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1. Introduction

CoCrFeMnNi high-entropy alloys (HEAs) with face-centered
cubic (FCC) structure have recently garnered extensive interests
due to numerous improved and unique properties in respect to
conventional alloys,[1–3] especially the remarkable mechanical
properties at cryogenic temperatures.[4,5] Nevertheless, FCC
HEAs usually show notable ductility but insufficient strength.
Alloying with interstitial elements is one of possible approaches
to increase the strength and maintain reasonable ductility.[6–8] In
addition, severe plastic deformation (SPD) techniques, for
instance, high-pressure torsion (HPT), can be used to obtain
ultrafine grained metallic alloys with extremely high
strength.[9,10] Carbon interstitial not only contributes to improve
solid solution strengthening and lattice friction stress but also
significantly enhances the grain refinement ability due to the

strong effect on dislocation cross-slip.[7,11]

Meanwhile, carbon can easily segregate
on the defects during SPD processing
at room and elevated temperatures,[12–14]

which provides extra strengthening
contribution. Recently, nanocrystalline
CoCrFeNiMn alloy with a mean grain size
of �50 nm was obtained by HPT at room
temperature (300 K), which is presented
in a single FCC phase.[15–17] It suggested
a significant increase of the strength with
a sacrifice of ductility. Later, some works
performed cryo-HPT processing at liquid

nitrogen temperature (77 K) to explore the nanocrystalline
structures and mechanical properties at such cryogenic temper-
ature.[18,19] It was reported that a martensitic phase transforma-
tion from FCC to hexagonal close-packed HCP structure during
the deformation occurs, while the hardness values of the sample
processed by HPT at 77 K are much less mainly due to lower
dislocation density.[19] However, only few works were conducted
with interstitials alloyed CoCrFeMnNi system FCC structured
HEAs to approach ultrafine-grained or nanocrystalline structures
using plastic deformation methods at cryogenic tempera-
tures,[7,20] especially with HPT method. Additionally, the carbon
interstitial effect on the grain refinement behavior has not
been systematically studied at cryogenic temperature in FCC
structured HEAs. In the present work, we aimed to understand
how HPT straining can drive carbon interstitial to diffuse at
cryogenic and room temperature.

2. Results and Discussion

Figure 1 displays the X-ray diffraction patterns of
Co1Cr0.25Fe1Mn1Ni1-2% C alloy deformed at 300 and 77 K.
After HPT, only single FCC structure is present in both speci-
mens, in contrast to a recent work,[18] where a formation of about
30% of HCP phase was revealed after HPT processing at 77 K in
the equiatomic CoCrFeMnNi HEA. Most likely this difference
arises from higher pressure of 7.8 GPa applied at HPT in the
work.[18] Note that the HCP phase has not been found in
CoCrFeMnNi HEA processed by HPT at 6 GPa at 77 K in
ref. [19], which is similar to the HPT conditions in our case.
No evident shift of respective X-ray diffraction (XRD) peak posi-
tions is observed between XRD patterns (inset in Figure 1) which
points toward the same lattice parameter of FCC phase in sam-
ples processed at both temperatures. The broadening of XRD
peaks demonstrates that numerous lattice defects developed in
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Herein, a CoCrFeMnNi high-entropy alloy with reduced Cr content and with the
addition of 2 at% C interstitial is processed via high-pressure torsion (HPT) under
6.5 GPa by three turns at room and cryogenic temperatures. The microstructure
is investigated by transmission electron microscopy (TEM) and atom probe
tomography (APT). The results indicate that C atoms segregate at the boundaries
of the nanograins in the sample processed at room temperature, while the
sample processed at cryogenic temperature does not show any notable segre-
gations of carbon.
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the FCC matrix during HPT processing, indicating a high
density of defects, such as high-angle grain boundaries (GBs)
and dislocations.

The microstructures of the 300 and 77 K samples correspond-
ing to the sample region with saturated microhardness are
shown in Figure 2. The bright-field images in Figure 2a,b illus-
trate the nanoscaled uniform microstructure. The corresponding
selected area electron diffraction (SAED) patterns indicate that
both samples exhibit single FCC phase, suggesting that no pre-
cipitation or phase transformation occurred during and after
HPT processing. Automated crystal orientation mapping
(ACOM) maps are shown in Figure 2c,d. Nanoscale grains are
separated by high-angle GBs (>15°) shown with black lines.
In addition, several nanotwins can be found in orientation maps
in both alloys. However, due to the limitation of scanning reso-
lution in the microprobe condition, nanotwins with a width less
than 4 nm could not be detected especially in 77 K alloy. The
grain size distribution histograms for the two HPT conditions
are shown in Figure 2e,f, which indicate that the average grain
size of the two samples is approximately around �18 (�12) nm.
Typical high-resolution transmission electron microscopy (TEM)
images of these two samples are shown in Figure 2g,h, respec-
tively. The inserted fast Fourier transforms (FFTs) show the[11]

zone axis in both samples. Apparently, the amount of deforma-
tion twins was relatively low in the 300 K sample. However, there
are plentiful nanotwins with a thickness between 1 and 4 nm in
the 77 K one as shown in Figure 2h, marked by yellow dashed
lines, and the related FFT provides significant evidence of Σ3
boundaries in (011) plane of FCC phase. In fact, nanotwins were
observed in almost all the grains with the[11] zone axis normal to
the sample surface (i.e., in all grains suitably oriented for obser-
vation of twins in HRTEM) in 77 K sample.

The chemical composition and the elemental distribution in
studied alloy were analyzed using atom probe tomography (APT)
method, as shown in Figure 3 and S1, Supporting Information.
As the grain size of both alloys is around �18 nm, the cuboids of
20 nm thickness were sliced from the original APT volumes to

avoid crystal overlapping. The carbon volume rendering map in
Figure 3a shows that the carbon atoms are not homogeneously
distributed in this sample but have segregated along the surfaces,
which are most probably GBs indicated by red arrows. However,
this significant segregation phenomenon was not pronounced in
the 77 K sample, as shown in Figure 3c. Additionally, the 2D con-
tour color maps of C concentration are illustrated in Figure 3b for
300 K sample and in Figure 3d for 77 K sample. The periodic
variation of carbon concentration is clearly observed in

30 40 50 60 70 80 90 100

in
te

ns
ity

2 theta

77K
300K

Figure 1. XRD patterns of the alloys processed by HPT at room tempera-
ture (300 K) and at cryogenic temperature (77 K). Inset is the zoomed
high-angle range of the spectrum; no XRD peak shift between the 300
and 77 K samples is detected.
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Figure 2. TEM characterization of Co1Cr0.25Fe1Mn1Ni1 alloy with addition
of 2 at% C HPT-deformed at a,c,e,f ) 300 K and b,d,f,h) 77 K. (a) and (b)
show the bright-field TEM images with inserted selected area diffraction
patterns; (c) and (d) are orientation maps evaluated from ACOM and cor-
responding color coding; (e) and (f ) are the grain size distribution histo-
grams; (g) and (h) show the HRTEM images and corresponding fast
Fourier transform. The TEM samples were extracted from HPT disc in
the hardness saturation area at a distance of 6 mm from the center.
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Figure 3b upon those narrow areas with higher C concentration
up to 4 at% are situated at a distance comparable with the mean
grain size, which indicated a C segregation on the GBs marked
by red arrows. Yet, for the 77 K sample in Figure 3d, the areas
with high C concentration are mainly located at the APT sample
tip region, which may relate to the contaminations induced by
sample preparation in the focused ion beam (FIB) system. Let
us emphasize that the APT sample (a needle with base radius
of 50 nm and a length of 150 nm) contains approximately
100 grains with several hundreds of GBs. Therefore, the obtained
results are statistically valid. Meanwhile, the metallic constitu-
ents were distributed homogeneously as shown in Figure S1,
Supporting Information. Therefore, it seems that carbon atoms
segregate to crystalline defects like GBs, which more likely pres-
ent with a high density in severe deformed alloys.[14] The differ-
ence between the segregation behavior at 300 and at 77 K hints
that the C atom diffusion during the deformation process is
insufficient at the low temperature.

In order to quantitatively analyze the fluctuations of carbon
concentration in the matrix, 1D concentration profiles were plot-
ted for a cuboid shaped slab with dimensions 5� 5� 60 nm3

along the Z-direction. Two typical linear concentration profiles
of carbon for both alloys are shown in Figure 4. The inserted
horizontal dashed lines correspond to the average C concentra-
tion of the selected APT volume. In the present study, the

nominal carbon content in the alloy is 2 at%, which is rather
low concentration and usually leads to a large deviation in the
statistics. As shown in Figure 4a, the mean C concentration is
around 1.84 at%; however, two peaks with a concentration of
�4–5 at% reveal the pronounced C segregation in the 300 K
sample. However, the fluctuations of C concentration were plotted
in Figure 4b without any noticeable peak implying that the C
segregations were not formed during the HPT process at 77 K
in the studied alloy, despite a relatively higher mean C content
of 2.04 at%.

Normally, carbon atoms can easily segregate to the lattice
defects like dislocations, subgrain and GBs in both body-centered
cubic (BCC) and FCC alloys.[13,14,21] In order to understand why
notable carbon segregations were not observed in the sample
processed at 77 K, we should consider two points: 1) the source
of carbon atoms to form segregations, and 2) the transport mech-
anisms for carbon atoms to the segregation sites. In our previous
article,[11] we have shown that as-melted Co1Cr0.25Fe1Mn1Ni1
alloy with the addition of 2 at% C contains carbides precipitated
along GBs. We argued that the dissolution of these carbides dur-
ing HPT released carbon atoms that subsequently segregated to
GBs. This phenomenon was also found in C45 steel processed by
HPT at room temperature.[14] Present investigation indicates that
HPT process at 77 K most likely does not lead to a dissolution of
carbides, but rather to their refinement. This directly follows

Figure 3. Selected APT reconstructions with a thickness of 20 nm. C volume rendering of samples processed at a) 300 K and c) 77 K samples.
Corresponding 2D contour color maps of C concentration in (b) and (d), respectively. The arrows in (a) indicate the sites of carbon segregation.
The scale bar is 20 nm in all images.
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Figure 4. Linear concentration profiles of C atoms evaluated from the APT measurements of the samples processed by HPT at a) 300 K and b) 77 K.
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from the fact that the carbon concentration in the FCC matrix is
the same in samples after HPT processing at both temperatures,
as shown by the XRD determination of lattice parameter
(Figure 1). Indeed, released carbon atoms as a result of carbides
dissolution can either dissolve in the lattice thus leading to its
expansion, or form segregations. As none of that is observed
in the sample processed by HPT at 77 K, we conclude that at that
temperature carbides are more stable against mechanically
driven decomposition. As an example, the refined carbide parti-
cle was found at grains triple junction position in the 77 K sample
(see Figure S2, Supporting Information). The reasons for the
enhanced stability of carbides at 77 K are not fully understood
yet and require further investigations with the help of thermody-
namic calculations, which is over the scope of present work.
Here, we can suggest that it might be somehow related to frozen
atom transport mechanisms such as dislocation drag,[22] disloca-
tion pipe diffusion,[23] nonequilibrium GB diffusion,[24] and even
vacancy-assisted diffusion,[25] due to high energy barrier at cryo-
genic condition according to Fick’s law.[26]

Another interesting observation of the present research is the
formation of numerous twins inside of the nanocrystalline grains
in 77 K sample (Figure 2f ). CoCrFeMnNi-type fcc HEAs are
known to exhibit excellent mechanical properties at cryogenic
temperatures, which is caused by the activation of twinning
deformation.[5,7,27] In the abovementioned works, a transition
to twinning deformation is related to the pronounced tempera-
ture dependence of the yield strength. High flow stress at cryo-
genic temperature is an important trigger for the development of
deformation twins in FCC HEAs.[28–30] Additionally, the activa-
tion of deformation twinning can be related to the temperature
dependence of the stacking fault energy (SFE) as shown by first-
principle quantum mechanical methods.[31]

Finally, let us regard the hardness variation from the center to
the edge of the HPT samples, which is shown in Figure 5. The
hardness of both samples significantly increased from the HPT
disc center to the area with saturated value of �630HV. As the
hardness measurements were carried out immediately after
the HPT processing at 77 K, we assume that the effect of the

microstructure recovery at room temperature on the hardness
values is negligible. Hence, the hardness exhibits a saturation
at a radius of about 2.5 mm, which corresponds to an equivalent
strain of �33, indicating that the grain size and defects density
are at the same level in both samples. Let us note that in recent
works on nanocrystalline CoCrFeMnNi alloy processed by HPT
at 77 and at 300 K, microhardness values were about 10% lower
in the 77 K sample than these in the sample prepared at
300 K.[18,19] Something similar is observed in the present work
for sample areas corresponding to equivalent strains at HPT
lower than 60 (Figure 5). In refs. [18,19], the main reason for
lower hardness in samples processed at 77 K was attributed to
a reduced dislocation density in the FCC phase.

Taking into account close values of hardness for both samples
shown in Figure 5, we assume the yield strengths of 300 and 77 K
samples could be comparable. In our previous study, we con-
firmed that 300 K alloy demonstrated remarkably high yield
strength of �2.4 GPa, but zero ductility, which we attributed
to carbon segregations on GBs.[11] We argued that as GB sliding
is a main deformationmechanism in such nanostructured alloys,
and GBs are decorated with C segregations, GB sliding is
retarded in 300 K alloy, leading to brittle behavior in tensile test.
One can expect that reduced carbon segregation to GBs in 77 K
alloy may lead to a reasonable ductility in 77 K sample.

3. Conclusion

In the present study, Co1Cr0.25Fe1Mn1Ni1 alloy with 2 at%
Carbon has been deformed using HPT at room and liquid nitro-
gen temperatures and carbon segregation behavior has been
studied. Investigations allowed to conclude that the nanostruc-
tured single-phase FCC HEA processed at room temperate
shows carbon segregations at GBs or in areas with high density
of dislocations. However, cryogenic deformation is unfavorable
to carbon segregation formation mainly due to enhanced stability
of carbides against mechanically driven dissolution and high dif-
fusion energy barrier at low temperature. Finally, the hardness
values of samples processed at room and cryogenic temperatures
are similar and very high at 630 HV in the saturation mainly due
to the similar grain size distributions and defect densities.

4. Experimental Section
Co1Cr0.25Fe1Mn1Ni1 (subscripts indicate the molar fraction of the

respective component) alloy was prepared by vacuum induction melting
using high purity elements (99.9 wt%) with the addition of 2 at% C. In the
following, the studied alloy is named as Co1Cr0.25Fe1Mn1Ni1-2% C for
brevity. The amount of Cr in alloys was reduced in order to avoid the for-
mation of massive chromium carbides and to increase the solubility of
carbon in the FCC lattice.[7] Despite of it, the as-melted alloy contained
lamellar carbides precipitated along GBs.[7,11] For the HPT processing,
the as-melted ingot was sectioned to obtain discs with a diameter of
15mm and an initial thickness of 0.8 mm. HPT process was performed
at room temperature (300 K) and at liquid nitrogen temperature (77 K)
under a hydrostatic pressure of 6.5 GPa for three turns with a rotation
speed of 0.5 rpm. The processing at 77 K was performed as follows.
The sample was fixed between the HPT anvils; after that the anvils were
immersed into a liquid nitrogen bath, 30 min were left for temperature
stabilization, and a continuous supply of liquid nitrogen was provided dur-
ing deformation. Hardness measurements were carried out immediately
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Figure 5. The variation of hardness along the HPT disk radius of samples
processed by HPT at room temperature (300 K) and at cryogenic temper-
ature (77 K).
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after the processing by HPT at 77 K. Vickers microhardness was measured
with a load of 500 g with a dwell time of 10 s on the polished surface of the
samples using a Buehler Micromet-5104 device. The distance between
indents was maintained at a constant value of 0.5 mm. XRD measure-
ments were performed using a Philips X’Pert powder diffractometer with
a Cu Kα anode. The conventional and high-resolution TEMmeasurements
were carried out using ThermoFisher Themis-Z at 300 kV with double aber-
ration corrector. ACOM-TEM was collected by FEI Tecnai F20-ST at 200 kV
in μp-STEM mode equipped with the NanoMegas ASTAR system using a
pixel size of 1 nm. Crystallites with an area under 20 pixels (corresponding
to an equivalent diameter�5 nm) were not included into the statistics due
to their overlapping along the electron beam path. APT measurements
were conducted using Cameca-LEAP 4000� HR instrument in voltage
probe mode at 55 K, a pulse rate of 200 kHz, and a target detection rate
of 0.3%. The reconstruction of APT data was performed with AP-Suite6
software. TEM lamellae and APT tips for microstructure characterization
were extracted from HPT disc at distance of 6 mm from the center and
prepared using a FEI Strata 400 equipped with Ga FIB. For the sample
produced at 77 K, the tips for APT measurements were prepared by
FIB just after the hardness measurements were finished; subsequently,
the tips were stored in the LEAP 4000� HR chamber.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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