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To investigate lattice distortion evolutions of CrCoNi medium-entropy alloy (MEA), CrFeCoNi, and
CrMnFeCoNi high-entropy alloys (HEAs) with temperature increasing from 300 to 1323 K, we conduct
in situ synchrotron-radiation-based X-ray diffraction experiments. Electron backscattering diffraction,
energy-dispersive X-ray spectroscopy and X-ray absorption near edge fine structure spectra (XANES)
are further carried out to uncover variations of microstructure, morphology and oxidation resistance.
Generally, the lattice will expand continuously with temperature increasing, however, the expansion
rate is affected by grain growth and oxidation. The oxidation resistance of CrCoNi MEA is slightly higher
than CrFeCoNi HEA, and much higher than CrMnFeCoNi HEA. The XANES spectra demonstrate higher
oxidation resistance of Ni, Co, and Fe than Cr and Mn. Formation of local short-range order structures
around Ni and Co is observed, but no such features are observed around Fe and Mn. The present
findings are significant on deepening the understandings of correlations between atomic structure and

mechanical properties in advanced HEAs.

High-entropy alloys (HEAs) present prominent mechanical
properties [1, 2], and thus, attract increasing research enthusi-
asm for their great potential applications in vast industrial fields
[3-5]. The most representative and widely-studied HEAs are
CrMnFeCoNi HEA systems [6-10], including the equiatomic
CrMnFeCoNi HEA (namely Cantor alloy), CrFeCoNi HEA,
and CrCoNi medium-entropy alloy (MEA). It is frequently
reported that the mechanical properties of CrMnFeCoNi HEA
systems are highly temperature dependent. Specifically, their
deformation mode would go through a transition from twin-
ning to dislocation slip or a synergy of the two as temperature
increased from cryogenic to high temperature ranges [9, 11-13].

Taking the CrCoNi MEA for instance, its cryogenic mechanical
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performance has broken the strength-ductility trade-off and
approaches new records [6, 14]. In contrary, their high-temper-
ature performances are unremarkable [15-18]. This trend has
surprised the researchers and made them pour extensive efforts
to unveil the underlying mechanisms. Subsequently, experi-
ments [9, 15, 19] and computer-based calculations [20-24]
presented a decrease of stacking fault energy (SFE) with tem-
perature down to cryogenic ranges. The reporters thus attributed
the simultaneous improvement of strength and ductility to the
involvement of twinning. Nevertheless, the variations of SFE
and twinning might have close correlations with lattice distor-
tion evolutions [25]. However, few works have been reported to
interpret the deformation mode transition from the view point

of lattice distortion evolutions with temperature [13]. Since the
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lattice distortion (such as, lattice expansion, contraction, and
local lattice distortion) will evolve as a function of temperature,
so does the transformation of deformation modes. Therefore,
there must be some correlations among the lattice distortion,
mechanical-deformation mechanism, and temperature effect in
CrMnFeCoNi HEAs system.

Lattice distortion, more specifically, local lattice distortion
has been a long-standing issue in metal alloys [26, 27]. Refer-
ring to its significance, local lattice distortion is considered as
one of the four core effects of HEAs [2]. Evidently, the struc-
tures of HEAs are quite different with traditional alloys, because
the atomic species in HEAs are close to equiatomic and locate
randomly at the lattice sites of the crystal structure. Thus, the
atomic-size misfits and differences in electronic-structures are
inevitable in HEAs. Consequently, these differences are sup-
posed to make lattice distortions in HEAs far more complex
than that in conventional dilute alloys [28]. More importantly,
charge transfer among different alloy component species will
take place when alloying into uniform HEAs, which alters the
local electronic structures of alloying component species [29,
30]. This alteration in local electronic structure brings difficulty
on estimation of atom radius, and thus, makes the quantita-
tive assessment of local lattice distortion in HEAs much more
complicated.

One of the frequently-used parameters to assess local lattice
distortion in crystals is the Debye-Waller factor (B) [31, 32],
which relates to the off-site displacement of atoms from their
ideal sites in the lattice structure. Since the Debye-Waller fac-
tor could be mathematically linked to the atomic-displacement
parameter, U, by the following equation [33]:

B = 87'[2Uiso (1)

The atomic-displacement parameter, U,

.so» Tepresents the

average dynamic atomic displacement and possible static dis-
placement of an atom away from its ideal position [32]. Usually,
this parameter could be derived from the collected high-qual-
ity scattering or diffraction patterns based on a synchrotron or
neutron source. Another commonly-used parameter to estimate
atomic-radii differences and the averaged lattice distortion is
the empirical parameter, § [34], which has been adopted exten-
sively in efforts to describe phase-change behaviors and lattice
distortion of HEAs. It then suggested that the value of § should
surpass 6.6% in a given HEA when it is considered as distorted
severely. However, the lattice distortions in the CrMnFeCoNi
HEAs system are considered to be not severe according to stud-
ies based on X-ray scattering [35, 36]. More recently, Tan et al.
[29] proposed an element-specified parameter, J;, to quantify
the local lattice distortion centered around a given alloying com-
ponent, i, in HEAs. This parameter is calculated, based on the
averaged atomic pair distance between two targeted components

from the X-ray absorption fine structure spectrum (XAFS) and
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the averaged atom pair distance of the whole lattice from XRD
datasets. Using this parameter, the local lattice-distortion cen-
tered around one specific alloying element could be described
quantitatively.

Temperature is of critical importance on the lattice distor-
tion and deformation mechanisms of HEAs [37]. The defor-
mation-mode transition of HEAs has been frequently reported
and verified by the in situ high resolution transmission electron
microscope (HRTEM) [11] and in situ neutron scattering meas-
urements [9, 15]. In the cryogenic and low temperature ranges,
the involvement of twinning in the deformation process is pro-
posed to improve significantly the mechanical performance of
HEAs. In the study of Otto et al. [38], it pointed clearly that
deformation twinning could produce a high degree of work
hardening by continuously introducing new interfaces and at
the same time decreasing the mean free path of dislocations,
thus, leading to a significant increase in the ultimate tensile
strength. However, dislocation slip dominates the deformation
behavior of HEAs when the temperature approaches to room
or above ranges, leading to a sharp reduction of yield strength
[15, 38]. But the peak values of yield strengths decrease slowly in
elevated-temperature ranges [38]. The decrease of SFE with tem-
perature has been proposed as one of the reasons for twinning
occurrence. However, the temperature dependence of SFE [21,
39, 40] in alloys has not been well discussed in detail. Undeni-
ably, the value of SFE relates closely to the local lattice structure
and its evolution with temperature [40, 41]. However, there are
still no clear descriptions on explaining relationships among the
strong temperature dependence of SFE and lattice structure and,
furthermore, the deformation-mechanism transition. Evidently,
this deformation-mechanism transition must have some rela-
tionships with lattice structure evolution. There naturally comes
to the question that what kind of lattice-structure evolution has
triggered this transition during a tensile test. Consequently, the
thermal-expansion coefficient and elastic moduli are meas-
ured as a function of temperature [42, 43] in attempts to clarify
their correlation with mechanical performance. Considering
the strong temperature dependence of lattice distortion, our
previous investigation [29, 44] demonstrates a dramatic reduc-
tion in the lattice distortion of the CrMnFeCoNi HEA systems
when temperature decreases from room temperature to 123 K.
The evolution of local lattice distortion is in good consistence
with that of twinning occurrence and decrease of stacking fault
energy. Thus, we propose that reduction of local lattice distor-
tion might be a potential contributor to twinning.

Here, the present work focuses on the lattice-distortion evo-
lutions from 300 to 1323 K. It is a continual and complementary
study of our previous in situ low-temperature XRD experiments.
We perform in situ SR-XRD experiments on CrCoNi MEA,
CrFeCoNi and CrMnFeCoNi HEAs at 300, 573, 873, 1173,

and 1323 K under vacuum conditions in Beijing synchrotron
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radiation facility (BSRF) at beamline 4B9A. However, diffraction
peaks of oxides are observed when temperature reaches 1173 K,
which is out of our expectation. Thus, XAFS measurements are
further carried out to examine the oxidation state of each indi-

vidual alloying component after the heat treatment.

Figure 1 shows the XRD patterns of the CrCoNi MEA,
CrFeCoNi and CrMnFeCoNi HEAs obtained at 300, 573, 873,
1173, and 1323 K. In Fig. la-c, the observed diffraction peaks
from all the three alloys are attributed to (111), (200), (220), and
(311) planes of a single-phase face-centered-cubic (FCC) struc-
ture. The (111) diffraction peaks for all the three alloys show
the highest intensity. But the ratio of (111) to (200) peak height
for CrMnFeCoNi HEA is stronger than that of the CrCoNi
MEA and CrFeCoNi HEA, which illustrates slightly-preferred
orientation for the CrMnFeCoNi HEA. When the temperature
increased to 573 K, the diffraction peaks shift overall to left low-
angle side due to thermal expansion. Nevertheless, the shape

7L 7L 7 7L 7L 72
7/ e/

of the peaks changes very little, indicating a minor change of
local lattice distortion at this temperature. We thus propose that
lattice expansion of the CrMnFeCoNi HEA system takes place
more apparently than variations of local lattice distortion at a
moderate temperature. As the temperature further increases to
873 K, the peak heights of (111) peaks from the CrCoNi MEA
in Fig. la and CrFeCoNi HEA in Fig. 1b increase sharply, while
that of the CrMnFeCoNi HEA in Fig. 1c shows a slight increase.
This phenomenon illustrates that the disorder in (111) direc-
tions in the CrCoNi MEA and CrFeCoNi HEA decreases faster
than that in the CrMnFeCoNi HEA in the high-temperature
range. At 873 K, the peak height ratios of (111) to (220) increases
sharply, compared with that at 573 K. Simultaneously, the peak
widths of (111) peaks in the CrCoNi MEA and CrFeCoNi HEA
become narrower, indicating the growth of crystal grains. This
trend indicates that the (111) planes might be favorable for sur-
face oxidation. While the asymmetry of the (111) peak in the
CrMnFeCoNi HEA becomes more obvious from 873 to 1173 K.
The occurrence of this asymmetry is simultaneous with the
observation of the MnO oxide. In the formation of the MnO
oxide, Mn in the near surface of the CrMnFeCoNi HEA matrix

7L JL 7L 7L 7L 7L
/s 7/ 7/ 7/

(a)(m) CrCoNi MEA (111) CrFeCoNi HEA (c) CrMnFeCoNi HEA
5 —aook—s73k | 5 (B} (20 5 ——300K——573K
© —873K—1173K © © (111)—873 K=——1173K
Fy 0 Oxide Cr:0s | 3, | = o Oxide MnO
@ - (200) ’i_o 0 RN &
5 Lee \ _Gingl 5 |90 Cubad § W | Ao o =g
N e | IS T - Y| O 28|
§1:.__.AL_.A.~_~_ - A A A (2000
" ﬁ:r?ﬁ/
e - i f#mﬂﬁrmﬁhﬂw
e 3 5P B8 8 88 FEX 8 8 88%F 88 R 8
2 Theta /° 2 Theta /° 2 Theta /°
(d) M —— CrCoNi MEA
=} v CrFeCoNi HEA At1323 K
g 0 —— CrMnFeCoNi HEA = D y FCC phase
; - % o O Fe2MnOs4 () Cr0s3
: | b d o @ v v
-— \
= O v v
v Q
ALl o 9§ o d Y v
o
gl 9.9 ¢ sl ' 0 w v
TTIT [T T T T[T T T[T T T T[T T T T [ TT T T[T I T T[T T T[T T I TT T T[T T T T[T T T TTTT[TTTT
30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

2 Theta /°

Figure 1:

XRD patterns of (a) CrCoNi MEA, (b) CrFeCoNi HEA, and (c) CrMnFeCoNi HEA at 300, 573, 873, and 1173 K collected at the 4B9A beamline in

BSRF. The diffraction peaks are expanded at certain angles to make the identification of the peaks easier. The XRD patterns of the three alloys collected

at 1323 K are put together in (d) for the ease of comparison.
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has to travel to the alloy surface, leading to the increase of the
local lattice distortion in the near-surface matrix due to the loss
of Mn. Hence, the symmetry of the (111) diffraction peak would
decrease as a result of the Mn-outward diffusion.

New diffraction peaks (marked with red square), noticeable
but weak, at 34.05° and 40.21° are observed in Fig. ¢, attribut-
ing to the formation of MnO (Reference code: 96-154-1155)
[45] at the surface of the CrMnFeCoNi HEA. This observation
demonstrates a lower oxidation resistance of the CrMnFeCoNi
HEA than that of the CrCoNi MEA and CrFeCoNi HEA in the
high-temperature range. In contrary to the sharp narrowing of
(111) peak width of the CrCoNi MEA and CrFeCoNi HEA, that
of CrMnFeCoNi HEA changes very little. Presumably, the dif-
fusions of O, Mn, and Cr take place in priority to the growth of
the CrMnFeCoNi HEA crystallite. As the temperature further
increases to 1173 K, diffraction peaks of Cr,0, (Reference code:
00-038-1479) [46] are observed clearly in both Fig. la and b,
verifying oxidation taking place at the surface of the CrCoNi
MEA and CrFeCoNi HEA. At 1323 K in Fig. 1d, several diffrac-
tion peaks arise from the formed MnO, Cr,05, and Fe,MnO,
(Reference code: 96-101-0132) oxides [47]. Simultaneously,
the diffraction peaks accounting for the FCC structure in the
CrCoNi MEA and CrFeCoNi HEA become very weak. Never-
theless, (111) and (200) diffraction peaks of the CrMnFeCoNi

Figure2: EBSD results in the form
of inverse pole figure maps of the
(a) CrCoNi MEA, (b) CrFeCoNi HEA,
and (c) CrMnFeCoNi HEA after

in situ XRD measurements at high
temperatures. The averaged grain
size for (d) CrCoNi MEA,

(e) CrFeCoNi HEA, and (f) CrM-
nFeCoNi HEA are 71.8, 63.6 and
40.1 um, respectively.

© The Author(s), under exclusive licence to The Materials Research Society 2021

HEA could be observed clearly at this temperature in Fig. 1d.
Probably the formed oxidation layers at the surfaces of the
CrCoNi MEA and CrFeCoNi HEA are thick and/or dense,
which is difficult for X-ray transmission. While X-ray could
pass through much easier the oxidation layer at the surface of
the CrMnFeCoNi HEA. This phenomenon demonstrates a clear
oxidation difference from the CrCoNi MEA and CrFeCoNi HEA
to that of the CrMnFeCoNi HEA.

Electron back scattering diffraction (EBSD) images are
observed to investigate variations of crystallite sizes after
annealing. Figure 2 shows images of grains and size distribu-
tions of (a, d) CrCoNi MEA, (b, e¢) CrFeCoNi HEA, and (c, f)
CrMnFeCoNi HEA, respectively. The averaged grain sizes are
71.8,63.6, and 40.1 pm, which are much larger than those of the
original samples (See Fig. S1). The increase of averaged grain
size is well consistent with the narrowing of XRD diffraction
peaks. The grain size of the CrCoNi MEA is slightly larger than
that of the CrFeCoNi HEA and much larger than that of the
CrMnFeCoNi HEA, although they were treated in the same
condition. This increase of the grain-size order is inverse with
their local lattice distortion levels at room temperature: CrMn-
FeCoNi HEA > CrFeCoNi HEA > CrCoNi MEA [29]. Thus, we
propose that higher level of the local lattice distortion is in favor
of controlling smaller grain sizes during annealing. This result
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provides critical clues on controlling annealing conditions of
CrCoNi MEA, CrFeCoNi and CrMnFeCoNi HEAs.

To investigate surface-oxidation differences among the
CrCoNi MEA, CrFeCoNi and CrMnFeCoNi HEAs, scanning elec-
tron microscopy (SEM) images and line scan of energy dispersive
X-ray spectroscopy (EDS) spectra are collected at the surfaces and
cross-sections of the CrCoNi MEA, CrFeCoNi and CrMnFeCoNi
HEAs. To enhance the surface conductivity, C in a nano-scale size
is sprayed on the surfaces of the samples. The results shown in
Fig. 3a and b present a compact oxidation layer at the surfaces
of the CrCoNi MEA and CrFeCoNi HEA. This oxidation layer
is about 3 pum thick, observed from the cross-section images in
Fig. 3d and e, and it consists of mainly Cr and O from the embed-
ded EDS spectra, which is well consistent with the XRD patterns
in Fig. 1. Both the surface and cross-section images show that the
oxidation layer is compact and attached firmly on the matrix sur-
faces of the CrCoNi MEA and CrFeCoNi HEA, resulting in the
observation of few diffraction peaks from the matrix in the XRD
patterns at 1323 K. However, the oxidation surface layer of the
CrMnFeCoNi HEA in Fig. 3¢ is loose and consists of mainly O,
Cr, Mn, and Fe from the embedded EDS spectrum, which is quite
different from those of the CrCoNi MEA and CrFeCoNi HEA.
But in the cross-section image of Fig. 3f, the oxidation surface
includes two distinct layers: one is a loose and thick MnO layer
in the outside, and another one is a compact and thin Cr,Oj; layer
(about 3 um) located between the MnO layer and the matrix. We
propose that the formation of MnO layer takes place earlier than
that of the Cr,0O; layer. Because we observe firstly the diffraction
peaks from MnO (around 10 um), and then diffraction peaks from

B i
istance /um

15

Cr,0; from the in situ XRD patterns in Fig. 1c. The phenomena
illustrate that the outward diffusion of Mn is faster than that of Cr.
Otherwise, it would be difficult for Mn to go through a compact
Cr,0O; oxidation layer. Although the surface oxidation of the CrM-
nFeCoNi HEA is very different from those of the CrCoNi MEA
and CrFeCoNi HEA, the thickness of the Cr,0; oxidation layer
for all the three samples are almost the same.

Local lattice-distortion evolutions
The X-ray diffraction data with high quality collected at a synchro-

tron source could provide detailed microstructural information
on the local atomic scale. Hence, lattice distortion could be identi-
fied from the refined atomic-displacement parameters. Thus, we
further performed Rietveld refinement using the Highscore Plus
software [48] to obtain the detailed lattice-distortion-evolution
information with increasing temperature. The fitting results are
shown in Figs. S2, S3, and S4. After the refinement, lattice-strain
evolutions of individual planes are calculated by Eq. (2). During
calculations, the lattice parameters obtained at room temperature

are used as references.

Aty = iy -

E(hkl) = 70
(hki)

where &, is the lattice strain of (hkl) plane, dyx) represents the
plane spacing of (hkl) at a given temperature, and d?hkl) is the
reference plane spacing obtained from XRD patterns collected

at room temperature.

Intensity.

o

af i
Distance fum

25. i
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Figure3: Surface and cross-section morphology of (a, d) CrCoNi MEA, (b, e) CrFeCoNi, and (c, f) CrMnFeCoNi HEAs after oxidation during in situ XRD
measurements. The line scan profiles of EDS are also shown in the cross-section morphology images as inserted figures. (The readers are referred to

the colors from the online version.).
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The refined lattice parameter and lattice strains are shown
in Fig. 4. The errors for the lattice parameter, a, are generally
not larger than 0.0005 A, thus the error bars are difficult to be
identified in Fig. 4a. But a dotted line is presented to connect the
error bars. The readers are referred to detailed errors in Table S1
of Supplementary Materials. It presents a general increase of the
lattice parameter from the CrCoNi MEA to CrMnFeCoNi HEA
at the same temperature in the whole studied temperature range.
The lattice parameters of the CrCoNi MEA increases approxi-
mately linearly with temperature, but a slight decline is observed
from 573 to 873 K due to atom diffusions for the incubation of
metal oxides (Cr,O;), which is identified in the XRD patterns
at higher temperatures in Fig. 1a. Therefore, the formation of
Cr,0; at the surface would cause the reduction of the Cr con-
tent at the near-surface matrix, which happens to be the probe
position of X-ray. Since Cr has the largest atom radius among
Cr, Co, and Ni atoms [49], thus the Cr-content reduction will
cause the decrease of the lattice parameter of the MEA in the
X-ray-detected areas according to Vegard’s law [50, 51]. Hence,
the expansion rate of the CrCoNi MEA lattice in this tempera-
ture range will decrease. As the temperature further increases
to 1173 K, the outward diftfusion of Cr will become difficult and
decreasing due to the formation of a compact oxide layer at
the surface. The lattice-parameter evolution of the CrFeCoNi
HEA behaves in an approximately-linear increment. No obvi-

ous decline of the expansion rate is observed. This trend might

be because of its low Cr concentration, compared with that of
the CrCoNi MEA.

Surprisingly, the lattice parameter of the CrMnFeCoNi HEA
grows much faster than that of CrCoNi MEA and CrMnFeCoNi
HEA from 300 to 573 K, and then its growth rate decreases from
573 to 1173 K. At this temperature range, the loss of atoms with
larger atom radii (Mn and Cr) causes the decrease of the lat-
tice of the CrMnFeCoNi HEA, while the continuous heating
would expand the lattice. Probably, the outward diffusion effect
on the lattice expansion overtakes that of heating, making the
lattice expansion decrease for a while. Then, the lattice expan-
sion of the CrMnFeCoNi HEA speeds up as the temperature
increases to 1323 K. The accelaration of lattice expansion at this
temperature is attributing to the inhibition of Cr and Mn atoms
outward diffusions, which is caused by the formation of oxi-
dation layers. The lattice-expansion rates of the CrCoNi MEA
and CrFeCoNi HEA are calculated as (4.11+0.4) x 107°/K and
(5.42+0.3) x 107/K in the temperature range of 300 to 1173 K
by linear fitting, respectively. Obviously, the lattice expansion
of the CrFeCoNi HEA is faster than that of the CrCoNi MEA,
which has similar tendency with their lattice contraction in the
low-temperature range according to our previous study [44].
However, the expansion rate of the CrMnFeCoNi HEA might be
faster than the CrCoNi MEA and CrFeCoNi HEA if there was
no oxidation. Another noticeable feature is that the expansion

rate of the lattice is more than 10% higher than their contraction
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rate in the low-temperature range. Presumably, the enhanced
expansion rate is due to violent thermal dynamic oscillations at
elevated temperatures. The increasing distances between atom
pairs would further reduce attractive forces among atomic bond-
ings, which is favorable for lattice expansion.

The increasing tendency of lattice strains in Fig. 4b-d is well
consistent with their lattice parameters in Fig. 4a, but lattice-
strain evolutions at different directions within the alloys are
heterogeneous from 300 to 1173 K. Generally, (200) planes are
the stiffest in the observed planes and show the lowest strains,
while (311) planes expand relatively faster in the CrCoNi MEA
and CrFeCoNi HEA than that in the CrMnFeCoNi HEA. This
small difference is probably caused by the existence of the pre-
ferred orientation of (111) in the CrMnFeCoNi HEA. Obviously,
the expansions of the alloy lattice are not to the same extent for
each individual direction. Thus, the local lattice distortions of
the three alloys should have gone through a tremendous diver-
sification in the elevated-temperature range. One aspect is the
heterogeneous lattice expansion, and another is the enhanced
thermal oscillation with increasing the temperature. However,
it is still difficult to make quantitative estimations on the evolu-
tion of local lattice-distortion levels. The lattice might be relaxed
at higher temperatures, thus, reducing the static displacement.
On the other hand, the thermal oscillation would be enhanced
accordingly with temperature increase, hence, promoting the
dynamic displacement. Therefore, we carry out the detailed
analysis of the collected XRD patterns to further estimate local
lattice-distortion evolutions of the three alloys.

To obtain an overview of local lattice-distortion evolutions
of the CrCoNi MEA, CrFeCoNi and CrMnFeCoNi HEAs in a
wide temperature range, we further calculate the variations of
lattice parameters and isotropic thermal motion factors (U,,)
(Fig. 5), based on the collected XRD patterns in a wide-temper-
ature range from 123 to 1173 K by taking into account of the
low-temperature XRD data sets. The data in the low-temperature

range are derived from our previous works [44]. During the

calculation, the parameters obtained at room temperature are
used as references for the ease of comparison. The increment
of the lattice parameter, a, in Fig. 5a is discussed separately in
four temperature ranges. In the low-temperature range from 123
to 173 K, as magnified in the insert part, the lattice-expansion
rates for the three alloys are slower, compared with those in the
higher-temperature range. The turning point for the CrCoNi
MEA and CrMnFeCoNi HEA takes place at 173 K, while that of
the CrFeCoNi HEA starts from room temperature. Presumably,
the lower expanding rate before the turning point temperature
could be accounted for two reasons. One is the deactivation
of atom diffusions at lower temperatures, and another is the
increase of atom-repulsion forces resulting from the shortening
of atom distances. In the moderate-temperature range from 173
to 573 K, the lattice expansions of the three alloys increase much
faster without crystallite growth. However, the expanding rates
of the CrCoNi MEA and CrMnFeCoNi HEA decreased from
573 to 873 K due to the crystallite growth and atom diffusions
for the incubation of oxides. Nevertheless, the expansion of the
CrFeCoNi HEA lattice continues in a linear way, probably due to
its lower Cr content. The results demonstrate that the crystallite
growth and oxidation have significant effects on lattice expan-
sion at elevated temperatures. But the effect of crystallite growth
should be more profound, since oxidation mainly takes place at
the surface of the alloys.

The variations of U, in Fig. 5b are obtained from the Riet-
veld refinement of the collected XRD patterns. Sharp increases
of AU, of all the three studied alloys are observed in the tem-
perature range from 123 to 300 K, indicating a rapid growth of
local lattice distortions, including both dynamic and possible
static displacements. However, the increasing rates of AU, in
the CrCoNi MEA and CrMnFeCoNi HEA slightly decrease,
while that of the CrFeCoNi HEA sees a tiny increase when the
temperature increases to 573 K. As the temperature further
increases to 873 K, the AU, of the CrCoNi MEA and CrMn-
FeCoNi HEA increases again but the growing rate is not as high

Figure 5: Lattice parameter (a) and 2.0 7o 10 5
isotropic thermal motion factor ] (a) 3
(b) variations of the CrCoNi MEA, 194 / 5 3
CrFeCoNi and CrMnFeCoNi HEAs 15401y 3
from 123 to 1,173 K. The cor- lo2] — 0
responding parameters obtained 4 T RN RN -
at room temperature are used as § 1.0 03] Vot £ 57
references for the easy comparison. ®© Jo4 ey .2 .
The magnified part of the low- <5 4] 100 1%0 209 200 303;‘51/ - D 10 3 ;
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as that below 300 K. Interestingly, the AU, of the CrFeCoNi
HEA decreases slightly in this temperature range. These results
demonstrate similar variations of AU, of the CrCoNi MEA,
CrFeCoNi and CrMnFeCoNi HEAs in the whole studied tem-
perature range, while the deformation-mode transition from
twinning at low temperatures to dislocation slip at moderate
and higher temperatures for all the three alloys is also similar.
This coincidence demonstrates that the local lattice-distortion
evolution might be a critical contributor to the transition of the
deformation mode for the CrFeCoNi HEA system.

The above results show clearly that the variations of lattice

parameters, a, and AU,

in the whole studied temperature range
are quite different. In particular, a slower increase of the lat-
tice parameter, g, in the low-temperature range is correspond-
ing to a sharp increase of AUj,,. Whilst a sharp increase of a in
the elevated-temperature range (873-1173 K) corresponds to
a slow increase of AUj,, The results inform us of that the local
lattice-distortion reduction is dominate in the low-temperature
range (100-223 K), while lattice expansion suppresses the
increase of the local lattice distortion in moderate temperatures
(293-573 K). The variations in Fig. 5 illustrate a strong tem-
perature dependence of the local lattice distortion in the low-
temperature range (123-223 K), but a relatively-stable level in
the high-temperature range (873-1173 K). Thus, it is reasonable
to infer that local lattice distortions in CrMnFeCoNi HEA sys-
tems mainly arise from dynamic thermal oscillations. Another
important supportive aspect is that the effective atomic-size
differences among Cr, Mn, Fe, Co, and Ni are not very large
[49], and the effective atom-radius misfit of the alloying com-
ponent should be further reduced when alloying due to charge
transferring [29]. The sharp reduction of thermal oscillations
at low temperatures makes the atoms in the alloys act more like
hard spheres, and easy to be deformed in the way of twinning.
However, the thermal oscillation of atoms approaches some
limit very quickly in the mediate-temperature range, and lattice
expansion together consumes most of the energy received from
heating. The enlarged lattice space and enhanced atomic thermal
oscillation are more favorable for the activation and slip of dislo-
cations. As the temperature further increases to a higher degree,
crystallite growth becomes obvious and takes place in a rapid
way. Thus, the lattice structure of the metal alloy goes through
tremendous changes in the aspects of local lattice distortion,
lattice expansion, and grain-size increase from low to elevated
temperatures. It should be noticed that the dominated aspect in
the lattice-distortion evolution varies with temperature, which
would possibly lead to the deformation-mechanism transition
from twinning domination to dislocation slip. It is thus sug-
gested that the local lattice-distortion reduction makes a criti-
cal contribution to twinning at low temperatures. While lattice
expansion favors the activation and movement of dislocations at

mediate and elevated temperatures. However, the rapid growth
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of crystallites must be taken into account when discussing defor-

mation mechanisms at elevated temperatures.

The surface oxidation has significant effects on the crystallite
growth in the near-surface region of the alloys. To explore the
oxidation state of each individual element in the CrCoNi MEA,
CrFeCoNi and CrMnFeCoNi HEAs, we further measures X-ray
absorption near edge spectra (XANES) from K-edges of alloying
components (excluding Cr) after in situ XRD measurements.
The XANES data are analyzed by a Demeter software package
[52]. For ease of comparison, the XANES spectra from K edges
of Ni, Co, Fe, and Mn of corresponding standard foil samples are
collected in the same condition and display in Fig. 6.

In Fig. 6a, the white line peak heights of the XANES spectra
from Ni K-edges of the CrCoNi MEA, CrFeCoNi and CrMn-
FeCoNi HEAs are close but slightly lower than that of the Ni
foil. However, no diffraction peaks accounted for the nickel
oxide is observed during the whole-temperature range. Hence,
this slight decrease is attributed to charge transfer from other
alloying components to Ni. A noticeable feature is the pre-edge
peak valley (marked with a dashed circle) in the CrCoNi MEA,
CrFeCoNi and CrMnFeCoNi HEAs, compared with that of a
Ni foil spectrum, and it is more profound for the CrMnFeCoNi
HEA. The appearance of pre-edge peak valleys demonstrates
local structure changes around Ni in the alloys after in situ
high-temperature XRD measurements. Since there is no nickel
oxide at the surface, thus, the local atomic changes around Ni
are proposed to take place in the matrix instead of oxide layers.
Similar white line peak features are observed for Co in Fig. 6b
and Fe in Fig. 6¢, compared with their corresponding foil sam-
ples. No obvious changes are captured in the pre-edge part of
the XANES spectra, indicating subtle local structure modifica-
tions around Co and Fe during the heat treatment. However, the
white line-peak height of the XANES spectrum from the K-edge
of Fe in the CrFeCoNi HEA is higher than that of the CrMn-
FeCoNi HEA in Fig. 6¢, demonstrating charge transferring from
other elements to Fe in the CrFeCoNi HEA. Compared with
the XANES spectrum of a standard Mn foil sample, a sharp
increase of a white line-peak height is observed in the XANES
spectrum from the Mn K-edge of the CrMnFeCoNi HEA in
Fig. 6d, illustrating serious Mn oxidations in the CrMnFeCoNi
HEA. This is well consistent with the emergence of diffraction
peaks arising from the formation of MnO in the CrMnFeCoNi
HEA in Fig. 1d.

To examine local atomic structure variations, the differences
of XANES spectra compared with corresponding XANES spec-
tra from the standard foil samples are calculated in Fig. 7. The

sharp decrease of the pre-edge peak valley intensity in Fig. 7a
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indicates the formation of some short-range local structures
around Ni after surface oxidation, and this tendency is more
pronounced for the CrMnFeCoNi HEA. A small pre-edge peak
increase of the XANES spectra from the Co K-edge is conspicu-
ous for the CrCoNi MEA, but no clear feature is shown in the
spectra of the CrFeCoNi and CrMnFeCoNi HEAs. This differ-
ence demonstrates a short-range order structure conformation
around Co in the CrCoNi MEA, but such kind of short-range-
order structures do not form in CrFeCoNi and CrMnFeCoNi
HEAs. An obvious pre-edge structure feature is not observed in
Fig. 7c, demonstrating no formation of some local structures
around Fe in CrFeCoNi and CrMnFeCoNi HEAs after heat
treatment. However, the white line-peak height of the CrFeCoNi
HEA is higher than that of the CrMnFeCoNi MEA. While the
white line-peak height of the CrFeCoNi HEA is lower than that
of the CrMnFeCoNi HEA without the heat treatment [29]. The
increase of the white-line peak height of Fe in the CrFeCoNi
HEA reveals a higher oxidation state of Fe than that in the CrM-
nFeCoNi HEA. Although the peak intensities of the XANES
spectra from K-edges of Ni, Co, and Fe in the CrCoNi MEA,
CrFeCoNi and CrMnFeCoNi HEAs are different, the spectra
show similar oscillation shapes after the edges for all the alloys.

©The Author(s), under exclusive licence to The Materials Research Society 2021

This result manifests that these atoms in their alloys keep similar
crystal structures but with slight differences in the local short-
range environment, which is in well consistent with the XRD
results in Fig. 1. However, the difference spectra in Fig. 6d of
Mn in the region apart from the edge show obvious phase shifts,
indicating that the local atomic structure of Mn has changed
dramatically after the heat treatment due to the formation of
a Mn oxide.

The XANES spectra and their differences of XRD patterns
of the CrCoNi MEA, CrFeCoNi and CrMnFeCoNi HEAs dem-
onstrate clear variations on the oxidation resistance of alloying
elements in the three alloys. The Cr and Mn atoms are mostly
feasible to be oxidized. Then Fe, Co, and Ni are the last ones to
be oxidized at elevated temperatures under low vacuum condi-
tions. This observation is consistent with the formation energy
of their corresponding metal oxides. Due to the formation of the
Cr and Mn oxides at the surface of the metal, Cr and Mn have
diffused outward to the regions near the substrate surface, lead-
ing to gradient distributions of Cr and Mn, as shown in Fig. 3.
However, the distributions of Ni and Co changed very little for
their higher energies on the formation of oxides [53]. Hence, the

local short-range-order structure around Ni and Co would be
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formed as a result of losing Cr, as indicated by the occurrence
of their pre-edge valley features in the XANES spectra. As a
consequence, the application of the CrMnFeCoNi HEA systems
in high-temperature environments should take into considera-
tions of the oxidation and local-structure modifications in the
near-surface regions, in particular, for sheet samples. However,
the details of the local short-range-order structure variations
need to be further studied in the future.

In summary, we carry out in situ SR-XRD experiments to mon-
itor lattice expansion and local lattice variations of the CrCoNi
MEA, CrFeCoNi and CrMnFeCoNi HEAs from 300 to 1323 K.
Then, EBSD, EDS, and XANES measurements are conducted
to investigate variations of the microstructure, morphology,
and oxidation property of the three alloys after annealing. We
find that the lattices of the CrCoNi MEA, CrFeCoNi and CrM-
nFeCoNi HEAs expand continuously with the temperature
increase, but their expanding rates are different and affected

by crystallite growth and oxidation. Under the same annealing

©The Author(s), under exclusive licence to The Materials Research Society 2021

6520 6540 6560 6580 6600
E eV

condition, the grains of CrCoNi MEA with lower local lattice
distortion level grow larger than CrFeCoNi and CrMnFeCoNi
HEAs with higher local lattice distortion. Lattice expansion
at mediate temperatures favors the reduction of the local lat-
tice distortion, while the oxidation process enhances local lat-
tice distortions at elevated temperatures. Taking the previous
in situ low-temperature studies into consideration, we propose
that a sharp reduction of the local lattice distortion contributes
critically to the strong temperature dependence of deformation
mechanisms for the CrMnFeCoNi HEA systems. The oxidation
resistance of the CrCoNi MEA and CrFeCoNi HEA is similar
and far higher than the CrMnFeCoNi HEA. A compact and
thin oxidation layer is found to adhere firmly at the surface
of the CrCoNi MEA and CrFeCoNi HEA matrix, while two
oxidation layers (one loose and thick outside layer, and one
compact and thin inside layer) are observed at the surface of
the CrMnFeCoNi HEA. The alloying elements of Cr and Mn
are feasible to be oxidized, while Ni and Co are highly oxida-
tion resistant. Short-range-order structures around Ni and Co
are formed from the XANES spectra, but such features have

not been observed around Fe and Mn components.
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The near-equiatomic CrCoNi MEA, CrFeCoNi and CrMn-
FeCoNi HEAs with grains of ~20 pum are cut from the same
bulk alloys listed in our previous report [29]. Briefly, the ingots
are prepared by arc melting for five times and homogenized at
1473 K for 24 h, air cooling, cold rolling, and annealing
(1073 K, 1 h) are performed for lattice-distortion investigations.
The in situ high-temperature SR-XRD measurements are car-
ried out at the 4B9A beamline station in the Beijing Synchro-
tron Radiation Facility (BSRF) with an incident X-ray wave-
length of 1.5406 A. The sample is cut in a size of
7 mmx7 mmx 1 mm and put in a vacuum chamber of the
high-temperature furnace (Anton Paar HTK 1200 N). The fur-
nace is mounted at a 6-circle diffractometer. A K-B thermocou-
ple is put in the chamber very close to the sample for the pur-
pose of monitoring the stability of the target temperature and
temperature-increase rate (10 K/min). To stabilize the sample
temperature during the measurement, a moment of 30 min is
kept at the designated temperature before each XRD-pattern
collection. The individual XRD pattern is collected from a two-
theta angle of 35° to 105° with a scanning step of 0.02°. The
collection time for a single XRD pattern is around 2 h. Totally,
15 XRD patterns are collected at 300, 573, 873, 1173, and
1323 K for the CrCoNi MEA, CrFeCoNi and CrMnFeCoNi
HEAs, respectively. Although the experiments are conducted
in vacuum conditions (0.1 Pa), surface oxidations are observed
when the heating temperature arriving at 1173 K. To avoid the
effect of beam decaying in a long-time range, all the XRD data
have been normalized, using the same method before refine-
ment analysis. The XRD pattern is normalized simply in the
way of <Icollected /Iinci dem) x 10°. Thus, the unit of “Intensity” is

arbitrary unit, short as a.u. in the presented XRD patterns in
Fig. 1. Standard Si powders are measured at the same time to
determine instrument broadening.

After the in situ XRD measurement, the cross-sections of
the three samples are polished. The morphologies and elemen-
tal compositions of the sample surface and cross-section are
observed by scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS) using JEOL JSM-7900F
under 20 kV with a current of 20 nA. Then the grain size and
orientation are characterized by electron backscattering dif-
fraction (EBSD). The scanning step for all the three samples is
3 um in the EBSD data collection, which is much smaller than
the averaged grain size. The OIM Analysis software (EDAX,
Mahwah, NJ, version 6.1.2) is used to analyse the EBSD data.

To examine oxidation species at the sample surface, XAFS
measurements are performed hereafter high-temperature
XRD experiments. The XAFS spectra from the K-edge of each
component element of the CrCoNi MEA, CrFeCoNi and CrM-

nFeCoNi HEAs are obtained in a fluorescence mode, using

©The Author(s), under exclusive licence to The Materials Research Society 2021

a Lytle detector at the 4B9A station in BSRF. However, the
K-edge XAFS spectra of Cr did not collect due to energy limi-
tations of the beamline station.
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