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Through different annealing temperatures and times, it is reported here that interstitial metastable high entropy
alloys (HEAs) can exhibit a wide range of strength-ductility trade-offs. The underlying mechanisms were
investigated via in situ neutron diffraction, electron backscattered diffraction, and electron channel contrast
imaging analyses. These techniques revealed that the phase transformation process could be tuned by various
annealing processes, resulting in different degrees of load partitioning and sharing among different phases and

grain families on the commensurate microstructural length scales. Therefore, the microstructures generated by
thermal treatments and phase transformation from face-centered-cubic to hexagonal-close-packed phases could
efficiently improve the ductility of the studied alloys.

Nowadays, with the demand for high-performance materials for in-
dustrial applications, many efforts have been made to seek alloys with
both high strength and high ductility, but the strength-ductility trade-off
unavoidably exists in most of such materials. High entropy alloys
(HEAs), as a new alloying strategy in the last two decades, have opened
up an extremely wide compositional space for alloy design with desir-
able mechanical properties [1-11]. Several different pathways have
been explored in HEAs to break the strength-ductility trade-off, such as
precipitations [5], gradient structures [6], hierarchical microstructures
[7,12], phase transformations [8,12,13], interstitial solid solution [12,
13], and interstitial complexes [9]. An interstitial carbon-doped HEA
with a hierarchical microstructure [12,13] has been developed recently
which provides an efficient way to simultaneously improve strength and
ductility by inducing transformation induced plasticity (TRIP) and
twinning induced plasticity (TWIP) effects. The ductility could be
improved from 14% to 60% by a multi-stage work hardening which is
related to the sequential activation of TRIP and TWIP effects resulting

from the large variation in phase stability facilitated by hierarchical
grains [12]. Excellent tensile property, i.e., 1.05 GPa of ultimate tensile
strength and 35% of elongation, was achieved due to enhanced work
hardening caused by face-centered-cubic (FCQ) to
hexagonal-closed-packed (HCP) martensitic transformation in confined
regions and twinning [13]. The deformation mechanisms of the inter-
stitial HEA with hierarchical microstructures were discretely studied by
electron backscatter diffraction (EBSD), transmission electron micro-
scopy (TEM), and digital image correlation (DIC). However, the pano-
rama of continuous deformation mechanism evolutions of the
carbon-doped metastable HEA under loading is still not revealed
because of the limitations of the post-mortem techniques and surface
measurements. These experimental methods cannot quantitatively
identify the load partitioning of different phases, as well as grain ori-
entations, and hardly have the ability to track activations and changes of
the deformation mechanisms. Thus, there is a large gap remaining in the
understanding of consequences of dislocations, twins, new phases and
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their interactions on the hardening behavior of these metastable HEAs.

In this work, a wide range of strength-ductility trade-offs was ach-
ieved in the interstitial metastable HEAs by different treatments without
any changes of composition. Real-time in situ neutron diffraction and
the EBSD and ECCI analyses were used to investigate the whole picture
of the deformation mechanism evolution of the interstitial metastable
HEAs under uniaxial tension, especially for the FCC to HCP martensitic
transformation. Diffraction patterns could be acquired throughout the
tensile tests, providing bulk averaged information over a certain gauge
volume. The activation and evolution of TRIP and other lattice-level
deformation mechanisms were determined and correlated with the
work hardening behavior. The samples with different strength-ductility
balance were found to have different characteristics for different grain
orientations via the lattice strain evolutions. This work could fill the gap
in the deformation mechanisms and systematically enrich the knowl-
edge of the strength-ductility trade-off in interstitial TRIP HEAs with
hierarchical microstructures by the conventional post-test/surface
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measurements and further promote the applications of HEAs.

A metastable Fesg sMn3pCo10Cr10Co 5 alloy (at.%) [12] was prepared
with pure elements (>99.9% wt.%) by vacuum induction melting and
casting. The ingots were hot-rolled at 900°C with a 50% reduction in
thickness and then homogenized at 1200 °C for 2h followed by
water-quenching. Finally, cold rolling was conducted with a 50%
reduction in thickness. The plates were then machined to fabricate
dog-bone shaped tensile test samples with the dimensions of 3x2.6x15
mm in gauge section. Different heat treatments were used to form
different microstructures, i.e., 650°C for 15 min, 700°C for 6 min, and
750°C for 30 s, 1 min, 2 min, 3 min followed by water-quenching, and
they are designated as P650C-15m, P700C-6m, P750C-30s, P750C-1m,
P750C-2m, and P750C-3m, respectively. We also prepared rod-shaped
dog-bone samples with the dimensions of ¢8x16 mm in gauge sec-
tion. Three different heat treatment were conducted on the rod dog-bone
samples, i.e., 650°C for 15 min, 700°C for 6 min, and 750°C for 3 min
followed by water-quenching, and they are denoted as R650C-15m,
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Fig. 1. (a) Engineering stress-strain curves, and (b) True stress-strain curves overlaid with the corresponding work-hardening-rate curves for the HEA samples in
different processing conditions. Using the electron backscatter diffraction (EBSD) technique, here plotted are inverse pole figure (IPF), phase, and kernel average
misorientation (KAM) maps of annealed (¢) R750C-3m, (d) P750C-1m, and (e) P750C-3m samples. Enlarged electron channeling contrasting imaging (ECCI) results

are taken from the rectangular regions I and II in (d).
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R700C-6m, and R750C-3m, respectively. Microstructural analyses were
performed using EBSD, Oxford Instruments HKL, in a Zeiss Crossbeam
1540 EsB scanning electron microscope (SEM) and electron channeling
contrast imaging (ECCI) in a Zeiss Crossbeam 550 SEM operating at 20
kV. Samples for EBSD and ECCI analysis were mechanically ground
followed by electropolished in an electrolyte of 10% perchloric acid and
90% ethanol at -20°C. In-situ neutron diffraction tests were performed
under uniaxial tension, using an MTS load frame at the VULCAN Engi-
neering Materials Diffractometer [14,15], the Spallation Neutron Source
(SNS), Oak Ridge National Laboratory (ORNL). The in-situ neutron
diffraction data were analyzed via the VULCAN Data Reduction and
Interactive Visualization software (VDRIVE) [16]. The lattice strain of a
specific (hkl) plane is determined by:

e = dhk;l.%dzkl (€H)
ki

where dY and dyq represent the lattice d-spacing in stress-free condition
and the lattice d-spacing during loading condition, respectively.

Fig. 1(a) shows the engineering stress-strain curves of the samples.
The rod samples of R750C-3m, R700C-6m, and R650C-15m show high
yield strengths of ~1040, ~1016, and ~900 MPa, respectively, with low
elongations of 11.3%, 15.5%, and 20.3%, respectively. In contrast, the
plate samples heat treated under the same condition have lower strength
and larger elongation than the rod samples; P750C-3m, P700C-6m, and
P650C-15m samples have yield strength of ~400 MPa, ~450MPa, and
~500 MPa, respectively with the elongation of 49.8%, 46.5%, and
41.7%, respectively. The yield strength of the plates increased with
decreasing the annealing time. P750C-30s, P750C-1m, and P750C-2m
samples have yield strengths of 989, 794, and 450 MPa, respectively
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with elongation of 1.6%, 24.4%, and 46.5%, respectively. After yielding,
all the samples show a continuous hardening with a gradually
decreasing strain hardening rate of ® (® = dorye/dérye Where 64 is the
true stress and &4 is the true strain) during uniaxial tension, Fig. 1(b). ®
decreases almost linearly for the R750C-3m and R700C-6m rods until
necking, and these rods took the area of low strain hardening rates. The
P750C-1m and R650C-15m have the medium strain hardening rate part,
while P750C-2m, P750C-3m, P700C-6m, and P650C-15m located in the
zone of high strain hardening rates, Fig. 1(b). Multi-stage work hard-
ening behavior, which is determined based on the micromechanical
behaviors measured by in situ neutron diffraction, is observed for most
of the samples other than R750C-3m and R700C-6m. Stage I could be a
quick drop of work hardening rate which is usually related to the
dislocation rearrangement [17]. In stage II, the work hardening rates
continue to decline with gradually lower slope compared to stage I. The
delineation between stages II and III is due to the commencement of
phase transformation, as will be made clearly in Fig. 2. However, there is
an obvious increase followed by a decrease of strain hardening rate in
the P750C-2m sample during the strain stage of ~12.9% to 15.6%. Fig. 1
(c) shows the EBSD inverse pole figure (IPF), phase, and kernel average
misorientation (KAM) maps obtained from the R750-3m sample. The IPF
map shows many shear bands in black color penetrating through the
flattened parent grains, indicating the retention of the deformed struc-
ture. The phase map shows that the microstructure consists mainly of
FCC phase with a small amount of HCP phase, and the KAM map shows a
high density of dislocations with a high average misorientation value of
~ 2.51. These features account for the high yield strength but low strain
hardening rate of the R750-3m. In contrast, the plates show progressive
recrystallization during annealing. The P750-1m, with moderate
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Fig. 2. Evolutions of lattice strain of FCC and HCP grain families with the macroscopic true stress along the loading direction of different samples: (a) P750C-30s, (b)
P750C-1m, (c¢) P750C-2m, (d) P750C-3m, (e) P700C-6m, (f) P650C-15m, (g) R750C-3m, (h) R700C-6m, (i) R650C-15m.
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strength and strain hardening rate, exhibits a partially recrystallized
structure and consists of a single FCC phase, as shown in the IPF and
phase maps, Fig. 1(d). The KAM map reveals the nucleation of
dislocation-free recrystallized grains with an average diameter of ~ 1.2
pm in blue color near shear bands as indicated by arrows. Enlarged ECC
images from the IPF map show the formation of annealing twins in the
recrystallized grains (ROI-I), while dense deformation twins and shear
bands remain in the parent grains (ROI-II). After the 3 min annealing, a
nearly fully recrystallized structure (average grain size of ~ 1.9 pm)
with profuse annealing twins is obtained, which explains the further
decrease in yield strength and the high strain hardening rate in the
P750-3m sample.

Fig. 2 presents the lattice strain evolutions by in situ neutron
diffraction under uniaxial tension. The load partitioning among different
grain families can be differentiated with the lattice strain evolutions,
which indicate the average stress of the corresponding grain families
along the loading direction. All the grain families of different samples
along the loading direction deform elastically with a linear relationship
at stage I. After the linear part, the lattice strain of the {220} grain family
had the first obvious upward trend at stage II for all plate samples except
for the P750C-30s, which had almost no plastic deformation, Fig. 2(b-f).
These transition points of the {220} grain family are identical to the
yield points of the corresponding samples. For the rods in Fig. 2 (g-i), the
first obvious upturns in lattice strain occurred in the {111} grain family,
which are consistent with the yield stresses of the samples. This indicates
that the {220} and {111} grain families play more important roles in the
yielding process than other grain families in the plates and rods,
respectively. The {200} grain family along the loading direction tends to
share the largest load during deformation than other grain families in all
the studied samples. For the P750C-2m, P750C-3m, P700C-6m, and
P650C-15m in Fig. 2(c-f), they had low strength and high ductility, as
well as high strain hardening rate, and tended to have an early FCC to
HCP transformation at the stress of ~800 MPa. As a result of this early
HCP martensite formation, the HCP phase started to share the load from
FCC phase, and then the lattice strain of the {311} grain family bends up
while the {200} grain family almost keep its original trend in stage III.
The samples with medium strength-ductility-hardening rate, i.e.,
P750C-1m and R650C-15m, tend to have later phase transformation at
1000-1200 MPa as shown in Fig. 2(b) and 2(i). In this case, the HCP
martensite may not change the intergranular strain much in the FCC
phase. Therefore, the {311} lattice strain maintained a linear trend, and
the {200} lattice strain was bent to the right, indicating more load
shared by the {200} grain family. For the samples with higher strength,
low ductility, and low work hardening rate, such as R750C-3m and
R700C-6m, the HCP formed very late at the stress of ~1350 MPa, as
shown in Fig. 2(g) and 2(h). The HCP martensite did not share load from
the FCC phase before the lattice strain of the {311} grain orientation
started to bend to the right.
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Fig. 3(a) and 3(b) show the FCC fraction evolutions and true stress-
strain curves for P750C-1m and P750C-3m, respectively. Since FCC to
HCP transformation is closely related to stress [ 18], the stresses required
to form FCC decreases to ~953 MPa and ~750 MPa for P750C-1m and
P750C-3m, respectively, indicating the ease of activation of phase
transformation in P750C-3m than P750C-1m. This could be related to
the stacking fault energy (SFE) [19,20] and grain size [21]. The nucle-
ation and growth of HCP phase are mainly accompanied by the over-
lapping of stacking faults controlled by the movement of Shockley
partial dislocations [22]. The decrease of FCC fraction was suppressed
after the true strain reached ~20%, which could be related to higher
activation stresses to nucleate the transformation in the ultrafine
recrystallized grains [22-24] and the impeding effect of high dislocation
density at large strains [22,25]. In the early transformation stage, the
volume fractions of the HCP-martensite and twins were relatively low.
However, the thicknesses of such lamellar structures were very thin
(<100 nm), thus reducing the mean free path of dislocations. The FCC
fraction of the P750C-3m is ~58.5% at the true strain of ~26%, which is
lower than that of the P750C-1m (~64.4%) at the fracture point. More
HCP martensite was formed in the P750C-3m than in P750C-1m during
deformation, and then the HCP phase tends to share more load, enabling
more plastic deformation in the FCC phase, which could contribute to
the higher ductility in the P750C-3m.

Fig. 4(a) shows the deformed microstructure of the P750C-1m sam-
ple near the fracture surface by correlative EBSD and ECCI analyses.
Note that the image acquisition plane is perpendicular to the LD. The IPF
and phase maps reveal the martensitic transformation from the FCC to
the HCP phase (~ 35% in area fraction) in both coarse parent grains and
fine recrystallized grains upon tensile loading. The recrystallized region
shows a higher KAM value than the parent grains, indicating a larger
strain accommodation by the recrystallized grains. To further clarify the
orientation dependence of the deformation mechanism, we selected
grains with different orientations from the IPF map for ECCI analyses.
For the grain with (001) orientation, 001gcc in ROI I, a high density of
dislocation cells is observed inside the cell blocks. In contrast, the 111gcc
grain (ROI II) is dominated by profuse deformation twins and HCP
lamellae. Small deformation occurs in the 311g¢cc grain (region III) due
to a large number of pre-existing twins and shear bands in the matrix,
Fig. 1(d), which correlates with the linear increase in the {311} lattice
strain throughout the whole tensile stages, Fig. 2(b). Compared to the
P750-1m sample, the P750-3m sample shows a larger area fraction of
HCP phase (~ 53%) upon deformation, which even engulfs the entire
FCC grains, in Fig. 4(b). The lower KAM value inside the HCP phase
suggests less strain accommodation than the FCC phase. Close inspection
of 001pcc and 111pcc grains (ROI I and II) shows similar deformation
behavior to that of the P750-1m sample. However, the deformation
twins and HCP lamellae are also activated in the 311gcc recrystallized
grain, which agrees well with the bending up of the {311} lattice strain
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Fig. 4. EBSD IPF, phase, and KAM maps, and correlative enlarged ECC images of different grain orientations in the IPF maps obtained from (a) P750C-1m and (b)
P750C-3m samples near the fracture surface.

along with the onset of HCP martensitic transformation, Fig. 2(d). As
shown in the Fig. S1 in supplementary, the {111} grain orientation

preferred deformation texture was developed during plastic deforma-
tion, which could be resulting from the deformation twinning and FCC
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Fig. 5 shows the tensile properties, i.e., tensile strength vs. elonga-
tion, of the studied metastable HEAs comparing those with the tradi-
tional metallic materials [7,26-29] with the schematics of deformation
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Fig. 5. The tensile properties (tensile strength vs. elongation) of the studied interstitial metastable HEAs in comparison with the traditional metallic materials, and
corresponding schematics of deformation mechanisms in the alloys with different tensile properties.
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mechanisms. A wide range of strength-ductility property was achieved
using different thermal treatments in this metastable Fe495Mngg.
Co10Cr10Co 5 HEA. This study used in-situ neutron diffraction, EBSD, and
ECCI analyses to reveal the deformation mechanisms of the studied al-
loys, as shown in the schematics. For the sample with low strength and
high ductility, a fully recrystallized microstructure leads to the low
critical stress for activation of FCC to HCP transformation, Fig. 1(e) and
2(c-f). Given the low dislocation density and medium grain size [12,21,
30], the martensitic transformation and deformation twinning occur
easily in both {111} and {311} FCC grain families, as shown by the
vertical trend of lattice strain evolution in the early deformation stage,
Fig. 4(b). The {002} grain family is dominant by dislocation slip due to
the higher Schmid factor than that of the twinning systems [24,31]. In
contrast, the samples with moderate strength and ductility had partially
recrystallized microstructure before the deformation, Fig. 1(d). Because
the pre-existing deformation substructures, i.e., dislocations and
nano-twins, and grain refinement, can enhance the mechanical stability
of FCC matrix [32,33], the HCP martensite is activated at a medium
stress range and inhibited in the {111} grain family, Fig. 4(a). The {311}
grains show little strain accommodation due to dense shear bands in the
matrix, resulting in a linear trend of lattice strain upon deformation,
Fig. 2(b-f). For the alloys with high strength and low ductility, deformed
microstructure with intense dislocations, twins, and shear bands causes
large stress to activate the martensitic transformation, Fig. 1(c) and 2
(g-1).

In summary, the continuous deformation mechanisms of interstitial
metastable HEAs with different tensile properties are revealed in a
complete picture via real-time in-situ neutron diffraction, EBSD, and
ECCI analyses. A wide range of strength-ductility tradeoffs was obtained
through a series of annealing procedures with generation of different
initial microstructures in the Fe49 sMngoCo10Cr19Co s alloy. The multi-
stage work hardening behavior induced by FCC to HCP transformation
could lead to a wide range of properties. The critical condition for such
ideal cases could be tuned by different preparation processes, which
could result in different deformation mechanisms by changing the load
partitioning between FCC matrix and HCP martensite. This research
provides a micromechanical origin of the above scenarios through the
indispensable neutron diffraction measurements, due to reduced critical
stress in the recrystallized grains and the activation of multiple slip
systems.
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