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ARTICLE INFO ABSTRACT

Keywords: A non-equiatomic Coz9CragFeagNij2s5Wo s high-entropy alloy (HEA) strengthened by two-step rolling was
High-entropy alloys fabricated, and its microstructure evolution and tensile behavior at cryogenic temperatures were investigated.
Dislocation

When the temperature decreases from 293 K to 173 K, the yield strength increases from 640 MPa to 1017 MPa. At
77 K, an outstanding strength-ductility synergy can be observed, with a yield strength of 1.33 GPa and an
excellent ductility of 46%. Prior to tensile testing, the annealed alloy largely has a single face-centered cubic
(FCC) structure, while a hexagonal-close packed (HCP) phase is formed in the cryogenically tensile-fractured
alloy along the {111} planes. Such high yield strength and tensile plasticity values at cryogenic temperatures
are extremely rare in HEAs and even in metal alloys. The deformation micro-mechanism was carefully investi-
gated by a transmission electron microscope, and the results indicated that the cryogenic-temperature properties
could be attributed to stacking faults (SFs) and the phase having a hexagonal-close-packed (HCP) structure. The

Stacking fault
Phase transformation
Mechanical properties

densities of the SFs and the HCP laths have a considerable influence on the work-hardening behavior.

1. Introduction

Owing to their excellent properties, high-entropy alloys (HEAs), or
multi-component alloys (MCAs) have appealed to researchers across the
world since they were first proposed by Yeh et al. and Cantor et al. [1-3].
The configurational entropy helped some HEAs form simple solid solu-
tions with face-centered-cubic (FCC), body-centered-cubic (BCC), or
hexagonal-close-packed (HCP) structures [4,5]. Among the various
HEAs, FCC-structured HEAs have the considerable disadvantage of low
strengths at room temperature. To obtain HEAs with good ductility and
high strength, many strategies have been adopted, such as introducing
grain refinement [6,7], precipitation [8,9], phase transformations [10],
and the use of heterogeneous microstructures [11,12].

The FCC-structured HEAs have dominated contemporary discussions
on the deformation behavior of HEAs at low temperatures owing to their
excellent mechanical properties. Gludovatz et al. found that the FCC-
structured CoCrFeMnNi HEA had an excellent combination of
strength, ductility, and fracture toughness at cryogenic temperatures,
comparable to 316 stainless steel (SS) [13]. Moreover, later work
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showed that the CoCrNi medium-entropy alloy (MEA) was tougher than
CoCrFeMnNi HEA at liquid nitrogen temperature [14]. It was indicated
that the twinning mechanisms contributed to the remarkable strain
hardening and mechanical properties of the CoCrNi MEA and CoCr-
FeMnNi HEA. Yang et al. designed a NizyCogoFe;3Cri5Al¢Tig dual-phase
nano-composite-structured ~HEA  that presented exceptional
strength—ductility synergy at 77 K. Except for precipitation hardening,
nano-spaced stacking faults (SFs) dominated the deformation mecha-
nism and promoted the ductility and strain hardening of the HEA [15].
Also, several studies indicated that MEAs and HEAs with an FCC matrix
at cryogenic temperatures achieved high ultimate tensile strength was
contributed by the transformation induced plasticity effect [16,17].
The value of stacking fault energy (SFE) is an important factor
related to the deformation of FCC alloys. It is known that the SFE will
drop as the temperature decreases, and the formation of deformation
twins, shear bands, SFs and martensitic transformation can be enhanced
at cryogenic temperatures [18-20]. These additional deformation
mechanisms, as well as dislocation slip, result in alloys with high frac-
ture strength, large ductility and high strain hardening rate. However,

Received 15 March 2021; Received in revised form 13 May 2021; Accepted 13 May 2021

Available online 20 May 2021
0921-5093/© 2021 Elsevier B.V. All rights reserved.



C. Wei et al.

2000

)
—
-]
N’

600 -

«® [
=3 =
= =]
1 1

Engineering stress (MPa
E
=3
=}

Materials Science & Engineering A 818 (2021) 141446

Engineering strain

210
: G b
77K 9, ()
173K ® 8-
-
S
26
'
3
© 4 77K
«
=
2 Ve
=2 173K
0.0 0.1 0.2 0.3 0.4 0.5 .6 0.1 0.2 0.3 04 0.5

True strain

1500 ~160

(c) 4 Stainless and steels 4 (d) ) . 4 Stainless and steels
= x Y | @ AISI304and AISI 316L * .10 l‘ca(?o.\s;\-.s(fru @ AISI304and AlSI 316L
S hd ¢ High-Mn steels g 0 High-Mn steels
£~ 1200 = Multi-pt HEA d MEA. <) = 1 Multi-phase HEAs and MEAs
E et VlEpnase Siand 5 1204 ) Single-phase HEAs
< & <p Single-phase HEAs = Present work
-a 000 a » | Y Present work S 100 CoCrFeMaNi
£ B 8 i S =
I ® 9 - 2 804 » / Y
z % B G Py SNimComFeuCraalTy
= 600 > y ® & 604 » 9
= n
ﬁ = 40 VCrMnFeCoNi @

-

w
=
=

20 120

40 60 80 100
Elongation (%)

AlCoCrFeNi,,; o

200 400 600 800 1000 1200 1400
Yield strength (MPa)

1600

Fig. 1. Mechanical properties of the Co9CragFesgNiq2 sWo 5 alloy at low temperatures. (a) Engineering strain—stress curves of the tested alloy at 77 K and 173 K. (b)
Work-hardening rate (WHR) versus true strain responses of the alloy at 77 K and 173 K. Comparison of yield strength versus elongation (c) and mechanical properties

(d) of the alloy with other typical alloys at 77 K [13-17,22-34].

the low yield strength (YS) of FCC-structured HEAs restricted their use in
cryogenic  applications, such as  high-strength  fasteners,
high-performance gears, and nuclear reactors.

In our previous work, a novel CoygCragFesgNijasWo s alloy was
designed that had a favorable combination of strength and ductility at
room temperature [21]. In order to study the microstructural evolution
and mechanical properties at low temperatures, uniaxial tensile tests on
Co29CragFesgNijo sWo 5 HEA were conducted at various low tempera-
tures. The mechanical behavior and microstructures of the alloy at
different temperatures were investigated. The alloy shows excellent
properties at cryogenic temperature. The deformation mechanisms of
the alloy at low temperatures were discussed in detail.

2. Experimental methods

Alloy ingots with a nominal composition of Co9CragFesgNijosWo 5
(atomic percent, at.%) were produced by melting a mixture of pure
metals (purity >99.95 wt percent, wt.%) in a high-purity argon atmo-
sphere in a vacuum-induction furnace. The molten alloy was cast in a Cu
mold to form a rectangular bulk sample with a length of 75 mm, width of
15 mm and thickness of 12 mm. The sample was first homogenized at
1,473 K for 2 h and subsequently water quenched. It was then hot rolled
to reduce the thickness by 30% at 1,173 K. After hot rolling, the alloys
were homogenized again at 1,473 K for 2 h, followed by water
quenching. Subsequently, the alloys were cold-rolled to sheets of 2 mm
thickness. The cold-rolled sheets were then annealed at 1,073 K for 60
min, followed by immediate water quenching. A more detailed
description can be found in our earlier work [21].

Flat dog-bone tensile specimens were cut from the annealed sheets
by electric discharge machining along the rolling direction, with a gauge
length of 25 mm, width of 4 mm, and thickness of 2 mm. Tensile tests
were carried out, using an Instron 5582 machine with a strain of 10>
s lat77 K, 173 K, and 293 K, respectively. For the experiments at 77 K,
the specimens and grip were completely immersed in liquid nitrogen for
15 min before the tensile test. The testing was stopped at engineering

strains of 10%, 25%, and 35%, respectively. In order to ensure that the
tensile specimens are held at the target temperature, the specimens were
always submerged in liquid nitrogen during testing. These interrupted
tensile tests, together with the complete tensile tests in liquid nitrogen,
help elucidate the microstructure evolution during tensile deformation.

Fracture-surface morphologies after tensile deformation were iden-
tified by scanning electron microscopy (SEM, SUPARR 55). The X-ray
diffraction (XRD) measurements were conducted on an Empyrean ma-
chine (PANalytical B. V.) with Cu-Ka radiation at 40 kV and 30 mA to
analyze the crystal structures of the annealed and fractured alloys. The
scanning range was between 30° and 100° (260) with a step size of 6°/
min. The evolution of the microstructure during tensile deformation was
characterized by transmission electron microscopy (TEM, JEOL, 2100F).
The specimens for TEM investigations were prepared by mechanical
polishing, followed by twin-jet electro-polishing (electrolyte: 93%
ethanol + 7% perchloric acid in terms of volume percent). Electron
backscatter diffraction (EBSD) measurements were performed, using a
TESCAN MAIA3-XMH SEM equipped with the OXFORD Nordlys Max
data collection software.

3. Results
3.1. Mechanical properties

Fig. 1 (a) shows the engineering strain—stress curves of the alloy at
173 K and 77 K. The alloy has an outstanding combination of strength
and ductility both at 173 K and 77 K. Both the YS and ultimate tensile
strength (UTS) increase significantly when the deformation temperature
decreases from 293 K to 77 K. For instance, the YS is increased by 109%
from 640 MPa to 1,338 MPa, and the UTS is increased by 72% from
1,031 MPa to 1,780 MPa. Meanwhile, the strength increases sharply
with only little loss in ductility, resulting in a property profile that is
beyond the inverse strength—ductility relation under cryogenic condi-
tions. For example, the uniform tensile elongation (El) is 55.4% at 293 K
[21]. When the temperature decreased to 173 K and 77 K, the El are
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Table 1
Yield strength (YS), ultimate tensile strength (UTS), and uniform elongation (El)
obtained at 293 K [21], 173 K, and 77 K.

Temp. (K) YS (MPa) UTS (MPa) El (%)
293 640 1,031 55.4
173 1,017 1,410 40.6
77 1,338 1,780 46.3

40.6% and 46.3%, respectively. The strength and ductility of the
Coo9CragFeagNijo sWo 5 alloy at various temperatures are provided in
Table 1 for comparison.

Fig. 1 (b) depicts the work-hardening rate (WHR) curves at low
temperatures. The alloy exhibits different work hardening behavior
between 173 K and 77 K. At 77 K, the WHR exhibits a rapid decrease in
the early deformation stage, followed by a slight increase, and subse-
quently, a decrease at the last stage. When the strain reached 0.4, the
WHR still remained approximately 3 GPa. However, at 173 K, the WHR
shows a monotonous decrease with the strain accompanied by some
fluctuations. Fig. 1 (c) and (d) present the mechanical properties of other
classic HEAs/MEAs and steels at 77 K [13-17,22-34]. Compared with
other alloys, the Coy9CragFeqgNijssWy s alloy exhibits excellent prop-
erties at cryogenic temperature as indicated by the red stars in Fig. 1 (c)
and (d). It could be found that the mechanical properties of the alloy at
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low temperature are desirable and rare in HEAs/MEAs and even in
steels.

The fracture morphologies of the samples after tensile testing at 173
K and 77 K were examined, and the results are shown in Fig. 2. From
Fig. 2 (a) and (d), it can be seen that there is slight necking at 173 K but
no obvious macroscopic necking at 77 K, proving that the samples
deformed uniformly during the testing process. There are no features of
brittle fracture at either 173 K or 77 K. All samples show evidence of
dimpled fracture, but their dimple sizes are dramatically different. The
dimple morphology is similar in both the edge and center regions of the
tensile sample deformed at 173 K, as presented in Fig. 2 (b) and (c). The
average size of the dimples is approximately 1 pm. However, in Fig. 2 (e)
and (f), the dimples in the sample deformed at 77 K are not uniform.
They show a gradual decrease from the center to the edge. The dimples
in the sample have a much smaller size and a higher density in the edge
region. The ultrafine dimples have an approximate average size of 2 pm
in the central region (Fig. 2 (e)), while the edge regions have much
smaller dimples with an average size of approximately 600 nm (Fig. 2
(f)). However, there are also a few coarser and deeper dimples at both
the edge and the central regions in the samples deformed at 173 K and
77 K. Another important character is that micro-cracks were observed in
the central region (indicated with white arrows in Fig. 2 (b) and (e)) but
not in the edge region.

Fig. 2. Fracture morphologies of Cox9CragFesgNiissWo s alloy samples deformed at 173 K and 77 K. (a, d) Fracture morphologies of the alloy samples after tensile
testing at 173 K and 77 K, respectively. (b, ¢) Enlarged images for central and edge regions of the fracture-surface marked in (a). (e, f) Enlarged images for central and
edge regions of the fracture-surface marked in (b). White arrows in (b) and (e) highlight the micro-cracks in the central region.
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Fig. 3. EBSD results of the alloy annealed at
1,073 K and after a tensile test at 77 K. (a) IPF
map of the alloy after annealing at 1,073 K. (b)
Grain-size distribution of the 1,073 K-annealed
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alloy. (c) IPF map obtained in the region near the
fracture area after tensile testing at 77 K. (d)
Corresponding misorientation—distance curve for
the dashed white arrows of the alloy after tensile
at 77 K. The L1 and L2 represent the arrows in
(c). The tensile axis (TA) is parallel to the rolling
direction (RD). The transverse direction (TD) is
T perpendicular to the RD.

Point-to-origin

—L1
=11
L2
L2

Point-to-origin
1P

Point-to-point

Point-to-point

T T T T T
0.75 1.50 225 3.00 3.75 4.50
Distance (pm)

Max: Sl

=
2
-
<
ot
-
=

e
-
f

0.0+
10 20 30 40
Misorientation (°)

(d)0.40

0.321

Fraction
=
~
e

10 20 30 40 50 60
Misorientation (°)

0.08 I
0.004 -,
0

Fig. 4. (a) KAM map and (b) misorientation-angle distributions map of the 1,073 K-annealed alloy. (c) KAM map and (d) misorientation-angle distributions map of

the alloy after a tensile test at 77 K.
3.2. Microstructures

To understand the evolution of microstructures during cryo-
deformation of the alloy, the microstructure of the alloy before and
after cryo-deformation were investigated. Fig. 3 presents EBSD maps of
the alloy samples before and after tensile testing at 77 K. Before the
uniaxial tensile tests, the annealed alloy has equiaxed grains with non-
uniform grain sizes. The inverse pole figure (IPF) map is exhibited in
Fig. 3 (a). The grain size varies from 0.2 to 8 pm, and the average grain
size is approximately 1.02 pm (Fig. 3 (b)). After the tensile test at 77 K,

many substructures or deformation structures were formed in the grains
and annealing twins (as shown in Fig. 3 (c)). The misorientation along
the white arrows L1 and L2 in the IPF map (Fig. 3 (c)) was shown in
Fig. 3 (d). It suggests that the misorientation angle were increased both
in the grains and the annealing twins. And the maximum misorientation
is about 8° for L1. Fig. 4 shows the kernel average misorientation (KAM)
and misorientation angle distributions maps before and after the tensile
tests. The 1,073 K-annealed alloy with fine recrystallized grains has
exceptionally low KAM values and a large number of high angle grain
boundaries (HAGBs), as shown in Fig. 4 (a) and (b). After tensile testing



C. Wei et al.

Materials Science & Engineering A 818 (2021) 141446

Fig. 5. BF images of the fractured microstructure of the alloy tensile at 173 K (a) and 77 K (b). The grain boundaries highlighted by white dashed lines.
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Fig. 6. XRD patterns of the alloy for the as-annealed and tensioned at 77
K states.

at 77 K, the KAM map reveals that the strain localization at grain
boundaries and twin boundaries is higher than in the other regions, as
observed in Fig. 4 (c). It is indicated that more dislocations were piled up
at the boundaries and resulted in high KAM values. A large number of
low-angle grain boundaries (LAGBs) were visible instead of the HAGBs
in the sample, as shown in Fig. 4 (d), which can be further confirmed
from the IPF map in Fig. 3 (c).

Fig. 5 presents the deformation microstructures of the fractured alloy
after tensile testing at 173 K and 77 K. After being subjected to tension at
173 K, the TEM observation indicates that the recrystallized grains are
characterized by dislocation cells (DCs), twins, and high-density dislo-
cations (HDDs) (Fig. 5 (a)). The twin thickness is approximately 100 nm,
and the twin spacing varies from 100 to 200 nm, respectively. HDDs
within the twins and the dislocation pile up could be seen at the grain
boundaries and twin boundaries. Some small, thin deformation struc-
tures with a spacing of nearly 150 nm could be found in the grains
(marked with blue arrows in Fig. 5 (a)). Fig. 5 (b) shows the bright-field
(BF) image of the fractured microstructure of the tensile alloy at 77 K.
Except for the dislocation pileup at the grain boundaries and twin
boundaries, there are some nano-spaced SFs within the grains (marked
with red arrows in Fig. 5 (b)). In addition, a large number of dislocations
is observed in the non-twin and non-SF areas (marked with white

ellipses in Fig. 5 (b)). The twin thickness and spacing are smaller than
the ones corresponding to the tension at 173 K (marked with blue arrows
in Fig. 5 (b)). Meanwhile, the dislocations became tangled up and
interacted with the twin boundaries. In fact, a large number of HCP
plates, several nanometers in dimension are formed. The XRD patterns
for the states of the as-annealed and tensioned samples at 77 K are
shown in Fig. 6. The details will be discussed in the later section.

4. Discussion
4.1. Deformation behavior

Fig. 7 shows the deformation microstructures obtained by TEM for
the alloy undergoing different strains at the liquid nitrogen temperature.
At low (10%) strains, dislocation glide dominates the plastic deforma-
tion with dislocation pile-ups at the grain boundaries and twin bound-
aries, as indicated by the white circles in Fig. 7 (a). The Shockley partial
dislocations with an SF in-between were observed and marked with red
arrows in Fig. 7 (a). When the strain is further increased, the grains are
dominated by SFs with much smaller spacing. The interaction between
the dislocation and SFs may also be observed, and these are marked with
red arrows in Fig. 7 (b). The HDD regions are formed in the SF-free re-
gions marked with a white ellipse in Fig. 7 (b). When the sample was
further strained to 35%, both the dislocation and the SF density increase
considerably. The SF networks (see Fig. 7 (c)) were formed by inter-
sected SFs. When the sample was further strained to failure (strained to
46%), the SF multiplied and the density of the HCP plates increased
continuously. In addition to the SF networks, dislocation slip and SF-slip
intersection were observed and marked with red arrows in Fig. 7 (d).
High-density dislocation was observed along the grain boundary, sug-
gesting that dislocation slip has an important role in the development of
the desirable mechanical-property profile.

At the initial stage of deformation, the dislocation slip and SFs
dominated the deformation. The SFs were formed by the interaction
between different dislocations [35]. These SFs often provide continuous
nucleation sites for mechanical twins and e-martensite with further in-
crease in the stress. With increasing strain, the spacing was decreased,
and SF networks were formed by multiple SFs along the {111} plane (see
Fig. 8 (a)). High resolution transmission electron microscopy (HRTEM)
(see Fig. 8 (b)) indicates that the HCP phase with thickness equivalent to
several atomic layers (marked with red dots) and SFs (marked with blue
dashed lines) are formed along the {111} plane. After being fractured, a
larger number of HCP plates appear, and the spacing of SF is reduced, as
shown in Fig. 9 (a). There is an orientation relationship between the FCC
matrix and HCP phase, {111}pcc |[[{0001}ycp and [011lpcc ||
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Fig. 7. BF images of the alloy after strains of (a) 10%, (b) 25%, (c) 35%, and (d) 46% at 77 K. The inset selected area electron diffraction (SAED) pattern in (b) show
that the area has a single-phase FCC structure. The grain boundaries are highlighted by the white dashed line in (d).

Fig. 8. BF (a) and HRTEM (b) image of the alloy after a strain of 35% at 77 K. Inset at top right-hand side of (a) is the SAED pattern of the BF image.

[11-20]gcp, which corresponds to a typical Shoji-Nishiyama (S-N)
relationship [36], as presented in Fig. 9 (b). It is well known that the SFs
play an important role in twinning and martensite transformation as the
precursors of nucleation [35,37-39]. The model developed by Fujita
et al. [35] suggested that the reaction between the SFs and adjacent
dislocations promotes the propagation and superposition of these SFs,
and forms the HCP phase. Mahajan [39] and Wang et al. [40] proposed
that two perfect dislocations in different lattice orientations of the same
crystal plane group first react to form partial dislocations, and

subsequently form twins and HCP phases with several atomic layers. In
the present work, the formation of dislocation and SFs are observed in
the FCC matrix marked with blue solid lines in Fig. 9 (c). No mechanical
twins could be observed along the HCP plate phase (Fig. 9 (c) and (d)).
Moreover, the reaction between the dislocations/SFs and dislocations
have been observed in the TEM results (see Figs. 7 and 9). The results
indicate that the e-martensite transformation in the alloy under cryo-
genic conditions is in accordance with Fujita’s model.

Like the deformation at 77 K, both the SFs and the HCP phase were
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Fig. 9. TEM images of the alloy after tensile fracture at 77 K. (a) BF image of the alloy after tensile failure at 77 K. (b) SAED pattern of (a). (¢) and (d) are the HRTEM

images of the FCC matrix and HCP structure in (a), respectively.

observed in the samples that were strained up to failure at 173 K (see
Fig. 10 (a)). The orientation relationship between the FCC matrix and
HCP lamellae correspond to the S-N type (see Fig. 10 (b)). The rela-
tionship indicates that the formation of the HCP phase is related to the
glide of Shockley partial dislocations on the {111} planes. When the SFs
and Shockley partial dislocations encounter each other, it leads to
dislocation stacking, and stress concentration occurs. The interaction
between the SFs and dislocations or the overlap of SFs driven by the
stress concentration result in the formation of HCP laths on the {111}
planes [35,41] as observed in Fig. 10 (c) and (d). The formation
mechanism of the HCP phase at 173 K is the same as that at 77 K.

However, for the sample deformed at 77 K, the densities of SFs and
HCP phases are higher than those at 173 K. The SFE decreases as the
temperature decreases and the lower the temperature, the lower the
value of SFE [18,29]. Hence, a lower temperature enabled the intro-
duction of a higher density of SFs and HCP plates.

4.2. Strengthening mechanisms and work-hardening behavior

In both alloys, the YS increases with the decrease in temperature. The
YS increased from 1,017 MPa to 1,338 MPa when the temperature
decreased from 173 K to 77 K. The increase in YS (Aosys) of poly-
crystalline materials can be expressed as [8]:

Acys = Aoy, + Aoy, + Aoy, + Ao, (@D)]

where Ao, Adg, Aoy, and Ao, are the contributions from the solid
solution, grain boundary, initial dislocation density, and precipitates,
respectively. In the present study, the Ac, can be ignored as there were
no precipitates. It is indicated that the initial dislocation density is

exceptionally low due to recrystallization of the grains, and thus, the A
op; effect on the strength can almost be ignored. The average grain size of
the alloy is approximately 1.02 pm, which contributes to the YS of the
alloy. Hence, the Aoy and Acg, become the main factors that contribute

to the increase of YS with the decreasing temperature. The increase in YS
can be obtained as:

Acys = Aoy, + Acy, (2

According to the Hall-Petch relationship, the second term on the
right-hand side of the above equation can be written as:

A6y = 6or1 + kpd™'? = 6010 — kppd ™'
= (6011 — 601]-2)4» (kry — kn)d"/z @

where d is the grain size, and o011, k11, 60,12, and kro are the lattice
friction stress and Hall-Petch slope at temperatures of T1 and T2,

respectively. The Hall-Petch slope can be fitted using the following
equation [42]:

k = pGb'/? 4

where fj is a constant, b is the Burgers vector, and G is the shear modulus,
respectively. Combining Equations (3) and (4), Equation (3) becomes:

A6y = (60r1 —00m) + (Gri — Gy )pb"d ™' 5)

where Gr; and Gr» are the shear moduli at temperatures of T1 and T2,
respectively. The shear modulus, G, is slightly temperature-dependent
[43]. Hence, the second term on the right side of Equation (5) can be
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Fig. 10. BF TEM micrographs and the corresponding SAED pattern of the alloy after a tensile test at 173 K. (a) BF image of an HCP phase, (b) SAED pattern of (a), (c)
BF image of SFs, (d) HRTEM image of the HCP phase and SFs. The inset is the fast Fourier transform pattern of the HRTEM image.

ignored and the main contribution of Acg, is the increase in the lattice
friction stress.

According to Wu et al. [33], solution hardening can be incorporated
into the lattice friction stress. Hence, Equation (2) can be written as:

Aoys = NAoy (6)

where Aoy is the increase of the lattice friction stress caused by the
temperature, and N is a constant. Hence, the temperature dependence of
the YS was dominated by lattice friction. The Peierls-Nabarro (P-N)
stress (o), which was controlled by the influence of temperature on the
width of the dislocations, dominated the lattice friction. The value of ¢,
could be calculated using the following equation [33]:

2G —27,

0 —2rwy
"
1 8exp( b Y*exp( aT) 7)

b

op =

where 9 is the Poisson’s ratio, wg is the dislocation width at 0 K, a is a
positive constant, and T is the test temperature, respectively. The
equation implies that the P-N stress would be amplified by the test
temperature, while the YS remains the same. Moreover, Okamoto’s
study also suggested that the thermal component of solid-solution
hardening contributed to the increase in the yield stress of FCC alloys
at cryogenic temperatures [44].

As shown in Fig. 1 (b), the sample deformed at 77 K shows higher
WHR than the sample deformed at 173 K at the early stage of defor-
mation. The WHR drops rapidly in the early stage as the dislocations
dominate the plastic deformation during the deformation process. This
deformation behavior is like FCC metals, which may be attributed to the
dynamic recovery of dislocations [29,45,46]. With the further increase

in the strain, the WHR decreased slowly. The SFE will drop at a low
temperature, which encourages the formation of more SFs. These SFs
will impede the slip of other dislocations on the slip planes crossing the
SF plane, which contributes to the WHR. As the strain increases, the SF
density increases while the WHR increases slightly and remains high. A
higher SF density implies a smaller dislocation-free path and stronger
promotion of the WHR response by the dynamic Hall-Petch effect, which
is similar to the TWIP effect [46-48]. Furthermore, as the strain in-
creases, the formation of HCP laths will create more defective configu-
rations like phase boundaries. The dislocations pile up at the phase
boundaries during plastic deformation and cause a significant back
stress that may further enhance the WHR [49,50]. In fact, the phase
transformation induced in the region of stress concentration releases the
stress concentration and delays the strain localization, thereby
contributing to the uniform deformation.

At 173 K, the work-hardening behavior is different from the sample
deformed at 77 K. The SFE is also higher than that at 77 K. The density of
the SFs and HCP lath are lower than at 77 K (see Fig. 10). The phe-
nomenon is similar to the results of the previous study observed in steels
and FCC-structured HEAs [10,51,52]. The lower SF density means a
coarser SF spacing size and dislocation-free path. Therefore, the pro-
motion of WHR present in the alloy is weaker. Similar to the early
deformation stage, the WHR drops due to the slip of dislocations. Dis-
locations encounter the SFs and pile up along the SFs or interact with
them, and local internal stress concentrations are developed. A much
greater external stress will be needed to overcome the concentrated
stress. Such a process enhanced the work-hardening ability and
exhibited the increase of WHR. Therefore, the WHR shows a fluctuating
downward trend until failure.



C. Wei et al.

5. Conclusions

In this study, the mechanical properties and microstructural evolu-
tion of the Cog9CragFesgNij2 sWo s alloy under cryogenic temperatures
(173 K and 77 K) were investigated. Electron back scattered diffraction
and transmission electron microscopy imaging investigations were used
to reveal the outstanding mechanical properties and deformation
mechanisms responsible for the different deformation stages. The main
conclusions can be summarized as follows:

(1) The mechanical properties of the alloy showed a strong depen-
dence on the temperature. The yield and ultimate strength at 173
K were 1,017 MPa and 1,410 MPa, while the values at 77 K were
1,338 MPa and 1,780 MPa, respectively. The mechanical prop-
erties were found to be superior to most of the reported alloys at
cryogenic temperatures.

(2) Except for grain-boundary strengthening, solid-solution hard-
ening (lattice friction) which is dominated by the P-N stress was
the main factor for the high YS at cryogenic temperatures.

(3) The deformation of the alloy was dominated by dislocation slip,
SFs, and phase transformation. These deformation mechanisms
contributed to the high work-hardening rate and excellent me-
chanical properties at cryogenic temperatures.
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