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In situ testing

Heterostructured materials (HSMs) has been shown to improve the strength-ductility trade-off of conventional
alloys but their cryogenic performance has not been studied during real-time deformation. We investigated
heterostructured CrCoNi medium-entropy alloy by in-situ neutron diffraction at cryogenic (77 K) and room (293
K) temperatures. The significant mechanical mismatch at interfaces between fine and coarse grains, due to
pronounced grain size disparity, resulted in exceptional yield strength of 918 MPa at 293 K. The yield strength
further increased to 1244 MPa at 77 K with an excellent uniform elongation of 34 %. The exceptional
strength—ductility combination at 77 K can be attributed to enhanced geometrically necessary dislocation pile-up
density boosted from high-mechanical mismatch interfaces, as well as higher planar faults, and martensitic phase
transformation. Comparison with homogenous counterparts demonstrates the potential of HSMs as a new
strategy to improve the mechanical performance of different materials, including medium-/high-entropy alloys
for cryogenic applications.

1. Introduction

Heterostructured materials (HSMs) are characterized by the coexis-
tence of heterogeneous zones, which lead to a significant mechanical
mismatch at the hetero-zone interfaces, for example, coarse- and fine-
grained regions giving soft and hard zones, respectively [1,2]. Upon
subjecting to stress, soft zones start deforming before the hard ones and
geometrically necessary dislocations (GNDs) form near the hetero-zone
interfaces to accommodate the mechanical incompatibility. Planar slip is
the key factor that encourages GNDs to pile-up against hetero-zone in-
terfaces, generating long-range back stresses that enhance the soft re-
gion’s strengthening. In response, long-range forward stresses are

developed at the hard regions, enhancing their strain hardening capa-
bility. The synergistic contribution of forward and back stresses is
known as hetero-deformation-induced (HDI) stress, and it leads to better
strength—ductility trade-off [3,4]. The efficiency of HDI strengthening
and strain hardening can be anticipated to be affected by conditions that
limit dislocation mobility and their interactions with interfaces. How-
ever, the real-time response of HSMs to cryogenic temperatures has
never been investigated by in-situ deformation. These insights are
crucial for cryogenic applications of alloys with outstanding strength-
ening and ductility for space exploration, storage and transportation
systems, natural resources extraction at poles, hydrogen economy,
superconducting magnets, food processing, etc.
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Fig. 1. Microstructural features of the undeformed heterostructured CrCoNi alloy. (a) EBSD inverse pole figure along the rolling plane, (b) SEM secondary electron
micrograph showing abundant ultrafine and nanometric grains, (c) high magnification band contrast map showing twins, and (d) the GND map.

An alloy system that can ensure the dominance of planar slip at low
temperatures can demonstrate the temperature-dependence of the
strength—ductility trade-off of HSMs. Low stacking fault energy (SFE)
and short-range order (SRO) are among the key parameters that promote
planar slip as they make it difficult for two partial dislocations to
combine [5]. The equiatomic CrCoNi medium-entropy alloy is an ideal
candidate to form heterostructure due to its low SFE (22 mJ m~2 [6])
and SRO [7-9] that encourage planar slip [10-12]. Recently, in-situ
deformation has been employed to explore the mechanical behavior,
including the role of planar faults and the stacking fault-driven phase
transformation in the CrCoNi alloy at low temperatures [12-14].
However, those studies were performed on homogeneous CrCoNi. The
formation of different defects has also been shown in CrCoNi with
hetero-zones [11,15-17], but by ex-situ and post-mortem microscopy
analysis. Moreover, their defect densities have not been quantified. This
work is the first approach to quantify and provide real-time defect
evolution of a heterostructured multicomponent alloy under cryogenic
conditions. We performed in-situ tensile testing with neutron diffraction
to track defect evolution during uniaxial deformation at cryogenic (77
K) and room (293 K) temperatures in a heterostructured CrCoNi multi-
component alloy.

2. Material and methods

Equiatomic CrCoNi alloy was produced by arc melting and suction
casting using raw elements with a purity of >99.5 %. The cast alloy was
homogenized at 1200 °C for 24 h and then quenched in water. An 80 %
reduction in thickness by cold rolling followed by a partial recrystalli-
zation at 750 °C for 600 s and then water-quenching was applied to
produce HSM consisting of coarse-grained regions surrounded by
ultrafine-grained regions. Electron backscatter diffraction (EBSD) was
carried out with an HKL Nordlys EBSD detector at 15 kV adapted to a
Zeiss Auriga scanning electron microscope (SEM) with a step size of
0.07 pm for grain size distribution analyses and 1 pm for overall

micrographs. Grain size quantification was performed by the AZtec-
Crystal software by considering only indexed points and a misorienta-
tion threshold of 10°. The twin boundaries were excluded from grain
size statistics based on the theoretical 60° misorientation with <111>
axis [18]. A grain orientation spread between 1° and 2° was used to
differentiate recrystallized grains with low internal strain from
deformed unrecrystallized grains. GND estimation was carried out by
the kernel average misorientation, i.e., misorientation around a mea-
surement point with respect to its nearest neighbors, using the AZtec-
Crystal software. Tensile samples with loading axis parallel to the rolling
direction were fabricated. Gauge dimensions of 0.5 x 3.7 x 25 (thick-
ness x width x length, all in mm) were used for in-situ neutron
diffraction at the TAKUMI beamline of the Materials and Life Science
Experimental Facility, Japan Proton Accelerator Research Complex
(J-PARC Center). Uniaxial tensile tests were performed at a strain rate of
2.67 x 107> s7l. The diffraction data was obtained continuously
throughout the deformation at 77 and 293 K. Additionally, defects
observation of the sample deformed at 77 K was performed with
transmission electron microscope (TEM) in a JEOL ARM200F.

3. Results and discussion

The microstructural characteristics of CrCoNi alloy before deforma-
tion are shown in Fig. 1. Each color in Fig. 1a represents a different
crystal orientation as referenced in the inserted standard inverse pole
figure. A nearly random crystallographic orientation is suggested from
the non-preferential color in Fig. 1a and Figs. Sla and b, and confirmed
by the similar trends between the theoretical Mackenzie for randomly
oriented face-centered cubic (FCC) crystal structures and the experi-
mental random pair misorientation distributions in Fig. S1c [19]. Fig. 1a
shows a microstructure consisting of non-equiaxed micrometric recrys-
tallized (RG > 1 pm, ~6 %) and ultrafine (0.1 pm > UFG < 1 pm, ~76 %)
grain colonies surrounded by nanometric grains (NG < 0.1 pm, ~18 %,
Fig. 1b). Twins and a GND density of 1.4 x 10'* m~2 — induced by cold
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Fig. 2. Tensile deformation behavior of heterostructured CrCoNi alloy. (a) Engineering stress-strain curves, and (b) the strain hardening rate superimposed on the
true stress-strain curves at 293 and 77 K. The insets in (a) show SEM fractographs after fracture.

Table 1

The comparison of yield strength (oy), ultimate tensile strength (oyrs), elonga-
tion till fracture (&) and uniform elongation (e,) at 293 and 77 K. The elastic
modulus (E) and the lattice parameter before deformation (ap) are also listed.

Temperature/ oy/MPa oyrs/MPa  &:/% &u/% E/ ap/A
K GPa
293 918 + 1079 + 27 + 23.1 249 3.56314
22 25 0.6 + 0.5 +6
77 1244 + 1478 + 39 + 33.6 256 3.55542
28 41 1.2 + 1.0 +8
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rolling and remaining after the partial recrystallization — are observed in
Fig. 1c and d. The neighbor pair distribution in Fig. Slc confirms
twinning, as indicated by the peak with a high relative frequency of 0.53
at a misorientation of approximately 60°. This corresponds to the X3
coincidence site lattice orientations, characterized by a 60° <111 > twist
boundary resulting from twinning [18].

Fig. 2 shows tensile stress-strain and strain hardening rate curves for
the heterostructured CrCoNi alloy. Table 1 lists comparison of me-
chanical properties at 293 and 77 K. The alloy possesses a high yield
strength (oy) of 918 MPa, an ultimate tensile strength (oyrs) of 1079
MPa, fracture strain (&) of 27 %, and uniform strain (¢,) of 23.1 % at
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Fig. 3. Neutron diffractograms with true deformation strains showing the structure evolution at (a,b) 77 K and (c,d) 293 K. Plots in (b,d) show zoomed-in of selected
patterns in the range 1.7-2.2 A, with intensity plotted in log-scale, to emphasize in (b) the profile asymmetry and the emergence of HCP (10.1) peak at 77 K and in (d)

lack of the hep formation at 293 K.
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Fig. 4. Microstructural evolution of deformed heterostructured CrCoNi at 77 and 293 K. (a,b) Inverse pole figures along the rolling plane, (c) grain size distribution
(NG = nanograins, UFG = ultrafine grains, and RG = recrystallized grains) and twinned grain fractions, and (d,e) GND maps with GND density for both temperatures.

293 K. At 77 K, all these mechanical properties are enhanced signifi-
cantly, with oy, oyrs, & and &, reaching 1244 MPa, 1478 MPa, 39 % and
33.6 %, respectively. The SEM micrographs (as insert of Fig. 2a) shows
the fractured surface at 293 and 77 K. Both samples present a ductile
fracture behavior given by the formation of homogeneously distributed
voids and dimples. Fig. 2b depicts strain hardening rates superimposed
on true stress-strain curves. The sample at 77 K exhibits a high strain
hardening rate of ~2850 MPa in the early-stage of deformation. The rate
decreased to ~2000 MPa during subsequent straining up to a true strain
of ~0.27 and at the onset of necking. The drop in the strain hardening is
not linear at 77 K. The two regions with stable rate were observed
(between a true strain of ~0.08 and ~0.16, as indicated by the arrows in
Fig. 2b), which will be later linked to the activation of sequential strain
hardening mechanisms. In contrast, the strain hardening rate at 293 K is
lower throughout the entire deformation process; it starts at ~2350 MPa
and continuously decreases to ~1350 MPa until necking. As expected,
the lattice parameter (ag) decreased at 77 K due to thermal contraction
while the elastic modulus (E) increased with decreasing temperature
indicating a higher stiffness at 77 K (Table 1).

The structure evolution during different stages of deformation can be
observed from neutron diffraction patterns in Fig. 3. The lattice spacing
increased as a result of deformation at both temperatures. The influence
of planar faults towards the peak asymmetry [12,20] becomes evident
from true strain of ~0.11 in the sample deformed at 77 K (Fig. 3b). This
ultimately leads to the martensitic transformation from the overlapping
of stacking faults into hexagonal close-packed (HCP) phase [12,14,
21-24]. The formation of an HCP (10.1) peak hump at 77 K in Fig. 3a
and b is the result of such mechanism. The martensitic transformation
was not observed in the sample deformed at 293 K, where the peaks
remain relatively symmetrical until the end (Fig. 3d).

Fig. 4a and b shows the EBSD microstructure of the heterostructured
CrCoNi alloy after deformation at 77 and 293 K. As evident from the
inverse pole figures, a preferential orientation of crystals towards
<111> and <001> was formed during deformation along the rolling
plane and confirmed by misorientation distributions that do not follow
the theoretical random orientation for FCC structures [19] (Fig. S2).
However, the transverse and normal planes did not show a significant
crystallographic orientation evolution with respect to the undeformed
condition in Fig. 1 and Fig. S1. This is because of the uniaxial nature of
the tensile test, where the deformation mainly influences the loading
plane (which in this case coincides with the rolling plane) causing the
crystal axes near the (101) to rotate towards the (111) or the (100), thus
significantly increasing their intensity along the loading direction but
not for the transversal direction in FCC systems [25]. After fracture, the
sample deformed at 77 K had higher NGs and lower number density of
UFGs and RGs than the sample deformed at 293 K (Fig. 4c). Moreover,
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Fig. 5. (a) Normalized integrated intensity indicating texture development and
(b) lattice strain evolution along different lattice planes at 293 and 77 K.

the sample at 77 K also had higher fraction of twinned grains (23 %)
than at 293 K (17 %), indicating a higher planar fault activity at lower
temperature. The increasing neighbor pair misorientation peak near 60°
(Fig. S2) also indicates a higher twin fraction at 77 K than at 293 K [26].
The strain gradient near the hetero-zone interfaces given by different
order of grain sizes triggered a higher density of GNDs to accommodate
the strain [1]. As indicated in Fig. 4d and e, the GND density increased to
2.5 and 5.1 x 10'* GND m™2 at 293 and 77 K with respect to the un-
deformed condition (1.4 x 10'* GND m’z, Fig. 1d).

In general, the samples showed a microstructural evolution mainly
described by grain refinement with a preferred crystallographic orien-
tation towards <111> and <100> in the rolling direction with defor-
mation at both 293 and 77 K. The different crystallographic orientation
generated at both temperatures can be further observed by the
normalized intensity of the crystallographic planes as a function of the
true strain (Fig. 5a). While all the planes follow a linear tendency at 293
K which is typical for deformation by dislocation slip, their trend slowed
down after a true strain of ~0.16 at 77 K. This may indicate the
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Fig. 6. Defect evolution with deformation at 293 and 77 K in the form of (a) stacking fault probability and (b) dislocation density.

activation of a different deformation mechanism (martensitic trans-
formation, Fig. 3b) which also coincides with the strain hardening rate
stabilization indicated in Fig. 2b. This effect is evident from the asym-
metrical peaks and formation of HCP phase (Fig. 3b), which indicate
significant stacking fault activity [11,12]. The lattice strain difference
between the same family of planes, i.e., {111} and {222} at both tem-
peratures (Fig. 5b), suggests the development of stacking fault proba-
bility (SFP) [27]. SFP is the tendency of a material to form stacking faults
and can be evidenced by the accumulation of stacking faults that cause
the relative shift of the two aforementioned crystallographic planes. This
difference can be used to estimate SFP, as shown in Fig. 6a. The SFP at
77 K (~5.3 %) is more than twice that of 293 K (~2.4 %), explaining the
lack of HCP formation at 293 K (Fig. 3b) due to limited stacking faults to
overlap. The higher SFP at low temperature may be related to the
limited dislocation mobility that encourages the activation of alternative
deformation mechanisms [20,28,29]. The higher SFP of the hetero-
structured CrCoNi alloys in this study compared to that of homogeneous
CrCoNi alloys [12,14] is an indication of higher planar fault activity, i.e.,
lower SFE according to Eq. (1) [30].

SFE =

6.6a, ( 244 )""37<8§o> (M) Eq. (1)

/3 SFP 3

C11-C12

where qy is the lattice constant, c11, ¢12 and c44 are the single crystal
elastic constants, and (¢%,) is the mean square strain. The lower SFE of
heterostructured CrCoNi may promote planar slip that encourages more
GND pile-ups to accommodate the high strain gradient at interfaces,
leading to higher HDI stress [1]. The higher SFP (Fig. 6a) agrees with the
higher GND density at 77 K (Fig. 4d).

The abovementioned behavior can be explained by the dominance of
planar slip at low temperature. Considering cross-slip is a thermally
activated mechanism, the low temperatures can reduce the cross slip
rate r(T) according to the Arrhenius equation (Eq. (2)) [31,32].

_Hp
r(T)=ve Tk Eq. (2)
where v is the rate prefactor, Hy is the activation enthalpy, T is the
absolute temperature, and kg is the Boltzmann’s constant. From
analytical solutions, an increase of the energy barrier for cross slip is
expected for lower SFE [31], creating more extended dislocation cores
that hinder cross slip, facilitating planar slip [33]. This effect may be
even stronger in concentrated alloys, like the multicomponent CrCoNi of
this work, where the local atomic environment can significantly influ-
ence the SFE and act as a secondary barrier for dislocation motion by the
increment of friction stress [13,34]. This phenomenon agrees with the
high density of twin formation in the deformed CrCoNi (Fig. 4c). In

Rgs <3 pm 3 Pm < Rgg <70 pm

1800 O Literature (cryogenic)
1600 X This work (77 K)
This work (293 K)
1400 ° @ Literature (293 K)
1200 f?\.
X o
S 1000 *. 77 K 140 K
5 80ie e () £4.2K
> o® T
S AT
[ ] .J 15K
200
o +—r—r+r—+—r—t——+t—t——t-—t—tt

0 10 20 30 40 50 60 70 80 90 100
Uniform elongation / %

Fig. 7. Comparison of yield strength (YS) vs. uniform elongation among pre-
sent and reported CrCoNi alloys with different ranges of grain size (Rgs) [6,11,
12,14,15,35-40]. The cryogenic data points are shown in light blue with the
specific temperatures marked, while the room temperature is indicated in dark
blue. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

addition to a more efficient formation of twins, stacking faults, and HDI
stress, the improved strength of the heterostructured CrCoNi compared
to its homogeneous counterparts (Fig. 7) is also explained by its higher
dislocation density (Fig. 6b). The higher value of % suggests a reduced
dynamic recovery due to dominant planar slip (over cross slip) in the
heterostructured CrCoNi compared to the homogeneous counterparts.
From Fig. 6b, heterostructured CrCoNi at 77 K (~ 25.3to 37.2 x 10%
m’z) and 293 K (~ 22.4 x 1015 m’z) shows overall higher % than the
homogeneous counterparts at 140 K (~ 19.7 x 1 01> m~2) and 293 K

(~14.5 x 10'5 m~2) [12]. A change of % in the heterostructured CrCoNi
at 77 K from a true strain of ~0.16 suggests faster dislocation density
increment with a significant work hardening rate. This value of ~0.16
strain is in agreement with the second stable strain hardening rate re-
gion in Fig. 2b as well as occurrence of phase transformation at later
deformation stages [12].

The strengthening of the heterostructured CrCoNi alloy at 77 K
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10 1/nm

Fig. 9. TEM micrographs showing (a) twins, HCP-martensite and FCC-matrix phase, and (b) stacking faults, formed in the heterostructured CrCoNi deformed at 77 K.
The selected area electron diffraction patterns display arrangement and streaks typical of (insert in a) twins, HCP and FCC phases, and (insert in b) stacking faults,

respectively.

originates from multiple synergistic mechanisms activated sequentially
in five stages indicated in Fig. 8. In stage I, the initial deformation starts
at softer regions, before hard regions, and lead to GND piling up in the
micrometric (RG and UFG) regions. Meanwhile, statistically stored dis-
locations (SSDs) are accumulated within grains by mutual trapping [41];
their quantity can be deduced from the difference between the total
dislocation density (p) (Fig. 6b) and the GND density (Fig. 4c) [42].
Planar faults (PFs), including twins (Figs. S2 and 4c) and stacking faults,
also start forming at stage I. TEM images in Fig. 9 also provide evidence
of stacking faults and twins in the heterostructured CrCoNi alloy
deformed at 77 K. The number density of these defects continue
increasing during stage II, leading to the first strain hardening rate stable
region (Fig. 2b). Stage III is characterized by a lower PF quantity shown
by a decreasing SFP slope from 17 to 15 %, indicating a significant
density of PFs has accumulated and overlapping to act as nucleation sites
for FCC-to-HCP phase transformation during stage IV (Fig. 3b) [12,14].
The high-resolution TEM as well as the selected area electron diffraction
pattern in Fig. 9a shows the HCP phase formation in heterostructed

CrCoNi sample after deformation at 77 K. Transformation induced
plasticity (TRIP), together with faster dislocation density increment,
shown by increase in slope from ~28 to ~48 x 10'> m~2in Fig. 8, led to
the second strain hardening rate stable region in Fig. 2b. The defect
saturation occurs in stage V and ultimately necking forms.

A comparison of the oy vs. ey of reported (homogeneous and heter-
ostructured) [6,11,12,14,15,35-40] and present heterostructured
CrCoNi alloys tested at different temperatures is shown in Fig. 7. The
superior strength—-ductility trade-off of heterostructured materials
comes from the synergy of multiple strengthening and strain hardening
mechanisms, including GND pile-ups-driven HDI stress as well as solid
solution, SSD accumulation, stacking faults, twinning, phase trans-
formation, and grain boundaries. It should be remarked that other fac-
tors in the hetero-zones may also affect defect formation, such as local
compositional gradients, different crystal structures, soft and hard re-
gion distributions, etc. The systematic study of those factors remains for
future exploration.
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4. Conclusions

We studied the deformation behavior of heterostructured CrCoNi
medium-entropy alloy at room and cryogenic temperatures. The crucial
role of GND density and stacking fault probability was found to be
significantly higher at low temperature, indicating a propensity toward
HDI stress, planar fault formation and phase transformation. The com-
parison with reported homogeneous CrCoNi alloys suggests that the
existence of hetero-zones in the heterostructured CrCoNi alloy promotes
a more efficient synergy of sequential deformation mechanisms that
contribute to its better strength—ductility trade-off. The results empha-
size the potential of heterostructured materials in applications requiring
high strength and ductility, particularly at low temperatures.
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