grain boundary display significantly higher
kernel average misorientation (KAM) and grain reference orienta-
tion deviation (GROD) values compared to the inner grain regime.
Such distinctions are indicative of the strong plasticity gradient
localized at the grain boundary regime, which is mainly attributed
to the volumetric change that associated with the strain-induced
martensitic transformation. Interestingly, as revealed by the crys-
tallographic analyses (details presented in supporting information),
approximately 1 % volumetric contraction is convinced to accom-
panywith themartensitic transformation upon deformation, giving
rise to the observed strain incompatibility. It shall be noted that
such a volumetric contraction upon the formation of HCP-
engineering stress-strain curves inserted. (a1) phase and image quality (IQ) overlapped



Fig. 5. In-situ EBSD analyses of the monitored regime at a global stress level at 400MPa: (a) KAM and IQ overlapped map; (b) pole figure for crystallographic orientation; (c) GROD
and IQ overlapped map; (d) GND density in FCC phase; (e) GND density in HCP phase.
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martensite has also been reported in Si interstitial-doped Fe-Mn-
based shape-memory alloys [46], however, the origin of the same
phenomenon in pure substutional HEAs still remains to be further
explored.

The geometrically necessary dislocation (GND) density in both
austenitic andmartensitic phase reaches a level of 1012-1013m�2, in
particular, the GND density near the grain boundary exhibits a
relatively larger value compared to the inner grain regime, which
further evidences the highly localized incompatible strain. The pole
figure for crystallographic orientation analyses reveals that the
martensite in both lower and upper grains yield a typical Burgers
relation with the parent austenite, coinciding with the results
recognized in the literature. Nonetheless, the martensite near the
upper grain boundary displays an orientation of ð111Þg==ð0001Þε
compared to that of its inner grain counterpart which exhibits
ð111Þg==ð0001Þε. Note that here the orientation is referred to
different martensitic variants which share the common f111gg
family plane given their difference in the Miller indices (plus or
minus 1). The formation of this specific martensitic variant along
the upper grain boundary results in the suppression of slip transfer
between the two adjacent grains which also contributes to the
localized incompatible strain.

4. Discussion

4.1. Strain-induced martensitic transformation and damage
mechanisms

As has been demonstrated in the in-situ EBSD/SEM
investigations, the inclusion-induced microcracks only initiate at
a higher global stress level compared to the boundary
decohesion-induced ones (Fig. 4 (e) and (f)). Moreover, the
quantitative damage evolution analyses also reveal that the
inclusion-induced microcracks exhibit smaller average sizes
within the necking regime (Fig. 3 (a) and (c)). In a sense to
elucidate these distinctions in damage characteristics, another set
of EBSD analyses on an inclusion-induced microcrack was carried
out for the fractured specimen within its necking regime. As
presented in Fig. 6 (a), the inclusion-induced microcrack displays
a near ellipse-shaped morphology with a blunted crack tip to-
wards one of its ends and a comparatively sharper tip at the other.
The corresponded EBSD phase map reveals that a relatively larger
amount of martensite exists near the blunted crack tip regime,
while in contrast, a less amount of martensite is detected in the
neighboring regime of the other end of the microcrack. The
occurrence of the blunted crack tip associating with the higher
quantity of martensite is indicative of the cracking suppression
effect resulting from the strain-induced martensitic trans-
formation. As schematically depicted in Fig. 6 (e)-(h), owing to
the weak cohesion between the inclusion and its adjacent matrix,
interfacial separation starts to occur upon deformation, leading to
the sliding and growth of microcavities (Fig. 6 (e) and (f)). The
formation of the microcavities also results in dislocation pile-ups
around their tips which gives rise to increasing local stress level
(Fig. 6 (g) with stress field schematically inserted). Phenomeno-
logically, the actual driving force F for the crack propagation in
this mechanically metastable HEA can be expressed following
Griffith's criterion [47]:



Fig. 6. Illustration of inclusion-induced damage module: (a) SEM micrograph for the cracking morphology; (b) phase and IQ overlapped map; (c) IPF and IQ overlapped map; (d)
KAM and IQ overlapped map; (e)e(h) schematics for the enhanced cracking resistance.
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F ¼ F þ Utrans: þ 2Go
surf : (1)

where F is the far-field driving force comes from external loading
(naturally negative value),Utrans: and Go

surf : denote the barrier terms
of crack propagation that originate from strain-induced martensitic
transformation and the creation of new surfaces in the bulk of a
grain (naturally positive values). Once the local stress level exceeds
a certain critical value (denoted as strans: in Fig. 6 (g) and (h)), the
HCP-martensite will start to nucleate and simultaneously relaxes
the local stress level to strans: by dissipating an amount of strain
energy of Utrans: (Fig. 6 (h)) through phase transformation
(confirmed by the lower KAM values near the blunted tip regime in
Fig. 6 (d)). Through such a procedure the actual driving force for
crack propagation is consequently alleviated, moreover, the HCP-
martensite exhibits a superior strength than the FCC-austenite. As
a result, the inclusion-induced microcrack maintains a relatively
smaller size even at a severely deformed state.
The boundary decohesion-induced cracking, on the other hand,
exhibits a significant difference upon loading: it originates from the
asynchronous strain-induced martensitic transformation within
two adjacent grains and subsequently grows to a considerable size
along the grain boundary. According to the kinematics of strain-
induced martensitic transformation, the onset of such an event
can be regarded as a kind of deformation module that competes
against plastic slip when external stress is applied to the austenite
[48]. In terms of crystallography, the FCC-austenite to HCP-
martensite transformation is accomplished by the a/6<112> shear
of Shockley partials on every other {111} plane of the parent phase.
As a first-order approximation, the Schmid factors (SFs) for plastic
slip and shear-assisted martensitic transformation can be
computed by using the following relation:

M ¼
h�

g, f
!�

, n!
ih�

g, f
!�

, s!
i

(2)



S. Wei et al. / Acta Materialia 168 (2019) 76e86 83
Where n! and s! represent the normal and shear direction for
plastic slip or transformation. Note that in FCC structure, slip sys-
tems are <110>{111}, while transformation systems are <112>
{111}. f

!
is the unit vector of loading direction, in the first-order

uniaxial tensile case f
! ¼ ½100�T . g is the coordinate trans-

formation matrix which is defined as:
g ¼
2
4

cos41cos42 � sin41sin42cos∅ sin41cos42 þ cos41sin42cos∅ sin42sin∅
�cos41sin42 � sin41cos42cos∅ �sin41sin42 þ cos41cos42cos∅ cos42sin∅

sin41sin∅ �cos41sin∅ cos∅

3
5 (3)
Where ð41; ∅; 42Þ denote Euler angles (following Bunge's defini-
tion) of a certain orientation that can be excerpted from the EBSD
data. In the present calculation, the Euler angles of the low and
upper grains are: (46.8�, 43.5�, 4.5�) and (194.0�, 30.7�, 143.1�).
Therefore, the coordinate transformationmatrix can be determined
by plugging in the Euler angles into Eq. (3):

glower grain ¼
2
4

0:641 0:766 0:054
�0:581 0:438 0:686
0:502 �0:471 0:725

3
5 (4)

gupper grain ¼
2
4

0:900 �0:307 0:307
�0:416 0:812 �0:408
�0:124 0:495 0:860

3
5 (5)

By combining Eqs. (2), (4) and (5) the Schmid factors of plastic
slip and shear-assisted martensitic transformation for the two
grains can be computed, and the results are summarized in Tables 1
and 2.

In the lower grain, SF for martensitic transformation exhibits a
maximum value of 0.41 toward the ½112� direction on the ð111Þ
habit plane (agreeing well with the experimental results in Fig. 3
(b)) which is significantly higher than that of plastic slip
(SFslip¼ 0.33). Such distinctions result in the observed phenome-
non that the lower grain is more prone to undergo strain-induced
martensitic transformation than perfect dislocation slip (as
shown in Fig. 4 (c)-(e)). However, the maximum SF values in the
upper grain display an opposite trend, indicating plastic slip is more
Table 1
Computation results of SFs for plastic slip and shear-assisted martensitic trans-
formation within the lower grain (only positive SFs are listed for simplicity).

Slip or transformation
plane

Slip
direction

SFslip Transformation
direction

SFtrans.

ð111Þ ½110� 0.28 ½112� 0.13

½101� 0.03 ½211� 0.20

½011� 0.24 ½121� 0.33

ð111Þ ½110� 0.02 ½211� 0.22

½101� 0.33
(max)

½121� 0.19

½011� 0.31 ½112� 0.41
(max)

ð111Þ ½110� 0.04 ½211� 0.08

½101� 0.09 ½121� 0.01

½011� 0.05 ½121� 0.09

ð111Þ ½110� 0.22 ½211� 0.26

½101� 0.20 ½121� 0.15

½011� 0.01 ½112� 0.12
favorable (as shown in Fig. 4 (c)-(e)). As demonstrated in the in-situ
EBSD analyses in Fig. 5, this sort of asynchronously transformed
martensite induces strong plasticity gradient at the grain boundary
(quantitatively interpreted as high GND densities in Fig. 5 (d) and
(e)). Such a high level of incompatible strain contributes to the
cracking process in two respects. First, microvoids start to nucleate
and coalesce so as to mitigate the highly localized incompatibility,
giving rise to the formation of microcracks even at low stress level
(Fig. 4 (c) and (d2)). Second, it acts as an extra driving force that
facilities the formation of a dissimilarly oriented HCP-martensite
variant along the upper grain boundary (Fig. 4 (d1) and 5 (b)).
The significant difference in crystallographic orientation sup-
presses slip transfer between two adjacent grains (confirmed from
Fig. 5 (a) and (c)), which further expedites the cracking process. It is
noteworthy that the different amount of martensite detected along
the upper grain boundary and its inner part (Fig. 4 (c) and (d1)) also
evidences the existence of such an extra driving force.

In the light of the mechanisms discussed above, a phenome-
nological model can be proposed to illustrate the damage behavior
of the mechanically metastable Fe45Mn35Co10Cr10 HEA. Owing to
the crystallographic orientation, the two adjacent austenitic grains
exhibit a different propensity to the incipience of dislocation slip
and martensitic transformation (Fig. 7 (a), 4 (a2) and (b), stiff and
complaint referred to the tendency for slip initiation). Upon
straining, martensite starts to preferentially nucleate and grow in
the stiff grain, resulting in a high GND density at the grain
boundary. The compliant grain is, however, more prone to exhibit
dislocation slip, leading to less amount of martensitic trans-
formation (Fig. 7 (b) and 4 (c)). The highly localized incompatible
strain at the grain boundary facilitates both the nucleation of
microvoids and the formation of dissimilarly orientatedmartensitic
variant (Fig. 7 (c), 4 (d1), and 3 (b)). As the deformation proceeds,
the nucleatedmicrovoids start to coalesce, resulting in the principal
crack observed along the grain boundary (Fig. 7 (d) and 4 (d2)-(f)).
Table 2
Computation results of SFs for plastic slip and shear-assisted martensitic trans-
formation within the upper grain (only positive SFs are listed for simplicity).

Slip or transformation
plane

Slip
direction

SFslip Transformation
direction

SFtrans.

ð111Þ ½110� 0.23 ½112� 0.47
(max)

½101� 0.49
(max)

½211� 0.46

½011� 0.26 ½121� 0.02

ð111Þ ½110� 0.32 ½211� 0.32

½101� 0.19 ½121� 0.29

½011� 0.13 ½112� 0.03

ð111Þ ½110� 0.07 ½211� 0.21

½101� 0.15 ½121� 0.15
½011� 0.04 ½112� 0.06

ð111Þ ½110� 0.28 ½211� 0.46

½101� 0.45 ½121� 0.07

½011� 0.17 ½112� 0.39



Fig. 7. Phenomenological model for damage behavior with respect to increasing global strain level.

S. Wei et al. / Acta Materialia 168 (2019) 76e8684
4.2. Validation of the proposed mechanisms

To further evidence the validity of the model proposed above, a
separate set of in-situ SEM analysis was conducted for another
selected area. As demonstrated in Fig. 8 (a)-(c), the observed regime
undergoes elastic deformationwhen the global stress level is lower
than 160MPa. When the global stress reaches about 300MPa, clear
traits of plasticity incipience can be seen in both grains. Different
from the monitored regime in Fig. 4, the HCP-martensite nucleates
almost synchronously within two adjacent grains, moreover, the
HCP-martensite in the lower grain exhibits an almost parallel di-
rection to the grain boundary. Such a characteristic largely allevi-
ates the plasticity gradient at the grain boundary caused by the
strain-induced martensitic transformation, which as a result de-
lays the nucleation of microvoids. As confirmed from the in-situ
BSE micrographs at elevating global stress level (Fig. 8 (d)-(f)), the
grain boundary displays an excellent cohesion where no cracking
event is observed, agreeing well with the proposed model.

Furthermore, as stated in Eq. (1), in addition to the strain-
induced martensitic transformation, the creation of new surfaces
also contributes to the total energy barrier for crack propagation.
Owing to the compositional complexity of high-entropy alloys,
elemental segregation often occurs at the grain boundary which
diverges the Gsurf : value from Go

surf : at the bulk of a grain to GGB
surf : at
Fig. 8. Validation of the proposed mechanisms: (a)e(f) in-situ SEM analysis of the selected
curve inserted.
the grain boundary (GB). According to the previous atom probe
tomography (APT) investigations toward this series of mechanically
metastable HEAs [19,49], all the principal alloying elements exhibit
an atomic-scale homogeneity at both FCC/FCC GBs and FCC/HCP
phase boundaries and no apparent elemental segregation has been
detected. Such a characteristic indicates that GGB

surf : within the pre-
sent HEA preserves almost the same level as Go

surf : , eliminating the
possibility of GB weakening-induced boundary decohesion
cracking, which in turn validates the crystallography-based damage
mechanisms proposed above.
5. Conclusion

In summary, with the aid of in-situ SEM/EBSD technique, we
investigated the damage mechanisms of a mechanically metastable
Fe45Mn35Co10Cr10 HEA, the major findings are summarized as
follows:

(1) Based on the quantitative assessment of damage evolution
characteristics, it is recognized that while both inclusion-
induced and boundary decohesion induced cracking exist
in the present HEA, the latter mechanism plays the dominant
role in damage evolution;
regime at different deformation states with the corresponded engineering stress-strain
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(2) The boundary decohesion-induced cracking module ordi-
nates from the asynchronous characteristic of strain-induced
martensitic transformation upon uniaxial tensile loading. It
is revealed that the highly localized incompatible strain
caused by such a transformation gives rise to the cracking
event in two respects: (i) it facilitates microvoid nucleation
which initiates crack propagation along the grain boundary;
and (ii) it activates the formation of a dissimilarly orientated
martensitic variant which suppresses slip transfer between
adjacent grains;

(3) On the basis of the experimental observations and theoret-
ical calculations, a phenomenological model is accordingly
addressed to elucidate the damage mechanisms. The validity
of this crystallography-based model has been successfully
evidenced by a separate set of in-situ tensile testing. The
present understanding towards the role of strain-induced
martensitic transformation in damage behavior also adds to
the theoretical value of guiding possible texture optimization
in mechanically metastable HEAs.
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