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ABSTRACT

In this work, high energy synchrotron X-ray diffraction was used during tensile testing of an as-cast eutectic
AlCoCrFeNiy; high entropy alloy. Aside, from determining for the first time the volume fractions of existing
phases, we further detail their role on the alloy deformation behavior. The two major phases, a soft disordered
FCC and a hard ordered B2 BCC, were observed to exhibit a stress partitioning effect which can be used to
modulate the mechanical response of the material based on the relative volume fraction of each phase. Dislo-
cation density analysis revealed that the soft FCC phase had a significantly higher dislocation density right after
the onset of plastic deformation. This is attributed to the existence of strain gradients across the lamellar
structure, where the hard B2 BCC prevents free deformation of the FCC phase. Nonetheless, despite the increase
of the dislocation density in the soft FCC phase, calculations of the strengthening effects induced by generation of
dislocations are more significant in the hard B2 BCC phases, as this phase is primarily responsible for the strength
increase in the alloy. Besides, the evolutions in dislocation density of the soft FCC and hard B2 BCC phases during
tensile deformation obtained from synchrotron X-ray diffraction data are consistent with the evolution of KAM
determined by EBSD characterization. Also, lattice strain analysis across two principal directions (parallel and
perpendicular to the loading axis) reveals that for these specific orientations there is a preferential deformation of
the hard FCC planes which can be related to the deformation response of specific lattice planes at distinct ori-
entations, as well as to the phase partitioning stress behavior.

1. Introduction

systems that possess remarkable properties include the Ti-Zr-Nb-Al
with a good strength/ductility balance [12], the Nb-Ta-Ti-V-Zr for

High entropy alloys (HEAs), also known as multi-principal alloys,
have attracted widespread interest in the field of materials science for
their good thermal stability [1,2], high ductility and strength [3-6], and
excellent corrosion resistance [7-9], since they were first proposed by
Yeh et al. [10] and Cantor et al. [11] in 2004. Specific examples of alloy
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ultra-high strength applications [3], and the Al-Co-Cr—-Cu-Fe-Ni for
improved corrosion resistance [13]. Despite their complex composi-
tions, containing typically at least five principal elements [14], HEAs
often exhibit simple crystal structures, with face-centered cubic (FCC)
and body-centered cubic (BCC) being the most prevalent ones.
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For single-phase HEAs with FCC structure, such as the equiatomic
CoCrFeMnNi [15], Fe4oMnggNisyCosCry [16], and FeqoMnggCo10Crig
[17], the yield strength is almost always below 400 MPa (except if
previous plastic deformation has been applied), although they reach
elongations of more than 50%. For single BCC HEAs compositions, such
as equiatomic NbMoTaW and VNbMoTaW [1], the yield strength can be
above 1000 MPa, but the alloy elongation is significantly reduced as
compared to single FCC HEAs. In addition, the casting properties and
compositional segregation of HEAs can further limit their practical ap-
plications [18,19].

One of the most sought-after challenges in metallurgical research
concerns the ability to develop alloys with a good balance of strength
and elongation. This trade-off seems to be absent in single-phase HEAs
[20,21]. In order to solve this challenge and achieve simultaneous high
strength and ductility, Lu et al. first proposed the concept of eutectic
HEAs [22]. In their seminal work, an AlCoCrFeNiy; HEA consisting of
soft and hard phases within a lamellar microstructure was developed.
Subsequently, other eutectic HEAs, such as FepgCogoNisAljg [23],
AlCrFeNiMog 5 [24], and NbgsScasTizsZras [25], have emerged. How-
ever, among all currently available eutectic HEAs, the most studied is
still the AlCoCrFeNiy; composition. Of special relevance in this
composition are its good thermophysical properties, including reduced
solidification temperature range arising from the isothermal transition
of the eutectic reaction of the alloy in its as-cast condition [24].

The potential for as-cast AlCoCrFeNis ; eutectic HEAs as engineering
materials for structural application has been studied by different
research groups primarily focusing on two main aspects: the effect of
thermomechanical treatments on the microstructure evolution and
resulting properties [26-33]; dependence of the mechanical properties
under service conditions [34-40]. In 2016, Wani et al. [41] performed
for the first time thermomechanical processing on the AlCoCrFeNiy
alloy, which included significant cold-rolling followed by multiple
annealing treatments. It was shown, by electron microscopy character-
ization, that the as-cast microstructure was composed of a lamellar B2
BCC + L13 FCC microstructure. After thermomechanical processing, the
ordered L15 become disordered, whereas no microstructural changes in
the B2 BCC phase were observed. Bhattacharjee et al. [34] investigated
the effect of low-temperature tensile testing (from room temperature to
77 K) on the mechanical properties of an as-cast AlCoCrFeNi, ; alloy.
Again, disordering of the L1, phase and subsequent transformation to a
simple FCC phase was reported, whereas the B2 BCC phase remained
unchanged. Moreover, the fracture strains were seen to be practically
constant with decreasing testing temperature, while the tensile strength
increased by ~ 300 MPa. Zhang et al. [39] performed high-temperature
tensile tests on an as-cast AlICoCrFeNiy ; eutectic HEA composed of L1,
FCC and B2 BCC phases, which exhibited good strength and high plas-
ticity at high temperatures due to the simultaneous hardening and dy-
namic recrystallization during deformation. In addition to this, Guo
et al. [37] studied, in-situ, the deformation response of a similar alloy
over a wide temperature range (from 77 to 676 K) using neutron
diffraction, highlighting the microstructural evolution of both phases.
Finally, Lu et al. [42] investigated the mechanical behavior and
microstructural evolution of both FCC and B2 BCC phases at room and
cryogenic temperatures, and detected that no phase transformation
occurred until fracture, revealing that combination of high strength and
ductility does not originate from a stress-induced phase transformation.

It is worth noting that phase identification of the as-cast eutectic
AlCoCrFeNiy 1 HEA is predominantly performed by transmission elec-
tron microscopy (TEM). Moreover, several researchers have identified
different phases in the as-cast AlICoCrFeNiy; HEA. Some authors have
identified disordered FCC and ordered B2 BCC phases [32,43-46],
others have identified ordered L1, FCC and B2 BCC phases [37,47-52],
while some have simultaneously identified FCC, L1, FCC, B2 BCC, and
tetragonal o phases [53]. Additionally, studies on the as-cast AlCoCr-
FeNiy ; eutectic HEA have been primarily focused on qualitatively
exploring the mechanical properties of the alloy under different
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deformation conditions (e.g., low temperature [27,29,34,37] vs room
[37,38,54] vs high temperature [22,31,37,39,41,47,49,52], and fatigue
[55]). A comprehensive quantitative study of the deformation mecha-
nisms of the different phases that exist in this alloy and their impact on
the macroscopic mechanical response is yet lacking, thus hampering a
full understanding of microstructure/properties relationships.

In this work, we use in-situ high-energy synchrotron X-ray diffraction
to evaluate the micromechanical behavior and microstructure evolution
of an as-cast AlCoCrFeNiy; eutectic HEA during tensile deformation
until failure. Aside from quantifying for the first time all phases that co-
exist in the material, the contribution of each phase towards the me-
chanical strength of the alloy is determined and rationalized not only
based on the dislocation density evolution but also on the impact of the
lamellar structure. We also highlight the possibility to tune the strength/
ductility response of eutectic HEAs by modifying the volume fractions of
existing phases. Lattice strain measurements reveal the impact of the as-
cast texture on the preferential deformation behavior of specific (h k 1)
planes.

2. Experimental procedures and methods
2.1. Starting material

Commercially pure Al, Co, Cr, Fe, Ni (99.9 wt% for Al, Co, and Ni and
99.5 wt% for Cr and Fe) were used to cast the AlCoCrFeNi, 1 eutectic
high entropy alloy by vacuum induced melting. The ingot was remelted
multiple times to ensure good chemical homogeneity. The chemical
composition of the material is detailed in Table 1. Since the eutectic
AlCoCrFeNiy ; high entropy alloy possesses a good strength/ductility
balance in the as-cast condition, the material was tested without the
application of any heat treatments. Dog-bone-shaped tensile specimens
were obtained using electrical discharge machining, and the material
surfaces were polished with 2000-grit Silicon Carbide (SiC) prior to the
in-situ synchrotron measurements. The gauge length, width, and
thickness of the tensile specimens were 16, 1.2, and 1.5 mm,
respectively.

Standard metallographic techniques were employed to obtain an
overall view of the microstructural features of the as-cast material. The
material was cold-mounted and ground using SiC papers with grit sizes
varying from 300 to 4000, followed by polishing with a diamond paste
suspension. It is worth mentioning that prior to etching, the samples
were placed in an ultrasonic bath to remove any residual particles left
from the SiC papers or the diamond suspension. Then, a solution of
hydrochloric acid and nitric acid (3:1 in volume) was used to reveal the
grain size and microstructural features of the eutectic alloy. The etching
time was 15 s. A Leica DMI 5000 M inverted optical microscope was used
to capture the abovementioned microstructural features.

In addition, Electron Backscatter Diffraction (EBSD) was performed
on a Helios JSM-7100F to investigate the dynamic microstructure evo-
lution along the tensile specimen.

2.2. In-situ synchrotron x-ray diffraction tensile experiments and analysis

To investigate the deformation behavior of the eutectic AlCoCr-
FeNiy ; high entropy alloy when subjected to uniaxial tensile testing at
room temperature, in-situ high-energy synchrotron X-ray diffraction
was performed at the PO7 High Energy Materials Science beamline of
Petra III/DESY (Hamburg, Germany). The experimental setup is depic-
ted in Fig. 1. Dog-bone specimens were mounted on a laboratory-scale

Table 1
Nominal composition of the as-cast AlICoCrFeNiy ; high entropy alloy.

Chemical composition of as-cast AlCoCrFeNi, ; eutectic high entropy alloy [at%)]

Element Al Co Cr Fe Ni
Composition 16.39 16.39 16.39 16.39 34.43
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Fig. 1. High-energy in-situ synchrotron XRD experimental set-up. The Debbye-
Scherrer rings shown in the image correspond to the analyzed sample.

Universal Testing Machine with a maximum load capacity of 20 kN. A
high energy beam of 87 keV (corresponding to a wavelength of 0.14235
R) was used. This energy allowed to work in transmission mode and
capture bulk microstructure information. The beam size was 700 x 700
pm?. The material was loaded to predefined strains to analyze both the
elastic and plastic behaviors of the eutectic alloy. A PerkinElmer 2D
detector with a pixel size of 200 x 200 pm? was used to capture the 2D
raw Debbye-Scherrer rings at different stress/strain levels. The exposure
time for each loading step was of 0.2 s and 10 images (including dark
images for background subtraction) were obtained. The recorded dark
images are subtracted from each image to significantly reduce any re-
siduals coming from previous exposure. Prior to the in-situ testing, LaBg
was used to determine the peak broadening associated with the beam-
line and its optics, as well as to determine the sample-to-detector dis-
tance (which was calculated to be 1226 mm).

To understand the orientation dependence of the microstructure
evolution during tensile testing, the diffraction rings were caked into 24
parts, each corresponding to an azimuthal angle of 15°. According to the
laboratorial reference (refer to Fig. 1), the azimuthal angle range from
82.5 to 97.5° was used to determine the microstructural evolution along
the loading direction (LD), whereas the azimuthal range between —7.5
and 7.5° corresponded to the transverse direction (TD), i.e., perpen-
dicular to the tensile loading axis. The caking procedure was performed
using Fit2D software [56,57]. By integrating along specified azimuthal
ranges, the two-dimensional Debye-Scherrer rings can be converted into
a conventional one-dimensional intensity vs 20 diffraction patterns.
During tensile loading, no rotation of the sample was imposed, since the
quantitative evolution of texture was outside the scope of this work.

The lattice strain and orientation-dependent elastic modulus for
different (h k 1) planes, as well as the dislocation density evolution and
phase stress partitioning, were calculated as further detailed below. A
pseudo-Voigt function was used for single peak fitting to determine key
peak parameters such as peak position, peak intensity, and Full Width at
Half Maximum (FWHM) using the General Structure Analysis System
(GSASII) software [58]. In addition to this, the Material Analysis Using
Diffraction (MAUD) [59,60] software was used to determine the volume
fraction of existing phases via Rietveld refinement as well as for phase
identification. The implemented Rietveld refinement routine used the
Cagliott PV model consider the instrumental broadening [61], while for
the anisotropic broadening the Popa model was used [62]. The extended
Williams-Imhof-Matthies-Vinel (E-WIMV) algorithm [63] was used as
the texture model. Finally, the material stress state was also considered
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by the implementation of a triaxial elastic stress model [59,64]. From
the Rietveld refinement, the lattice parameters of the existing phases
within the as-cast eutectic AlCoCrFeNis ; high entropy alloy were also
determined. LaBs powder was used as a defect-free standard specimen
for calibration of the instrumental parameters.

Below we define how several microstructural features of interest
were determined.

2.2.1. Lattice strain calculation

To study the evolution of the lattice strain during tensile loading
along the LD and TD, individual reflections of the existing phases are
fitted and the d-spacing at each loading step was obtained. Then, the
lattice strain for a given (h k1) plane, ey, can be calculated according to
Eq. (1) [65]:

_dhkl - dO (x106) (1)

where (h k 1) refers to a specific lattice plane, dy is the reference d-
spacing before loading, neglecting any initial internal stresses [66], and
dpy is the d-spacing determined at different stress/strain levels. The dg
and dpy values can be obtained directly from the individual peak fitting
procedure.

2.2.2. Phase stress calculation

To understand the mechanical behavior of the as-cast AICoCrFeNis 1
eutectic high entropy alloy, the (3 1 1) FCC and (2 1 1) B2 BCC planes
were chosen as the representative crystallographic planes to calculate
the phase stress evolution. The (3 1 1) plane for an FCC structure and the
(21 1) plane for a BCC structure are known to be the least affected by
intergranular stresses (since grains with different orientations are sub-
jected to different stress states), thus enabling the reliable calculation of
the stress partitioning during tensile testing [67-69]. This has been
demonstrated by numerical simulations as detailed in [70]. Based on the
lattice strain evolution, the distribution of the applied load between both
phases during deformation can be approximated. Thus, the Von Mises
stress (6ym) is employed to quantify the phase stress partitioning during
tensile deformation [68,69]. o171 and o5, are defined as below.

E vE
= £ 2
o 1+l)“+(1+v)(l721))(8“+822+€33) 2)
E vE
0'22:0'33:1+sz 1 +0){1-20) (e11 + €0 + €33) 3)
1) — g!mn:ver:e (4)
€ longitudianl

Here, €17 is the lattice strain along the LD (obtained from the
azimuthal range from 82.5 to 97.5°), €5 is the lattice strain in the TD
(obtained from the azimuthal range from —7.5° to 7.5°). e33 is assumed
to equal to g5 [69,71]; v is the Poisson ratio, which is known to vary
within 0.35 and 0.39 for the as-cast AlICoCrFeNiy ; high entropy alloy
studied in this work [37]; E is the orientation-dependent Young’'s
modulus for a specific (h k 1) plane, which can be obtained by fitting the
evolution of the lattice strain during elastic deformation; 617 is the
principal stress in the loading direction, 623 and o33 are the principal
stresses in the other two perpendicular directions. It is worth noting that,
since the transverse stress (c22) is significantly smaller than the 617
longitudinal stresses (with the sample applying for the o33 stress, due to
the reduced thickness of the material [72]), it is assumed here that 695 =
033 ~ 0 [68,73]

Next, the rule-of-mixtures (ROM) [74,75] was used to evaluate the
strengthening effect of the B2 BCC phase as a function of different vol-
ume fraction contents.

6 =V g2 Bcc X 682 Bcc + (1- V B2 Bce) X Orce (5)
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In this equation, v g pcc corresponds to the volume fraction of B2 BCC
phase, opa pcc and opcc are the stresses imparted during the tensile
process.

2.2.3. Dislocation density evolution

To evaluate the dislocation density during the room temperature
tensile testing, the modified Williamson-Hall method [76,77] was used.
The FWHM for a given (h k 1) plane obtained from the individual peak
fitting routine is mainly composed of three components: instrumental
broadening, grain size broadening, and microstrain broadening, the
latter resulting directly in the generation of defects such as dislocations
and stacking faults [78]. After subtracting the instrumental peak
broadening, the structural FWHM is mainly caused by grain size,
FWHM;;,e, and microstrain, FWHMpjcrostrain @S shown in Eq. (6),

FWHM = [(FWHM yeasired)’ — (FWHM psrinenia)’) ®)
FWHM = FWHM ., + FWHM yicrosirain @)
where,

FWHM,;, ~Toosd (8)
FWHM,irpsman = 4€ ZZ Z ©)

The FWHM induced by grain size (FWHM;i,e) and microstrain
(FWHMpjicrostrain) are detailed in Eq. (8) and Eq. (9), respectively. Here, A
is the wavelength (0.14235 10\), L is the average grain size, k is the
Scherrer constant (=0.9) [79], and 0 is half of the diffraction angle of the
selected reflection.

Then, Eq. (10) is obtained by substituting Egs. (8) and (9) into Eq. (7)
and the average lattice strain, €, and the crystallite size, L, are respec-
tively the slope and line intercept of the linear relationship obtained
when plotting FWHM x cos (0) against 4 x sin (0) for each of the selected
diffraction peaks at different stress/strain levels [79-82]. In other
words, for a linear equation of the y = mx + b type, FWHM x cos 6 will
correspond to y, 4 sin 0 to X, gg to k, and k\/L to b.

A
FWHM x cos 0:%-&-480 sin @ (10)

The dislocation density evolution of the two major phases of the
eutectic alloy (disordered FCC and ordered B2 BCC) can be derived from
the modified Williamson-Hall method as described by Eq. (11) [83],

Keo?
= an
where p refers to the dislocation density, ¢y corresponds to the lattice
strain as defined above, and b is the Burgers vector, considering the
{111}(110) slip systems of the FCC phase and {110}(111) slip systems
of the B2 BCC phase [32]. The Burgers vectors of the FCC phase and B2
BCC phase can be estimated by using brcc = v/2a/2 and bz pcc = Vv/3a/
2, respectively, where a is the corresponding lattice parameter, and k is a
constant, with the values of k for the FCC and B2 BCC phases being 16.1
and 14.4, respectively [83].

After plastic deformation of the AlCoCrFeNij ; alloy, dislocations are
generated, move, and accumulate inside the material. This leads to the
hardening behavior of the material upon plastic deformation. Therefore,
in order to further understand the strength contribution resulting from
the generation of new dislocations in both FCC and B2 BCC phases, the
Bailey-Hirsch model was used as detailed by Eq. (12) [80],

Acp =MaGbp'/? 12)

where Aocp is the contribution due to the dislocations that are generated
within each phase, M is the average Taylor factor, taking the values of
3.06 for the FCC phase and 2.8 for the B2 BCC phase based on EBSD data
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of the material studied in the current work, a is a constant, and the
values for the FCC and B2 BCC phase are the same, being equal to 0.23
[67], G is the shear modulus for both matrix phases, with the FCC matrix
phase having 76.9 GPa [84] and the B2 BCC phase possessing 80 GPa
[85], b is the length of Burgers vector [86], and p is the dislocation
density, which was calculated as detailed above. It should be mentioned
that there are other strengthening mechanisms that can contribute to
modifying the mechanical response of this eutectic high entropy alloy.
These include solid solution, grain boundaries, and precipitates [80].
However, in this work, the only microstructural change occurring per-
tains to the dislocation density, while the other features were constant
during deformation. For this reason, the mechanical behavior and
strain-hardening behavior of the studied alloy have been primarily
derived from the dislocation density evolution in both phases as it will
be shown in the results and discussion section.

3. Results and discussion
3.1. Microstructural characterization and phase identification

Fig. 2 shows the microstructure of the AlCoCrFeNiy ; eutectic high-
entropy alloy in the as-cast state, (a) before tensile deformation, (b)
after the tensile test, and the fracture site occurred near the necking
region as shown in Fig. 2 b). Previous reports in the literature [53]
indicate that the microstructure corresponding to the bright (light
contrast) and dark (dark contrast) corresponds to the FCC and B2 BCC
phases, respectively. Macroscopic measurements of the average lamellae
thickness distances reveal subtle changes before and after deformation.
Prior to mechanical loading, the average lamellae thickness values of the
FCC and B2 BCC phases were 2.41 + 0.39 and 1.99 + 0.34 pm,
respectively, which then changes to 2.97 + 0.41 and 2.40 + 0.21 pm.
This corresponds to a change of roughly 20-23% for each phase, sug-
gesting that the overall deformation is homogenous. The reason for this
is related to the distinct mechanical behavior of both phases and to
constraint effects induced by the hard B2 BCC phase over the soft FCC
one, as it will be shown later. Here, Nano Measure 1.2 software was used
to measure the lamella thickness at approximately 80 different positions
to obtain the average lamella thickness provided above. It should be
emphasized that these measurements were obtained at multiple distinct
orientations to get an overall understanding of the lamellae thickness
variation upon tensile testing.

Fig. 3 details a superimposition of the synchrotron diffraction pat-
terns obtained by full integration along the azimuthal angle for different
stress/strain levels during tensile testing. The phase identification
detailed in Fig. 3 depicts that the as-cast AlCoCrFeNij; high entropy
alloy is composed of a B2 BCC phase, a disordered FCC structure, an
ordered FCC phase with L1, structure, and also a tetragonal phase,
named as ¢ phase. The existing phases in the as-cast alloy are in excellent
agreement with previous microstructural characterization performed
using transmission electron microscopy on a similar alloy reported by
Choudhuri et al. [53].

Of novelty within this work are the volume fraction quantification of
the existing phases and the determination of their lattice parameters.
These results are detailed in Table 2. The volume fraction of the FCC
phase is 65.5% and within it exists the L15 FCC phase with a volume
fraction of 0.7%. As for the B2 BCC phase, a volume fraction of 32.7%
was determined and the ¢ phase, which is known to precipitate in the B2
BCC matrix upon solidification of the alloy [53], has a volume fraction of
1.1%. The measured lattice parameters for the two major phases that
compose this eutectic alloy (disordered FCC and B2 BCC) are in good
agreement with the work of Xiong et al. [87].

Confirmation of the presence of the L1, FCC phase is aided by the
presence of a superlattice reflection of the (1 0 0) plane [88] (refer to
Fig. 3). Previously, ¢ phase was identified (but not quantified) in
AlCoCrFeNi, 1 high entropy alloys [53,89,90], and this phase was also
observed in an Aly sCoCrFeMnNi alloy [40]. The ability to detect and



J. Shen et al.

b)

Materials Science & Engineering A 872 (2023) 144946

Fig. 2. Optical microscope images of as-cast AICoCrFeNi, ; eutectic high entropy alloy: a) before tensile loading; b) after fracture. The inserts detail a close-up view

of the lamellar structure.

*x FCC phase *
4 B2BCC phase ~
= L1 phase 1
¢ Sigma (o) phase 1

-0 OoN *
- =Wt

Intensity [A.U.]

Loading

20 [°]

Fig. 3. Superimposition of the diffraction patterns obtained after integration of
the Debye-Scherrer rings along the full azimuthal angle. * Marks the super-
lattice reflection of (1 0 0) L1, FCC phase.

quantify, for the first time, such low fraction phases (L15 FCC and ¢
phases) is related to the high signal-to-noise ratio enabled by high en-
ergy synchrotron X-ray diffraction. It should be noted the lattice pa-
rameters of the ¢ phase present in the eutectic alloy are similar to those

reported for a related phase that can form in equiatomic CoCrFeMnNi
high entropy alloy [91].

To further understand the initial as-cast material texture, the pole
figures of the FCC and B2 BCC phases are given in Fig. 4. From Fig. 4 a),
it can be seen that for the FCC phase, it has a preferential orientation of
[111]//Z, although the texture is weak. For the B2 BCC phase (refer to
Fig. 4 b)), there are preferential orientations for [110]//Z and [111]//X,
but the textures are also weak. Based on the numerical information of
the texture intensity for both FCC and B2 BCC phases, it can be said that
the initial as-cast material before tensile deformation has no strong
texture, and this can be described as a near-random texture. Indeed, the
studied material did not undergo a thermomechanical treatment (e.g.,
rolling or rolling + heat treatment) and did not present significant
texture as the material used in this work was removed from the centre of
the ingot where the solidification conditions do not induce such a strong
microstructure orientation, as it occurs near the cast walls, for example.
Since the analyzed material was not rotated during tensile loading, it is
not possible to quantitatively infer on the texture variation during ten-
sile deformation, which is also outside the scope of our current research
work. Here, it should be mentioned that X, Y and Z directions correspond
to the loading direction, transverse direction (perpendicular to the
loading direction) as well as the beam path direction, respectively (refer
to Fig. 1).

3.2. Macroscopic mechanical behavior, stress partitioning, and
dislocation density evolution

Fig. 5 details the engineering and true stress-strain curves (black and
red lines, respectively), as well as the strain-hardening rate response
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Table 2
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Refined lattice parameters and volume fraction of the existing phases in the as-cast AICoCrFeNi, ; high entropy alloy.

Phases a [A] b [A] ¢ [A] a ] B [°] v [°] Space group Volume fraction [%]
FCC 3.56232 a=b=c a=b=c 90 90 90 Fm-3m 65.5 £ 0.75

B2 BCC 2.85168 a=b=c a=b=c 90 90 90 Pm-3m 32.7 £ 0.41

L1, FCC 3.56219 a=b=c a=b=c 90 90 90 Pm-3m 0.70 £ 0.05

c 8.1768 a=b 5.0185 90 90 90 P4,/mnm 1.1 +£0.27
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Fig. 5. Tensile strain-stress curves and strain hardening behavior of the as-cast
AlCoCrFeNi, ; high entropy alloy.

(blue line) of the eutectic alloy. These results highlight that the
AlCoCrFeNiy 1 high entropy alloy in the as-cast condition has a combi-
nation of high strength and ductility. A tensile strength of 980 MPa and
an elongation to fracture of 13.1% (true values) were measured.
Macroscopically, the as-cast AlCoCrFeNis ; high entropy alloy also ex-
hibits extraordinary work-hardening behavior by comparison with NiAl-
based alloys [92] and with other conventional engineering alloys [93].
Here, it should be mentioned that the strain-hardening curve is obtained
from true stress-strain data.

To clarify the contributions of the two major phases in the alloy to-
wards the work hardening behavior, the stress partitioning between the
disordered FCC and ordered B2 BCC phases during macroscopic loading
was determined, as previously detailed in the experimental section.
These results are depicted in Fig. 6 and were obtained from the full
azimuthal integrated data to evaluate the macroscopic mechanical
response of both phases. From this data, it is evident that the macro-
scopic yield point of the material (=333 MPa and 1.5% strain) corre-
sponds to an abrupt point after which there is a significant stress
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Fig. 6. Stress partitioning of B2 BCC phase and disordered FCC phase during in-
situ synchrotron tensile loading.

redistribution between the FCC and B2 BCC phases. Comparing the in-
dividual stress-strain responses of the FCC and B2 BCC phases, it is
perceptible that, within the elastic deformation regime, the FCC phase
has a lower Young’s modulus than the B2 BCC phase. The difference in
elastic modulus between the hard B2 BCC and soft FCC phases (Ep2 pcc
> Epcc) makes the FCC phase subjected to experience higher de-
formations for the same externally applied stress during macroscopic
elastic deformation. Upon the initial yielding of the material, the stress
partitioned to the B2 BCC phase (red line in Fig. 6) presents a steep and
continuous rise, while the stress imparted by the FCC phase only in-
creases by ~ 150 MPa up until fracture, while for the B2 BCC phase the
stress difference between the onset of yielding and fracture is of nearly
~ 1600 MPa. Here, it should be mentioned that the lower yield strength
of the FCC phase compared to the B2 BCC phase is derived from Fig. 6,
blue and red lines, respectively. Specifically, comparing the yield points
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of these two curves, it can clearly be observed that the FCC phase (blue
line) yields at around 320 MPa, while the B2 BCC phase (red line) yields
at about 800 MPa. Also, the yield point corresponds roughly to the
abrupt point in the curve. However, the fundamental cause for this
phenomenon is related to the behavior of the stress partitioning between
the soft FCC and hard B2 BCC phases during tensile deformation and the
resulting counteraction (i.e., reaction force) of the different dislocation
densities evolutions on the strength increase between the two phases.
Furthermore, the soft FCC phase is subjected to more load at the
beginning of material deformation, while the B2 BCC phase imparts less
load due to its harder nature. With further increase of the load, the soft
FCC phase starts to yield, while the hard B2 BCC phase is still in the
elastic deformation stage due to the non-existence of an effective load
transfer mechanism from FCC to the B2 BCC phase. Plastic deformation
is delayed until the soft FCC phase yields and the external load begins to
be transferred to the hard B2 BCC phase.

We now consider the dislocation density evolution effect due to the
different mechanical response of the two phases, and its strengthening
effect. Theoretically, the dislocation density is proportional to disloca-
tion strengthening, i.e., a high dislocation density induces a high
strengthening effect. However, interestingly, for the cast AICoCrFeNiy ;
eutectic high entropy alloy studied in this work, it can be seen that the
dislocation density in the B2 BCC phase induced a significantly higher
strengthening effect than the FCC phase, although the FCC phase always
had a higher dislocation density throughout the whole tensile process
(refer to Fig. 8). This is related to the different strengthening contribu-
tion from dislocations between each phase where, as detailed in the
experimental procedure, it was shown that the same increase in dislo-
cation density for both phases will result in a higher strengthening effect
induced by the B2 BCC phase.

Besides, the lower stress difference between yield and fracture of the
FCC phase (about 150 MPa) is mainly related to the different mechanical
responses exhibited by the FCC and B2 BCC phases during the tensile
loading process. In other words, this is related to the stress partitioning
between the FCC and B2 BCC phases during tensile loading and to the
strain-hardening behaviour of the two phases which possess different
mechanical response under loading. As mentioned above, during the
elastic deformation stage, due to the soft nature of the FCC phase
compounded by the hard response of B2 BCC phase, the FCC phase bears
more stress first. Upon further loading up to about 320 MPa, the FCC
phase starts to yield (as shown by the blue line in Fig. 6), however, the
B2 BCC phase is still in the elastic domain, which is due to the majority
of the stress being imparted by the soft phase. Eventually, as the exter-
nally imposed loading continues to increase, more load starts to be
transferred to the hard B2 BCC phase. In addition, in this stage, the
plastic deformation of the soft FCC phase is also constrained by the
surrounding hard B2 BCC phase, in which this phase acts as a physical
barrier to the deformation of the FCC phase. Following this, once the
hard B2 BCC phase also yields, due to differences in the mechanical
response of both phases, both FCC and B2 BCC exhibit different hard-
ening behaviours, where the hard B2 BCC phase exhibits a significantly
higher strain-hardening behavior. Different from the high-strain hard-
ening behaviour exhibited by the hard B2 BCC phase, the soft FCC phase
presents an almost negligible work-hardening behavior after the onset of
plastic deformation.

Further analysis of Fig. 6 suggests that yielding of the hard B2 BCC
phase only starts to occur for a macroscopic strain of 3.5%, after which a
non-linear elastic response is observed. This behavior is also observed in
the lattice strain evolution (refer to Fig. 11 and subsequent discussion).
Furthermore, a distinctive behavior between both phases is evident: the
softer FCC phase has an almost negligible work hardening behavior
since after the onset for plastic deformation its phase stress remains
almost unchanged. The same does not occur for the B2 BCC phase, where
significant work hardening exists right after the end of the elastic
deformation region. Therefore, it can be concluded that the macroscopic
work hardening behavior of the as-cast AlCoCrFeNiy; eutectic high

Materials Science & Engineering A 872 (2023) 144946

entropy alloy is predominantly arising from the B2 BCC phase. It should
be noticed that these phase stress calculations were made considering
the (31 1) FCC and (2 1 1) B2 BCC planes, as these are less affected by
intergranular stresses and can provide a more precise understanding of
the load partitioning experienced by the material. Although significant
differences between the FCC and B2 BCC phases are observed during
plastic deformation, the same does not occur during macroscopic elastic
loading where there is no evident load partitioning.

Another interesting point arising from the phase partitioning data
concerns the possibility to tune the mechanical response of eutectic high
entropy alloys based on the volume fraction of both FCC and BCC pha-
ses. From this data, it can be seen that higher strength levels can be
achieved by a material with a higher volume fraction of the B2 BCC
phase, whereas if lower strength but increased ductility is required then
the volume fraction of the FCC phase must increase. The load partition
and the higher stresses that are transferred to the B2 BCC phase also
highlight that this is the strengthening phase for the present eutectic
high entropy alloy. When considering the stress transferred to each
phase and the respective volume fraction, the resulting curve (green line
in Fig. 6) is in good agreement with the macroscopic tensile behavior of
the alloy (black line in Fig. 6).

To showcase the strengthening effect of the B2 BCC phase as a
function of different volume fraction contents, Fig. 7 was developed to
further highlight the relative importance of each phase for the overall
material strength. It should be emphasized that these calculations can
only be used to evaluate the potential strength of the alloy and not its
ductility.

The dynamic evolution of the dislocation density in both disordered
FCC and ordered B2 BCC phases is qualitatively analyzed next. Fig. 8 (a,
¢, and e) depicts the average lattice strain, €p, as a function of engi-
neering strain for both FCC and B2 BCC phases along LD, TD, and for full
azimuthal integration, respectively, while Fig. 8 (b, d, and f) illustrates
the dislocation density evolution for the same conditions. Fig. 9 details
the strengthening effect promoted by the dislocation density evolution
in both FCC and B2 BCC phases.

The evolution of the average lattice strain, €, for both phases depicts
that the FCC phase has a slightly higher ductility than the B2 BCC phase
regardless of whether to consider the LD (Fig. 8 a) or TD (Fig. 8 c), or
even the overall material behaviour (Fig. 8 e). These results, in combi-
nation with the stress partitioning data (Fig. 6), further emphasize that
the material strength is primarily controlled by the volume fraction of
the B2 BCC phase, while its ductility can be regulated by the disordered
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Fig. 7. Calculated effect of different volume fractions of disordered FCC and
ordered B2 BCC on the mechanical response of the eutectic high entropy alloy.
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Fig. 8. a), ¢) and e) Evolution of the average lattice strain, €, as a function of engineering strain along LD, TD and full azimuthal angle integration; b), d) and f)
dislocation density evolution as a function of engineering strain along LD, TD and full azimuthal integration, respectively. For the same analyzed microstructure
feature (average lattice strain or dislocation density) the y axis range is kept the same to properly evaluate orientation-dependent changes.

FCC phase. Also, regardless of the orientation considered, the disloca-
tion density in the FCC phase is always higher than that in the B2 BCC
phase. Moreover, the dislocation density determined along the LD (Fig. 8
b) is higher than that determined along TD (Fig. 8 d), which is expected
since preferential (plastic) deformation will primarily occur along the
loading axis. The bulk dislocation density of both phases (Fig. 8 f)
considers all variations of the dislocation density across the full
azimuthal range and lies between the measured maximum (along LD)
and the minimum (along TD) values. Further discussion is detailed next
considering the full azimuthal integrated data, since there are no major
differences for this alloy system when considering a specific principal
orientation (LD or TD) vs full azimuthal integration.

In the as-received condition, i.e., prior to any mechanical loading,
the dislocation density was similar for both phases, 5.2 x 10'* and 4.1 x
10'* m~2 for the FCC and B2 BCC phases (refer to Fig. 8 f), respectively.
These dislocation density values are within the order of magnitude for
other high entropy alloys, such as CoCrFeNi and CoCrFeMnNi, in their
as-cast state and as-rolled state [94,95].

During the elastic deformation domain, the dislocation densities of
both the FCC and B2 BCC phases do not change significantly, but the

dislocation density of the B2 BCC phase is always slightly below that of
the FCC phase. This evolution is consistent with a similar variation trend
exhibited in the phase stress partitioning in the elastic region (¢ < 1.5%),
as previously shown in Fig. 6.

When the applied strain increases above 1.5%, the material starts to
deform plastically. The dislocation density of the FCC phase increases
significantly to 1.9 x 10'® m~2, while the B2 BCC phase only shows a
moderate increase to 9 x 10'* m~2. The reason for the difference in the
evolution of dislocation density between these two phases is that under
externally applied stresses, the plastic deformation of the eutectic alloy
is activated in the FCC phase first due to the inherent soft nature of this
phase (nanohardness of the FCC and B2 BCC phases of 5.8 + 0.2 GPa and
B2 BCC = 9.7 + 0.3 GPa, respectively [34]). Therefore, when plastic
deformation in the FCC phase is induced there is a concomitant increase
in the number of dislocations that are formed, thus justifying the
increased dislocation density over that of the BCC phase.

During the macroscopic plastic deformation regime, the dislocation
density evolution in both phases tends to increase almost linearly up
until fracture. However, the increased slope of the curve corresponding
to the FCC phase highlights that the strengthening mechanism induced
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Fig. 9. Evolution of the dislocation strengthening for the FCC and B2 BCC
phases considering full azimuthal data.

by the generation and movement of dislocations is not as effective in
promoting the strain hardening of the alloy. This is further elucidated in
the evolution of the alloy strengthing induced by the variation of the
dislocation density in both phases, as detailed in Fig. 9. In fact, it is
observed that the increase in alloy strength due to the dislocation den-
sity in the B2 BCC phase is significantly higher (=100 MPa) than that
caused by the increase in dislocation density in the FCC phase, even
though this latter phase has always a higher dislocation density
throughout the tensile test.

Due to the stress incompatibility between the FCC and B2 BCC phases
which arises from their distinct mechanical behaviour (as shown in
Fig. 6), the soft FCC matrix plastically deforms first, leading to the
proliferation and rearrangement of dislocation substructures, resulting
in a substantial increase in dislocation density [26]. Plastic deformation
of the hard B2 BCC phase is delayed until effective stress transfer to this
phase occurs. At this time, the plastic deformation experienced by the B2
BCC phase results in increased dislocation density, as previously shown
in Fig. 8 (c). In reality, plastic deformation of the soft FCC phase is
constrained by the hard B2 BCC. The FCC phase cannot plastically
deform in a free way, because of the lamellar structure of the eutectic
phase: the hard B2 BCC acts as a physical barrier to the deformation of
the FCC phase. This leads to the formation of strain gradients across the
FCC + B2 BCC eutectic structure [26]. It should be emphasized that such
strain gradients will increase with proceeding deformation because of
the distinct mechanical behaviours of the FCC and B2 BCC phases. In
fact, the different mechanical properties of the FCC and B2 BCC phases
are known to generate a back-stress that can also increase the strength of
the alloy [26]. The mechanism that promotes this back-stress is
described next. The deformation of the soft FCC is constrained by the
hard B2 BCC phase, which aids in the formation of strain gradients
across both phases. More dislocations are formed in the FCC phase since
this phase will always bear more plastic strain than the B2 BCC one. This
continues to increase the strain gradient across the eutectic micro-
structure. Directly resulting from these strain gradients, there is an in-
crease in the geometrical necessary dislocations (GND) which then
promotes a strength increase by the resulting back-stresses. Since the
FCC phase is significantly more deformed and is also constrained by the
B2 BCC phase during deformation it will necessarily generate more
dislocations when macroscopic deformation is progressing, thus justi-
fying the higher dislocation density across the tensile test. Such
back-stress effects have been exemplified in the literature when devel-
oping similar eutectic high entropy alloys possessing hierarchical
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microstructures [26]. There is a final potential contributing factor to the
alloy strength which is related to an ordering strengthening mechanism
induced by the B2 phase.

To further verify the dynamic microstructure evolution and fracture
mechanism, Fig. 10 bl-b4) presents kernel average misorientation
(KAM) maps obtained at different distances from the fracture site. The
AO region is the furthest from the fracture site and corresponds to the
non-deformed region. For A1, A2, and A3, the distance from the fracture
site gradually decreases, which corresponds to an increase in the expe-
rienced deformation.

A KAM map is defined as the misorientation around a measured point
with respect to a defined set of nearest neighbours’ points and can be
used to infer the dislocation density, as well as the amount of strain
imparted by the different phases that exist in the material. From Fig. 10
b1) to b4), it can be noticed that the average KAM value increases in the
fOHOWiIlg order: AOgam~1.1° < Al gam~1.350 <A2 gaman21°c < A3
KAM=~2.24°, and the closer to the fracture site, the greater the increase of
the average KAM value. This indicates that the A3 region, closest to the
fracture site, accommodates the largest plastic deformation during
tensile deformation, followed by A2 and Al, and finally the smallest
deformation occurs in the AO region. The specific evolutions of the
average KAM values for the four measured regions are detailed in Fig. 10
cl). Considering that the AlICoCrFeNi, ; eutectic high entropy alloy does
not suffer from phase transformation during the tensile loading process,
the effect of any phase transformation on the fracture mechanism can be
excluded. It can be assumed that near the fracture site (A3 region), the
stress concentration first appears due to the existence of the previously
identified nanoprecipitated phases (Refer to Fig. 3), which in turn leads
to this region preferentially bearing more stress and plastic deformation
under the tensile loading, eventually leading to fracture.

As a further insight into the evolution of the dislocation density in the
two matrix Phases (FCC and B2 BCC) during tensile deformation, the
KAM values of the two matrix phases in these regions (A0, A1, A2, and
A3) are provided in Fig. 10 c3). Specifically, the solid and dashed lines
represent the variations of the KAM values in the FCC and B2 BCC matrix
phases, respectively, with the different colors corresponding to different
regions. Not surprisingly, the average KAM values in both the FCC and
B2 BCC phases increase with decreased distance from the fracture site,
which qualitatively revealed that the dislocation density in both matrix
phases increases with increasing deformation. This tendency is consis-
tent with the results calculated using synchrotron diffraction techniques
(refer to Fig. 8 f)). Besides, comparing the average KAM value in the FCC
(solid line) and B2 BCC phase (dashed line) within the same region (refer
to the inserted table in Fig. 10 c2), it can be seen that the average KAM
value with the FCC phase is higher than that in the BCC phase over all
regions (AO - A3), which implies that the dislocation density in the soft
FCC phase under the same load during tensile deformation is higher than
in the hard B2 BCC phase, this owing to the different mechanical
response during loading of the dual phase FCC + BCC structure the KAM
evolution is certainly distinct, which, again, matches well with the re-
sults calculated by synchrotron X-ray diffraction data (Fig. 8 f)).

3.3. Lattice strain evolution

Fig. 11 depicts the evolution of the lattice strains for the (2 0 0), (31
1), (2 2 2) planes of FCC, (21 1), (11 0), (3 1 0) planes of B2 BCC, and (1
0 0) plane of L1, FCC parallel (LD) and perpendicular (TD) to the loading
direction. When the engineering stress is less than 333 MPa (corre-
sponding to 1.5% strain) the lattice strain of all planes has a linear
response with the applied stress (refer to Fig. 11 (al), (bl), and (c1)).
This shows that up to this point the material is only being elastically
deformed, thus in good agreement with the stress partitioning and
tensile response of the eutectic alloy.

Linear fitting of the evolution of the lattice strain with the macro-
scopic stress for each lattice plane allows for determining the direction-
dependent Young’s modulus. Lattice strain evolution along the loading
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Fig. 10. a): Schematic of the tensile specimen after

fracture; bl-b4): EBSD KAM maps at different dis-
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A2, and A3. (For interpretation of the references to
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direction (LD) and transverse direction (TD) as a function of applied
stress (al, bl, c1), strain (a2, b2, c2) and partitioned stress (a3, b3, c3)
for FCC (al, a2, a3), B2 BCC (b1, b2, b3) and L1, FCC phases (c1, c2, c3)
reveals different behaviors for both phases and crystallographic planes.
The dashed lines represent the onset for macroscopic plastic deforma-
tion. The inserts in Fig. 11 b1), b2) and b3) detail close up of the lattice
strain variation for the selected lattice planes.

Table 3 details the Young’s modulus for all analyzed planes obtained
in the LD, revealing strong elastic anisotropy. For the FCC phase, the (2 2
2) plane has the largest elastic modulus (265 GPa), whereas the (2 0 0)
plane has the lowest with 108 GPa. This means that the (2 0 0) plane is
the softest, while the (2 2 2) is the hardest. These results are in good
agreement with previous work by Lu et al. on the AlCoCrFeNis ; eutectic
high entropy alloy [54]. As for the B2 BCC phase, the hardest plane was
the (2 1 1), while the (3 1 0) is the softest (191 vs 108 GPa).

Another novelty of this work is the determination of the superlattice
(1 0 0) plane elastic modulus for the L1, FCC phase which was calculated
to be 222 GPa. Calculations for other planes were not performed owing
to the extremely low intensity of the diffraction peaks and overlapping,
which prevented an accurate implementation of the peak fitting pro-
cedure described in the experiment and methods section.

Attention is now paid to the lattice strain evolution when macro-
scopic plastic deformation starts to occur. When the material enters the
plastic deformation stage, a nonlinear response for all lattice planes with
increased applied stress gradually becomes more evident. The deviation
from linearity, which corresponds to the onset for macroscopic plastic
deformation, has been marked with a dashed horizontal line in Fig. 11
al), bl), and c1) for the FCC, B2 BCC, and L1y FCC phases. It has been

3 4
Kernel Average Misorientation [°]

10

demonstrated that the separation of lattice strains in different phases or
different grain families in the plastic region, indicates the occurrence of
stress redistribution between different phases and grain families
[96-98]. This is again in excellent agreement with the phase stress
partitioning calculations previously shown in Fig. 6. In this case, the
internal stress is transferred from the soft phase or the soft grain family
to their hard counterparts after plastic deformation in the soft domain.
Here, it is worth noting that the root cause of the stress redistribution
that occurs among the different grain families described above does not
come from the 14% macroscopic strain itself but is associated to the
partitioned stress of the phases (FCC and B2 BCC) in which the grain
families are located during tensile deformation. A more detailed expla-
nation will be provided in the section focusing on the relationship be-
tween the phase partitioned stress and lattice strain evolution.
Comparing the lattice strain distributions of the FCC and B2 BCC
phases along the LD (refer to Fig. 11 a2) and b2)), it can be observed that
the lattice strains of all analyzed planes of the FCC phase start to deviate
from a linear elastic response after the macroscopic yield point (333
MPa), which indicates that the FCC phase yields first than the B2 BCC
phase as previously shown and discussed considering the macroscopic
response of the alloy detailed in Fig. 6. Also, the lattice strain of all
analyzed planes of the B2 BCC phase is significantly larger than those of
the FCC planes. For example, the maximum lattice strain of the (h k 1)
planes of the B2 BCC phase corresponded to the (3 1 0) lattice plane
which is almost 8 times higher than the largest lattice (h k 1) strain of the
FCC phase, which corresponded to the (2 0 0) plane. Quantitatively, this
translates to a maximum lattice strain of ~65000 pe for the (3 1 0) B2
BCC plane and ~8000 pe for the (2 0 0) FCC plane. As for the TD, larger
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Fig. 11. Lattice strain evolution along the loading direction (LD) and transverse direction (TD) as a function of applied stress (al, b1, c1), strain (a2, b2, c2) and
partitioned stress (a3, b3, ¢3) for FCC (al, a2, a3), B2 BCC (b1, b2, b3) and L1, FCC phases (c1, c2, c3). The dashed lines represent the onset for macroscopic plastic
deformation. The inserts in Fig. 11 b1), b2) and b3) detail close up of the lattice strain variation for the selected lattice planes.

Table 3
Elastic modulus for different lattice planes of constituent phases in as-cast
AlCoCrFeNi, ; high entropy alloy.

L1, FCC FCC phase B2 BCC phase

phase

E100 (GPa)  Ezqo Esnn Eo22 Eonn E110 Esi0
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa)

222 108 221 265 191 175 108

lattice strains are preferentially obtained in the analyzed B2 BCC planes.
This behavior could indicate that preferential macroscopic deformation
should be expected in the B2 BCC phase, which was not experimentally
observed as previously shown. The reason that justifies the increased
lattice strains for the analyzed B2 BCC planes is related to the prefer-
ential deformation in the two analyzed directions, i.e., parallel and
perpendicular to the loading direction. In fact, this preferential defor-
mation, which is governed by the material texture, depends on the
spatial relationship between a certain (h k 1) plane and the azimuthal
angle. Although not shown here, when analyzing other azimuthal angle
ranges (30° £ 7.5° 45° + 7.5° and 60° + 7.5°) larger lattice strain de-
formations in the FCC planes were observed, thus further confirming the
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dependence of the lattice deformation with the azimuthal angle.

A closer look at the superlattice reflection of the (1 0 0) plane of the
L1, FCC phase (refer to Fig. 11 c1) reveals near mirror-like behavior,
with a maximum positive lattice strain of ~8000 e developing along the
LD and maximum negative lattice strain of ~5000 pe developing in the
TD. Further observation of the lattice strain evolution of the (1 0 0) L1,
FCC superlattice plane and the (2 0 0) FCC lattice plane under tensile
loading, revealed that the two planes have similar deformation evolu-
tion (as shown in Fig. 11 al) and c1)). The L1y FCC phase coherently
precipitates within the FCC matrix, thus it is expected that equivalent
crystallographic planes behave similarly. This is what is observed when
directly comparing the (1 0 0) L1, FCC superlattice plane to the (2 0 0)
plane of the surrounding matrix. The interaction mechanism of sec-
ondary phases with dislocations usually includes dislocation cutting and
Orowan looping mechanisms [99]. The interaction mechanism of the
L1, phase as the secondary phase with dislocations during deformation
is considered as dislocation cutting [39]. The dislocation-cutting
mechanism is mainly manifested by the dislocation cutting through
the second phase and deforming it along with the matrix phase. This
explains why the L1, FCC phase has a similar deformation behavior to
that of the FCC matrix phase (Fig. 8 e) and f).

To further visualize the relationship between the lattice strain and
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the partitioned stress for the existing phases, Fig. 11 a3), b3) and c¢3)
detail these variations along the TD and LD directions. First of all, as can
be seen in Fig. 11 a3), the mechanical response of different lattice planes
in the FCC is similar to the phase stress partitioning behavior in FCC
phase (refer to the blue curve of Fig. 6), both yielding at about 350 MPa.
After yielding, the FCC phase starts to deform plastically. From the
evolution of the partitioned stress and lattice strain for the different
lattice planes of the FCC after phase yielding, there is almost no signif-
icant work-hardening effect. Similarly, the L1, FCC (1 0 0) lattice plane
does not exhibit appreciable work-hardening. Considering now the B2
BCC phase, the yield point of each lattice plane is significantly higher
than the macroscopic yield point of the material as well as the yield
point of each lattice plane in the FCC phase (~ 900 MPa vs. ~ 350 MPa).
Also, after the B2 BCC phase yields, all lattice planes exhibit significant
work-hardening behavior. In particular, the (3 1 0) oriented grains
deviate significantly to a larger lattice strain. Overall, the yielding and
hardening behavior exhibited by each lattice plane within the FCC and
B2 BCC phases with respect to the relationship between the phase par-
titioned stresses and lattice strain evolution, match well with the phase
stress partitioning behavior they exhibit during tensile loading process.

Furthermore, from the perspective of the relationship between phase
partitioned stress and lattice strain evolution, when the material enters
the plastic deformation stage (at ~ 350 MPa), the nonlinear response of
all lattice planes in the FCC phase becomes more distinct, which is
related to the phase yielding. Interestingly, the B2 BCC phase does not
show a significant nonlinear response behavior with increasing stress
after this material enters macroscopically yields, which is mainly asso-
ciated with the inherent mechanical properties of the B2 BCC phase,
including the high work-hardening, as well as the partitioning behavior
to the FCC phase in the early deformation stage, which delays its
yielding. Accordingly, the corresponding nonlinear behavior of all lat-
tice planes in the B2 BCC phase becomes apparent only when their
partitioned stresses reach ~900 MPa.

4. Conclusions

The micromechanical behavior of an as-cast AlICoCrFeNiy ; eutectic
high entropy alloy during tensile deformation has been investigated by
in-situ tensile testing at room temperature using high energy synchro-
tron X-ray diffraction. The phase constitution and respective volume
fractions, phase stress partitioning, dislocation density evolution as well
as the lattice strain evolution parallel and perpendicular to the loading
direction were determined. The following major conclusions can be
drawn:

Phase identification of the as-cast eutectic alloy revealed the pres-
ence of two FCC phases (one ordered and one disordered), an ordered
BCC phase, and a tetragonal ¢ phase. These results contradict several
works on the phase identification of the same eutectic alloy, which often
misidentify the existing phases. The lattice parameters of all four phases
were determined: i) FCC,a =b = ¢ = 3.56232 ;\; ii)B2BCC,a=b=c=
2.85168 A; iii) L1, FCC,a=b=c=3.56219 A;iv)5,a=b =8.1768 A,
=5.0185 A.

Stress partitioning between the two major matrix phases, FCC and B2
BCC, revealed that upon the onset of plastic deformation the stress is
primarily transferred to the hard B2 BCC phase. Moreover, plastic
deformation of the hard B2 BCC phase is delayed until a macroscopic
strain of 3.5% is achieved. We also highlight the possibility to tune the
stress/strain response of eutectic high entropy alloys by changing the
volume fraction of the matrix phases. Change of the volume fraction of
existing phase can be achieved by changes in the material composition
and/or use of heat treatments.

The evolution of the dislocation density was seen to occur prefer-
entially in the soft FCC phase. Nonetheless, the strength contribution
resulting from the increase in dislocation density was calculated to be
more significant in the B2 BCC phase, even though this phase has a
smaller dislocation density than the FCC phase throughout the entire

12

Materials Science & Engineering A 872 (2023) 144946

deformation.

The dynamic evolution of the continuously increasing dislocation
density in the soft FCC and hard B2 BCC phases obtained from the
synchrotron data is consistent with the evolution of KAM values ob-
tained by EBSD. Furthermore, the increased dislocation density in the
soft FCC phase coincides with the fact that the KAM values in the FCC
phase are always higher than those in the B2 BCC phase throughout the
whole tensile process.

The lattice strain evolution along the parallel and perpendicular di-
rections to the loading in both cases revealed that the analyzed (h k 1)
planes of the B2 BCC phase present a significantly larger lattice strain
than those of the FCC phase, this is mainly related to the different phase
partitioned stress behavior.
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