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Outstanding cryogenic strength-ductility properties of a cold-rolled 
medium-entropy TRIP Fe65(CoNi)25Cr9⋅5C0.5 alloy 
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A B S T R A C T   

A new medium-entropy Fe65(CoNi)25Cr9⋅5C0.5 (at.%) alloy was investigated both at room and liquid nitrogen 
temperatures in both the as-cast and deformed conditions. The deformed sample was obtained by cold rolling the 
alloy until a thickness reduction of 80% had been reached. During testing at − 196 ◦C, the cold-rolled program 
alloy exhibited a combination of very high strength (σ0.2 = 1360 MPa, σUTS = 2070 MPa), good ductility (δ =
26%) and excellent fracture toughness (approximately 700 kJ/m2). Examination of the microstructure suggested 
a deformation-induced phase transition from the initial face-centered cubic (fcc) phase to the martensite body- 
centered cubic (bcc) phase. The enhanced mechanical properties of the cold-rolled alloy at cryogenic tempera
tures, in comparison with the as-cast alloy, could be associated with an increased thermal stability of the fcc 
phase caused by deformation-induced microstructure refinement and shifting of the main martensite trans
formation to later stages of strain. Substructure strengthening, interphase strengthening, and solid solution 
strengthening could also contribute to the high strength and good ductility of the alloy. The obtained results can 
expand the possibilities for the development of medium-entropy ferrous alloys for use at extremely low 
temperatures.   

1. Introduction 

The development of multicomponent alloys with a close to equia
tomic content of elements (high-entropy or medium-entropy alloys 
(HEAs or MEAs, respectively)) has attracted great interest because of the 
vast composition space, which opens the possibility of creating metallic 
materials with a unique combination of exceptional properties. Among 
many options, HEAs and MEAs with twinning-induced plasticity/ 
transformation-induced plasticity (TWIP/TRIP) effects possess signifi
cant strain hardening and, therefore, demonstrate a good combination 
of strength and ductility. In some cases, decreasing the temperature to 
cryogenic conditions even improves their mechanical properties [1–7], 
which makes these materials attractive for low-temperature and cryo
genic applications. 

The TRIP effect is usually associated with a decreased stability of the 
face-centered cubic (fcc) phase. It is well known that the TRIP effect is 
not observed in HEAs with a relatively stable fcc phase (similar to 
equiatomic CoCrFeMnNi [8,9]). Meanwhile, in some alloys with a 
higher Fe content, the fcc phase can become unstable, and a larger 
fraction of Fe decreases the cost of the alloy. For example, good 

strength-ductility properties were reported for Fe50Mn30Co10Cr10 
(hereinafter, the compositions are given in at.%) alloy [10], in which the 
hcp ε-martensite was formed during deformation. Later, Fe60(Co
Ni)30Cr10 and Fe65Co10Ni10Cr15 medium-entropy alloys with a higher 
fraction of iron have been proposed [1,6]. Owing to the 
deformation-induced fcc-to-bcc phase transformation, these alloys 
showed a good balance of strength (up to approximately 1.5 GPa) and 
ductility (up to 87%) at 77 K. A more detailed study of the Fe60Co15

Ni15Cr10 alloy suggests that unusual mechanical properties during 
cryogenic deformation can be associated with a relatively high strain 
rate sensitivity and low activation volume [5]. Interstitial elements such 
as C can also strongly affect the fcc phase stability; in addition, carbon 
promotes additional strengthening mechanisms such as interstitial solid 
solution strengthening and/or precipitation hardening [2,11–13]. 

However, the phase stability and associated mechanical performance 
of the alloys can depend not only on their chemical composition, but also 
on their microstructure. For example, in Ref. [14], it was revealed that at 
the same fcc/hcp phase ratio, strength and ductility were enhanced 
simultaneously in the Fe50Mn30Co10Cr10 alloy with decreasing fcc grain 
size because of the higher stability of the fcc phase. Similar results, that 
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is, simultaneous improvement of strength and ductility, were reported 
for the Fe42Mn28Co10Cr15Si5 alloy after friction stir processing [15], 
where enhanced mechanical performance was also attributed to the 
increased metastability of a finer-grained fcc phase. 

However, the effect of microstructure on the mechanical behavior of 
Fe-rich TRIP HEAs/MEAs is still not sufficiently understood. For 
example, the introduction of various lattice defects during cold working 
can also affect the stability of the fcc phase [16], but most studies (e.g., 
mentioned above) on TRIP HEAs/MEAs have focused on 
well-recrystallized alloys. In the present work, the mechanical behavior 
of a new Fe65(CoNi)30Cr9⋅5C0.5 medium entropy alloy in as-cast and 
cold-worked conditions was examined. The superior cryogenic me
chanical properties of the cold-worked alloy were unexpectedly 
revealed. 

2. Materials and methods 

Non-equiatomic Fe65(CoNi)25Cr9⋅5C0.5 alloy (subscripts correspond 
to the concentration of elements in at.%) was obtained from mixtures of 
pure (≥99.9%) constitutive elements by vacuum induction melting. The 
configurational entropy of the alloy was 1.05R, which corresponds to 
the definition of an MEA [17]. The produced ingots had a nearly rect
angular shape, measuring 80 × 80 × 25 mm3. The measured composi
tion of the alloy (determined using optical emission spectroscopy or 
energy dispersive spectrometry (EDS); the percentages of С, S, P, and N 
were determined by LECO thermal combustion analysis) are shown in 
Table 1. 

Specimens for cold rolling, microstructure analysis, and mechanical 
testing were cut from the as-cast ingots using an electric discharge 
machine. Samples measuring 60 × 30 × 25 mm3 were cold-rolled at 
room temperature. Unidirectional multipass rolling to a total thickness 
strain of 80% (from 25 to 5 mm) was performed using a reduction per 
pass of 3–5%. 

The microstructure of the alloy was studied using a Nova NanoSEM 
scanning electron microscope (SEM) with a backscattered electron (BSE) 
detector and an electron backscattering diffraction (EBSD) camera and 
using a transmission electron microscope (TEM) (JEOL JEM-2100) 
equipped with an EDS detector. Although both body-centered cubic 
(bcc) α and body-centered tetragonal (bct) α martensite have been re
ported to form from the face-centered cubic (fcc) γ austenite in various 
metals [18,19], during EBSD mapping, the martensitic phase was 
indexed as a body-centered cubic phase, similar to that observed in the 
Fe60(CoNi)30Cr10 alloy [1]. 

To study the microstructure using TEM, the samples were mechani
cally thinned to 100 μm, and the resulting foils were subjected to con
ventional two-jet electropolishing in a mixture of 90% CH3COOH and 
10% HClO4 at a voltage of 30 V at room temperature. X-ray diffraction 
analysis (XRD) was performed on an ARL-X’tra diffractometer (Thermo 
Fisher Scientific, Portland, Oregon, USA) with Cu-Kα radiation. 

Tensile tests of dog-bone flat specimens (gage size 12 × 3 × 1.5 mm3) 
were performed at room and cryogenic temperatures using an Instron 
5882 universal testing machine with an initial strain rate of 10− 3 s− 1. 
The fracture toughness tests were carried out at room and cryogenic 
temperatures on an Instron IMP460 pendulum impact machine using 
Charpy V-notch specimens measuring 55 × 8 × 2 mm3. At least three 
specimens were tested per condition. 

3. Results 

The IPF and phase maps of the as-cast and cold-rolled (CR) 
Fe65(CoNi)25Cr9⋅5C0.5 MEAs are shown in Fig. 1. The EBSD phase 
composition maps suggest that the alloy in the as-cast condition com
prises approximately 65% of the fcc matrix phase (Fig. 1a and b, Table 2) 
and “islands” of the bcc phase (approximately 35%). The lamellar 
morphology of the bcc phase suggests the martensitic mechanism of this 
phase formation, in contrast to the high-temperature δ phase, which 
forms in some steels during crystallization [20]. The average sizes of the 
fcc and bcc particles were found to be 390 μm and 23 μm, respectively. 
The pole figure analysis suggests the existence of an orientation rela
tionship (OR) between the fcc and bcc phases in the initial condition; 
however, it was quite difficult to assign only one OR because signs of 
both Kurdjumov-Sachs and Nishiyama-Wassermann ORs could be found 
(Supplementary Fig. S1). The “mixture” of orientation relationships 
could be caused by high internals stresses in the martensitic phase as 
well as the relative proximity of the main ORs between bcc and fcc 
lattices [21]. 

Cold rolling led to noticeable grain elongation and the formation of 
deformation bands inclined at approximately 45◦from the rolling di
rection (Fig. 1c). The percentage of the bcc phase increased by 
approximately 10% in comparison with the as-cast state (Fig. 1d, 
Table 2), because the fcc phase could no longer be considered as the 
phase matrix. 

Bright-field TEM images show that the alloy in both conditions has a 
two-phase fcc + bcc structure (Fig. 2 a and b); no signs of carbide par
ticles were detected. Dislocation pile-ups and individual dislocations 
could be recognized in both phases of the as-cast condition (Fig. 2a). 
Cold rolling to a thickness reduction of 80% resulted in the formation of 
a lamellar structure comprising alternating fcc and bcc laths; the latter 
most probably was formed as a result of the fcc-to-bcc martensite 
transformation. The dislocation densities in the lamellae of both phases 
were very high. 

The mechanical behavior of the alloy was found to be quite different 
depending on the conditions and testing temperature. At room tem
perature (Fig. 3a), the as-cast condition of the alloy showed an extensive 
strain hardening stage, resulting in almost four times higher ultimate 
tensile strength in comparison with the yield strength (Table 3) and 
considerable uniform elongation. After cold rolling, the mechanical 
behavior of the alloy was typical of largely strained materials: high 
strength, early necking, and low ductility (Fig. 3a, Table 3). A decrease 
in the testing temperature to − 196 ◦C resulted in a considerable increase 
in the yield strength under both conditions of the alloy (Fig. 3b, Table 3). 
The strain-hardening stage of the alloy became shorter in the as-cast 
condition at cryogenic temperatures, while after cold rolling, the alloy 
surprisingly demonstrated a long strain-hardening stage. Thus, the alloy 
in the CR condition had a high ultimate tensile strength (above 2 GPa) 
and good elongation (approximately 26%). 

The strain hardening of the alloy reflected its mechanical behavior. 
In the as-cast condition, the alloy showed a stable (albeit low) strain 
hardening rate at room temperature (Fig. 3c). At cryogenic tempera
tures, the initially rather high strain-hardening rate rapidly decreased 
with strain (Fig. 3d). A very fast drop in the dσ/dε value was observed 
for the cold-rolled alloy tensioned at room temperature (Fig. 3c). The 
high strain hardening rate surprisingly increased by approximately 40% 
at ε ~ 0.1 during testing under the same conditions at − 196 ◦C before 
decreasing to zero at ε ~ 0.2 (Fig. 3d). 

Table 1 
Chemical composition of the program alloys.  

Composition Fe Co Ni Cr C Si Mn Cu Al Ti P S N 

Nominal (at.%) 65.0 12.5 12.5 9.5 0.5 – – – – – – – – 
Actual (at. %) 64.92 12.44 12.49 9.43 0.51 0.14 0.01 0.01 0.04 0.001 0.003 0.005 0.008 
Actual (wt.%) 64.81 13.10 13.10 8.76 0.11 0.07 0.01 0.01 0.019 0.001 0.002 0.003 0.002  
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The fracture toughness of the alloy (Table 4) correlates well with the 
tensile test results. The as-cast condition of the alloy during the Charpy 
V-notch impact test at room temperature showed the maximum value of 
fracture toughness (980 kJ/m2), while the cold-rolling condition had the 
minimum value (640 kJ/m2). At cryogenic temperatures, the ductile as- 
cast condition had a somewhat higher value of fracture toughness (860 
kJ/m2) compared to that of the cold-rolled condition (700 kJ/m2). 

To gain insight into the mechanism of the observed deformation 

behavior of the alloy, EBSD investigation of the specimens after tensile 
tests was performed (Fig. 4). The as-cast condition tensioned at room 
temperature (Fig. 4 a, b) comprised two phases, that is, fcc and bcc; the 
fraction of the martensitic bcc phase increased to approximately 46% 
(Table 2). The presence of boundaries that were nearly parallel to the 
{111} plane traces and clustering of the rotation axes of the 55-63◦

boundaries near <111> suggested the development of mechanical 
twinning (Supplementary Figs. S2 and S3). In addition, a lamellar sub
structure with a misorientation between lamellae of 1.5–2◦ (Supple
mentary Fig. S4) can be observed in the fcc phase. The bcc phase had a 
typical elongated martensite structure comprising packs of martensitic 
lamellae (Fig. 4b). 

Tension to fracture of the cold-rolled specimen resulted in the for
mation of crossing localized deformation bands in both phases (Fig. 4 c, 
d). In addition, a rather high fraction of the twin boundaries (Supple
mentary Figs. S2 and S3) could also be observed in the fcc phase. The 
percentage of the bcc phase changed only slightly after the tensile test 
(Table 2). 

A decrease in the testing temperature to − 196 ◦C resulted in a 
considerable change in the microstructure after tension to fracture 

Fig. 1. IPF (a, c) and phase (b, d) maps of the as-cast (a, b) or CR to 80% (c, d) Fe65(CoNi)25Cr9⋅5C0.5 alloy.  

Table 2 
Phase composition of the Fe65(CoNi)25Cr9⋅5C0.5 alloy in the various conditions.  

Condition Volume fraction, % 

Bcc fcc 

As-cast 34.6 65.4 
As-cast tensioned at 25 ◦C 46.3 49.7 
As-cast tensioned at − 196 ◦C 93.9 6.1 
Cold rolled (CR) to 80% 43.2 56.8 
CR tensioned at 25 ◦C 46.5 53.5 
CR tensioned at − 196 ◦C 99.7 0.3  
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(Fig. 5). The microstructure in the as-cast condition during deformation 
at cryogenic temperature almost completely transformed into bcc 
lamellar martensite with only 3% of the fcc phase (Fig. 5b). 

The cold-rolled alloy also showed almost complete transformation of 

the fcc phase into bcc during the tension test at − 196 ◦C (Fig. 5d). The 
fraction of the reliably determined fcc phase was found to be only 0.3%. 
The martensite lamellae in some places (the central part of Fig. 5 c and 

Fig. 2. Bright-field TEM images of the as-cast (a) and CR to 80% (b) Fe65(CoNi)25Cr9⋅5C0.5 alloy.  

Fig. 3. Representative tensile stress-strain (a,b) and strain hardening (c,d) curves of the as-cast or CR to 80% Fe65(CoNi)25Cr9⋅5C0.5 alloy obtained at room (a,c) or 
cryogenic (b,d) temperatures. 

Table 3 
Mechanical properties of the Fe65(CoNi)25Cr9⋅5C0.5 alloy obtained during tensile 
tests at room or cryogenic temperatures.  

Testing temperature, ◦C Condition σ0.2, MPa σUTS, MPa δ, % 

20 As-cast 155 ± 10 680 ± 20 65 ± 3 
CR 80% 1385 ± 25 1440 ± 35 6 ± 1 

− 196 As-cast 375 ± 15 1690 ± 30 27 ± 2 
CR 80% 1380 ± 30 2070 ± 35 26 ± 2  

Table 4 
Charpy V-notch impact energy and fracture toughness of the 
Fe65(CoNi)25Cr9⋅5C0.5 alloy obtained at room or cryogenic temperatures.  

Testing 
temperature, ◦C 

Condition Fracture toughness, 
kJ/m2 

Charpy V-notch impact 
energy, J 

25 As-cast 980 ± 55 13.5 ± 0.3 
CR80% 640 ± 25 6.5 ± 0.1 

− 196 As-cast 860 ± 45 13.7 ± 0.3 
CR80% 700 ± 30 6.2 ± 0.2  
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d) were fragmented due to deformation. It should be noted, however, 
that in both cases the presence (Fig. 5b,d) of the bcc phase in large, 
nearly equiaxial areas, without typical martensitic structure lamellar 
morphology, was observed. 

4. Discussion 

The obtained results showed very high mechanical properties of the 
deformed Fe65(CoNi)25Cr9⋅5C0.5 alloy at cryogenic temperatures. Spe
cifically, during testing at − 196 ◦C, the alloy cold rolled to 80% thick
ness reduction demonstrated a combination of very high strength (σ0.2 
= 1360 MPa, σВ = 2070 MPa), good ductility (δ = 26%), and a Charpy 
fracture toughness of 700 kJ/m2. Moreover, the cryogenic strength of 
the as-cast alloy substantially increased after cold working without 
noticeable sacrifice in ductility and toughness (Tables 3 and 4). 

These characteristics could be ascribed to the superposition of 
several strengthening mechanisms. The most obvious mechanism 
causing the increase in both strength and ductility was the fcc-to-bcc 

martensitic transformation. For example, the deformation of the as- 
cast alloy at room temperature resulted in considerable strengthening 
(more than four times) owing to the fcc-to-bcc transformation (Fig. 3a 
and Table 2). It should be noted that the martensite formation and 
corresponding interface strengthening could result in the enhancement 
of both strength and ductility depending on the interphase nature 
(coherent, semi-coherent, or incoherent). As suggested by Bae et al. [1], 
coherent fcc-bcc interfaces can increase ductility owing to the genera
tion of a large number of dislocations during lattice volume expansion, 
while semi-coherent or incoherent fcc-bcc interfaces contribute to 
strengthening. 

The fraction of the bcc phase in the initial as-cast condition was 
approximately 34%, thereby suggesting that the Ms temperature was 
well above 25 ◦C. A crude evaluation of Ms using relations proposed by 
Jaffe and Hollomon [22], Kobayashi et al. [23], and Zhao [24] showed 
that the martensite transformation in the program alloy could start in 
the interval of approximately 300–500 ◦C, resulting in a large amount of 
martensite in the microstructure at room temperature. It is worth noting 

Fig. 4. IPF (a, c) and phase (b, d) maps of the as-cast (a, b) or CR to 80% (c, d) Fe65(CoNi)25Cr9⋅5C0.5 alloy after tension to fracture at room temperature.  
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that some additional contribution to the fcc phase stability could also be 
expected due to the presence of carbon [25] when compared with 
similar carbon-free MEAs [6], where the fraction of bcc was 7% in the 
recrystallized condition. 

Further straining at room temperature increased the fraction of 
martensite; however, the maximum amount of the bcc phase at room 
temperature did not exceed 47% even after a very high deformation 
level (approximately 43% of bcc after 80% CR and approximately 46% 
after tension tests under both conditions of the alloys (as-cast and 80% 
CR). Owing to the relatively low fraction of deformation-induced 
martensite, the mechanical behavior of the Fe65(CoNi)25Cr9⋅5C0.5 alloy 
in the as-cast condition showed limited signs of TRIP, that is, rather high 
total elongation (65%) and relatively stable strain hardening rate up to ε 
~ 0.45 (Fig. 3a,c, Table 2). This behavior was most likely associated 
with the formation of deformation-induced martensite, as the net sum of 
the bcc phase increased from 34.6% to 46.3%. If almost all the 
martensite formed during previous cold rolling (43.2% of bcc after 80% 
CR), further tension did not result in a noticeable TRIP effect, and the 
alloy behaved like a typical largely deformed metallic material with 
high strength and very low uniform and total elongation (Fig. 3a,c, 
Table 2). 

A decrease in temperature influenced the mechanical behavior of the 
alloy in the as-cast and deformed conditions differently. Specifically, the 
as-cast alloy demonstrated a yield point that was more than twice as 
high as that obtained during room-temperature tests (375 MPa vs. 155 
MPa; Table 2). This difference became even more pronounced during 
deformation because the alloy attained a σUTS of approximately 1700 
MPa. At the same time, the ductility of the alloy decreased at cryogenic 

temperatures by more than two times to 27% (Fig. 3 a,b, Table 2). In 
addition, strain hardening of the alloy did not suggest the development 
of the TRIP effect during tension. In contrast, the impressive mechanical 
properties of the cold-rolled alloy (Fig. 3a, Table 2) and the strain 
hardening curve with a secondary peak at ε ~ 0.1 (Fig. 3d) suggested the 
development of a deformation-induced martensitic transformation (for 
example [1]) during tensile test at − 196 ◦C. An increased 
work-hardening rate suppressed necking, thereby enhancing both the 
maximum strength and ductility. 

Although both these conditions (as-cast and cold-rolled) showed an 
almost complete martensitic structure after tension at cryogenic tem
perature (Fig. 5), it seemed that this fcc-to-bcc transformation was 
associated with different mechanisms. Less obvious deformation- 
induced martensitic transformation in the as-cast condition suggests 
that the majority of martensite was formed during cooling, and a rela
tively small fraction of the bcc phase was caused by deformation. In 
contrast, in the cold-rolled condition, the majority of martensite was 
formed during deformation, thereby providing an obvious TRIP effect 
with a typical secondary peak in the strain hardening curve (Fig. 3d). 

More intensive martensite transformation in the pre-strained alloy in 
comparison with the as-cast condition could be associated with the 
increased thermal stability of the fcc phase due to deformation-induced 
microstructure refinement. It has been reported for a number of steels 
that fine austenite usually exhibits a lower Ms temperature and 
enhanced thermal stability in comparison with coarse austenite [16, 
26–29]. This effect is usually associated with an increased nonchemical 
driving force (i.e., elastic strain energy) for martensitic transformation 
due to structural refinement [25,26,30–32]. 

Fig. 5. IPF (a, c) and phase (b, d) maps of the as-cast (a, b) or CR to 80% (c, d) Fe65(CoNi)25Cr9⋅5C0.5 alloy after tension at − 196 ◦C.  
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Meanwhile, pre-straining obviously influenced the strength of the 
alloy. The yield strength of the cold-rolled alloy is almost the same at 
room and cryogenic temperatures (1385 and 1380 MPa, respectively), 
and this high level of strength was provided by substructure strength
ening (high dislocation density) and, sometimes, by interface strength
ening due to the martensite formation (Fig. 2b, Table 2). 

To evaluate the obtained mechanical properties under cryogenic 
conditions, the program alloy was compared with twinning-induced 
plasticity (TWIP) steels [33,34], austenitic stainless steels [32], and 
early studied HEA/MEAs [3,8,35–38] (Fig. 6). This schematic repre
sentation of the strength – ductility relationship showed a considerably 
higher ultimate tensile strength of the cold-rolled Fe65(CoNi)25Cr9⋅5C0.5 
alloy without substantial loss in total elongation in comparison with the 
reference alloys. It is worth noting that materials possessing the TRIP 
effect do not often show very large ductility, particularly at cryogenic 
temperatures. Values of up to 70% of tensile elongation were attained by 
only some classes of TRIP steels [for example, [34,39]. The lower sta
bility of austenite in the sub-zero interval [39,40] usually results in a 
massive martensite transformation at the very beginning of strain, 
because the TRIP effect does not contribute effectively to the enhance
ment of ductility. In our case, pre-straining (80% CR) shifted the 
martensitic transformation to larger strains, thereby increasing the 
ductility in comparison with the as-cast condition. In addition, some 
enhancement in both strength and ductility can be expected due to 
interface strengthening via the formation of fcc-bcc interfaces, which 
can have a coherent, semi-coherent or incoherent structure [1]. The 
combination of different mechanisms and timely switching provide 
promising properties. In addition, the obtained results suggested the 
feasibility of this strategy for the development of cryogenic HEAs/MEAs. 

It is worth noting that the addition of carbon could also result in an 
increase in strength. Due to existing at a relatively low fraction (0.5 at. 
%) carbon did not formed carbides in the as cast condition, nor after 
deformation. Therefore, the main strengthening effect of C was associ
ated with solid-solution hardening. The effect of C on the strength of 
stainless steel or TWIP steel was found to be 46 MPa/at %C and 76.6 
MPa/at %C, respectively [42,43]. In CoCrFeMnNi-type HEAs, the 
contribution of carbon to strength was estimated to be 65–67 MPa/at % 
C [2,44]. It should be noted, however, that a much higher 
carbon-induced solid solution strengthening effect (178 MPa/at %C) 
was reported at room temperature for a Fe40⋅4Ni11⋅3Mn34⋅8Al7⋅5Cr6 alloy 
[11]. In some HEAs (e.g., CoCr0⋅25FeMnNi), this effect increased 
considerably at cryogenic temperatures, attaining 147 MPa/at %C at 
− 196 ◦C in comparison with 67 MPa/at %C at room temperature [2]. 

The yield strength of Fe65Co10Ni10Cr15 in recrystallized conditions 
was found to be 330 and 535 MPa at room and cryogenic temperatures, 
respectively [6]. These values were noticeably higher than those ob
tained for the program alloy, even strengthened by interstitials. Since 
the effect of grain size on strength in high-entropy alloys is usually very 
high [8,11,45], it can be suggested that the observed difference was 
caused by a smaller average grain size (4 μm) compared to the as-cast 
structure in our case. 

5. Conclusions 

The structure and mechanical properties of a new medium-entropy 
Fe65(CoNi)25Cr9⋅5C0.5 alloy were investigated both at room and liquid 
nitrogen temperatures in the as-cast condition and after cold rolling to 
an 80% thickness reduction. The main findings are summarized as 
follows:  

1. At − 196 ◦C, the cold-rolled program alloy exhibited a combination of 
very high strength (σ0.2 = 1360 MPa, σUTS = 2070 MPa), good 
ductility (δ = 26%) and excellent fracture toughness (approximately 
700 kJ/m2) 

2. The obtained mechanical properties were associated with the su
perposition of deformation-induced fcc-to-bcc martensite phase 
transformation (and corresponding interface strengthening, which 
could also contribute to ductility), substructure strengthening, and 
solid solution strengthening. The better mechanical properties of the 
cold-rolled alloy at cryogenic temperatures, in comparison with the 
as-cast condition, could be associated with the increased thermal 
stability of the fcc phase due to deformation-induced microstructure 
refinement and shifting of the main martensite transformation to 
later stages of strain. 
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