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ABSTRACT

We report here the compositional dependency of face-centered cubic (FCC) to hexagonal close-packed (HCP) martensitic transformation in
FeMnCo medium entropy alloys (MEAs) and insights into the underlying transformation mechanisms. To this end, we designed MEAs with
the same Fe-to-Mn ratio and explored the phase stability therein. Higher Co content was found to facilitate the FCC-HCP transformation
kinetics.In situ electron backscatter diffraction studies underpinned an FCC-HCP-(new)FCC transformation chain and its underlying atom-
istic mechanisms were directly explored via aberration-corrected scanning transmission electron microscopy.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0079981

High and medium entropy alloys (HEAs and MEAs) represent a
vibrant “eld of research in condensed matter physics1…3and materials
science.4…6Unlike their dilute counterparts, HEAs and MEAs are
de“ned by their concentrated compositions, which enable considerable
design opportunities7,8and trigger the investigations of physicochemi-
cal fundamentals.9,10The prototypical concept of HEAs and MEAs is
to maximize con“gurational entropy.11,12 This was originally con-
ceived to stabilize single-phase solid solution microstructure and,
thereby, promote solid solution strengthening.13 More recently, recog-
nition of compositional and structural metastability in HEAs and
MEAs has stimulated further interest in achieving improved properties
and revealing more intriguing physical phenomena.14 Plastic strain-
induced martensitic transformation is one example.

The mechanical bene“ts of this athermic transformation are
well-documented:15…17It increases strain hardenability and, thereby,
promotes homogenous plastic deformation. Among all possible trans-
formation pathways, the face-centered cubic (FCC) to hexagonal
close-packed (HCP) transformation is of particular interest. This is
because the similar stacking sequence between FCC and HCP lattices
enables a well-de“ned 111f g FCC habit plane, leading to milder plastic
accommodation18 and higher interfacial mobility.19,20Because of this,
unlike the highly defecteda0-martensite (body-centered tetragonal,
BCT structure) that impedes plastic deformation,21 the HCP-

martensite, provided its lower crystallographic symmetry, reveals
atomistic mechanisms that enable somewhat deformability. Early
research con“rmed the intersection between HCP-martensite bands
can triggera0-martensite nucleation by atomic shuf”e.22,23 More
recent literature reported that displacive transformations are also
possible in HCP-martensite.24,25This enables a peculiar FCC-HCP-
FCC sequential martensitic transformation chain24 driven by plastic
loading. These physical insights motivate the present study: to better
understand the compositional dependency of mechanical
metastability. More speci“cally, we aim to contribute to the
understanding of the atomistic processes governing the plasticity and
stability of the HCP-martensite.

(Fe60Mn40)100-xCox MEAs were fabricated by vacuum arc melt-
ing, followed by cold-rolling, homogenization, and recrystallization
treatment. Alloy processing, microstructural characterization, and
mechanical testing details are summarized insupplementary material
Notes 1…3 and Figs. S1…S3. The design of this ternary MEA system is
primarily motivated by two factors: “rst, the compositional depen-
dency of deformation mechanisms in Fe…Mn binary alloys. To sup-
press the formation ofa0-martensite (BCT structure), a relatively high
Mn content (usually 15…30 wt. %) is necessary.15,26Second, the intrin-
sic FCC-HCP transformation nature of Co. Among the very few ele-
ments (He, Fe, Co, Tl, Pb, and Yb) that can undergo direct FCC-HCP
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transformation,19,27 Co exhibits peculiarity because of the absence of
body-centered cubic (BCC) structure in the phase diagram.28 However,
understanding towards its role in affecting the strain-induced FCC-HCP
martensitic transformation for concentrated Fe-Mn alloys is lacking.
These considerations motivate the study detailed in this Letter. For sim-
plicity, we denote each MEA by its Co content (i.e., Cox-MEA).
Microstructural investigation through backscatter diffraction (EBSD) and
synchrotron x-ray diffraction (SXRD) con“rms single FCC-phase micro-
structures in all four MEAs together with random texture [Figs.
1(a)…1(d)]. These results suggest that Co content increase from 2 to 15at.
% does not lead to martensitic transformation driven by rapid thermal
quenching. It can be worthwhile modeling the thermodynamic properties
of these alloys in future research, as the change in Co content may affect
the thermal stability of the FCC-phase. Although all four MEAs were
processed under the same conditions, a discernable grain size reduction
can be seen within Co10and Co15MEAs [Figs. 1(c)and1(d)]. While this
phenomenon is not the main scope of the current research, it can be plau-
sibly explained by the more sluggish recrystallization kinetics resulting
from HCP-martensite formation during cold-rolling.29,30 An extended
discussion about the grain size effect on yield strength (i.e., the Hall…Petch
effect) is provided insupplementary materialNote 4. The rest of this
Letter focuses on plastic strain-induced HCP-martensite, and the starting
point is phase transformation kinetics.

Figure 2(a)reveals the SXRD patterns of the Co15-MEA with
respect to local plastic strain level. An evident mechanical metastability

effect is present, as featured by the discernable HCP peaks as local
plastic strain increases. Similar characteristics are also observed in the
Co10-MEA (supplementary materialFig. S7). SXRD results also con-
“rm the absence of transitional structure in these two MEAs. The Co2

and the Co5 MEAs, on the other hand, both preserve single FCC phase
constituents at all surveyed deformation levels, implicating their
mechanical stability in response to plastic straining. The HCP-
martensite phase fraction was determined from the SXRD diffracto-
grams for the Co10 and the Co15 MEAs using Rietveld re“nement.31

As seen inFig. 2(b), highly accelerated transformation kinetics exists
in the Co15-MEA: At similar local plastic strain levels, the HCP-
martensite fraction is roughly two times higher than the Co10-MEA.
Note that the termkineticsis adopted by following the convention of
the theory of strain-induced martensitic transformation,32,33 which
actually refers to the increase in the martensite fraction as a function
of plastic strain revealed here. The local plastic strain level is adopted
to quantify the deformation level in a sense to explore the correspond-
ing phase transformation characteristics. Based on the acquisition
method of the local plastic strain detailed insupplementary material
Note 2 and Fig. S7, it does not exhibit a point-wise correlation with
macroscopic strain level and cannot be utilized to interpret the strain
hardening response (supplementary materialFig. S8). Future work
could be carried out by anin situtensile test under SXRD, neutron dif-
fraction, or EBSD to quantitatively address the correlation between
HCP-martensite fraction and the resultant strain hardening response.

FIG. 1.Fully recrystallized microstructures and phase constitutions of the explored MEAs. (a)…(d) MEAs with the same Fe-to-Mn ratio but increasing Co content. Based on the
EBSD measurements for at least 150 grains, average grain sizes of these four MEAs are determined as� 32.5,� 30.4,� 22.5, and� 18.9l m. In the grain size calculation,
the coherent annealing twin boundaries (i.e., theR3 boundaries) are excluded. Extended dataset and discussion regarding the grain size effects on yield strength can be
referred tosupplementary materialNote 4.
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A similar mechanical metastability was also documented in ter-
nary CoCrNi MEAs.34,35 However, the strain-induced FCC-HCP
martensitic transformation tends to take place at cryogenic tempera-
tures.34 The different temperature-dependent transformation poten-
cies between FeMnCo and CoCrNi MEAs imply the distinctions in
intrinsic stacking fault energy, which may be worth exploring byab
initio simulation for future work. By combingFigs. 1and2, it is recog-
nized that although all four alloys do not exhibit martensitic transfor-
mation during rapid thermal quenching (Fig. 1), the mechanical
stability of the parent FCC-phase, however, is correlated with the
increasing Co content. Following this sort of compositional depen-
dency, future work could be carried out by “ne-adjusting Co content
in the current 2…15 at. % range or exploring higher Co content in a
sense to further optimize the strength-ductility combination.

The HCP-martensite fractions (f ) in the Co10 and the Co15

MEAs are further assessed by two well-documented kinetic models:
“rst, the classical Johnson…Mehl…Avrami…Kolmogorov (JMAK)
model36 in which the growth rate and the progression of transforma-
tion are independent and nucleation is homogenous [Eq.(1)]; and
second, the Olson…Cohen model,32 although primarily applied ina0-
martensite formation, parameterizes the inhomogeneous nucleation
contributed by plastic straining [Eq.(2)]. In both equations,e repre-
sents the plastic strain value.a in Eq. (2) is related to the HCP-
martensite band formation rate, whileb describes the potency of
HCP-martensite band intersection. The exponentn in Eq.(2) implies
the density of HCP-band intersection, and a highern value suggests a
burst-like development of HCP-band intersection,

f ¼ 1 � exp � Kenð Þ; (1)

f ¼ 1 � exp � b 1 � exp � aeð Þð Þn
� �

: (2)

As seen from the dotted lines inFig. 2(b), both MEAs exhibit discernable
deviations from the JMAK predictions, implicating two possible kinetic

mechanisms. First, HCP-martensite nucleation in these two MEAs may
not be ideally homogenous because plastic strain distribution can be
highly inhomogeneous at the microstructural level.37,38Second, a strong
interdependency could exist between the transformation rate and the
progression of the transformation, which is plausibly due to deformation
hardening of the untransformed FCC phase.29In contrast, better correla-
tions are seen in the Olson-Cohen model, as depicted by the solid lines
in Fig. 2(b). A much highera value of 8.28 achieves in the Co15-MEA
than the Co10-MEA (a ¼ 4:25), validating the higher HCP-martensite
formation rate as Co content increases. Theb factor, although moderate
in both MEAs, is slightly higher in the Co15-MEA (0.62 vs 0.35), which
indicates higher HCP-band intersection probability. Finally, a smallern
value presents in the Co15-MEA (2.83 vs 3.03), implying the seemingly
less burst-like development in HCP-band intersections. One interesting
point should also be mentioned that, in both Co10 and Co15 MEAs, the
transformation almost saturates at a local true strain level of� 0.50,
beyond which the increase in the HCP-martensite phase fraction is sub-
tle. While future work is needed to systematically assess such a phenom-
enon, the origin of it could still be understood from the following two
major respects. First, “nite excess free energy. The starting microstruc-
ture, although single phase, is metastable and possesses excess free
energy, yet a “nite amount, which is compositionally dependent.39 This
intrinsically dictates how much martensite can form during plastic
deformation. Unless the excess free energy is in“nite, martensite forma-
tion driven by plastic deformation will terminate at a certain deforma-
tion level, where the alloy system is thermodynamically equilibrium.
Second, strong grain neighborhood effect. In polycrystalline alloys,
although the nucleation of the strain-induced martensite mostly follows
the Schmid•s law (i.e., it favors the orientation where the resolved shear
stress is the highest), the subsequent growth process can be impeded by
unfavorably oriented neighboring grains.26,40,41Because of this, strain-
induced martensite formation in polycrystalline alloys, in general, can
scarcely be complete.

FIG. 2.Explorations of mechanical metastability. (a) Exemplary SXRD patterns of the Co15-MEA, the local true strain level for each diffraction pattern is summarized insupple-
mentary materialTable S3; the small 2h range here is due to the short wavelength of the synchrotron x-ray (k ¼ 0:1171�A). Extended details of the synchrotron x-ray experi-
ment are summarized insupplementary materialNote 2. (b) Phase transformation kinetics (clari“cation of the local true strain and its acquisition method are provided in
supplementary materialNote 2); (c) uniaxial tensile response. The complementary true stress…strain curves and the strain hardening rate curves are provided insupplementary
materialFig. S8. Extended experimental details for (b) can be referred tosupplementary materialNote 2.
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The foregoing quantitative assessments underpin the positive
contribution of Co addition in expediting plastic strain-induced FCC-
HCP transformation kinetics. Because of this, uniaxial tensile proper-
ties of the Co15-MEA stand out among all four MEAs [Fig. 2(c)]. It
yields at� 195.3 Mpa and then undergoes a salient strain hardening
process (seesupplementary materialFig. S8), reaching an ultimate ten-
sile strength of � 742.8 MPa with � 0.60 fracture elongation.
Compared with the coarse-grain single-phase FeMnCoCr-type quater-
nary metastable HEAs,24,42the present Co15-MEA exhibits a� 40 MPa
increase in yield strength,� 174 MPa increase in ultimate tensile
strength, and� 0.9 increase in fracture elongation. Note that these
properties were achieved in an un-optimized condition, aiming to
study the compositional dependency of mechanical metastability.
Improved properties can be further accessed, for example, via grain
re“nement43or partial recrystallization.44One interesting aspect of the
Co15-MEA is that provided the highly accelerated FCC-HCP transfor-
mation kinetics, the resultant ductility is not signi“cantly impaired as
some HCP-phase-rich metastable MEAs/HEAs revealed.45 This moti-
vates a further investigation of the underlying phase transformation
pathways and deformation micro-mechanisms.

Figure 3details thein situ scanning electron microscopy (SEM)/
EBSD investigation of the strain-induced FCC-HCP martensitic trans-
formation and subsequent deformation processes within the HCP-
martensite. At the undeformed state, the selected area of interest solely
consists of the FCC-phase [Figs. 3(a1)and3(b1)]. To track the defor-
mation micro-events in the HCP-martensite, magni“ed backscatter
electron (BSE) micrographs of a local region (see the white box) are
provided inFigs. 3(c1)…3(c4). Note that the spherical particles seen in
the in situ BSE micrographs are colloidal SiO2 used for strain compu-
tation intended for analyses not discussed here. At a global stress of
390.4 MPa, plastic deformation takes place, which is indicated by
noticeable surface steps [Figs. 3(b2)and 3(c2)]. EBSD phase map
acquired at the same region con“rms the formation of HCP-

martensite in both grains [Fig. 3(a2)], and only one HCP-martensite
variant nucleates per grain. The thinner traces close to the bottom of
Fig. 3(b2)are slip traces of perfect dislocations in the parent FCC-
phase. As plastic straining proceeds, the nucleated HCP-martensite
plates undergo growth and an increasing number of slip traces also
start to appear. It is suggested by crystallographic calculation that the
HCP-martensite variant belongs to theð111ÞFCC plane in the lower
grain and theð111ÞFCC plane in the upper grain [also seeFig. 3(d2)].
The perfect dislocation slip traces all belong to theð111ÞFCC plane.
The magni“ed BSE micrograph inFig. 3(c3)also veri“es the absence
of other HCP-martensite variants (also seesupplementary material
Fig. S9). When the global stress increases to 699.4 MPa, an extensive
amount of plastic deformation has taken place. This can be qualita-
tively inferred from the grain•s shape distortion [Fig. 3(b4)]. In both
grains, given the massive HCP-martensite, no evident cracking occurs
in the grain interior, which implies the deformability of the HCP-
martensite in the Co15-MEA. An interesting spindle-like feature forms
in the upper grain interior [Fig. 3(c4)] exhibiting a convex surface
topology. High magni“cation EBSD analysis veri“es that such a fea-
ture reveals an FCC structure [Fig. 3(d1)]. However, according to pole
“gure [Fig. 3(d2)], its crystallographic orientation is different from the
parent FCC-phase, and no twin relationship is found between the new
FCC and the parent FCC phases. Thesein situ analyses highlight that
the strain-induced HCP-martensite within the Co15-MEA is highly
deformable and can even further transform, realizing an FCC-HCP-
(new)FCC transformation pathway. Note that this phenomenon
should not be confused with pseudoelasticity or shape-memory effect.
In the latter case, martensitic transformation is assisted by elastic stress
and the reverse transformation, which recovers the parent phase orien-
tation, is indispensable of load removal and/or temperature
increase.46,47 In contrast, the FCC-HCP-(new)FCC martensitic
transformation pathway reported here is achieved purely in the
plastic region under a quasi-static monotonic loading condition. The

FIG. 3.In situSEM/EBSD studies of martensitic transformation during plastic straining in the Co15-MEA. (a1) and (a2) EBSD phase maps; (b1)…(b4) lower magni“cation BSE
micrographs; (c1)…(c4) magni“ed BSE micrographs highlighting the FCC-HCP-(new)FCC transformation; (d1) EBSD phase map; (d2) pole “gure.
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(new)FCC and the parent FCC phases also do not exhibit the identical
crystallographic orientation. Detailed considerations of the thermody-
namics of this FCC-HCP-(new)FCC martensitic transformation path-
way is provided insupplementary materialNote 5. Semi-quantitative
assessments (based on SEM/EBSD analyses) of the new FCC-phase
fraction evolution as a function of the deformation level are provided
in supplementary materialFig. S10. It is seen that although the FCC-
HCP-(new)FCC transformation can be activated in the present Co15-
MEA, its area fraction only reaches an order of magnitude of 10� 4.
Because of this, an evident in”ection point in the strain hardening rate
curve (supplementary materialFig. S8) at the similar deformation level
of Fig. 3(b4)is absent.

To uncover the atomistic mechanisms for this FCC-HCP-
(new)FCC martensitic transformation chain, scanning transmission
electron microscopy (STEM) analyses were carried out for
HCP-martensite. High-angle annular dark-“eld (HAADF)-STEM
micrographs acquired along the 1120½ �HCP zone axis [Fig. 4(a1)] reveal
the prototypical ƒABABABABƒ stacking sequence of the HCP-
martensite in a majority of the sample area [Fig. 4(a3)]. A closer
inspection of the atomistic structures inFig. 4(a3)highlights the pres-
ence of basal stacking fault within the vast HCP region, suggesting the
local atomic stacking sequence changes into ƒABABAjCjBABƒ(also
see the colored atoms). Geometric phase analysis (GPA)48 also cross-
con“rms the localized shear strain (exy component) elevation along
the basal faulting plane [Fig. 4(b2)]. This is ascribed to thea=3h1010i -
type of partial dislocation[seeFig. 5(b1)as a reference] emission that
enables the faultedjCj-layer. Before detailed discussions on the impli-
cations of basal stacking fault on the HCP-(new)FCC transformation
mechanisms, a few other insights need to be mentioned.

HAADF-STEM micrographs also evidence the presence of dislo-
cations in the HCP-martensite [Figs. 4(a2), 4(a3), and4(b1)]. Based
on de“nition, the Burgers circuit inFig. 4(a3)shows that the •near-
edgeŽ dislocation core has bothch i and ah i components. Although

cross-validation may be necessary viag � b analysis to check the resid-
ual contrast under the 0002½ �HCP re”ection, the present observation is
informative to better understand the favorable deformability of the
HCP-martensite. Like all other HCP-metals, a stable plastic ”ow in
HCP-martensite requires at least “ve independent slip systems.49 In
terms of perfect dislocations, basal-ah i and prismatic-ah i slip can max-
imally enable four independent slip systems. As such, additional plas-
ticity mechanisms shall be involved to accommodate plastic strain
along the non-basal directions,49…51which was proved critical for
promising deformability in numerous HCP-metals.38,52,53The mixed
ch i and ah i property of the dislocation observed here suggests defor-

mation micro-events that enable effective plastic strain accommoda-
tion along the 0001½ �HCP axis, which in turn contributes to the
deformability of the HCP-martensite [Figs. 3(b3) and 3(b4)].
However, considering the debate over the actual slip pathways of non-
basal dislocations,52…54futurein situTEM studies are needed to unam-
biguously resolve dislocation plasticity events in HCP-martensite.

The last part of this Letter discusses plausible atomistic mecha-
nisms for the FCC-HCP-(new)FCC martensitic transformation.
Suppose a perfect FCC crystal with all atoms projected along its
110h iFCC direction [Fig. 5(a1)], an ƒ ABCABCƒ stacking sequence can

be expected asFig. 5(a2). The “rst part of the transformation chain, i.e.,
the FCC-HCP transformation, takes place by glissile Shockley partial
dislocation (a=6h112i ) emission on every other111f g FCC plane55 [Fig.
5(a3)]. This will eventually change the stacking sequence to
ƒ ABABABƒ [ Fig. 5(a4)] and bring about a triplex Burgers
orientation relationship [Fig. 5(a1)]:24 111f g FCC== 0001f g HCP,
110h iFCC== 1120h iHCP, and 112h iFCC== 1101h iHCP. Such characteristics

are consistent with thein situEBSD results [Fig. 3(a2)].
To understand the second part of the transformation chain, i.e.,

the HCP-(new)FCC transformation, we resort to the HAADF-STEM
micrograph [Fig. 4(a3)] that con“rms basal stacking fault within the
HCP-martensite. This suggests that one glissile HCP partial

FIG. 4.STEM characterization of the HCP-martensite in the Co15-MEA. (a1) fast-Fourier transform micrograph; (a2) inverse fast-Fourier transform of (a1); (a3) HAADF-STEM
micrograph; (b1) and (b2) atomic-level strain accommodation.
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dislocation (a=3h1010i ) has emitted, accommodating shear strain
[Fig. 4(b2)], while resulting in a faultedjCj-layer. The HCP stacking
sequence locally changes into ƒABAjCjBABƒ, as sketched inFig.
5(a5)and observed inFig. 4(a3). Such a structure is equivalent to one
FCC-layer (ƒBA Cj jƒ) embedded in HCP. Once this FCC-embryo
grows, the HCP-(new)FCC transformation takes place. Based on the
experiment, two extreme atomistic mechanisms can be plausibly con-
ceived: purely mono-partial emission (MPE) and purely random-
partial emission (RPE). Suppose that the emitted partial in HCP-
martensite isa1 [Fig. 5(b1)], the MPE pathway means that on every
other 0001f g HCP plane above the faulting plane, the same type ofa1

partial emits [Fig. 5(b2)] and leads to FCC formation. This is one
extreme situation because the macroscopic shear strain is maximum,
i.e., same as the FCC-HCP transformation. The RPE scenario
describes the other extreme. As sketched inFig. 5(b3), instead of both
emitting a1 partials, the second and the fourth 0001f g HCP planes
above the faulting plane, respectively, emita2 anda3 partials. This will
also lead to FCC-phase formation [Fig. 5(b3)]. However, the macro-
scopic shear strain is minimum, i.e., ideally zero, because the net shear
in RPEa1 þ a2 þ a3 ¼ 0.

Besides the difference in shear strain accommodation, the second
distinction between MPE and RPE lies in crystallography. Comparing
Figs. 5(b2)and5(a2), any new-FCC phase formed purely through the
MPE pathway will exhibit a twin relationship with the parent FCC-
phase [Fig. 5(b2)]. In the RPE pathway, however, a well-de“ned orien-
tation relationship (i.e., a habit plane) between parent- and new-FCC
phases is absent. Coming back to thein situEBSD results [Fig. 3(d2)],

no twin relationship is seen between the two FCC phases in the pre-
sent observation, which rationally excludes the MPE mechanism.
However, whether or not the present transformation is accom-
plished purely through the RPE pathway may still need future explo-
ration. This is because, depending on local chemical environment
(short-ranged ordering, for example) or stress state, HCP partial
emission may become be a somewhat mixture of both MPE and
RPE processes. Furthermore, future STEM characterization may also
be needed to clarify the habit plane property resulting from the RPE
mechanisms.

In summary, we reveal the feasibility of tuning mechanical meta-
stability in (Fe60Mn40)100-xCox medium entropy alloys. This was
accomplished by keeping the Fe-to-Mn ratio as 3:2 while increasing
the Co content up to 10 and 15 at. %. SXRD results con“rm the posi-
tive correlation between Co content and the FCC-HCP transformation
kinetics in response to plastic straining. An FCC-HCP-(new)FCC
transformation chain was identi“ed in the Co15-MEA by in situ SEM/
EBSD experimentation. Atomic resolution characterization of the
deformed Co15-MEA con“rms the presence of basal-stacking faults
within its HCP-martensite. Based on these results, two plausible atom-
istic processes are postulated for the HCP-(new)FCC transformation,
i.e., MPE and RPE. Comparison between HAADF-STEM andin situ
EBSD results suggests that MPE is less likely to account for the present
transformation. Either pure RPE or a mixed MPE-RPE pathway can
more rationally explain the current observation. Futurein situ STEM
is expected to precisely resolve the participating HCP partials and,
thereby, the extent of MPE vs RPE. A •near-edgeŽ dislocation with

FIG. 5.Atomistic processes for the FCC-HCP-(new)FCC transformation chain. (a1)…(a5) the FCC-HCP transformation; (b1)-(b3) the HCP-(new)FCC transformation.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett.119, 261905 (2021); doi: 10.1063/5.0079981 119, 261905-6

VC Author(s) 2021



both ch i and ah i components is also seen in the HCP-martensite,
which could help to understand the favorable plastic deformability.

See thesupplementary materialfor the processing details and the
complementary dataset for the (Fe60Mn40)100-xCox MEAs.
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