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ABSTRACT
Most bulk metallic materials reveal an increased strength but a loss of ductility after cold deforma-
tion, a phenomenon known as the strength–ductility trade-off. In this study, we propose a strategy
to overcome this problem by introducing a high density of crystalline defects into a Fe-based
metastable alloy by refining grains to a nanometer scale. This procedure effectively enhances the
kinetics and reduces the driving force for transformation-inducedplasticity (TRIP). Consequently, the
TRIP effect originally occurring at cryogenic temperature in the studied alloybecomes active at ambi-
ent conditions, contributing to a strength–ductility synergy and overcoming cold working induced
sacrifice of ductility.

IMPACT STATEMENT
High-density crystalline defects were introduced into a metastable alloy, leading to an increase in
TRIP temperature. This helps to overcome the strength–ductility trade-off in the severely plastic-
deformed alloys at ambient conditions.
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Introduction

High-entropy alloys (HEAs), also named compositional
complex alloys (CCAs), have been continuously devel-
oped after proposing the primary concept of HEA 20
years ago because of their excellent mechanical perfor-
mance [1–6]. Apart from the conventional strengthen-
ing mechanisms [7–10], some novel strategies to over-
come the classic strength–ductility trade-off have been
explored in CCAs, such as heterogeneous structures [11],
gradient structures [12], transformation-induced plastic-
ity (TRIP) [13], and twinning induced plasticity (TWIP)
[14]. Recently, a Fe60Co15Ni15Cr10 Fe-based metastable
CCA with a nearly single face-centered cubic (FCC)
phase and minor volume fraction of body-centered
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cubic (BCC) has been exploited, which exhibits a ten-
sile strength of ∼1.5 GPa and a ductility of ∼87% at
cryogenic temperatures (77 K). These property combi-
nations are caused by the TRIP effect, the FCC to BCC
martensitic transformation [15]. However, this signifi-
cant TRIP effect is not active over the entire temperature
range, leading to a relatively low tensile strength at ambi-
ent temperature, caused by the temperature dependence
of the free energy difference �GFCC→BCC [16].

Subsequently, the Fe60Co15Ni15Cr10 metastable alloy
having a high density of cell dislocations and solute segre-
gation at cell boundaries was fabricated by selective laser
melting, which enabled a development of TRIP at ambi-
ent temperature, yet accompanied by a minor increase of
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strength [17]. Moreover, a Fe45Co25Ni10V20 metastable
CCA with a single FCC phase and a tensile strength of
1.1 GPa and a fracture elongation of 82% at 77 K was
reported [18]. In this alloy, the phase transformation
from FCC to BCC phase occurred predominantly along
grain boundaries and increased with strain contributing
to the ultimate high strength. Based on the researches
on the TRIP effect in austenitic steels and metastable
alloys, it is found that the TRIP effect is governed not
only by thermodynamic factors such as driving force and
temperature but also by the kinetic paths, such as grain
boundaries, twin boundaries, dislocationwalls and stack-
ing faults (SF), which are essential for providing nucle-
ation sites of the BCC phase formation [15,16,18–22].
Thus, there are promising opportunities to tune the TRIP
kinetics in the metastable CCAs by the design of defect
structures.

Inspired by these considerations, we aim to increase
the density of crystalline defects, mostly grain bound-
aries, to improve the TRIP FCC→BCC kinetic paths.
Via this strategy, numerous nucleation sites for the
BCC phase transformation will be created provid-
ing the possibility to increase the critical tempera-
ture for the TRIP effect to occur. To achieve that, the
metastable Fe60Co15Ni15Cr10 CCA is selected to vali-
date our hypothesis because of reports on its interest-
ing mechanical performance after various processes and
treatments [22–24]. The alloy was subjected to severe
plastic deformation (SPD) process by high-pressure tor-
sion (HPT) [25] to obtain an ultra-fine-grained (UFG)
or nano-grained (NG) microstructure. The conventional
nanocrystalline materials tend to exhibit limited uni-
form elongation because of the lack of strain-hardening
capability, which is related to the effects of a grain size
reduction. This is expected because the extremely small
grains cannot store dislocations to increase their density
by orders of magnitude as normally possible in coarse-
grained (CG) metals [26]. However, this problem can
be addressed by the development of the TRIP effect in
the NG metastable CCA. As a result, NG structures con-
tribute to a high value of the grain boundary strengthen-
ing; simultaneously, the alloy exhibits high ductility due
to the TRIP effect. This work opens a new perspective
to achieve strength–ductility synergy by creating high
density of crystalline defects in metastable alloys. A new
concept to tailor the kinetic pathways ofmetastable alloys
by means of grain refinement is proposed.

Materials andmethods

A Fe60Co15Ni15Cr10 (in the following: Fe60) ingot
was produced from pieces of the constituent metals

(purity > 99.9 wt.%) utilizing conventional vacuum arc-
melting under argon protective atmosphere. The ingot
was inverted and remelted four times with electromag-
netic stirring to ensure chemical homogeneity. Subse-
quently, the samples were homogenized at 1473K with
a heating rate of 115 K/h under a small flow of argon
for 6 h followed by furnace cooling. Cold rolling (CR)
was conducted with an 88% reduction in thickness (from
9.6mm to 1.1mm) after 16 passes. The CR plates were
then cut into disks with a diameter of 15mm, and the
disks were heated to 1275K for 10min to obtain CG
microstructure followed by water quenching. HPT pro-
cess was performed using CG samples at ambient tem-
perature under a hydrostatic pressure of 6.5 GPa for 5
turns with a rotation speed of 0.5 rpm to obtain an NG
structured sample.

Back-scattered electron (BSE) images and electron-
backscattered diffraction (EBSD) were conducted using a
ZEISS Auriga 60 field emission scanning electron micro-
scope (SEM) with an EBSD detector. Further EBSD anal-
ysis was evaluated by orientation imaging microscopy
(OIM) software. The samples for SEMandEBSDanalyses
were mechanically polished using silicon-carbide papers
and followed by electropolishing using an electrolyte of
10% perchloric acid and 90% ethanol at −5°C.

X-ray diffraction measurements were carried out with
an Empyrean diffractometer (Malvern Panalytical) oper-
ating at 40 kV and 40 mA with Cu Kα radiation of
0.15406 nm with a step size of 0.017°. The beam size was
determined as 2× 2mm2.

The transmission electron microscopy (TEM) and
automated crystal orientation mapping (ACOM)-TEM
measurements were carried out using a ThermoFisher
Themis-300 electron microscope at 300 kV equipped
with a probe aberration corrector and a Super-X EDX
detector. The TEM lamellae were prepared using an
FEI Strata 400 equipped with a Gallium focused ion
beam (FIB) system and by electropolishing at −5°C
using an electrolyte consisting of 10% perchloric acid
and 90% ethanol. The raw ACOM maps with a size of
500× 500 pixels were recorded with a step size of 2 nm.
The pixels with a phase reliability of less than 10 were
removed.

Synchrotron X-ray diffraction experiments were car-
ried out at P21.2 beamline, Deutsches Elektronen-
Synchrotron (DESY). The X-ray beam, set at an energy
of 52.5 keV corresponding to a wavelength of 0.023843
nm, was focused to a size of 150× 150µm2. Four Varex
XRD4343CT area detectors were positioned approxi-
mately 2.58m away based on LaB6 calibration. The pyFAI
software was employed to integrate the acquired two-
dimensional diffraction patterns into one-dimensional
diffraction profiles.
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Dog-bone-shaped tensile test samples were machined
from the HPT disks with a gauge length of 4 mm. Ten-
sile tests were performed at ambient temperature at a
strain rate of 10–3 s−1 using a custom-built computer-
controlled micro-tensile stage.

Results

The Fe60 alloy after homogenization shows almost
single-phase FCC with only a minor amount of the BCC
phase. EBSD phase maps of the CR and CG samples are
shown in Figure 1 (a) and (b), respectively. However, the
CR sample contains ∼25 vol.% of BCC phase that has
been reported in publication [23], which is attributed to a
large amount of strain experienced by the sample during
CR. The following heat treatment of the CR sample led
to a recrystallization and a reverse transformation from
BCC to FCC phase. As a result, the CG sample presents
an FCCphase dominated structurewith amean grain size
of 13.7± 9.9 μm and a negligible BCC phase amount of
0.2 vol.%. The microstructures of the CG and CR sam-
ples are similar to that in the previous reports [23], which
were also examined by X-ray diffraction and SEM in the
supplementary (Figure S1).

Figure 1 (c–f) shows the microstructures of the NG
sample by TEM investigations. The high angular angle
dark filed scanning transmission microscopy (HAADF-
STEM) image in Figure 1 (c) demonstrates grain size
of the NG sample in the range from 20 to 80 nm. The
corresponding selected area electron diffraction (SAED)
pattern of the NG sample in Figure 1 (d) displays the
presence of anNGFCCphase as well as twoweak diffrac-
tion spots of 200 reflections of the BCC phase indicated
by the white circles. Therefore, the HPT deformation
apparently had not led to a strain-induced BCC phase
formation inNG sample, in contrast to cold-rolling treat-
ment described above. This distinct difference is most
likely resulting from the two aspects: (i) the phase trans-
formation from FCC to BCC is accompanied by a lattice
expansion and (ii) the HPT was carried out under a pres-
sure of 6.5 GPa in a quasi-hydrostatic condition, which
can suppress the volume expansion induced by phase
transformation. This effect leads to a reduction of the
transformation driving force [27,28].

Additionally, a weak abnormal reflection signal
appears inside the FCC (111) ring. The intensity of elec-
tron counts along the blue arrow is shown in Figure 1 (d),
which could imply a kind of planar fault; extrinsic stack-
ing faults detected using X-ray diffraction method in
FCC alloy [29]. Figure 1 (f) represents a high-resolution
TEM (HR-TEM) image of NG sample in a [011] zone
axis. High-density stacking faults appear in one FCC
grain as indicated by white arrows and affirmed using

the Fast Fourier Transforms (FFTs) generated by the
selected squares. Simultaneously, it is worth to note the
multiple intersections of SF forming networks known as
Lomer–Cottrell (LC) locks indicated by white circles.

To support the presence of the high density of defects
in the NG sample, we conducted a statistics analysis of
stacking fault density from several HR-TEM images and
grain boundary density from HAADF images. The anal-
ysis reveals a high density of stacking faults, which is
approximately 1.3× 1016 m−2. Based on this stacking
fault density, the dislocation density can be estimated to
be 2.6× 1016 m−2, as typically, a pair of partial disloca-
tions surrounds each stacking fault. The high-angle grain
boundary density was also estimated to be 1.27× 104
m/m2. The outcomes provide a better understanding of
the high density of the crystalline defects in the NG
sample.

A typical 60° full dislocation consisting of two par-
tial dislocations is shown in supplementary Figure S2
obtained by aberration-corrected STEM image. More-
over, the atomic-resolution HAADF image and corre-
sponding high-resolution energy-dispersive X-ray anal-
ysis (EDX) maps of individual elements confirm that no
detectable elemental segregation is found at the SFs, as
illustrated in Figure S3. In the end, nearly a single FCC
phaseNG sample containing high density of defects, such
as grain boundaries, stacking faults and dislocations, was
synthesized successfully.

Figure 2 shows the tensile curves at ambient tempera-
ture of the CG, CR and NG samples, respectively. Firstly,
it is worth to note that the three samples exhibit com-
pletely different mechanical behavior. The CG sample
represents a low yield strength of 0.25 GPa, an ultimate
tensile strength of 0.54 GPa, and a large total tensile elon-
gation of 0.59, which is comparable to published results
[15]. The CR sample reaches a high YS of 1.14 GPa, fol-
lowed by direct tensile failurewithout hardening, indicat-
ing a typical mechanical performance of cold-deformed
alloys [30]. However, a unique tensile behavior appears
in the NG sample. The stress–strain curve exhibits pro-
nounced yield point behavior with an ultra-high yield
point of 1.61 GPa followed by an abrupt drop of flow
stress of approximately 0.2 GPa, resulting in a flow stress
of ∼1.4 GPa. Afterwards, the sample keeps a continu-
ous uniform plastic deformation by a long stress plateau
until reaching the strain of 0.23 under the constant stress.
Subsequently, the stress–strain curve of the NG sample
indicates a slight hardening until a strain of 0.26 where an
onset of necking occurred. Finally, the NG sample repre-
sented a total elongation of 0.36 after tensile failure. Thus,
NG sample demonstrated an excellent combination of
strength and elongation. The high YS of the NG sam-
ple is mainly attributed to grain boundary strengthening,
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Figure 1. Microstructure characterization of the Fe60Co15Ni15Cr10 alloy in the CR, CG and NG states. (a–b) EBSD phase maps of the CR
and CG samples. Black lines indicate high-angle grain boundaries (θ > 15°) (c) HAADF-STEM images of the NG sample. (d) SAED pattern
of theNG sample. (e) One-dimensional electron diffraction profiles alongblue arrow in (d). (f ) HR-TEM image of theNG sample presenting
a nano-grain with [011] zone axis. The white arrows indicate SFs, and two Fast Fourier Transforms (FFTs) are from corresponding squares.
LC locks are pointed by white circles.
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Figure 2. Engineering stress–strain curves of the CG, CR and NG
samples, respectively. The tensile tests were performed at ambi-
ent temperature (293 K).

which is comparable to other single FCC phase CCAs
prepared by HPT, e.g. ∼1.7 GPa in a NG CoCrFeMnNi
Cantor alloy with a grain size of ∼50 nm [31] and 1.66
GPa in aCantor typeNGCo1Cr0.25Fe1Mn1Ni1 alloywith
a grain size of 45 nm [32]. Let us note that the yield point
behavior followed by an extended stress plateau has been
observed in UFG 304 austenitic stainless steel and was
related to a development of a Lüders-type deformation
due to martensite formation [33].

In order to understand the origin of such a peculiar
deformation behavior of the NG sample, the microstruc-
tural investigations after tensile fracture at an engineer-
ing strain of approximately 0.36 were performed. The
HAADF-STEM image in Figure 3 (a) suggests that the
grain size distribution is still uniform after deformation
with an average grain size of ∼ 60 nm, apparently the
same as before the tensile test. Remarkably, the SAEDpat-
tern in Figure 3 (b) reveals a single BCC phase without

Figure 3. TEM investigations on NG specimen after tensile failure near fractured surface with an engineering strain of approximately
0.36. (a) HAADF-STEM image of the NG sample. (b) SAED pattern of the NG sample. (c) Phase map from ACOM-TEM measurement. The
pixels where had a phase reliability of less than 10 were removed and the black lines indicate high-angle grain boundaries (θ > 15°).

detectable diffraction spots of FCC structure, indicating a
full FCC to BCC transformation during the tensile defor-
mation. The phase map from ACOM-TEM in Figure 3
(c) shows that the main phase of the deformed NG sam-
ple is the BCC phase without any FCC phase presence.
Herein, we conclude that the TRIP behavior of the Fe60
alloy, previously observed at cryogenic temperature (77
K) for the coarse grain structure [17], can be extended
to ambient temperature (293 K) for the NG sample. The
reason could be the presence of a high density of crystal
lattice defects induced by HPT, such as grain boundaries,
twin boundaries and stacking faults, which play a critical
role for the nucleation of the BCC phase as we proposed.

To evaluate the phase transformation behavior and
the micromechanical process of individual phases of the
NG sample on a macro scale, synchrotron X-ray diffrac-
tion experimentswere conducted in the undeformed area
(Point A), in the deformed area with an engineering
strain of ∼ 0.26 corresponding to the onset of neck-
ing (Point B) and in the fracture area after strain of 0.36
(Point C), as shown in Figure 4 (a). Figure 4 (b) shows
the synchrotron X-ray diffraction patterns of the NG
sample at three strain levels. Before the onset of plas-
tic deformation at Point A, virtually only the FCC phase
appears in the NG sample. In addition to the diffrac-
tion rings of FCC phase, a weak ring inside the 111 ring
is also found, which presumably appears due to a pres-
ence of extrinsic stacking faults in the FCC structure
[29,34]. After intermediate deformation at Point B, the
BCC phase dominates in the NC sample, while a small
amount of FCC phase remains. The results from the loca-
tion of the fracture for the NG sample after an engineer-
ing strain of 0.36 indicate complete transformation of the
FCC phase into the BCC phase. The synchrotron X-ray
diffraction results before deformation and at the fracture
position are perfectly in agreement with our TEM obser-
vations. The two-dimensional diffraction patterns were
integrated into one-dimensional diffraction profiles, as
shown in Figure 4 (c,d). The dislocation density of the
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Figure 4. Synchrotron X-ray diffraction investigations on a tensile specimen of the NC sample. (a) Schematic of the synchrotron X-ray
diffraction experiments; the threemeasured locations correspond to different strains during the uniaxial tensile deformation,which are 0,
0.26 and 0.36, respectively. (b) Diffraction patterns at three deformation levels; (c, d) one-dimensional diffraction profiles after integration
of the data from four area detectors.

NG sample was determined by X-ray line profile analysis
using the convolutional multiple whole profile method
[35]. The results show that dislocation density in the
FCC phase at point A in Figure 4(b) is 5.9× 1016 m−2,
whereas the dislocation density in BCC phase at point C
is 4.7× 1016 m−2. The measured and fitted patterns are
presented in Figure S4.

Discussion

In this study, we prepared the metastable Fe60Co15Ni15
Cr10 alloy and refined its grain size to the nanoscale
(< 100 nm) using HPT. Additionally, apart from the
high density of grain boundaries in the NG sample, large
amounts of defects were prompted in the FCC grains
as shown in Figure 1 (d–f) and Figure 4 (b-c). The
investigations on the deformation-induced FCC to BCC
phase transformation reveal that crystal lattice defects

originated from HPT are crucial for promoting nucle-
ation of the BCC phase in fine-grained metastable alloys
[15,16,18,20–22]. Hence, the kinetic paths for TRIP effect
in the NG sample are dramatically improved, resulting in
an occurrence of this effect even at ambient temperature.

The three samples appear to have significantly differ-
ent strain-hardening behavior. The CG sample shows a
high degree of work hardening, which is common for the
CG single FCC phase CCAs [36]. This is possible due to
deformation twinning, which leads to additional strain
hardening which postpones the onset of necking and
improves the ductility [37]. The strain–stress curve of the
CR sample shows a typical mechanical behavior of cold
worked metals. The primary reason for the low ductility
is a low strain-hardening capability, which leads to plastic
strain instability and early necking [38]. In other words,
the increase in density of dislocations during CR hinders
further dislocation storage during tensile test, whichmay
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accelerate the plastic flow localization leading to necking
at an early stage of tensile deformation [39], resulting in
a higher yield strength at the expense of ductility.

The conventional NG and UFG materials tend to
lose the work hardening quickly on deformation owing
to their very low dislocation storage efficiency inside
the tiny grains, especially when in presence of dynamic
recovery [40]. Such a high-strength material is therefore
prone to plastic instability (early necking), severely limit-
ing the desirable uniform elongation unless larger grains
of appropriate sizes and volume fractions are present.
However, in our case, the problem can be developed by
the TRIP behavior in the NG sample. The TRIP behavior
is proposed to start at the upper yield point and continu-
ously occur during the plateau stress deformation stage.
Apparently, the triggered phase transformation prevents
the development of typical for NG alloys plastic instabil-
ity (necking) until reaching the strain of 0.23 with a little
retained FCC phase, which is comparable to the results
from ref [33]. Further tensile deformation-induced slight
work hardening until the strain of 0.26 and results in
transformation of all the retained FCC phase to the BCC
phase, leading to a large ductility of 0.36 after fracture.
Nevertheless, detailed explanation of the TRIP mecha-
nism in the NG sample needs further investigation.

We believe that the key role in the development of the
TRIP in the NG sample in our study plays the nano-grain
structure. The high density of grain boundaries provides
numerous nucleation sites for the BCC phase forma-
tion, which significantly improves the kinetics paths of
the phase transformation. This allows the TRIP effect to
occur in the NG sample at ambient temperature. The
grain size of the CR sample is of a few micrometers as
shown in Figure 1 (b), which is two orders of magnitude
larger than that in the NG sample. Therefore, no fur-
ther phase transformationwas observed in theCR sample
after tensile experiments as the density of grain bound-
aries in the CR sample is much less than that in the NG
one. It is found that the TRIP effect in austenitic steels
and metastable alloys is governed not only by thermo-
dynamic factors such as driving force and temperature
but also by the kinetic paths, such as the grain size effect.
This grain size effect on TRIP was recently reported in
304 Lmetastable austenitic steel [41]. In particular, it had
been found that the BCC phase nucleated at shear band
intersections in samples with large grain size (>34µm);
however, in the UFG sample with a grain size of 0.5µm,
the BCC phase essentially formed on the grain bound-
aries surprisingly at a lower value of critical strain. This
decrease of the critical strain implies the enhanced kinet-
ics of martensitic transformation due to the availability
of numerous nucleation sites on the grain boundaries,
which is analogous to our results. Hence, it is proposed

that the high density of defects, mostly grain bound-
aries, significantly improved the kinetic paths for the
BCC phase nucleation in the metastable CCAs.

Note also that the high defect density influences the
phase equilibrium by decreasing the difference in the
Gibbs free energy between the BCC and FCC phases at
ambient temperature [28]. The free energy of nanocrys-
talline alloy after HPT deformation is much higher
than that in the coarse-grained state, which increases
the FCC to BCC transformation temperature. Further-
more, NG alloys processed by HPT usually contain non-
equilibrium grain boundaries and high levels of internal
stresses within the crystalline lattice [42], which would
also enhance transformation kinetics and contributes to
the free energy of the FCC phase.

Eventually, the NG sample exhibits an excellent
strength–ductility synergy, which provides an ultra-high
strength owing to the nano-scaled microstructure and
significantly enhanced plasticity because of TRIP effect.
Figure 5 shows a summary of the tensile properties at
ambient temperature, i.e. yield strength vs. tensile elon-
gation, of the studied metastable Fe-based NG alloy in
comparison with those of other novel CCAs and tra-
ditional metallic materials [4,11,13,43–63] Furthermore,
the yield point drop phenomenon with continuous long
stress plateau in tensile curve of the NG sample during
the uniaxial deformation should be explored further as
well as its relations with the TRIP effect and Lüders-type
deformation.

In summary, a new insight into strength–ductility
synergy in metastable alloys is demonstrated. Due to
a presence of a high density of grain boundaries and
other defects (such as stacking faults) in the nearly sin-
gle FCC phase NG Fe60Co15Ni15Cr10 alloy, the critical

Figure 5. Summary of tensile properties at ambient temperature
of our NG metastable Fe-based alloy in comparison with some
CCAs and conventional steels.
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temperature for TRIP occurrence is increased from 77K
for the CG sample to 293K for the NG sample. The NG
sample demonstrates a yield tensile strength of ∼1.61
GPa and a total elongation of ∼36% at ambient tem-
perature, owing to the synergistic impact of drastic grain
refinement and TRIP effect. The strategy of improv-
ing transformation kinetics using HPT, resulting in an
increase of TRIP temperatures, would be also potentially
feasible in other metastable alloys and austenitic steels
with TRIP effect to enable them to demonstrate better
mechanical performance at ambient temperatures.
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