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Fatigue properties are essential for structural materials in industrial applications. High-entropy alloys are
promising fatigue-resistant alloys with high strengths and good ductilities. In this study, the B2 precipitate
significantly increased the yield strength of the Alp 3CoCrFeNi high-entropy alloy but at the same time decreased
the low-cycle fatigue life. A detailed investigation of the underlying mechanisms will provide critical insights
into the precipitate effect on the fatigue performance of high-entropy alloys. Here, the Aly 3CoCrFeNi alloys with
single face-centered-cubic (FCC) phase and with FCC + B2 phases are used for the investigation of the low-cycle
fatigue behavior by combining in situ neutron diffraction measurements and elastic-viscoplastic self-consistent
modeling. The simulation results indicate that the B2 precipitates highly increased the back stresses during cyclic
loading by facilitating the kinematic hardening in the matrix, while the effect of dynamic recovery is relatively
weak. The increase in back stresses provides more fatigue-crack-initiation sites and thus the damage accumu-
lation, which will further lead to a shorter fatigue life.

1. Introduction

High-entropy alloys (HEAs), also called multicomponent alloys, is a
newly developed alloying strategy. Unlike the traditional alloys with
one or two principal elements, HEAs have five principal elements and
simple main phase structures, such as face-centered-cubic (FCC), body-
centered-cubic (BCC), and hexagonal-close-packed (HCP) [1-3]. HEAs
have demonstrated excellent mechanical properties including strength,
ductility, and fracture toughness [2,4-12]. However, most of the studies
on HEAs are focused on the monotonic tension or compression tests
[1-7]. The understanding of fatigue behaviors of HEAs is still limited,
especially for low-cycle fatigue (LCF). The most well-known HEA
(Cantor alloy), CoCrFeMnNi, has been investigated for the LCF property
[13-17]. The CoCrFeMnNi alloy with single FCC phase has similar
fatigue-crack growth behavior to twinning-induced plasticity (TWIP)
steel and the LCF life of CoCrFeMnNi is lower than that of TWIP steel at
all strain amplitudes (0.85%-0.3%), but higher than that of SS304 steel
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at high strain amplitudes (0.85%-0.55%) [14]. Even though the LCF life
is higher than that of SS304 steel at high strain amplitudes, the strength
is still lower than that of other high-strength materials. Equal Channel
Angular Pressing (ECAP) was conducted to increase the yield strength of
the Cantor alloy by Picak et al. [13], and the cyclic response of both
coarse-grained and ultrafine-grained Cantor alloys was investigated
during LCF at room temperature. The ECAP sample exhibits greater fa-
tigue life (—~80000 cycles) at the strain amplitude of 0.2% than the
hot-extruded (HE) sample (~37000 cycles). The HE sample has a better
fatigue life (~3000 cycles) at the strain amplitude of 0.6% than the
ECAP sample (~1100 cycles) [13]. However, the high-Mn austenitic
alloy, FeMng has a higher LCF life (~10000 cycles) than the HE and
ECAP CoCrFeMnNi samples at the strain amplitude of 0.6%. The
grain-size effect on LCF of a carbon-containing CoCrFeMnNi HEA was
investigated by Shams et al. [15], and the fatigue life of warm-rolled and
annealed samples with small grain sizes was increased at low total strain
amplitudes (0.4% and 0.55%), which is attributed to an increase in the
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elastic resistance owing to the higher strength of the fine-grained HEA
than the coarse-grained HEA. Besides the investigations on the FCC
Cantor alloy, the BCC HfNbTiZr refractory HEA [18], multi-phase
non-equiatomic FeCrNiMnCo HEA [19], precipitate strengthened
Al0.5CoCrFeNi [20] and Al0.5CoCrFeMnNi [21] HEAs, and metastable
HEAs [22-24] have been studied for the low-cycle fatigue behaviors. It is
worth mentioning that the ductile-transformable multicomponent B2
precipitates were proven to enhance both the strength and the low-cycle
fatigue life of the AlysCoCrFeNi HEA by Feng et al. [20]. They found
that the AlysCoCrFeNi HEA with a ductile-transformable multicompo-
nent B2 exhibits at least four times longer life than conventional alloys at
the plastic strain amplitude of ~0.03% and maintains comparable LCF
properties with traditional alloys at high strain levels. The fine
ductile-transformable B2 phase could hinder the initiation of micro-
cracks because of stress relaxation and strain partitioning during plastic
deformation and martensitic transformation, which facilitate the relief
of cyclic damage accumulation caused by the deformation in-
compatibility between the B2 and FCC phases [20]. In this case, the
precipitate can enhance both the strength and LCF resistance. In addi-
tion, some research showed that the coherent precipitates in aluminum
alloys are easily cut by dislocations and consequently lead to slip
localization and early failure [25]. For alloys with two phases, the back
stress generated from the “phase to phase” strain incompatibility, plastic
strain incompatibilities, and heterogeneous plastic deformation could
play an important role in the cyclic response during cyclic loading, such
as the Ti-6Al-4V alloy [26].

In the present work, we investigated the LCF behavior of the
Al 3CoCrFeNi high-entropy alloy (denoted as Al0.3), and the Al0.3 with
a single FCC phase has excellent LCF life at high strain amplitudes
(>1%). The Al0.3 with an FCC + B2 phase structure has also been
studied for comparison. With the B2 precipitate strengthening, the yield
strength of Al0.3 nearly doubles while the LCF life becomes shorter. The
combination of in situ neutron diffraction and elastic-viscoplastic self-
consistent (EVPSC) modeling is used in this work to study the LCF
behavior of the Aly 3CoCrFeNi HEA. The deformation behaviors, such as
lattice-strain evolutions, of different grain families of phases along the
loading direction could be measured by the in-situ neutron diffraction,
which provides the input information for the EVPSC model simulations.
The present research could assist us to have a better understanding of the
incoherent precipitate effect on the FCC HEAs during LCF.

2. Experimental procedures
2.1. Material processing

The Al 3CoCrFeNi HEA was fabricated by melting pure elements
with a purity higher than 99.9 wt percent (wt. %) and casting into a
plate. Then the plate was treated using hot-isostatic pressing (HIP) at
1204 °C and 103 MPa for 4 h in the air to reduce the casting defects.
After that, there were two different heat treatments for the Aly 3CoCr-
FeNi HEA in air. One was the homogenization at 1200 °C for 1 h, fol-
lowed by water quenching for a single FCC alloy. Another was annealed
at 700 °C for 500 h after the 1200 °C homogenization, followed by water
quenching, for the FCC + B2 phase alloy.

2.2. Mechanical testing

The dog-bone samples with gauge dimensions of @8mm x 16 mm
were used for the low-cycle fatigue (LCF) test. The strain-controlled LCF
tests were performed on both single FCC and FCC + B2 alloys at room-
temperature using an MTS Model 810 servo-hydraulic machine with the
strain rate of 1 x 1072 57! in air and the initial loading was in tension.
The strain amplitudes were +0.25%, +0.35%, +0.5%, =+1.0%,

+1.25%, and +1.5% for each alloy.
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2.3. Microstructural characterizations

The microstructure was characterized by a Zeiss EVO scanning-
electron microscope (SEM). The specimens for SEM were initially pol-
ished with the 1200-grit SiC paper and then performed vibratory pol-
ishing with the 0.05 pm SiC suspension for the final surface. The
transmission electron microscope (TEM) was performed on a ZEISS
LIBRA 200 HT FE MC. The TEM samples were prepared by twin-jet
polishing with an electrolyte consisting of 95% ethanol and 5%
perchloric acid in a volume fraction under —40 °C and a voltage of 30 V.

2.4. In situ neutron diffraction measurement

The in situ LCF neutron-diffraction test was performed, using an MTS
load frame at the VULCAN Engineering Materials Diffractometer [27,
28], the Spallation Neutron Source (SNS), Oak Ridge National Labora-
tory (ORNL). The fully-reversed strain-controlled LCF tests were con-
ducted at different strain amplitudes with triangular loading waveforms
under a continuous-loading condition. The strain amplitude was +1%,
and the initial loading is in tension. The diffraction data were recorded
with a strain rate of ~ 7 x 107® s71. The data of LCF were collected at
several selected cycles based on the lab results, such as 1st, 2nd, and 5th
cycles. The in situ neutron diffraction data were analyzed, using the
VULCAN Data Reduction and Interactive Visualization software
(VDRIVE) [29]. The lattice strain of a given (hkl) plane is determined by:

dhkl - d2k1
Em=——g— (@]
dl?kl
where dY,; and dyyq refer to lattice d-spacing in the stress-free condition
and the lattice d-spacing during the loading condition, respectively.

2.5. Elastic visco-plastic self-consistent simulations

The collective deformation behavior of polycrystalline aggregates
was nicely modeled by the EVPSC model [20]. As for an individual grain,
the total strain rate can be expressed as:

e=e+e"=M:6+M :06+¢ 2)

where €° and ¢° stand for the elastic strain rate and plastic strain rate,
respectively. M¢, MP, and &, represent the elastic compliance, plastic
compliance, and back-extrapolated strain rate, respectively. The mac-
roscope strain rate has a the similar formula and can be written as the
following equation [30]:

E=M:X+M :X+E, 3)

where M¢, MP, and E, are the elastic compliance, plastic compliance,
and back-extrapolated strain rate for a homogeneous effective medium,
respectively. An extended Voce law is applied to simulate the work-
hardening behavior of the slip systems, as expressed by Ref. [30]:

?(,:TU+(T]+h11’){lfexp(fh;)—r>} (@)

1

where 7g, hg, h1, and 7o + 71 stand for the initial critical resolved shear
stress, initial hardening rate, asymptotic hardening rate, and back-
extrapolated critical resolved shear stress, respectively. Besides, I' = [
>-4|7%|dt refers to the accumulated shear strain. In addition, the effect of
the neighbor grain’s deformation system, f, on the current grain’s
deformation system, a, is also considered by introducing the latent-
hardening parameter, h*, which is expressed below [30]:

dz,
— er Nt }~,/f )
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where j* represents the shear rate of §, and ¢ is the rate of the critical
resolved shear stress (CRSS). Thus, the shear-strain evolution in the
deformation system, a, of a specific individual grain can be written as
[20]:

v msgn (z" —15) (6)

oy
4 Yo ‘L'Z
where 7, 7%, and m denote the reference value of the shear rate, resolved
shear stress (RSS), and rate-sensitive exponent, respectively. By solving
the microscopic deformation behavior of an individual grain and its
interaction with the overall equivalent aggregate composed of all grains,
the macro and micro mechanical response of the material can be
simulated separately and make connections between the finite plastic
deformation modes with macroscope mechanical properties. What’s
more, the evolution of the back stress in a specific deformation system,
a, is also involved in our model for the purpose of explaining the Bau-
schinger effect in cycle loading:

iy = &sen(i*)>_q” 7| - n'tiy ™| @
B B

where the first term is the linear kinematic hardening, and the second
term is the dynamic recovery. & and 1 are the corresponding coefficients
of the two terms.

3. Results
3.1. Microstructures of undeformed Al0.3 HEAs

The microstructures of the Al0.3 HEA samples by SEM are shown in
Fig. 1(a) and (b). As shown in Fig. 1(a), the Al0.3 HEA with a single FCC
phase had a homogeneous microstructure. The microstructure of the
Al0.3 HEA with an FCC matrix and B2 precipitates is shown in Fig. 1(b).
The needle-like B2 precipitates with a length of less than 2 pm were
uniformly distributed in the FCC matrix. The neutron diffraction pat-
terns of the single FCC and FCC + B2 samples are exhibited in Fig. 1(c)
and (d), respectively, which are consistent with the SEM results. The B2
precipitates were incoherent and the lattice constants of the FCC matrix
and B2 precipitate were ~3.582 A and ~2.866 A, respectively, based on
the neutron diffraction measurement.
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3.2. Low-cycle behavior of the Al0.3 HEAs

The initial tension part and hysteresis loops (stress vs. strain) of the
Al0.3 HEA samples under LCF with the strain amplitude of +1% are
shown in Fig. 2. In Fig. 2(a) and (b), the hysteresis loops of the 1st cycle
were symmetric in the Al0.3 HEAs with and without B2 precipitate. The
yield strength of the FCC Al0.3 HEA was ~170 MPa, and the maximum
stress at the strain of 1% was ~210 MPa, as presented in Fig. 2(a). The
yield strength and maximum stress of the FCC + B2 Al0.3 HEA were
~350 MPa and 420 MPa, respectively, given in Fig. 2(b). The initial
tension part of the Al0.3 HEA with the B2 precipitate showed work
hardening while that of the Al0.3 with a single FCC phase had relatively
low hardening behavior. An obvious increase of the maximum stress can
be observed in the cyclic tensile stage, compared with the initial tension
in both alloys. This trend indicates that the cyclic hardening occurred
during the LCF of the Al0.3 at the strain amplitude of +1%. It is worth
mentioning that there were unexpected serrated flows on the plastic
region of all the hysteresis loops, although the serrated flow usually
occurred under the condition of high or cryogenic temperature and low
strain rate (~1073 or 10~* s~1) [31-39]. The hysteresis loops of different
cycles are shown in Fig. 2(c) and (d) for the Al0.3 HEAs with an FCC
phase and FCC + B2 phases, respectively. The increasing maximum
stress of the single FCC sample until the 100th cycle indicates an obvious
cyclic hardening during LCF. After the 100th cycle, the maximum
stresses tended to stay at the same level. On the other hand, the hys-
teresis loops of the FCC + B2 sample showed a very similar shape
without obvious cyclic hardening.

The comparison of the relationship of the total strain amplitude
versus the reversals to failure (2Ny) for different alloys is shown in Fig. 3
(a), including the present Al0.3 HEA, other representative HEAs and
conventional alloys [13,20,26,40-42]. The studied Al0.3 HEAs showed
comparable LCF properties with the conventional alloys and other HEAs.
Fig. 3(b) shows the relationship of the total strain amplitude as a func-
tion of the reversals to failure (2Ng). The Al0.3 HEA with a single FCC
phase had a slightly higher LCF life than the Al0.3 HEA with B2 pre-
cipitates. The Basquin and Coffin-Manson laws were combined for pre-
dicting the LCF life because it contains both the elastic and plastic
regions. The Basquin law [43] described as:
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Fig. 1. The microstructures of the Aly 3CoCrFeNi HEAs (a) with a single FCC phase and (b) with FCC + B2 phases by SEM and neutron diffraction patterns of the

single FCC (c) and FCC + B2 (d) samples.
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Fig. 2. The initial tension and hysteresis loops of the Aly 3CoCrFeNi HEA (a)(c) with a single FCC phase and (b)(d) with FCC + B2 phases at the strain amplitude

of 1%.
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where Ao is the total stress amplitude; a'f is the fatigue-strength coeffi-

cient; N¢ is the number of cycles to failure; b is the fatigue-strength

exponent. The Coffin-Manson law [44,45] is given by the following

equation:

Ag,
2

=¢,(2N;) ©

where % is the plastic-strain amplitude; N is the number of cycles to
failure; s'f is the fatigue-strain coefficient; and c is the fatigue-ductility

exponent. Based on the two equations above, the total fatigue-life pre-
diction can be expressed as:

(10)

Ae  Aeg, n Ag,

2 2 2

6’ ! c
S =N + e (2V;)

Ag,

where 4 is the total strain amplitude; 5 is the elastic-strain amplitude;

% is the plastic-strain amplitude; 0} is the fatigue-strength coefficient; E
is the elastic modulus; Ny is the number of cycles to failure; b is the
fatigue-strength exponent; e} is the fatigue-strain coefficient; and c is the
fatigue-ductility exponent. The fitting parameters for the Basquin and
Coffin-Manson laws in the Al0.3 are shown in Table 2 HEA and the
elastic modulus of FCC and FCC + B2 sample were 142.8 GPa and 186.3
GPa, respectively, calculated from the initial tensile part.

3.3. Low-cycle fatigue behavior by in situ neutron diffraction

The lattice-strain evolutions of different grain families of the Al0.3
HEAs along the loading direction during LCF are shown in Fig. 4. The
lattice-strain evolutions are related to specific deformation mechanisms
[46,47]. The lattice-strain evolutions of the {200}, {220}, and {331}
grain families of the FCC Al0.3 along the loading direction during initial
tension are exhibited in Fig. 4(a). The lattice strains in the initial tension
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Fig. 4. The lattice-strain evolutions along the loading direction of the Aly 3CoCrFeNi HEA (a)(c) with a single FCC phase and (b)(d) with FCC + B2 phases at the
strain amplitude of 1%. (a)(b) are the initial tension part and (c)(d) are the 1st cycle.

of the FCC Al0.3 increased linearly with the applied stress. The first
vertical inflection of the lattice strain was observed at ~123 MPa in
{311} and {220} grain orientations, while the inflection in {200} was
horizontal. This feature indicates that the {200} grain family along the
loading direction tended to share more load during the tensile defor-
mation. The third vertical inflection was at the stress of ~158 MPa in the
{200} grain family. This trend suggests the macro yielding of this alloy
was strongly associated with the inflection point of the {200} grain
family. Fig. 4(b) presents the lattice-strain evolutions of {200}, {220},
and {311} grain families of the FCC phase and {110},{200}, and {211}
grains of the B2 phase in the FCC + B2 Al0.3 HEA during initial tension.
The lattice strains of grain families of FCC {200} and FCC {311} turned
upward firstly at ~350 MPa while others have horizontal inflections.
The FCC {220} had its first upward trend at ~370 MPa. The macro
yielding of Al0.3 HEA with B2 precipitates was associated with the
yielding point of the FCC {200} which is also observed in the single FCC
Al0.3 HEA. The grain families of B2 phase shared more load than the
FCC phase, especially the B2 {200} grain orientation.

In Fig. 4(c) and (d), the lattice-strain evolutions of different grain
families of the Al0.3 HEAs along the loading direction during the 1st LCF
cycle are plotted. The lattice strain hysteresis loops were symmetric in
the two alloys. The lattice-strain evolutions in the reverse compression
and following tension parts were similar to the initial tension. In the
Al0.3 with a single FCC phase, shown in Fig. 4(c), the FCC {220} grain
family had an almost linear trend compared to the FCC {200}. Because
the FCC {200} took more load sharing during the deformation than the
FCC {220} in the single FCC phase sample. It can be seen clearly in Fig. 4
(a) that the lattice strain of FCC {200} had an obvious right turn in the
late stage of tensile part. For the Al0.3 with B2 precipitates, instead of
FCC {220}, the FCC {200} grain family had no obvious lattice-strain
loop while B2 {110} takes the largest loop, as presented in Fig. 4(d).
For the FCC + B2 sample, the B2 {110} took more load sharing than the
grain families of FCC phase during the deformation. The B2 {110} had
the right turn in the late stage of tensile part and the lattice strain
evolution formed a hysteresis loop in clockwise direction under cyclic
loading. On the other hand, both the FCC {200} and FCC {220} turned
upwards in the late stage of tensile part and the FCC {220} turned earlier
than the FCC {200}. In this case, the FCC {220} showed a much larger

hysteresis loop, which is in anticlockwise direction, than the FCC {200}.
The hysteresis loop of FCC {200} is too small compared with FCC {220}
and B2 {110} and it makes the FCC {200} show an almost linear trend in
FCC + B2 sample during cyclic loading.

3.4. Microstructures of deformed Al0.3 HEAs after LCF

The fracture surface of the failed Al0.3 with a single FCC phase after
LCF with the strain amplitude of +1% is shown in Fig. 5(a) and (b). As
shown in Fig. 5(a), the crack initiated at the surface and propagated into
the sample. In Fig. 5(b), the striations near the crack-initiation site show
a stable crack-growth region, which indicates the transgranular ductile
fracture feature. There were secondary cracks accompanying the stria-
tions near the crack initiation, which will influence the crack-
propagation process to a certain extent.

The dislocation structures of the Al0.3 samples after LCF with a strain
amplitude of 1% are shown in Fig. 6. A high density of interacting dis-
locations and dislocation forests can be observed in the Al0.3 with a
single FCC phase as shown in Fig. 6(a). For the Al0.3 with B2 pre-
cipitates, as shown in Fig. 6(b), the dislocations are mostly gathered
around the B2 precipitates which are pointed by the red arrows. It in-
dicates that the B2 precipitates acted as obstacles and hindered the
movements of dislocations. The strain incompatibility between the FCC
and B2 phase contributed to the dislocation pile-ups around the phase
boundaries of B2. In the meantime, these dislocation pile-ups will in-
crease the plastic heterogeneity between the FCC and B2 phases, which
leads to an increase in the back stresses during cyclic loading. The main
deformation mechanism in the Al0.3 samples is the dislocation slip. No
twinning was found in the failed Al0.3 samples after LCF with the strain
amplitude of +1%.

4. Discussions

According to the TEM results, the initial strain hardening of the Al0.3
under LCF with the strain amplitude of +1% was attributed to the
dislocation generation and interactions. The evolution of the dislocation
density was investigated, using the proportional relationship between
dislocation density and full width at half maximum (FWHM) [20,48,49].
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Fig. 5. The SEM results of the fracture surfaces of the FCC Al 3CoCrFeNi HEA after LCF (a) crack initiation; (b) striations and secondary cracks near the crack-

initiation site.

—
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Fig. 6. The TEM images of dislocation structures in the Aly 3CoCrFeNi HEA with a single FCC phase in (a) and FCC + B2 phases in (b) along the [110] zone axis after

LCF with the strain amplitude of 1%.

In this way, we can use the evolution of FWHM to illustrate the evolution
of dislocation density. Fig. 7(a) shows the FWHM evolution of the FCC
{200} and {220} in the FCC Al0.3 HEA from the initial tension to the
2nd cycle with a strain amplitude of 1%. All the FWHM values of the
grain families had an increasing trend during the initial tension to the
strain of 1%. In the reverse compression part, the FWHM decreased to a
valley point at the strain of ~0%, i.e., a load-free condition, and
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Fig. 7. The FWHM vs. applied engineering strain of the Al 3CoCrFeNi HEA (a)
with a single FCC phase and (b) with FCC + B2 phases at the strain amplitude
of 1%.

increased again as the strain reached —1%. Similar
decreasing-valley-increasing of FWHM can be observed in the following
tensile and compressive stages. The FWHM values at the strain ~0%, i.
e., a load-free condition, could be used to illustrate the accumulation of
dislocations because there is a minimum influence of the applied load at
this point. The FWHM vs. applied engineering strain of the FCC {200},
FCC {220}, and B2 {110} in the FCC + B2 Al0.3 HEA is exhibited in
Fig. 7(b). The FWHM values of the B2 and FCC phases showed a similar
evolution trend as those in the single FCC sample during cyclic loading.
The dislocation density periodically reached valley positions accompa-
nied by stress-free conditions during LCF and the overall values were
slightly increased due to the dislocation accumulations at phase
boundaries.

Predictions from the EVPSC model are given by the overall stress-
strain cycles in Fig. 8, and the lattice strain evolutions in single phase
HEA and two-phase HEA in Figs. 9 and 10, respectively. The calibration
of constitutive parameters in Section 2.5 is discussed below. First, elastic
constants can be accurately obtained from fitting to the lattice strain
data in the initial tensile loading stage. Second, when plastic deforma-
tion occurs, lattice strain curves display the “splitting” behavior. Again
in the first loading step, the hard grain families will lead to the rightward
splitting while the soft grain families will correspond to the upward
splitting. Using the yield sequence of such grain families and their
subsequent relative slopes, we can determine both the slip systems and
the hardening parameters. In Al0.3 HEA, the dominant plastic-
deformation mode is the {111}(110) dislocation-slip system, which is
very common in the FCC structure of Al,CoCrFeNi when the Al content is
less than 7% [20]. Fitting to the neutron data in Figs. 9(a) and Fig. 10,
the plastic-deformation and work-hardening behaviors are confirmed to
be {111}(110) slip in FCC phase and {110}(001) slip in B2 phase, and
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their corresponding hardening parameters used in the Voce model in
Egs. (3) and (6) are listed in Table 1. Third, the above two steps will
naturally give an excellent agreement with the stress-strain curves in the
first loading stage, but the unloading and cyclic responses require the
fitting to the backstress evolution in Eq. (7), where & and # are the
governing constitutive parameters. Fitting to both lattice strain evolu-
tion in subsequent cycles (e.g., Fig. 9) and the overall stress-strain
curves, results can be seen in Fig. 8 for these two alloys, illustrating
the comparison between the mentioned two methods for specific cycles,
where the initial tension and first ten cycles of simulated results are
compared to the specific experiment data, i.e., initial tension, 1st, 2nd,
5th, and 10th cycles. Simulation results show good agreement with the

experiment data. With the increase of the number of cycles, the simu-
lation results revealed the trend of the increasing stress amplitude. This
result is consistent with the trend of the experiment and shows the
cyclic-hardening effect of this alloy in the low-cycle number range.
However, a similar phenomenon was observed in Aly 5CoCrFeNi under
cyclic loading within the initial cycles [20], where rapid multiplication
of dislocations existed. Another phenomenon should be noted is that the
premature yielding behavior happens during the subsequent cycles after
the initial tension. This result mainly correlates to the so-called Bau-
schinger effect, which results from the kinematic-hardening mechanism
and has been found in Cantor alloy [50]. The existence of this effect
causes a gentle rather than sharp change at the excessive position from



Z. Lyu et al.

600 T T T T

400 |
Al ;CoCrFeNi

with B2 phase
200 -

-200 |

EXP SIM
() == F200

Applied stress (MPa)
o

~400 |- O === F220|
/\ == B110
-600 1 1 L 1
-0.006 -0.004 -0.002 0.000 0.002 0.004 0.006

Lattice strain

Fig. 10. Lattice-strain evolution with respect to the two-phase HEA of the first
cycle, indicating the stronger B2 phase as shown from its {110} grain family.

Table 1
Hardening parameters used in the EVPSC model. Parameters related to the back
stress are included only for the cyclic-loading condition.

Sample Phase Hardening parameters (MPa) Back Stress (MPa)
To 1 ho hy 4 n
Al0.3-FCC FCC 62 20 40 0 3000 110
Al0.3-FCC + B2 FCC 71 57 62 44 >11,000 127
B2 321 26 47 33

Table 2

Fitting parameters for the Basquin and Coffin-Manson laws in Fig. 3(b).
Samples 6, (MPa) £ b ¢
Al0.3-FCC 193.4 0.4310 —0.0226 —0.4923
Al0.3-FCC + B2 3457.7 8.5763 —0.1879 —1.0042

relaxation to reverse loading. Nevertheless, cyclic-loading curves of
Alp 3CoCrFeNi showed strong tensile-compressive symmetry, where the
stress level at the left lower corner was in the same range as that at the
right upper corner. More discussions on ¢ and 7 will be given shortly.
Fig. 9 illustrates the lattice strain versus applied uniaxial stress of
{200}, {220}, and {311} grain families within the initial tension, 1st
cycle compression and tension, 2nd cycle compression and tension, and
5th cycle compression along the loading direction, respectively. For the
initial tension in Fig. 9(a), the lattice strain first increased linearly under
~ 123 MPa, where the material was under elastic deformation. How-
ever, {220}-oriented grains showed larger directional stiffness, as
compared to the other two sets of grains. When the applied stress
exceeded 123 MPa, the lattice strain will undergo obvious deflection,
especially the {200}- and {220}-oriented grains, which indicates that
the material has begun to undergo plastic deformation, and at the same
time, the redistribution of the stress occurred between the grains of
different orientations. Since the {220} grain family is softer, the defor-
mation that can be accommodated within these grains was reduced,
causing the lattice strain to deflect to the left. On the other hand, the
{200} grain family accommodated more deformation with increasing
their lattice distortion. During the 1st compression in Fig. 9(b), the
lattice-strain evolution of the three specific crystal planes had the same
discipline as the initial stretching stage, that is, the {220} grain family
yielded first, and the {200} grain family accommodated more defor-
mation under the same stress level. It is worth noting that the simulated
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results show that there was a certain residual strain in the three orien-
tation grains at a zero-stress level. Among them, the {200} grain family
had a larger positive residual lattice strain of ~0.053%, which was
caused by the accommodation of more deformations during the forward
loading process but not the complete release during the reverse loading
process. As for {220} and {311} grain families, they accommodated
with less deformation, and the yielding occurred earlier with smaller
accumulated lattice strains, which were almost completely released
during the reverse loading process, resulting in relatively smaller re-
sidual lattice strains close to 0. Nevertheless, similar evolution exists
within the following cycles, which can be observed in Fig. 9(c—f). It can
be found that the redistribution of stress seems to be more inclined be-
tween the {220} and {200}, while the lattice strain of the {311}-ori-
ented grains hardly undergo obvious deflection. Thus, it is foreseeable
that during the entire cyclic-loading process, there is a stable and peri-
odic stress redistribution and strain-release process between grains of
different orientations in the Al0.3 with a single FCC phase.

Similar to the lattice strain evolution in Fig. 9, here we report the
lattice strain evolution of the two phases in Fig. 10 for the first cycle. As
indicated by the B2 {110} grain family, during the initial tensile loading
stage, the lattice strain shows rightward shifting, suggesting the higher
strength of B2 phase (see Table 1). Successive cycles have already been
shown in Fig. 8(b).

Back stresses are usually used to understand the dislocation behavior
of metals and alloys under cyclic loading [51]. Dislocations will pile up
against the interfaces to increase the plastic heterogeneity between
different phases, which may lead to an increase in the back stress with
the increasing cyclic numbers in low strain amplitudes [26]. The back
stresses resulting from the dislocation accumulation of the incoherent
precipitate could cause a lower LCF life. As shown in Eq. (7), the evo-
lution of the back stress in a specific micro deformation system a mainly
contains two terms (¢ and #) in the simulation. The ¢ represents the
linear kinematic hardening and the 7 is for the dynamic recovery. The
fitting procedure has been discussed earlier in this section. As can be
seen in Table 1, the value of ¢ increases dramatically from 3000 MPa in
the FCC sample to more than 11000 MPa in the FCC + B2 sample, while
the  values are similar in the two samples. The effect of linear kinematic
hardening term related to the coefficient ¢ on back stress is dominant.
This means that the introduction of the B2 precipitates mainly affects the
kinematic hardening of a system in the matrix grains, while the effect on
dynamic recovery is relatively weak. From the simulation results, the
value of ¢ increased due to the appearance of B2 phase, indicating that
the B2 precipitate and its accompanying plastic heterogeneity indeed
increased the overall back stress of the material, which is in good
qualitative agreement with the TEM observations in Fig. 6(b). Therefore,
the introduction of the B2 phase mainly increased the total back stress
by affecting the kinematic hardening effect of the matrix grain slip
system, and the increase in the back stress was the main reason for the
decrease in the fatigue life of Aly 3CoCrFeNi with B2 precipitates.

5. Conclusions

The B2 precipitates increased the yield strength and decreased the
LCF life in the Alp3CoCrFeNi HEA. The EVPSC model was used to
simulate the LCF behavior of the Aly 3CoCrFeNi HEA based on the in-situ
neutron diffraction measurements, which helped to understand the role
of back stress in the LCF. The simulation results indicate that the B2
precipitates will increase the back stresses during cyclic loading by
facilitating the kinematic hardening in the matrix, while the effect of
dynamic recovery is relatively weak. This conclusion is supported by the
direct TEM image showing the enhanced dislocation density near B2
precipitates. The lower LCF life of the Aly 3CoCrFeNi HEA with B2 pre-
cipitates was caused by the increase of back stress, which will provide
more crack-initiation sites leading to a shorter fatigue life.
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