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a b s t r a c t

This study reports the effect of phase distribution on crack propagation in a dual phase AlCoCrFeNi high
entropy alloy (HEA) under tensile loading. The alloy is characterized by the presence of a brittle disor-
dered BCC phase that can be toughened by precipitation of a ductile FCC phase during homogenization
heat treatment. The stress and strain partitioning between the two phases is of paramount importance to
determine the mechanical response of this alloy. The as-cast alloy was subjected to homogenization at
1273 K for 6 h to prevent the formation of detrimental sigma phases and to precipitate the ductile FCC
phase. In-situ tensile test in a scanning electron microscope with an electron backscatter diffraction
facility was carried out to understand the micro-mechanisms of deformation of the alloy. Precipitation of
the FCC phase at the BCC grain boundaries reflected the effect of the FCC phase on crack deflection and
branching during propagation. The strain partitioning between the two phases and the evolution of
misorientation distribution was investigated. It is observed that the presence of ductile FCC high entropy
phase can impart good room temperature ductility to the brittle BCC phase. As there are very few in-
vestigations performed on the dual phase HEAs, a proper microstructural design can be be achieved and
can be utilized to toughen the brittle HEAs.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

High entropy alloys (HEAs) is a field of vigorous research activity
now-a-days. HEAs are multiprincipal multicomponent alloys hav-
ing either single or multiple FCC or BCC phases in the microstruc-
ture. These alloys normally include super saturated solid solutions
yielding high strength, superior thermal stability, outstanding wear
and corrosion resistant, etc. [1,2].

Mechanical properties of these alloys are of paramount interest,
because of the fact that deciphering micromechanisms of defor-
mation will shed new light on the deformation of these novel al-
loys, as well as expand the potential applications. In this
connection, lots of efforts have been directed to investigate the
deformation behavior of these alloys. However, research works
reported in the literature are mostly focused on single phase alloys.
The rationale behind the single-phase HEA concept was that nor-
mally the second phases are intermetallic particles or other phases
mali).
that could embrittle the alloy. While this may not be always the
case, as in superalloys [3]. Thus, precipitation of secondary phases
in the microstructure could improve the properties of such alloys
even further and seems to be worth investigating.

Among these novel alloys, the AlxCoCrCuFeNi is one of the most
extensively investigated [4e8], which generally exhibit
outstanding elevated temperature strength and good wear resis-
tance. Tong et al. [9] reported that changing the Al content alters
the fraction of the BCC and FCC solid solution phases. Although the
alloy with sole FCC phase microstructure presents 20e60%
ductility, further addition of Al can increase the strength by a factor
of 300% (BCC promoter), while the ductility can decrease to less
than 5% [10]. Besides, due to segregation of Cu into the interden-
dritic region or grain boundaries, this alloy seemed to be not much
suitable for high temperature applications [11].

As an alternative to overcome such challenges, Cu has been
removed from the alloy composition. This still keeps the alloy, be-
ing a 5-component system, within the category of high entropy
alloys (DS>1:5R). Like the previously mentioned alloy, by altering
the atomic ratio of Al in the AlxCoCrFeNi system, the fractional
phase distribution can be altered [12], which in return is expected
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Table 1
The effect of Al content on the phase fraction and mechanical properties
(compression test) of AlxCoCrFeNi [13e16].

x (Al atomic fraction) 0e0.4 0.3e0.9 0.9e2

As-cast phase/s FCC BCC þ FCC BCC
Hardness (GPa) 1e2 3e5 5e6
Yield strength (GPa) e e 1.3e1.5
Uniform ductility (%) e 25e40 10e24
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to affect the mechanical properties of the alloy as presented in
Table 1.

Most of the studies on the mechanical behavior of HEAs have
been done using a compression test. This is because compared to
tensile test, the compression test is less sensitive to brittleness of
the material and/or voids and porosities in the microstructure. In
tension, the propagating crack tends to orientate perpendicularly to
the loading direction; whereas in compression, the identical crack
tends to align parallel to the applied compression direction [17]. It is
proven that the stress required for crack propagation in compres-
sion test is inversely related to the Poisson's ratio of the material
(sCompression ¼ sTensile

Poisson0 s ratio

�
[18]. In isotropic materials the Poisson's

ratio is equal to 0.3; thus in isotropic materials, the stress required
to break the specimen in compression test can be up to 3 times
higher than that in tension.

As a continuation of the work by Wang et al. [19], who studied
the compressive strength of the as-cast AlCoCrFeNi system, Munitz
et al. [15] altered the fraction of the phases by heat treatment, and
studied its effect on the mechanical behavior of the alloy under
compressive loading. No phase transformation was reported by
heating up to 923 K. Traces of the FCC phase as well as a brittle
tetragonal s phase started to appear after heat treatment above
1123 K. The detrimental s phase can be avoided after heating above
1248 K. Thus, by heat treatment above 1248 K, themicrostructure is
composed of mainly BCC phasewith traces of ordered B2 phase and
FCC phase. The fraction of the FCC phase can be decreased by heat
treatment at higher temperatures. These results were in consistent
with the report by Mohanty et al. [20].

After the compression test, Munitz et al. [15] found out that
cracks mostly initiated and propagated in the inter-dendritic re-
gion, which was enriched in Co, Cr and Fe. It was also reported that
cracks terminated upon reaching to the relatively ductile dendritic
region.

In another study, Tang et al. [21] investigated the effect of
microstructural features on tensile behavior of AlCoCrFeNi man-
ufactured under different processing routes. It was reported that
due to the brittleness of the alloy in the as-cast condition, most of
cracks initiated at grain boundaries and triple-junctions, which
would lead to intergranular fracture. Although, the tensile
properties of the AlCoCrFeNi alloy was studied in the mentioned
report, the fracture behavior of the dual HEA, especially in-situ
EBSD of the fractured region seems intriguing to investigate,
which can provide more details on the fracture behavior of such
alloys under tensile loading. To further develop such an inter-
esting study, it seems rather important to investigate the effect of
various phases and their orientation on the tensile properties of
the alloy.

The aim of the present study is to analyze the influence of in-
dividual BCC and FCC phases on the crack initiation and propaga-
tion in the heat treated AlCoCrFeNi alloy. In-situ electron
backscattered diffraction (EBSD) under tensile loading was
employed to evaluate the effect of phase distribution on crack
initiation and propagation.
2. Materials and methods

2.1. Arc melting

The AlCoCrFeNi equiatomic high entropy alloy was prepared by
vacuum arc melting and subsequent suction casting process. Inert
atmosphere was maintained using argon gas, during both the
processes. Water-cooled copper mould was used with non-
consumable tungsten electrode for melting and casting. High pu-
rity individual elemental pieces with purities more than 99.95%
(Alfa Aesar, USA) were used to prepare the alloy buttons, which
were melted for at least 5 times in two different directions to
ensure the chemical homogeneity of the alloy. The buttons were
subsequently suction-casted, in vacuum arc cum suction casting
facility, to form a rod with square cross-section, having dimensions
of 55 � 10 � 10 mm. The actual composition of the alloy in the as-
cast state was measured using the Energy Dispersive Spectrometry
(EDS), which fell within the equiatomic proportion of the elements
(±1.5 at.%).

2.2. Heat treatment

The as-cast rod was subsequently heat treated at 1273 K for 6 h
and then quenched in water to homogenize the microstructure.
According to the previous studies [15], this should lead to a
microstructure composed of mainly BCC phase with precipitates of
the FCC phase, without the detrimental s phase. Argonwas used for
protection during heat treatment minimizing the possible oxi-
dization on the sample surface.

2.3. Microstructural analysis and in-situ test

After the heat treatment, the rod was cut by the waterjet
method into bone-shape samples as schematically shown in Fig. 1a
and then put into the tilted stage as shown in Fig. 1b.

Next, the samples were mounted and abraded by SiC papers up
to 4000 grit. The preparation was followed by diamond polishing
down to 0.1 mm particles and subsequent polishing with colloidal
silica solution (OPS þ 10% H2O2 (30%)). Samples were then taken
out of the mount by careful cutting and breakage of the epoxy. The
microstructure was analyzed using a high-resolution scanning
electronmicroscope (LYRA3, TESCAN) equippedwith EDS and EBSD
detectors (EDAX). The EDS analysis was carried out with ZAF
correction tominimize possible errors (accuracy of around 0.4 at.%).
The EBSD and EDS data was collected using 20 kV accelerating
voltage and 7 nA electron beam. Using the TESCAN electron column
design, such a condition can provide a spot size of around 70 nm at
working distance of 18 mm. The step size of 0.5 mm was chosen to
balance the data accuracy and collection time for each EBSD map-
ping. The successful EBSD indexing rate was higher than 85% for all
runs.

The in-situ tensile test was carried out at the pulling rate of
3 mm s�1 using a Kammrath and Weiss instrument (Max. load:
5 kN) in a pre-tilted mode suitable for EBSD data collection. The
loadcell was aligned before the test using a stiff sample to ensure
uni-axial loading conditions. The elastic deformation of the in-situ
stagewas also calibrated using an extensometer. This datawas used
to correct the obtained load-displacement curve. The tensile test
was interrupted in different steps for EBSD data collection.

3. Results and discussion

3.1. Heat treated microstructure prior to deformation

EDS mapping of a random area in the heat treated sample



Fig. 1. a) Schematic of the in-situ tensile sample and b) the in-situ setup of the tensile tests.

Table 2
Chemical composition (wt.%) of the constituent phases in the heat-treated alloy.

Al Co Cr Fe Ni

FCC 12.3 ± 2.5 20.3 ± 1.6 28.4 ± 1.8 22.3 ± 2.1 19.7 ± 1.7
BCC 26.5 ± 0.9 20.5 ± 3.0 23.5 ± 1.9 18.8 ± 2.0 24.6 ± 1.5
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showed a homogeneous elemental distribution (Fig. 2). A slight
phase separation was observed, specifically in the EDS map of Al
and Fe. This is due to the presence of two phases under the heat
treated conditions, which actually show slightly different chemical
composition as compared to those reported earlier [22]; specif-
ically, Al (and a maybe Ni) is a BCC promoter, Cr and Fe are FCC
promoter and Co and Ni are relatively evenly distributed in both
phases, as represented in Table 2, including the chemical analysis of
both phases.

EBSD analysis revealed an interesting distribution of the FCC
phase within the microstructure including a formation of the par-
ticle-shape precipitates inside the BCC grains and mostly contin-
uous FCC precipitates along the BCC grain boundaries (Fig. 3). The
BCC phase showed a narrow Gaussian distribution of grain sizes
(average 52 ± 4 mm, measured from 5 different regions using the
ASTM E112-13 standard). As also examined in larger EBSD phase
maps, the area fraction of the FCC phase was around 21%. The study
Fig. 2. Scanning electron microscope (SEM) micrograph as well as EDS elementa
by Munitz et al. [15], showed that the FCC area fraction is the
maximum that can be achieved in this composition after a heat
treatment above 1248 K. Fig. 3 shows the detailed microstructural
characterization of the heat treated equiatomic AlCoCrFeNi alloy
revealing precipitate of FCC phase in the BCC grains. The pre-
cipitates are found to be distributed uniformly within the grains of
the BCC phase. The microstructure consists of precipitates in BCC
grains, typically modulated basket-weave morphology. The pole
figures (PFs) of the individual phases illustrated a random
l mapping of the heat treated AlCoCrFeNi alloy, in a randomly selected area.



Fig. 3. a) SEM micrograph; b) inverse pole figure (IPF) map; c) phase map of a random area on the heat treated equiatomic AlCoCrFeNi alloy.
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orientation distribution of both phases after the heat treatment.
3.2. During in-situ tensile tests

The sample is found to undergo an abrupt fracture. Several
Fig. 4. a) SEM micrograph and b) the IPF map (over imposed to the image quality map) of
possible regions for crack initiation and arrows illustrate the effect of the BCC grain bound
illustrates a low magnification EBSD map of a relatively long transgranular crack propagati
attempts were made to study the crack initiation and propagation.
We shall report here the salient results. The EBSD maps around the
fractured area illustrated a valuable information about the crack
initiation and propagation. As highlighted by circles in Fig. 4, most
of cracks have initiated at the triple junction of the BCC grains. It is
the same region near to the fractured area after the in-situ test. The circles show the
aries (FCC phase) on deflection and/or stopping crack propagation. The micrograph c)
on.



Fig. 5. a) SEM micrograph, b) IPF map, c) phase map of a region near the fractured area after the in-situ test. The circles show the locations where the crack has been redirected or
branched (BCC grain boundaries, where the continuous FCC phase was located). d) schematic of the crack initiation and propagation in the dual phase (BCC þ FCC) HEA.
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worth noting that some of the triple junctions (in 2 dimensions)
could be the junction point of more than 3 BCC grains in 3-di-
mensions (3D - subsurface grains), which makes them the candi-
date region as the weak points for crack initiation. This can be
further investigated using a 3D tomography. Tang et al. [21]
observed the same trend and suggested the same reason as
mentioned here. They also suggested the formation of voids at grain
boundaries perpendicular to the principle stress to be another
possible reason for the crack initiation in such a manner.

As illustrated by arrows in Fig. 4, the cracks rather rapidly
propagated throughout the BCC grain. All cracks propagated trans-
granularly (Fig. 4c), which shows the strengthening effect of the
FCC precipitates at the BCC grain boundaries. The FCC phase located
at the grain boundary acts as an obstacle for the crack propagation.
As a result, most of cracks either branched into new cracks, redir-
ected or even stopped at the BCC grain boundaries (See Figs. 4 and
5). This fact is also schematically shown in Fig. 5d.

Munitz et al. [15] reported that in such an alloy, heat treated
below 1273 K, the cracks propagated in the interdendritic area, that
contained the FCC and the s phase. They reported that cracks
mostly terminated at the dendritic core regions, where the BCC
matrix is the major phase. It was remarked that heat treatment
above 1248 K would improve the mechanical properties, but no
evidences was shown in the mentioned study.

It is worth mentioning that no particular texture evolution was
observed during the deformation. This could be due to the domi-
nant brittle behavior of the alloy at room temperature that restricts
the amount of lattice rotation.

The histogram of the Kernel Average Misorientation (KAM) as a
function of stress are shown for both phases in Fig. 6. KAM is used
as a qualitative measure of local orientation changes, that is related
to geometrically necessary dislocations (GNDs) [23]. Especially for
the BCC phase, the KAM distribution shifted to higher values by
increasing the deformation. This indicates the raise in the density of
GNDs and accumulation of plastic strain in the BCC phase. Due to a
higher mobility of dislocations in the relatively more deformable
FCC phase, less plastic strain accumulation was observed for this
phase, as depicted in Fig. 6b. It is to be mentioned here that the BCC



Fig. 7. Misorientation profile of a) BCC phase, b) FCC phase.

Fig. 8. Engineering stress-strain curve obtained from the in-situ tensile test of the
alloy. The intermittent points are when the test was paused to characterise the
microstructure.

Fig. 6. KAM profile of the a) BCC and b) FCC phases as a function of stress during in-situ tensile deformation.
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phase is harder than the FCC phase and it is expected that the
harder phase should bear more stress and the softer phase should
carry more strain. Nevertheless, phase contiguity seems to play an
important role from the KAM distribution as the contiguous hard
BCC phase shows higher KAM indication higher dislocation density
and hence more microscopic strain than the non-contiguous soft
FCC phase. It is worth noting that, as shown in Figs. 4 and 5, mostly
the continuous FCC precipitates at the BCC grains boundaries are
those delaying the crack propagation. Consequently, increasing the
amount of continuous FCC precipitates at the grain BCC boundaries
(by altering the Al content in the composition [14] and heat treat-
ment [15]) may result in higher ductility withoutmuch reduction in
the strength of the alloy. This fact requires further investigations.

As depicted in Fig. 7, the misorientation profile for the FCC phase
shows a relatively large peak at around 60�. This peak is attributed
to the annealing twins that could occur in the FCC phase. After
deformation at room temperature, there is only slip dominated
deformation in the alloy. The decrease in twin boundary fraction is
due to the interaction of dislocations with the twin boundary,
which contributes to change in character of the twin boundary. The
absence of deformation twinning in low stacking fault energy (SFE)
FCC phase is attributed to the smaller grain size of the FCC phase in
the alloy. It seems that deformation twinning mechanism is not
activated for this alloy, since the peak height decreased by defor-
mation. The misorientation distribution of the BCC phase shows an
increase in fraction of low angle grain boundaries with stress
similar to the FCC phase indicating that the BCC phase also un-
dergoes a plastic deformation by slip.
3.3. After fracture

As depicted in Fig. 8, the tensile sample fractured at 935 MPa
and at around 1% of the total strain (Elastic (Young's) modulus of
162.5 GPa). This can be considered as a brittle fracture.

The fractography examination showed a typical brittle fracture
surface, as depicted in Fig. 9 aec, which was expected from a ma-
terial containing around 80% brittle BCC phase.

Only a few relatively small porosities were seen at the fracture



Fig. 9. Fracture surface of the heat treated AlCoCrFeNi alloy after in-situ tensile test; a) brittle fracture surface with river marks; b) brittle fracture surface at a higher magnification,
showing the phase distribution underneath the surface; c) high magnification micrograph of the fracture surface showing the cleavage planes; d) a porosity seen at the fracture
surface; e) EDS map of the porosity area.
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surface, which is represented in Fig. 9d. The phase separation is
clearly shown in Fig. 9e. This can imply the fact that the FCC phase
has been precipitated separately as a post-solidification phenom-
enon during the heat treatment.

4. Conclusions

The influence of secondary phase precipitation on the crack
initiation and propagation behavior of the AlCoCrFeNi alloy was
investigated using in-situ tensile test at room temperature inside a
high-resolution SEM. The following results were obtained:

� After the heat treatment of the AlCoCrFeNi alloy at 1273 K and
subsequent quenching, a dual phase microstructure consisting
around 79% BCC (Al and Ni rich) and 21% FCC (Cr and Fe rich)
phase was obtained. The FCC precipitates are mostly located at
the BCC grain boundaries. Co seemed to be distributed relatively
evenly between the two phases.

� Crack propagation mode in the heat-treated alloy was trans-
granular, which showed the toughening impact of the FCC phase
at the grain boundaries. Such a phase distribution worked as a
3D net of obstacles for crack propagation, leading to crack stop
or redirection or branching at the BCC grain boundaries.

� Evolution of the misorientation profile during the tensile
deformation showed an accumulation of plastic strain in the
BCC phase; at the same time, in the FCC phase, due to noncon-
tiguous nature the evolution of the density of GNDs was
marginal.
Crack initiation sites could be further analyzed using 3D mi-
croscopy at the BCC triple junction boundaries. Besides, there was a
very marginal increase in the fraction of the FCC phase in the field
of view during deformation. Such a phenomenon could be activated
at elevated temperature, which is currently under investigation. In
addition, to quantify the effect of phase fractions on the cracking
behavior of the alloy, it is worth investigating the other end of the
phase fractions in the microstructure of similar alloy with different
amount of Al, consisting a major FCC phase and a minor BCC phase.
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