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a b s t r a c t 

In this study, a Cantor type high entropy alloys with the addition of C interstitials (, 0, 0.5 and 2 at.%) were pro- 
cessed via high pressure torsion (HPT) under 6.5 GPa by 0.5, 1 and 3 turns at room temperature. The microstruc- 
tures and mechanical properties of samples before and following HPT were investigated. In all compositions 
studied, HPT deformation led to a dramatic grain size refinement down to a nanoscale range and also resulted 
in a considerable increase in dislocation density. Atom Probe Tomography studies reveal that in the alloy with 
2 at.% C, C atoms segregated at the boundaries of the nano-grains. The hardness of specimens with 0, 0.5 and 
2% at. C approached a maximum value at a plateau at 490 HV, 550 HV and 640 HV, respectively. This plateau 
was reached at an HPT shear strain corresponding to more than ~20. The yield and ultimate tensile strength 
values of the as-cast alloys increased with increasing C content. The uniform elongation of all three alloys stud- 
ied exceeded 30%. The yield strength values of the HPT processed samples increased significantly and reached 
1.7 GPa, 1.9 GPa and 2.4 GPa, respectively, with 0, 0.5 and 2 at.% C; however, a dramatic decrease of ductility 
was observed. Analysis of the factors contributing to the strengthening of HPT processed alloys revealed that the 
conventional approach based on dislocation motion resulted in significantly overestimated yield stress values in 
comparison with the experimentally obtained ones. It was proposed that the discrepancy between the theoretical 
estimate and experimental results is related to the emergence of grain boundary sliding. The present results pro- 
vide new insights on the leverage of strength versus ductility by combining HPT processing with alloying with 
an interstitial-type element. 
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. Introduction 

The so-called Cantor alloy (equiatomic CoCrFeNiMn), one of high
ntropy alloys (HEAs) with a single face-centered cubic (fcc) phase, has
ttracted increased attention in the past decade largely because of its
xcellent mechanical properties [1–10] . The most remarkable feature of
his alloy is the superior combination of ductility and strength at cryo-
enic temperatures in comparison with that at room temperature, espe-
ially in a fine-grained state [ 2 , 11 , 12 ]. However, even with the mean
rain size as small as ~1 𝜇m, the alloy still shows a rather low yield
trength of around 700 MPa with a uniform elongation of ~42% [10] .
ommonly, the fcc-structured Cantor alloy system shows much higher
∗ Corresponding author. 
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uctility but lower strength when compared with other HEA systems,
or instance bcc HEAs [13] . This has been attributed to a dissimilarity
f crystalline structures having different slip systems and by the con-
ribution of twinning deformation that is also known as the dynamic
all-Petch effect [5] . 

One approach that has been implemented to increase the strength of
he Cantor alloys is to incorporate interstitial-type elements (e.g., C) into
he fcc HEAs, yielding notable improvements in strength at room tem-
erature [14–18] . C dissolved in the matrix contributes to solid solution
trengthening. In addition, at higher C concentrations the formation of
arbides can provide precipitation strengthening [ 15 , 19 , 20 ]. In the as-
ast Cantor alloys, the carbides can be formed even at C concentration
ess than 0.1 at% [ 16 , 21 ], thereby limiting the solid solution strength-
d. 
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Table 1 

Chemical composition of the as-cast alloys (at.%). 

Nominal C content C Cr Co Fe Ni Mn 

0 0.039 6.20 23.41 23.81 22.72 23.82 

0.5 0.540 6.25 23.33 23.33 22.93 23.62 

2 2.200 6.46 23.01 22.32 21.24 24.77 
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ning contribution. This effect is obviously associated with a high con-
entration of chromium, which is known to be a strong carbide forming
lement [18] . 

Severe plastic deformation (SPD) techniques can be used to obtain
ltra-fine grained (UFG) microstructures in metallic alloys to achieve
igh strength [22] . High pressure torsion (HPT) is the most effective
PD method due to the high applied strain, which results in nanoscale
rystals and exceptionally high strength [23] . The application of the SPD
ethod to HEAs, especially to Cantor-type alloys, is one of the areas

f research interest in the last few years. The grain size can be easily
educed under 100 nm and even down to ~10 nm using HPT; in addition
he hardness increased approximately three times, up to ~500 HV [24–
9] , as compared with a coarse grain state. All these studies are based
n single phase fcc alloys without the addition of interstitials, and only
 few studies are related to the effects of interstitials on the mechanical
ehavior are available [ 14 , 15 , 17 , 18 , 21 , 30–32 ]. 

HPT processing makes it possible, not only to refine the microstruc-
ure down to the nanoscale, but also to affect phase composition of the
etallic alloys [33–35] . Depending on the material and the exact pro-

essing conditions, different effects can be observed, for example, disso-
ution or precipitation of secondary phases, formation of homogeneous
olid solutions between naturally immiscible elements, segregation of
lements at the grain boundaries (GBs), to name a few. Recently, chem-
cal inhomogeneity has been found to strongly influence the mechanical
roperties of HEAs [36–38] . For instance, replacement of Mn by Pd in a
antor type equiatomic alloy results in notably (~1.5 times) higher yield
trength, maintaining similar strain hardening and ductility [39] . A sig-
ificant improvement in mechanical properties due to the Pd addition
as attributed to the formation of a characteristic fluctuation length of
–3 nm that provided considerable resistance to dislocation glide. Due
o its unique characteristics, HPT can potentially be a unique tool to
une the chemical homogeneity and mechanical properties of HEAs. 

The current investigation was performed using three Cantor-type al-
oys with a reduced Cr content, and additions of 0, 0.5 and 2 at.% of C,
reviously studied in coarse grained state in [ 17 , 18 , 21 ], in order to re-
eal the influence of interstitial alloying on the microstructure develop-
ent during HPT and the resulting mechanical properties. The amount

f Cr in alloys was reduced in order to avoid the formation of chromium
arbides and to increase the solubility of carbon in fcc lattice. Accord-
ng to the equilibrium phase diagrams for carbon-doped CoCr x FeMnNi
or several Cr concentrations [18] , the solubility of carbon in the fcc
olid solution increases along with a decrease in the Cr molar fraction
rom 1 to 0.25. For example, the equiatomic CoCrFeMnNi alloy can dis-
olve only 0.36 at.% of C in the fcc solid solution at 1000 °C, whereas
he corresponding amount for the CoCr0.25FeMnNi alloy is 1.61 at.%
18] . The microstructures, mechanical properties, and the mechanisms
f strengthening and fracture were studied in the HPT processed alloys.
hemical homogeneity of the alloys before and after HPT was analyzed
ia atom probe tomography (APT), which is capable of detecting ele-
ental spatial distributions, including that corresponding to C intersti-

ial. 

. Materials and experimental methods 

For the synthesis of non-equiatomic Co 1 Cr 0.25 Fe 1 Mn 1 Ni 1 (subscripts
ndicate the molar fraction of the respective component) alloys with the
educed Cr content, high purity elements (99.9 wt.%) were melted by
acuum induction with the addition of different amounts of C. The nom-
nal concentration of C in the alloys was 0, 0.5 and 2 at.%. The chemi-
al compositions of the as-melted alloys measured by energy dispersive
-ray (EDX) for metallic elements and hot gas carrier method for C con-

ent. The corresponding results are shown in Table 1 . Cylinders with the
iameter of 15 mm were machined from the produced ingots. For the
PT processing, disks with the diameter of 15 mm and initial thickness
f 0.7 mm were sectioned out. HPT was performed at room tempera-
ure under a hydrostatic pressure of 6.5 GPa for 0.5, 1 and 3 turns with
2 
he rotation speed of 0.5 rpm. Therefore, the specimens under the study
ere identified as CxNy, where x means the nominal C content for each
lloy and y denotes the number of revolutions during HPT. The von
ises equivalent strain ( 𝜀 ) is calculated as: 

 = 

2 𝜋𝑁𝑟 
√
3 ℎ 

(1)

Where r is the radius of the considered position, N is the number of
evolutions and h represents the thickness of the disk [ 23 , 40 ]. 

Zeiss LEO 1530 scanning electron microscope and Zeiss Auriga 60
ith backscattered electron (BSE) and EDX detectors were used for mi-

rostructure characterization and elemental analysis for both HPT and
s-cast specimens. Specimens for XRD analysis were prepared by me-
hanical polishing and final electro-polishing to remove the damaged
urface layer. X-ray diffraction measurements were performed using a
hilips X’Pert powder diffractometer with a Cu-K 𝛼 anode. The strain and
rystallite size were evaluated using a Convolutional Multiple Whole
rofile fitting (CMWP) [41] and the lattice parameters were evaluated
y a X’Pert High Score software using a Rietveld analysis. Transmis-
ion electron microscopy (TEM, STEM) was carried out using FEI Tec-
ai F20-ST at 200 kV. TEM lamellae for TEM study and the tips for APT
nalysis were prepared on FEI Strata 400 and Zeiss Auriga 60 using Ga
ocused ion beam. APT measurements were conducted using Cameca-
EAP 4000 × HR instrument in laser probe mode at 55 K, with a pulse
nergy of 30 pJ, a pulse rate of 200 kHz and a target detection rate of
.3%. The reconstruction of APT data was performed with IVAS 3.6.14
oftware. 

Vickers micro-hardness was measured with a load of 500 g with a
well time of 10 s on the polished surface of the samples using Buehler
icromet-5104 device. The distance between indents was maintained

t a constant value of 0.5 mm. Four series of measurements along the
PT disc diameters were conducted for each sample after HPT process-

ng. For as-cast samples at least 10 points were measured. Tensile tests
ere performed at room temperature at a strain rate of 10 − 3 s − 1 us-

ng a custom-built computer controlled micro-tensile stage equipped
ith a high-precision laser extensometer P-50 by Fiedler Optoelectron-

cs. For precise elongation measurements, the specimens were marked
ith TiO 2 paint using an airbrush. The tensile specimens were cut out

rom the HPT disks and as-cast ingots with a gauge length of 3 mm and
 square cross-section of ~0.6 mm 

2 . At least two samples for each state
ere pulled to fracture to obtain statistically reliable results. 

. Results 

.1. Microstructure observations 

.1.1. Microstructure of HEAs before HPT 

Typical backscattered electron images of the as-cast microstructures
f the alloys with different C contents are shown in Fig. 1 (a – c). All
amples are coarse grained; grains are typically several hundred microns
n diameter. Fine inclusions (visible as dark spots in Fig. 1 ) noticed in all
he alloys are oxides and sulfides reported previously in this alloy system
 27 , 42 ]. Meanwhile, Fig. 1 likewise reveals that the alloys solidify with
rimary fcc dendrites and interdendritic segregation, which is prevalent
n as-cast CoCrFeMnNi HEAs [1] . In the alloy with 2 at.% C, narrow
amellar precipitates along GBs are observed under a higher magnifi-
ation Fig. 1 (d). These precipitates in the earlier research [18] were
dentified as M 7 C 3 type carbides. 
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Fig. 1. (a-c) BES images of the microstructure of the as-cast CoCrFeMnNiC x HEAs: (a) x = 0; (b) x = 0.5; (c) x = 2; (d) corresponding enlarged region in (c). 
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In order to reveal the composition of the carbides and their mor-
hology, Fig. 2 shows a 3-dimensional reconstruction of the carbide on
 grain boundary in the as-cast C2 alloy. The carbide enriched with C
nd Cr is seen in Fig. 2 (a). Ni and Co are partitioned mainly in the fcc
hase, while Mn and Fe are distributed more evenly between the fcc
hase and the carbide particles. An interface view of the carbide and
he matrix highlighted by iso-surfaces with the respective thresholds
f 34 at.% Cr, 28 at.% Ni and 38at.% Mn are shown in Fig. 2 (b); the
orresponding 1-dimensional composition profile across the carbide in
ig. 2 (c), computed along the red arrow, is shown in Fig. 2 (b). The car-
ide has a lamellar shape with a thickness of ~25 nm and crosses the
hole reconstruction volume.. Further, the C concentration measured
ithin the carbide in Fig. 2 (c) is ~17 at.%, which does not fit the antic-

pated concentration in neither the M 7 C 3 nor M 23 C 6 type carbide. Thus,
he chemical composition of the carbide is likely far from equilibrium.
n increase of the Cr and C concentration from the interface towards

he matrix suggests that the formation of the carbide leads to Cr and
 depletion at the grain boundary, which indicates that such carbides
recipitate after complete solidification of the alloy. The formation of
 23 C 6 and M 7 C 3 carbides with similar morphology has been frequently

bserved in some austenitic steels after ageing (see, for examples [ 43 –
8 ]). It was established that the precipitates discontinuously form at
igh angle grain boundaries, and like all boundary precipitates have a
arallel orientation with one of the grains. These precipitates grow fur-
her with preferential migration of incoherent M 23 C 6 /fcc matrix bound-
ry and gradually became aggregated to form film-like precipitates. The
hermodynamic aspects and mechanism of such carbides formation in
e-Cr-Ni steels are discussed in Refs. [ 44–51 ]. 
3 
.1.2. Microstructures of HPT processed alloys with different C content 

It has been reported that high pressure torsion leads to the forma-
ion of a gradient microstructure varying along the radius, which is con-
itioned by the gradient distribution of shear strain ( Eq. (1) ) [ 24 , 29 ].
ig. 3 shows the microstructure evolution in the C0N0.5 alloy from the
PT sample center towards its periphery. In the central areas, the ini-

ial (as-cast) dendritic structure with the inhomogeneous distribution of
onstituting elements is persisting ( Fig. 3 a, d). At the radius of 0.25 mm,
hich corresponds to a relatively small equivalent strain of ~0.6, mas-

ive twinning (or rather nano-twining) occurs as shown in Fig. 3 (b), (c)
uggests that a nano-structure formed apparently at the distance of 7 mm
equivalent strain of ~4). The sample surface shows almost uniform BSE
ontrast, nevertheless the elemental distributions in the matrix exhibit
triped bands along the shear direction ( Fig. 3 (f)). The regions depleted
ith Mn and Ni are enriched in Fe, Cr and Co, and vice versa. 

Fig. 4 (a–c) show the TEM dark field images and corresponding se-
ected area electron diffraction (SAED) patterns of the high entropy al-
oys, after three turns of HPT. All observations were performed in a cross
ection at the periphery of HPT disks. The microstructure of all the al-
oys is characterized by elongated in shear direction grains. Apparently,
he grain size decreases with the C increasing content. Nano-twins and
islocations are clearly observed in the bright field images for C0.5N3
nd C2N3 alloys shown in Fig. 4 (d–e), respectively, however the relative
mount of twins is not very high. In fact, less than 10% of grains contain
wins. The ring arrangement of the diffraction spots suggests that the
ano-structure contains boundaries of high-angle misorientation. The
verage grain sizes are 45, 29, and 17 nm in C0N3, C0.5N3, and C2N3
lloys, respectively, as determined using the linear intercept method on
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Fig. 2. APT reconstruction of the carbide at a grain boundary in the as-cast C2 sample shown in Fig. 1 (d): (a) overview of the reconstruction with Cr, Co, Fe, Ni, Mn 
and C maps (b) isoconcentration surfaces show areas with element concentration exceeding 36 at.% Mn, 34 at.% Cr and 28 at.% Ni (c) concentration profiles along 
the red arrow shown in (b). 
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Table 2 

The grain/crystallite sizes determined by STEM/CMWP method, the disloca- 
tion density 𝜌, the lattice parameter a. 

Alloys area (nm) d by STEM (nm) 𝜌 (10 16 m 

− 2 ) a (Å) 

C0N3 22.4 45 0.57 3.5949( ± 0.00048) 

C0.5N3 17.7 29 1.85 3.5955( ± 0.00034) 

C2N3 16.5 17 8.26 3.6054( ± 0.00064) 

s  

m  

i  

h  

f  
igh-angle annular dark-field (HAADF) images (see the Fig.S1 in Sup-
lementary materials). It is worth noting that all grain boundaries were
aken into account, including twin boundaries, and therefore the esti-
ated grain size includes the twins as well. However, we should keep

n mind that the calculated grain size is the minimum dimension of the
rystal, which has an ellipsoid shape after HPT processing [52] . 

Fig. 5 shows the XRD patterns of HEAs with different C contents after
hree turns of HPT. The measurements were done at the periphery of the
PT discs; the obtained subgrain size, dislocation density, and lattice
arameter are summarized in Table 2 . Only fcc phase peaks are present
n the pattern suggesting that the fcc phase is stable during the HPT
rocessing. This observation is consistent with the TEM SAED patterns
inserts in Fig. 4 ). It is apparent that the peaks of the C2N3 alloy are
roader than these of C0N3 and C0.5N3 alloys, due to the smaller grain
4 
izes and high dislocation density, as shown in Table 2 . Meanwhile, the
aximums of the C2N3 alloy shift towards lower diffraction angles as

s evident from an enlarged 2 𝜃 angle peaks image showed in the right-
and side of Fig. 5 . This shifting suggests that C dissolves mostly in the
cc matrix and induces an increase of the lattice parameter shown in
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Fig. 3. Microstructure evolution of the C0 alloy during HPT: (a) center position without shear strain; (b) deformation structure with twinning, the equivalent strain 
~0.6; (c) the microstructure at the edge of HPT disk, the equivalent strain ~4; (d-f) the EDS elemental maps corresponding to areas shown in (a–c). 
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able 2 . The lattice parameter of C0N3 and C0.5N3 are almost the same
mplying that the distortion caused by C atoms in the C0.5N3 alloy is
uite small. Note that the diffraction peaks of carbides are not detected,
robably due to a small volume fraction and nano-size of the carbides
fter HPT. 

Fig. 6 presents the chemical composition of C2N3 alloy obtained
sing the 3-D APT reconstruction. The reconstruction volume contains
 number of grains according to the measurements on TEM images in
ig. 4 (a–c). The elemental distributions illustrate a single phase solid so-
ution character of the material with chemical homogenity at the nano-
cale. No obvious segrerations or C, Cr-rich precipitates are observed.
he carbides are likewise not detected by the APT tecnhique due to two
onceivable reasons: (i) the initial brittle carbides fractured into finer
ieces during HPT processing and dissolve in the alloy matrix under the
igh strain [53] ; (ii) the fine shattered carbides are not detected due to
he limited volume measured. 

Since no carbides are detected in the HPT-processed alloy using the
ethods of XRD pattern ( Fig. 5 ), TEM images and SAED patterns ( Fig. 4 ),

nd APT analysis ( Fig. 6 ), we can conclude that the carbides are most
ikely dissolved in the alloy matrix during HPT. In order to investigate
he C atom distribution in the C2N3 alloy more precisely, a cuboid with
he thickness of 20 nm showing only C atoms with the concentration
arger than 4 at.% was cut out from the 3D reconstruction in Fig. 6 as
isplayed in Fig. 7 (a). The fluctuations of the C concentration with a
ength scale from 5 to 30 nm that corresponds to the grain size scale
n the C2N3 alloy ( Table 2 ) are clearly seen. Meanwhile, a C concen-
ration profile was plotted to clarify the segregation ( Fig. 7 (b)) inside
 h  

5 
he ∅5 × 50 nm 

3 cylinder shown in ( Fig. 7 (a)). The C content reaches
5–7 at.%, which is much higher than the nominal concentration of C

n the alloy. Meanwhile the concentration profiles of Cr, Mn and Fe do
ot show significant fluctuations in Fig. 7 (c). Hence, we propose that
he C atoms segregated at GBs during the HPT processing in the C2N3
lloy. 

.2. Mechanical properties 

.2.1. Hardness 

Fig. 8 shows the hardness variation along the radius of the HPT pro-
essed HEA samples with the different C content after 0.5, 1 and 3 rota-
ions. The corresponding von Mises equivalent strain is also indicated.
he hardness of the C2 sample after HPT processing through different
umbers of turns is shown in Fig. 8 a in comparison with the initial hard-
ess of the as-cast state (dashed line). A large gradient of the hardness
ccurs along the disk radius in all samples. After 0.5 turn, the hardness
radually increases from ~340 HV in the center to ~620 HV at the pe-
iphery. With increasing number of rotations, the hardness in the center
ecomes higher, and its increase along the radius becomes steeper until
t reaches the saturation at ~620 HV. In the sample after three rotations,
he hardness saturation is observed at the distance of 1.5 mm from the
enter. The hardness saturation most likely indicates achieving a sta-
le (minimum upon these conditions) grain size. Similar behavior was
bserved in the C0 and C0.5 samples. 

It is apparent that an increase in the C content leads to a higher
ardness of the studied HEAs Fig. 8 (b), however the overall appearance
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Fig. 4. TEM dark-field images and corresponding SAED patterns (inserts) of HEAs processed by HPT with 3 turns: (a) C0N3; (b) C0.5N3; (c) C2-N3; (d, e) higher 
magnification bright field images for C0.5N3 and C2N3 alloys, respectively. 

Fig. 5. XRD diffraction patterns for the high entropy alloys with different C contents after three turns of HPT. The insert shows elarged (311) peaks. 

6 
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Fig. 6. APT reconstruction the C2N3 alloy at saturation: an overview of the reconstruction with Cr, Co, Fe, Ni, Mn and C maps. 

Fig. 7. 3D reconstructions of a volume analyzed by APT (20 × 100 × 250 nm 

3 ) showing the distribution of only C atoms. (a) To outline the heterogeneous distribution 
of carbon, data have been filtered to keep only carbon atoms in regions where the concentration was higher than 4 at.%. (b) Carbon concentration profile computed 
from the left to the right across the cylinder shown in (a); (c) Cr, Mn and Fe concentration profiles across the cylinder shown in (a). 
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f the hardness distribution along the HPT-sample diameter with a drop
n the center and the hardness saturation towards the periphery of the
isk is very similar for all three alloy compositions. Fig. 8 (c) shows the
ariations of the hardness values with Von Mises equivalent strain for
he C0 and C2 samples. It confirms that the saturation occurs at the
quivalent strain higher than 20 in both alloys. 
7 
.2.2. Tensile tests 

Fig. 9 shows representative tensile stress-strain curves for the as-cast
nd HPT-processed alloys with different C contents at room temper-
ture. The coarse-grained alloys exhibit a considerable uniform elon-
ation and high ultimate strength as a result of planar slip, high fric-
ional stress and dynamic Hall-Petch effect ( Fig. 9 (a)), similarly to other
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Fig. 8. The variation of Vickers microhardness along the HPT samples’ diameter for (a) C2Ny alloys; (b) CxN3 alloys; (c) Hardness evolution of C0 and C2 samples 
as a function of Von Mises equivalent strain, the hardness evolution of C0.5 alloy is not shown here because of the plots overlapping, but it has the same tendency. 

Fig. 9. The tensile stress-strain curves of the studied alloys: (a) as-cast state; (b) CxN3 alloys. 
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cc HEAs [ 2 , 18 , 54 ]. Fig. 9 (b) shows stress-strain curves of the sam-
les with different C content processed by three HPT turns. The HPT-
rocessed samples show remarkably high strength at the expense of duc-
ility (typical for cold-worked alloys) comparing with the as-cast states.
he C0N3 alloy still shows a reasonable ductility with the elongation to
ailure of ~ 8%. The C0.5N3 state demonstrates similar behavior. On
he other hand, the C2N3 samples shows almost brittle fracture with
8 
egligibly small ductility and ultra-high fracture strength of ~2.4 GPa.
he tensile mechanical properties of the alloys are summarized

n Table 3 . 
The fracture surfaces of the alloys after HPT and tensile testing are

hown in Fig. 10 . Deep large dimples form usually on the surface of the
antor type alloys in the as-cast or coarse-grained conditions thereby

ndicating a ductile fracture behavior [ 18 , 55 ]. Meanwhile, the HPT pro-
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Table 3 

Mechanical properties of the studied alloys: yield strength (YS), ultimate tensile strength (UTS), uniform strain 
( 𝜀 u ), strain at fracture ( 𝜀 f ) and Vickers hardness. 

C content at.% State YS, MPa UTS, MPa 𝜀 u ,% 𝜀 f ,% Hardness, HV 

0 As-cast 181 451 43.3 44.4 129 

N3 1667 1912 2.6 7.4 490 

0.5 As-cast 190 468 33.2 35.4 144 

N3 1898 2141 2.1 5.7 550 

2 As-cast 291 605 37.8 39.5 190 

N3 2402 ∗ – – 0.16 640 

∗ Fracture occurred before the yield point. 

Fig. 10. Fracture morphology of tensile samples of C0N3 (a), C0.5N3 (b) and C2N3 (c) alloys. 
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essed alloys also do not indicate obvious brittle fracture characteristics.
ine dimples are densely distributed on the fracture surfaces of the C0N3
nd C0.5N3 alloys ( Fig. 10 a, b), which is corresponding to low ductility
hown in Fig. 9 (b) and Table 3 . The dimples size of these two alloys is
lmost the same, ranging from tens to hundreds of nanometers that is
onsiderably larger than the grain size. However, in the C2N3 alloy the
dimples ” are much larger than in the other two alloys. The characteris-
ics of the fracture surface in the C2N3 alloy can be characterized “vein
attern ” which is typical of bulk metallic glasses [ 56 , 57 ]. The mecha-
isms responsible for the two types fracture morphology are different,
s will be discussed below. 

Additionally, some deformed “micro-cracks ” surrounded by fine
imples are found on all the fracture surfaces. The C0N3 and C0.5N3 al-
oys show wider cracks in comparison with the C2N3 alloy due to their
etter ductility. Investigations of cross-sections of as-deformed speci-
ens revealed that these cracks look like thin and elongated ellipsoid

haped voids were formed already during the HPT processing around
xides and sulfides inclusions, fractured into fine particles (see Fig. S2
n Supplementary). 

. Discussion 

The present study has revealed a significant effect of C alloying on
he grain refinement and mechanical response of the CoCrFeMnNi al-
oys. Several aspects of the alloys’ behavior will be analyzed in detail
elow. 

.1. Mechanisms of grain refinement and carbide dissolution 

Plastic deformation of HEAs has been investigated for over 10 years
ince they were first discovered [ 1 , 58 ]. However, studies on structure
nd properties of single phase fcc HEAs processed via HPT deformation
ave been reported only in the last few years [ 29 , 59 ]. In this study, the
icrostructural observations indicate that C alloying of the CoCrFeMnNi
igh entropy alloy significantly contributes to grain refinement during
PT processing. 

It is known that the microstructure evolution during HPT occurs in
 series of stages. The schematic describing the grain refinement of C0
lloy during the HPT is shown in Fig. 11 (a). It starts with the formation
9 
f a cell structure and deformation twins with high dislocation density
ocated in the cell boundaries [ 22 , 60 ]. Subsequently, inhomogeneous
icrostructure with a broad grain size and boundary misorientation dis-

ributions forms, which maintains over a wide range of shear strains.
evertheless, the mean grain size gradually decreases with strain in-
reasing and the permanent storage of dislocations in cell boundaries
eads to an increase of their misorientations. Ultimately, a steady stage
s reached where the mean grain size achieves the lowest value, and
either the mean grain size nor the GB misorientation distribution can
e influenced by further deformation [22]. 

The main feature of the microstructure evolution of low stacking
ault energy (SFE) fcc alloys during plastic deformation is intensive de-
ormation twinning, which significantly facilitates the grain refinement
uring SPD [61] . In the materials that deform by both twinning and
lip the kinetics of microstructure refinement can be enhanced due to
ntensive twins formation [ 62 , 63 ]. Thin deformation twins, which are
eparated from the matrix by high-angle boundaries, readily transform
nto a chain of grains during the deformation. 

Deformation twinning in the Cantor alloy is associated with its low
FE of ~21 mJ/m 

2 at room temperature [ 64 , 65 ]. The mean grain size
f saturated microstructure is ~45 nm ( Fig. 4 a), which is similar to the
ehavior of the equiatomic CoCrFeMnNi alloy during HPT [29] . It sug-
ests that the two alloys have comparable SFE in essential. It was found
ecently based on first principles calculations that addition of C in CoCr-
eMnNi increases SFE [66] . This finding was confirmed in medium en-
ropy CrCoNi alloy [32] . 

With the C content increasing, the mean grain size of the saturated
icrostructure shows a decreasing trend. The mean grain sizes are 29

nd 17 nm for the C0.5N3 and C2N3 alloys, respectively. The reduc-
ion in grain size can be associated with the segregation of C on GBs
 Fig. 7 ) as a result of the dissolution of carbides during HPT. Similar
esults were also reported in C45 steel [ 53 , 67 ] and pearlitic steel [68] .
everal mechanisms may lead to strain induced dissolution of precip-
tates during SPD. It is known that high dislocation density [22] , non-
quilibrium GBs [69] and high vacancy concentrations [70] which form
uring SPD, provide the diffusion paths for interstitial C atoms. All the
efects contribute to the diffusion or the atomic mobility during SPD:
he dislocations can drag solutes [71] and act as diffusion pipes [72] ,
he GBs are the fast diffusion paths and also drag solute when they move
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Fig. 11. Schematic of microstructure evolution during HPT of: (a) C0 alloy; (b) C2 alloy. 
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uring SPD [73–75] , and the strain induced vacancies directly enhance
he atomic diffusion, respectively. 

It is known that interstitial C atoms have a strong effect on dislo-
ation cross-slip. Grain refinement starts from grain subdivision during
lastic deformation on several length scales which is found to be uni-
ersal in wavy glide materials like e.g., Ni [76] and iron [77] . How-
ver, grain subdivision also occurs in planar glide materials such as low
FE alloys, e.g., HEA [31] and TWIP steel [78] . In our case, different C
ontents from 0 to 2 at.% (nominal) was added to CoCrFeMnNi alloy.
espite some segregation formed on the GBs in C2 alloy, the C concen-

ration in the matrix is close to the nominal one ( ≈2 at.%). The schematic
escribing the grain refinement of C2 alloy during the HPT is shown in
ig. 11 (b). Due to the strong effect of C atoms, it results in a gradual
ransition in the type of dislocation configuration from planar (Taylor
attice) to wavy (cells and cell blocks) [78] , which contributes to the
ormation of cell blocks. Since the size of initial cell blocks is limited
y C atoms pinning the dislocations, the fragmentation trends to reduce
he sub-grain size resulting in finer grains. GB migration is necessary to
btain a steady-state microstructure and to avoid a continuous decrease
he grain size [79] . However, the C segregation at GBs occurring during
PT provides the effect of pinning of the boundary migration; grains
annot grow up which results in finer grain size in the C2 and C0.5 al-
oys comparing with the C0 alloy. In pure Ni, the influence of C in the
aturated microstructure was also analyzed [80] . It was revealed that
he higher C content led to finer grain size after HPT in the saturation
egime. 

The evaluation of the XRD peak profiles revealed notably high values
f dislocation density in all HPT-processed alloys ( Table 2 ). It is known
hat the dislocation density in SPD processed alloys is low because dislo-
ations usually sink into GBs or self-organize into ordered substructures
ike sub-boundaries [22] . From dislocation densities in Table 2 we can
pproximately estimate, how many dislocations reside in one grain. In
he C0N3 alloy, each grain contains fewer than 30 dislocations. Compar-
ng with the C2N3 alloy which has much smaller grain size, but contains
bout 50 dislocations per grain. These results provide support to the ar-
ument that C interstitial enhances the storage of dislocations during
PT processing even in grains with the finest size. 

.2. Strengthening mechanisms in nanostructured HEAs 

The mechanical properties at both room and liquid nitrogen temper-
ture of as-cast high entropy alloys under investigation with different
10 
 content have been discussed earlier in [18] . A significant increase of
trength with increasing C content has been demonstrated. C doping
ontributes to the solid solution strengthening due to increased lattice
riction stress. When comparing our results on mechanical behavior of
s-cast CoCrFeMnNiC x alloys [18], one should keep in mind that in our
ase the tensile tests have been performed using miniature specimens
ith a gauge length of 3 mm and the cross-section area of 0.6 mm 

2 

hich means that just several grains present in the sample cross section.
t is known that the dimensions of tensile specimens can influence the
esulting mechanical properties especially in respect of uniform elonga-
ion. 

In this study, we focus mainly on the alloys processed by HPT for
hree turns. High pressure torsion resulted in a dramatic decrease of the
lloys grain size down to nanometer-range. Mean grain size of the mi-
rostructure formed after three HPT turns was 47, 29 and 17 nm, in
amples with the C content of 0, 0.5 and 2 at.%, respectively. There is a
eneral agreement that for materials with such a small grain sizes dislo-
ation slip becomes less important and even ceases to operate. Indeed,
f we calculate the contributions of all hardening mechanisms based on
islocation slip (Hall-Petch grain boundary strengthening, strengthen-
ng due to stored dislocations and solid solution strengthening) we ob-
ain unrealistically high strength values. 

Grain refinement is one of the reason for governing strength of poly-
rystalline materials, where the strengthening can be described in terms
f the empirical Hall-Petch relation [ 81 , 82 ]: 

𝑔𝑏 = 𝑘 𝑦 𝐷 

−1∕2 (2) 

here D is the mean grain size and k y is the Hall-Petch slope. We used
 coefficient k y = 0.494 MPa ⋅m 

1/2 obtained for a coarse-grained Cantor
lloy [2] . The respective Hall-Petch contributions for the three alloys
re summarized in Fig. 11 . 

The contribution of stored dislocations to the yield strength can be
btained from the Taylor equation [83] : 

𝑇 𝑎𝑦𝑙𝑜𝑟 = M T 𝛼𝜇𝑏 
√
𝜌 (3)

here M T is 3.06, the Taylor factor meaning orientation factor for fcc
olycrystalline matrix, 𝛼 is a constant equal to 0.2 for fcc alloys, μ is
he shear modulus, here we use the modulus of Cantor alloy for this
alculation [84] , b is the magnitude of Burgers vector and 𝜌 is the dis-
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ocation density [85] . Again, the calculated contributions are presented
n Fig. 11 . 

C atoms in solid solution contribute to the frictional stress of the
lloy, and solid solution strengthening can be calculated as proposed in
efs. [ 86 , 87 ]: 

𝜎𝑠𝑠 = 𝑓𝐺 

(
𝑐 𝛼2 𝛿2 

)2∕3 
(4)

= 

𝑎 0 − 𝑎 𝑖𝑛𝑡 

( 1 − 𝑐 ) 𝑎 0 
(5)

Where the f is dimensionless parameter, c is the concentration of C, 𝛿
escribes the lattice mismatch, and 𝛼 is a dimensionless parameter that
escribes the type of dislocations, which is 3~16 for screw dislocations,
nd > 16 for edge dislocations, here we use 𝛼= 16. a 0 is the lattice con-
tant of the C0 alloy, and a int is the lattice constant of the C containing
lloys. The C solid solution strengthening is ~1 MPa and ~85 MPa for
0.5N3 and C2N3 alloys, respectively, which is comparable with the ex-
erimental values of 9 MPa and 110 MPa obtained from the measured
ield strength of the as-cast alloys ( Table 3 ). 

Furthermore, C segregation at GBs of nano-grains revealed in C2N3
lloy ( Fig. 7 ) likely also contributes to the increased yield strength.
eanwhile, published studies show that GB segregation, formed dur-

ng SPD in some alloys, provide an additional strengthening mecha-
ism. For example, in related work, Mo atoms segregating on GBs in
ano-structured Ni-Mo alloy contributed to ultrahigh hardness and in-
reased GB stability [88] ; Mo, Si and Cr segregated on GBs in UFG 316
teel were produced by HPT at 400 °C while the segregation was not
etected at room temperature and the segregation provided the com-
arable strength to that of RT processed alloy [89] ; Xu et al. reported
hat ultrahigh strength with stable nanostructures was achieved in Al
lloys with deformation-induced GB segregation of Cu [90] . Bobylev
t al. proposed a model to explain the enhanced strength of UFG Al al-
oys provided by Mg segregation. In this model, segregated Mg atoms
ere treated as homogeneous ellipsoidal inclusions acting as the sources
f elastic stresses affecting the emission of lattice dislocations from GBs
91] . It is plausible that in the present study, the interstitial C atoms
egregating on GBs in the C2N3 alloy provided extra strength compar-
ng with that of the C0 alloy after HPT processing, however it is difficult
o estimate this effect as the physical mechanisms behind it are still not
lear. 

Finally, the calculated grain boundaries strengthening, dislocation
trengthening contributions in comparison with experimentally mea-
ured yield strengths are shown in Fig. 12 . The solid solution strength-
ning is not shown due to its small value. It is clearly seen that GB
trengthening alone is already higher than the experimentally measured
ield strength in all three HPT-processed alloys. These results indicate
hat the values of grain boundary strengthening obtained using the Hall-
etch equation are overestimated, and a deviation from the Hall-Petch
aw is observed in nanocrystalline C-doped CoCrFeMnNi alloys. Such de-
iations are well documented in literature for many pure nanocrystalline
etals because Hall-Petch coefficient of bulk nano-crystalline alloys is

nticipated to be smaller than that in coarse grained alloys and finally
he inverse Hall-Petch was observed with the grain size deceasing to a
ew nanometers grain size [92–95] . For instance, in pure copper at the
rain size below 10 nm, the flow stress decreases sharply with decreas-
ng grain size while increases for grain sizes larger than 15 nm, which
ndicates nanocrystalline copper has a strongest grain size effect at of
0–15 nm [93] . Furthermore, the inverse Hall-Petch relationship for a
anocrystalline FeNiCrCoCu HEA was predicted recently using molec-
lar dynamics simulations [96] . In our case, the yield strength of the
tudied alloys after three rotations keeps increasing with increasing C
ontent while the grain size decreases from 45 to 17 nm. 

The dislocation strengthening contribution is around 0.8 GPa in the
0N3 alloy, approximately half of the measured yield strength, which

s common in SPD processed HEAs [24] . The dislocation strengthening
f the C0.5N3 and C2N3 alloys achieved 1.6 GPa and 3.3 GPa, respec-
11 
ively ( Fig. 12 ). Especially, the calculated dislocation strengthening in
he C2N3 alloy is even higher than its experimental yield strength which
oints towards the operation of totally different strengthening mecha-
isms than the conventional Taylor and Hall-Petch ones. 

In the interstitial HEAs with the fine, micron-scaled grains, GBs pro-
ide the major contribution to the strength as they serve as effective ob-
tacles for dislocation slip [ 17 , 97 ]. The estimations made in this work
emonstrate that in nanostructured HEAs dislocation slip and grain
oundary strengthening become less important. The smaller is the grain
ize, the larger is the discrepancy between the calculated and experimen-
al yield strength values, that means the less dislocation slip contributed
o plasticity. However, we still observe the higher YS for smaller grain
ize and not the opposite as it is expected from the inverse Hall-Petch
elationship. 

Obviously, C plays an important role in hardening in both the as-cast
nd HPT-processed alloys ( Table 3 and Fig. 9 ). For the as-cast alloys,
he mechanical properties were mostly affected by the C concentration
n the solid solution. For nanocrystalline alloys, impact of C alloying on
echanical behavior is more complicated. Generally, the plastic defor-
ation of polycrystalline alloys is dominated by dislocation pile-ups. As

he grain size is decreased, the number of dislocations piled up against
 grain boundary decreases since this number is a function of applied
tress and of the distance to the source [92] . As it has been already
entioned, for nanocrystalline materials, an additional plasticity mech-

nism has been proposed to operate: grain-boundary sliding [98] . In
he C0N3 alloy, relatively large grain size (45 nm) and relatively low
islocation density (0.57 × 10 16 m 

− 2 ) provided the possibility of dislo-
ation pile-up during the plastic deformation. As a result, the C0N3 alloy
resents some uniform elongation of 3.8% and 8% elongation to frac-
ure which correlates well with the fracture surface shown in Fig. 10 (a).
he C0.5N3 alloy exhibited a similar tendency: the pile-ups formation

s restricted by the higher dislocation density (1.85 × 10 16 m 

− 2 ) and
maller grain size (29 nm), which leaded to a lower ductility and higher
trength comparing with the C0N3 alloy, and probably to the emergence
f grain boundary sliding. From the morphology of fracture surfaces in
ig. 10 (a, b) these two alloys indicated the same ductile fracture condi-
ion. The formations of fine dimples may occur via the following steps:
t the early stages of deformation, dislocations are emitted from GBs
nder the influence of applied stress, when intragranular slip is coupled
ith unaccommodated grain boundary sliding to facilitate voids forma-

ion at the GBs; triple junction voids and wedge cracks can also result
rom grain boundary sliding if resulting displacements at the boundary
re not accommodated by diffusional or power law creep. These voids
an grow and partially relieve the constraints on a small group of grains,
ndividual single-crystal ligaments so created deform extensively and fi-
ally experience the failure to dimples [98] . 

Nevertheless, the situation in the C2N3 alloy is completely differ-
nt, as this alloy exhibits different deformation and fracture behavior.
rittle fracture without any yielding or any evidences of plastic defor-
ation was not detected in Fig. 9 . A very small grain size and the ultra-
igh dislocation density (8.26 × 10 16 m 

− 2 ) preclude the formation of
ile-ups formation and planar slip; deformation twinning is also sup-
ressed in the fine-grained Cantor alloy [99] . Thus, the only possible
ay to induce plasticity is GB sliding. However, grain boundaries in

his alloy are decorated with C segregation ( Fig. 7 ). On the one hand, C
egregation enhances GB cohesion [ 100 , 101 ], on the other hand, they
imultaneously retard grain boundary sliding which leads to high frac-
ure strength but brittle fracture in the C2N3 sample. Focusing on the
racture surface morphology ( Fig. 10 (c)), the vein patterns, which are
ypically observed in bulk metallic glasses, appear on the fracture sur-
ace of C2N3 sample. The overall appearance of the pattern is analogous
o the fracture features formed by the separation of grease between two
olid plates [102] . The origin responsible for the pattern formation could
e largely attributed to shear-induced structural disordering or tempera-
ure rise caused by elastic energy release in the final fracture stage [57] .
igh levels of tensile stresses in the crack tip lead to local dilatation
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Fig. 12. The estimated contribution of GBs and dislocation 
strengthening to the yield strength and corresponding mea- 
sured values. 
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nd hence blunting through nonlinear viscous flow [103] . The relax-
tion structure which reduced the available free volume increases the
elaxation time, and in turn leads to embrittlement as crack-tip stress
itigation through viscous flow becomes less viable [104–106] . 

. Summary and conclusions 

High entropy alloys CoCrFeMnNiC x ( x = 0, 0.5 and 2 at.%) with a
educed Cr content were processed by severe plastic deformation using
igh pressure torsion. As a result, the microstructure was significantly
efined down to nanometer grain size range, and a saturation of grain
ize was achieved. The interstitial alloying element C played an impor-
ant role in the microstructure refinement during HPT and the resulting
trengthening of the alloys under investigation: 

i) C interstitials facilitate an increase in dislocation density and grain
refinement during high-pressure torsion processing. The grain sizes
are reduced to 45 nm, 29 nm, and 17 nm in the alloys with the C con-
tent of 0, 0.5, and 2 at.%, respectively. Meanwhile, the dislocation
density increases sharply from 0.57 × 10 16 m 

− 2 up to 8.26 × 10 16 

m 

− 2 . The deformation mechanisms responsible for microstructure
refinement involved deformation twinning and dislocation slip. 

ii) In the as-cast condition the alloy with 2 at.% С contained carbides
at the grain boundaries, enriched with Cr and C. It appears that the
carbides were dissolved during the high-pressure torsion processing.
In turn, after three rotations of high-pressure torsion segregation of C
at the nanograin boundaries were detected by XRD. The segregation
of C was suggested to result in finer grains in the C-doped alloys due
to a pinning effect. 

ii) The contribution of the conventional strengthening mechanism,
Hall-Petch and Taylor relationships, do not explain properly the
overall strength of all studied alloys following HPT. The deviation
increases with decreasing grain size and increasing the C content. 

v) The mechanical behavior can be mainly attributed to the nano-grain
size, high dislocation density and C segregating on the boundaries
of nanograins, which lead to very high strength of 2.4 GPa but zero
ductility in C2N3 alloy, and to a transition of fracture mechanism

from ductile to brittle. 
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