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The paper concentrates on the prediction of damage behavior in BCC HEAs and its subsequent depen-
dence on intrinsic length scales. Size dependent plastic response is investigated using correlative
nanomechanical testing, high resolution microscopy and phase analysis. Hot forged multiphase
Al0.7CoCrFeNi HEA, comprising both face centered cubic (FCC) and body centered cubic (BCC) structured
phases were used. Phase characterization inside the BCC grains indicated spinodal decomposition
leading to a periodic arrangement of ordered B2 and disordered A2 phases. Room temperature nano-
indentation response in the BCC grain revealed appearance of repeated strain bursts occurring in a
random and stochastic manner. The observed plastic behavior was correlated to dislocation hardening
mechanisms arising from a combination of the spinodally modulated microstructure and order hard-
ening effects. Interestingly, in contrast to the commonly observed FCC to BCC transformations, certain
indents revealed a structural transition from BCC to FCC. The stress induced microstructural evolution is
discussed in terms of inherent compositional gradients and relevant defect-interphase interactions.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The term “high entropy alloys”, also known as multi-principal
element [1] or complex concentrated alloys [2,3], was introduced
by Yeh et al. [4e7], based on the hypothesis that the high config-
urational entropy would stabilize the solid solution phase over
competing intermetallic and elemental phases. They are ideally
defined as a set of five or more elements, which are in equal, or
near-equal, atomic ratios [2,8]. In the last decade, high entropy al-
loys (HEAs) have emerged as a new class of multicomponent
metallic alloys providing the opportunity of exploring the vast
compositional space in order to realize compositionally complex
materials with a combination of several unique and unusual
properties [2,9].

As per the original HEA design concept, phase separation was
regarded as an undesired phenomenon as it suggested that the
configurational entropy was insufficient for stabilizing a single
solid solution state. Specific concerns regarding phase separation
was the formation of potentially-embrittling intermetallic com-
pounds or that the partitioning of alloying elements would abate
Elsevier Ltd. All rights reserved.
the expected solid solution hardening effect [6,10]. In this respect,
several HEAs assuming a simple solid-solution structure, such as
face-centered-cubic (FCC), body-centered-cubic (BCC), and/or
hexagonal-close-packed (HCP) structures have been proposed
[8,9,11e13]. However, a number of studies indicate that entropy
stabilized single phase alloys are often hard to achieve and need not
be endowed by superior properties, thereby digressing from the
initially suggested phenomenon of the so called “cocktail effect”
(one of the four core effects supposedly active in HEAs) observed in
these class of alloys [3,10e15]. Formation of multiple phases in
HEAs is primarily owing to precipitation or decomposition mech-
anisms arising from compositional fluctuations, local stress/strain
heterogeneities, thermal-equilibrium behavior, and interatomic
interactions among the constituent elements [9,11,16e21].

Depending on their crystal structure HEAs can display different
mechanical properties. While the BCC-structured HEAs tend to
exhibit high yield strengths and limited plasticity, the HEAs dis-
playing an FCC structure are more ductile, highlighted by low yield
strengths and easier plasticity [9,22]. In light of the aforementioned
complications regarding manufacturing single-phase alloys,
exploitation in the field of multiphase HEA fabrication has led to
design of metastable multiphase alloy types that can overcome
strength-ductility trade off effects [23e25]. For instance, by varying
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the content of Al in AlxCoCrFeNi HEAs, a mixture of FCC and BCC
phases can be achieved that can theoretically possess the benefits
of a ductile FCC phase along with the strength increment imparted
by the BCC constituent phases [19,25,26]. However, considering the
multiphase HEAs to be a conglomerate of different phases
(comprising phase boundaries, precipitates, decomposed phases
etc.), complex physical interactions between individual phases/el-
ements during thermomechanical processing is an expected
outcome.

In order to accurately assess the mechanical performance of
multiphase HEAs and whether these class of alloys outperform the
conventional structural materials, it is imperative to draw insights
into the active physical mechanisms during deformation. In
particular the individual response of different crystal structures and
phases as well as the local strain compatibility effects across
different interphases present in these alloys. While a large body of
literature [3,6e8,15,27e29] is already dedicated to the micro-
structure control and design aspect of as-cast, homogenized and
wrought processed HEAs, there is still a need of more thorough
investigations probing into the subsequent effect of the micro-
structure and related strengthening behavior on the sub-micron/
microscopic as well as macroscopic deformation response in
these alloys. For instance, even though there are studies [22,30e32]
reporting the deformation behavior of FCC HEAs to ensue through a
combination of f111g110 planar slip and f111g112 mechanical
twinning, the deformation behavior of BCC HEAs is still not well
understood.

Another aspect influencing the deformation behavior in mate-
rials is their dependence on the length scale dynamics and asso-
ciated defect topology. In this context, understanding the size
effects on the mechanical response in HEAs is essential in order to
categorize the role of various intrinsic length scales as determined
by the dimensions of constituent phases on the generation and
motion of crystal defects, such as dislocations, grain/phase
boundaries etc. Unfortunately, only very few studies delve into the
size effect associated deformation behavior in HEAs, especially at
room temperatures [33e37]. Giwa et al. [33] performed micropillar
compression on the individual FCC and BCC phase constituents in
Al0.7CoCrFeNi HEAs. They reported that both FCC and BCC phases
show a size dependent strengthening effect. Moreover, the BCC
phases also revealed size dependent hardening behavior unlike the
FCC phase. This was attributed to overall larger lattice resistance
and Peierls barrier in the BCC HEAs. Nanoindentation investigations
in refractory BCC HEAs [38] also corroborate the aforementioned
phenomenon by reporting larger room temperature activation
volumes for plastic deformation in comparison to conventional BCC
alloys, resulting in relatively delayed plasticity in the former.
However, a definitive correlation between the above mentioned
small scale deformation response and the local microstructural
strengthening effects in BCC HEAs is largely unknown.

The current work presents a detailed insight into small scale
deformation response of BCC HEAs correlating the role of micro-
structure on local scale plasticity initiation and subsequent strain
accommodation. Room temperature nanoindentation experiments
are performed on the BCC phase in multiphase Al0.7CoCrFeNi HEA.
The plastic flow is highlighted by an unusual appearance of mul-
tiple randomly occurring serrations. The observed plastic response
and associated dislocation slip are discussed in light of spatial
distribution of constituent phases and associated hardening effects.
The observed trends serve as a significant advancement towards
understanding damage behavior in BCC HEAs.

2. Experimental procedure

Multiphase high entropy alloys with nominal composition of
Al0.7CoCrFeNi were prepared by arc-melting, followed by homog-
enization at 1250 �C for 50hrs and upset forging at the same tem-
perature resulting in a thickness reduction of 50% (as described in
Ref. [19]). The final thickness of the forged buttons was � 5 mm.
The resultant microstructure comprised of more than one phases
possessing either FCC or BCC crystal structures [39].

Scanning electron microscopy (SEM) and electron back scat-
tered diffraction (EBSD) techniquewere utilized for microstructural
characterization. SEM and EBSD measurements were made using a
Tescan Lyra dual beam (FEG-SEM/FIB) scanning electron micro-
scope equipped with a Hikari Super CCD camera used for acquiring
EBSD patterns. An accelerating voltage of 25 kV and current of
20 nA was used. A step size of 0.075 mm and hexagonal type of grid
was used. A binning of 2 x 2 was used for collection of Kikuchi
patterns using 640� 480 CCD camera resolution. For localized high
resolution EBSD mappings a step size of 0.05 mm and binning of 1 x
1was implemented. The acquired raw EBSD data was subsequently
analyzed using EDAX-TSL OIM™ Analysis 7 software and MTEX
Matlab toolbox [40]. Noise reduction was performed with a
threshold confidence interval of 0.2. The constituent phases were
determined by energy dispersive spectroscopy (EDS) using an
EDAX Octane Super EDS detector. In order to resolve the phase
compositions inside the BCC grain, EDS measurements were per-
formed with an accelerating voltage of 5 kV with the step width of
0.05 mm. However, it must be mentioned here that the limit of
spatial and depth resolution of X-rays for the present conditions is
realistically of the order of ~0.15 mm. EDS data collection and
analysis was performed using EDAX Team 4.5 software. Phase
fractions were determined from SEM images using ImageJ image
analysis software.

Nanoindentation measurements were carried out employing an
MTS Nano Indenter XP (MTS Nano Instruments, Oak Ridge, TN)
with a cube-corner tip using the continuous stiffness measurement
(CSM) technique. Load-controlled indentations were made inside
the BCC grain to a maximum depth of 500 nmwith a targeted strain
rate of 0:05 s�1, which corresponds to a maximum loading rate of
the order of 0:1mN=s. In order to calculate the strain rate sensitivity
in BCC-HEA grain interior, additional indentation were made at
different strain rates ranging from 10�2 to 10�4s�1. All measure-
ments were corrected for indentation drift, wherein the experi-
mental drift values were of the order of 10�3nm=s. Values of
hardness (H) and Young's modulus (E) were obtained from the
loadedisplacement data for the indentations using the
OliverePharr method [41,42].

3. Results

3.1. EBSD analysis and nanoindentation response in BCC-HEA grain

A single BCC HEA grain was selected for performing indentation
measurements. EBSD characterization were performed in and
around the selected BCC-HEA grain to obtain information regarding
the orientation and local strain induced due to the thermo-
mechanical treatment described previously. Fig. 1 provides the
EBSD analysis of one of the indented regions in the selected BCC-
HEA grain. The mapping represents the microstructure prior to
indentation. The mean grain orientations in IPF color coding are
shown in Fig. 1a. The interphase boundaries between FCC and BCC
grains are shown in white and the grain boundaries in black,
described by a threshold misorientation of 3�. The BCC grain
orientation can be described as [001] parallel to the viewing axis i.e.
surface normal. Nanoindentation tests were performed in different
locations in the same BCC grain as illustrated by the schematic and
inset SEM image showing three of such indents (c.f. Fig. 1a). Image
quality map in Fig. 1b reveals strong contrast variation in the



Fig. 1. a) EBSD inverse pole figure (IPF) mapping of the investigated BCC HEA grain in Al0.7CoCrFeNi alloy. The orientation of the grain is described by the [001] direction along the
viewing plane normal. A schematic of the indents (of depth 500 nm) made in the grain interior is additionally shown (similar indent profiles were also performed at other locations
in the same grain to assess the overall mechanical response of the grain), inset SEM image corresponds to the same indent profile; b) IQ map indicating large strain induced contrast
variations and substructure formation inside the BCC grain; c) Phase map separating the BCC (in green) and FCC (in red) grains in Al0.7CoCrFeNi HEA. BCC-FCC phase boundaries are
highlighted in white and other grain boundaries (misorientation larger than 3�) shown in black. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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interior of the BCC grain, indicating large strain accumulation and
sub-structure formation. Fig. 1c shows the phase map indicating
islands of FCC grains surrounding the investigated BCC grain. The
neighboring FCC grains show diverse orientations and are charac-
terized by primarily a strain free interior (c.f. Fig. 1a and b).

Fig. 2 shows the load-depth curves corresponding to in-
dentations performed in different areas of the same BCC-grain. All
indents were made far away from the BCC-FCC interphase bound-
ary (c.f. Fig. 1a) to avoid influence of the grain boundary on the
indentation response. The loading curves show reasonably good
reproducibility indicated by Fig. 2a. Fig. 2b display a magnified view
of the initial loading response for 2 randomly selected indents from
Fig. 2a, as a representation of the characteristic loading response of
the indented BCC grain. The loading curve is highlighted by a
typical elastic to plastic transition characterized by yield excursion
Fig. 2. a) Representative indentation load-displacement curves for four different indents ma
to plastic transition and subsequent small scale pop in events in the plastic loading regime co
agreement with a Hertzian type loading with a spherical contact.
event of a magnitude in the range of ~ 3e5 nm. The initial elastic
regime for both the indents in Fig. 2b agrees well with the Hertz
elastic contact solution, wherein the load ‘P’ varies linearly with
h1:5. Important to note is the small variations in the elastic to plastic
pop in load and the corresponding indentation depth for different
indents in the same grain. This effect, as will be discussed later, is
directly correlated to the resultant strain accumulation in the BCC
HEA grain due to the forging treatment. Loading in the elasto-
plastic regime is highlighted by multiple non-periodic nanometer
sized displacement bursts for all the indentation curves, high-
lighted by the black arrows in Fig. 2b. The serrated flow however
dampens at increasing indentation depths with fewer occurrences
of displacement bursts.
de inside the BCC HEA grain; Highlighted region is magnified in b) showing the elastic
rresponding to 2 randomly selected indents, the elastic loading region shows excellent
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3.2. EDS phase composition and fraction analysis inside the BCC-
HEA grain

Fig. 3 presents the EDS phase composition and fraction analysis
performed both inside the BCC-HEA Grain 1 as well as across the
BCC-FCC interphase. Fig. 3a shows the spatial distribution of Al, Co,
Cr, Fe and Ni inside the FCC and BCC grains. The BCC grain indicates
presence of two phases represented by different SEM image
contrast i.e. bright and dark regions. The phases exhibit an elon-
gated morphology and are arranged in a weave like pattern. The
bright phase shows a higher concentration of Cr atoms, whereas
the darker ones are rich in Al and Ni. These are known to be the
disordered A2 phase and ordered B2 phase [21,43e45], as high-
lighted in Fig. 3a, both of which crystallize in BCC structure. The Co
and Fe atoms tend to show a weak preference towards segregation
Fig. 3. a) EDS elemental maps showing spatial distribution of Cr, Fe, Co, Ni and Al and corre
phase and dark grey ones represent the ordered B2 phase; b) A2 phase size distribution an
in the A2 phases. The respective phase area fractions measured
were ~50% (±2.6%), with particle sizes for the A2 phase ranging
from 20 to 810 nm and a mean particle width of ~121 nm (standard
error (SE)¼ 0.46) (c.f. Fig. 3b).

3.3. Indentation induced phase transformation in BCC-HEA grain

EBSD phase analysis of the microstructure in the vicinity of few
of the indents made in the BCC-HEA grain interior showed in-
stances of newly formed FCC grains post indentation (c.f. Fig. 4a and
b). Compared to the mappings acquired prior to indentation, the
same region showed no traces of FCC grains (see inset image in
Fig. 4a), thus indicating such phase transformation must have
occurred during indentation. Out of the 9 indents made in the BCC
grain in Fig. 4a, 4 of them showed clear evidence of phase change
sponding SEM image of investigated area. White regions correspond to disordered A2
alysis.



Fig. 4. a) IPF map showing indents made in the BCC grain, with few of them indicating indentation induced BCC to FCC phase transformation. Inset image showing the same region
prior to indentation with no traces of FCC grains. BCC-FCC phase boundaries are highlighted in white and other grain boundaries (misorientation larger than 3�) shown in black; b)
Magnified IPF þ IQ map of the vicinity of Indent A, corresponding SEM and Forward scatter detector images showing distribution of A2 and B2 phases. BCC-FCC Phase boundaries
are overlaid with Kurdjumov-Sachs orientation relationship shown in red, with an angular deviation of ±5�; c) Indentation load-displacement curves for indents with and without
BCC-FCC phase transformation; d) Point to point misorientation profile across newly formed BCC-FCC phase boundaries, from point I to II. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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from BCC to FCC in the indent vicinity. When the IPF maps near the
indents are compared with the SEM and forward scatter detector
(FSD) images of the same region, it is revealed that these FCC grains
seem to arise from the disordered A2 parent BCC phase (c.f. Fig. 4b).

Comparing the indentation flow curves corresponding to an
indent with phase transformation (marked as A in Fig. 4a and c) and
one without (marked as B in Fig. 4a and c) indicates appearance of
distinct displacement burst events during the initial segment of the
load-displacement curve for indent A (see pop-in events high-
lighted by double-sided arrows in Fig. 4c), which are absent in the
indentation response of indent B. Misorientation analysis across the
newly formed phase boundary during indentation, indicates an
orientation relationship between the parent BCC grain and FCC
phase lying close to the Kurdjumov-Sachs (K-S) relationship
defined by the f111gFCC jjf110gBCC and <110> FCC jj<111> BCC
(see phase boundaries in red in Fig. 4b andmisorientation profile in
Fig. 4d). An angular deviation of ± 5� was considered.
4. Discussion

The present work investigates the plasticity behavior associated
with BCC phases in multiphase Al0.7CoCrFeNi HEAs at material
intrinsic length scales. By means of correlative nanoindentation
and EBSD/EDS analysis, a correlation between local mechanical
response and microstructure in BCC grain interior is established.
The results indicated interesting size effects on the plastic response
in the grain interior, which are not expected in typical room tem-
perature deformation response. The current section discusses in
detail the underlying mechanisms active during small scale plastic
deformation inside the BCC-HEA grain and associated influence of
dimensional constraints imposed by the local microstructure. In
particular the role of interphase boundary inside the BCC grain is
discussed in terms of deformation response.
4.1. Initiation of plasticity in BCC-HEA grain interior

The onset of plasticity typically corresponds to the first observed
yield excursion, which under a load-controlled indentation mani-
fests as displacement burst at a nearly constant load. Due to the
extremely small sized volumes probed during nanoindentation,
plastic yielding either corresponds to homogeneous nucleation of
dislocations or by means of heterogeneous activation of pre-
existing dislocation sources underneath the indenter tip. The
mode of plasticity initiation is determined by the relative difference
between indented volume (fR3, where R is the radius of the
indentation volume) during plastic yielding and the mean
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dislocation spacing 0d⊥0 in the region. In the case of 0R0 being smaller
than 0d⊥0, plastic yielding will occur via. homogenous nucleation of
dislocations, whereas in the opposite scenario plasticity is sug-
gested to be triggered by mobilization and/or multiplication of
already present dislocation sources [46e49]. In principal the
former will be expected to exhibit yielding at stresses close to the
‘theoretical shear strength’ of the material.

The BCC grain in the Al0.7CoCrFeNi HEA carried significant
plastic strain prior to indentation (c.f. Fig. 1b), whereby the initial
mean dislocation density (measured from local misorientation
data) in the grain interior was of the order of rGND � 1015 m�2.
Considering the dislocation spacing 0d⊥0 to be defined as 1� ffiffiffiffiffiffiffiffiffiffiffi

rGND
p ,

an average dislocation spacing of ~30 nm is obtained. Using the
Hertzian contact theory between a spherical tip and substrate in
the elastic regime, an estimate of the effective spherical contact
radius 0Reff

0 at the onset of plasticity in the BCC-HEA grain can be
determined by the following expression [50],

P ¼ 4
3
E*

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Reff h3

q
(4.1)

where P is the applied load at yield excursion defining the transi-
tion from elastic to plastic behavior, h is the instantaneous inden-
tation depth at the onset of the pop-in event, and E* is the reduced
elastic modulus given by: E* ¼ ½ð1� y2s =EsÞ þ ð1� y2i =EiÞ�

�1
. In the

reduced elastic modulus equation, vi¼ 0.07 and Ei¼ 1141 GPa are
the Poisson's ratio and Young's modulus of the diamond indenter,
respectively; vs¼ 0.25 and Es¼ 275 GPa are the Poisson's ratio and
the ‘indentation’ Young's modulus in the BCC-HEA grain, respec-
tively. An empirical fit of the load-displacement curve in the elastic
regime for indentation in the BCC grain interior (c.f. Fig. 2b) as per
Eqn. (4.1) gives an estimate of the value of R to be in the range of
160± 10 nm, which is approximately an order of magnitude larger
than the mean dislocation spacing 0d⊥0. This alludes to a case where
pre-existing dislocations beneath the indenter primarily contribute
to plastic yielding.

The suggested mechanism can be additionally validated by
determining the shear stress corresponding to the applied load at
the first pop in event. The resolved shear stress (tRSSÞ to initiate
dislocation slip during indentation can be expressed as [50,51],
Fig. 5. Experimentally measured first (elastic to plastic transition) pop-in loads for
different indents made in the same BCC-HEA grain.
tRSS ¼
�
0:47
p

� �
4E*

3R

�
2 =

3P
1 =

3 (4.2)

where P is the applied load corresponding to the first pop-in in the
bulk. Due to the spatial heterogeneity in the stored dislocation
densities (c.f. Fig. 1b) in the hot forged alloy (c.f. Fig. 5) the pop-in
loads corresponding to multiple indentations performed in
different parts of the same BCC HEA grain showed a large spread
ranging from 0.045 to 0.1mN. Substituting the experimentally
measured pop-in load values into Eqn. (4.2) the resolved shear
stress in the grain interior is obtained in the order of ~ G/20
(5.6 GPa) to G/24 (4.7 GPa), where G ¼ Es=2ð1þ nÞ is the shear
modulus in GPa. Comparing these values to the theoretical shear
strength, typically ranging between ~ G/5 e G/15, indicates plastic
deformation in the present case occurs at much lower stresses than
those needed to nucleate dislocations.
4.2. Hardening mechanisms and serrated plastic flow during
nanoindentation in the BCC-HEA grain

During plastic loading, indentation flow curves in the BCC-HEA
grain continue to exhibit abrupt displacement bursts of varying
magnitudes appearing at random intervals. Appearance of discrete
strain bursts in the plastic regime physically demonstrate a phe-
nomenon wherein dislocation motion occurs under significant
intrinsic resistance [52]. Apart from the conventionally observed
dynamic strain aging phenomenon due to solute impurity-
dislocation interactions, serrations could also arise from local
starvation of dislocation sources, mutual interference of dislocation
stress fields or presence of obstacles that retard dislocation motion,
such as statistically entangled dislocation configurations and
presence of interfaces (shearing of precipitates, grain boundaries
etc.) [53e55]. In all the above cases the motion of dislocations is
characterized as jerky, highlighted by intermittent periods of rapid
glide that manifest as displacement bursts in the loading curve.

Fig. 6a shows the distribution of displacement burst sizes Dh
with indentation depth in BCC-HEA grain 1. The statistics indicate a
highly stochastic behavior revealing no definitive trend. The
recorded burst sizes range from 2 nm to 22 nm. The plot clearly
indicates a concentration of discrete bursts at lower indentations
depths that with increasing loads seem to significantly reduce in
frequency and are more or less abated for depths larger than
400 nm. If it is assumed that each displacement burst physically
signifies a particular strain accommodation event then the char-
acteristic quantity, εP ¼ ln

�
ðhþDhÞ

h

�
(where h is the instantaneous

indentation depth) gives the measure of the accommodated plastic
shear strain. Fig. 6b shows the variation of plastic strain corre-
sponding to each burst event as a function of the instantaneous
indentation depth, wherein strain values can vary from 0.8% to 20%.
Assuming a singular displacement burst event is associated with
glide of a set of dislocations, each inducing an individual shear of
magnitude equal to the dislocation burgers vector b, the displace-
ment burst size Dh can be then roughly correlated to the number of
activated dislocations n for a singular event by the following
expression [51],

Dh ¼ n:b (4.3)

Concurrently the local plastic shear strain gP produced by such
dislocation motion for each pop-in can be equated to the accom-
modated true strain ε

P . The local plastic shear gP can be further
expressed as the sum total of individual shears borne by each
dislocation segment, using the Orowan equation,



Fig. 6. a) Variation of displacement burst sizes with the corresponding instantaneous indentation depth; b) Variation of strain accommodated for each burst event with respect to
the instantaneous indentation depth.
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ln
�ðhþ DhÞ

h

�
¼ gP ¼ n:b

L
(4.4)

where L is the mean slip distance a set of n dislocations need to
traverse to accommodate strain from one displacement burst.
Combining Eqns (4.3) and (4.4) an estimate of L is achieved in the
range of ~25e620 nm. Statistical analysis of the displacement and
strain bursts, provides a mean burst size of 5 nm and strain value of
4%. The corresponding mean value of L for all the observed pop-in
events can be then calculated as 125 nm.

In the present alloy, the indented body-centered cubic HEA
grain comprises of a Ni- and Al-rich ordered BCC phase (denoted as
B2 in Fig. 3a) interspersed with a disordered Fe- and Cr-rich BCC
phase (highlighted as A2 phase in Fig. 3a). These phases are known
to form during the solidification process, wherein the interden-
dritic regions solidify first as a disordered A2 phase and on further
cooling undergo spinodal decomposition to generate a modulated
microstructure with periodically arranged B2 and A2 phases in a
weave like morphology [21]. The heat treatment during homoge-
nization and hot forging further drives preferential segregation of
Ni and Al atoms in B2 phase, whereas the Fe and Cr elements form
alternating Fe-rich and Cr-rich regions in the disordered A2 phase.
It is well known that the tendency of formation and stability of
spinodal microstructures in the BCC grain is promoted by the
increasing content of Al in the HEAs [21,26,45]. The observed sta-
bility of the spinodal microstructure, even after long duration heat
treatment at high temperatures, is attributed to the relatively high
Al content in the investigated HEA [29,45]. Interestingly the mean
A2 particle size values shown in Fig. 3b are reasonably close to the
calculated mean dislocation glide length corresponding to each
strain burst observed during indentations in the bulk BCC grain.

In light of the aforementioned observations, it is suggested that
the observed staircase flow behavior is triggered by the resistance
generated by interfacial strengthening mechanisms between the
elastically stiffer B2 matrix and soft A2 phase, against the disloca-
tion motion. Fig. 7a gives a simplified illustration of the deforma-
tion behavior beneath the indenter tip. The BCC-HEA grain exhibits
a composite like microstructure wherein thewhite A2 phases act as
the plastically weaker zones compared to ordered B2 phase shown
in dark grey. As the indenter penetrates into the BCC grain (direc-
tion indicated by the blue arrow in Fig. 7a), it is expected that
dislocation activation and plastic deformation initiates primarily in
the A2 phases (lying underneath the indenter tip), whereby dislo-
cation glide can occur easily, manifesting as displacement bursts in
the indentation loading curve. These dislocations are depicted in
green with the forward stress component along the glide direction
shown by the green arrow (c.f. Fig. 7a). As the first set of mobilized
dislocation reach the A2-B2 interphase boundary, they experience a
back stress generated from the interfacial hardening (illustrated by
the retarded red dislocations with direction of back stress shown by
red arrow). Subsequently the load starts to increase rapidly until
local stresses become large enough to activate new dislocation
sources inside one or many of the A2 lamellae lying within the
plastically affected zone around the indenter, highlighted by the
dashed contours. The contour colors, in Fig. 7a, transition from
yellow to blue schematically indicating progressively decreasing
applied strain values on moving away from the indenter tip. These
new dislocations will glide freely inside the A2 phases until they are
again stopped at the interphase boundary. This process repeats as
the plastic deformation zone around the indenter becomes larger
and larger with increasing penetration depth, giving rising to a
staircase type yielding. As the applied load increases more and
more, it is likely that the local stresses become high enough in
certain regions to overcome the strengthening stress barrier such
that dislocations can now traverse though both the disordered and
ordered phases. This explains the observed dampening of serration
events at higher indentation loads or greater depths (c.f. Fig. 6). The
proposed deformation mechanism is experimentally validated by
the observations of high local strain zones present along the
interphase inside the BCC-HEA grain (c.f. Fig. 7b and c). Fig. 7b and c
also indicate that strain borne by the relatively softer A2 phase is
considerably higher than the ordered B2 matrix, owing to a rela-
tively resistance free dislocation motion in the former and subse-
quently greater dislocation activity. Cumulative misorientation
profile (with respect to point I in Fig. 7d) and kernel average
misorientation (KAM) gradients (c.f. Fig. 7d) inside the B2 phase
indicate a clear concentration of strain near the interface (KAM
values of 0.7�) and a nearly strain free interior in the B2 phase
(evinced by KAM values between 0.1� and 0.2�). The misorientation
between the interphase and phase interior are of the order of 0.4�.

The observed dislocation strengthening in the BCC grain is
attributed to combined effect of a spinodally modulated micro-
structure and order hardening effects. In principal the former
contribution induces hardening prior to dislocation shearing (at the



Fig. 7. a) Schematic illustrating plastic deformation in the BCC-HEA grain interior during indentation. White regions correspond to A2 phases and dark grey areas describe the
ordered B2 phases. The strain field due to the indenter is schematically shown by dashed contour lines moving from yellow near the indenter (high strains) to blue far away from the
indenter (low strains). Green arrows indicate the direction of applied shear from indentation that move dislocations in the plastic zone around the indenter. Red arrows indicate the
back stresses from spinodal and order hardening effects imposed on the dislocations, thereby blocking them at the A2-B2 interphase. h is the instantaneous indentation depth; b)
Kernel Average misorientation (KAM) map inside the BCC-HEA grain with threshold misorientation of 2� and using first nearest neighbor indicating strain accumulation in the A2
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A2-B2 interphase boundary), and the latter leads to hardening
during the shearing process of the ordered B2 phase. Typically the
larger of the two accounts for the overall hardening experienced
during plastic deformation. The forthcoming paragraphs discuss in
detail the individual contributions of these mechanisms.

Spinodal microstructures typically arise due to instability with
respect to a nonlocal compositional perturbation that is small in
degree (in comparison to concentration gradients for nucleation
and growth induced precipitation) but large in extent. Unlike in
conventional precipitation hardening mechanisms, the changes in
lattice misfit and shear modulus inducing parelastic and dielastic
strengthening, respectively, are much more gradual and periodic.
Thereby the effects of the increment on the local yielding strongly
depends upon amplitude of compositional fluctuation L and the
feature size of the spinodal structure, denoted as the wavelength l

[56e58]. By contrast to FCC spinodal alloys, wherein hardening is
primarily due to coherency strains, the compositional fluctuations
in BCC spinodal alloys can be significantly larger such that an
additional effect of modulus difference on hardening cannot be
neglected [59].

Kato formulated the respective contributions of lattice misfit or
coherency hardening and modulus hardening for BCC spinodal
microstructures [59]. By assuming a co-sinusoidal modulation in
the composition and an elastically isotropic material, the degree of
hardening due to lattice misfit effect 0Dsε 0 can be expressed as,

Dsε ¼ 0:5LhE
1� n

(4.5)

In the above expression, h corresponds to the variation in lattice
constant and is defined as [56e58],

h ¼ dðlnaÞ
dC

¼ da
a:dC

(4.6)

where a is the lattice constant and da
dC is the ratio of variation in

lattice parameter between the A2 and B2 phases over the relative
change in atomic concentration. A secondary hardening contribu-
tion 0DsG 0 manifests from the difference in shear modulus given as,

DsG ¼ 0:65DGb
l

(4.7)

whereDG is the difference in shearmoduli of the disordered A2 and
ordered B2 phases, b is the dislocation burgers vector. The resultant
hardening from spinodal decomposition 0Dsspinodal0 is therefore
expressed as,

Dsspinodal ¼ Dsε þ DsG (4.8)

In the HEA studied here, the lattice mismatch between the B2
and A2 phase is of the order of 0.5% and primarily depends upon the
composition of Al [60]. EDS analysis was used to obtain the
compositional fluctuation of Al between the A2 and B2 phases as
well as across the BCC-FCC interphase (c.f. Fig. 8a). The composi-
tional fluctuation of Al across the BCC grain showed a variation
between a minimum value of 6% in the A2 phase to a maximum of
25% in ordered B2 lamella. Subsequently the amplitude L for Al is
calculated as ~9.5% (c.f. Fig. 8b). Fig. 8b can also be used to obtain
the mean wavelength, defined by the total distance divided by the
number of Al compositional peaks, giving a value of ~117 nm. This is
reasonably close to the measured mean spinodal feature size of
phase and c) SEM image of the same region; d) Point to origin misorientation analysis and KA
strain in the core of the lamella and relatively higher lattice strain near the interphase. (For in
Web version of this article.)
121 nm. With respect to the difference in shear modulus, the single
crystal shear modulus 0GB2<100>

0 for B2-NiAl crystal oriented along
<100> (since the indented grain orientation is close to <100>) is
obtained directly from the value of c44 � 114 [61e63]. Using the
shear modulus 0Gindentation

0 derived from indentation modulus, Es
and Poisson ratio, vs and applying the rule of mixtures, we get

GA2<100> ¼ Gindentation �
�	
1� f A2



GB2<100>

�
f A2

¼ 94 GPa

(4.9)

Subsequently DG is estimated in the order of 20 GPa. It must be
noted here that in order to simplify the analysis, precipitates shape
effects is not considered in all of the above expressions.
Substituting the above values in Eqns. (4.6)e(4.8), gives an
approximate measure of spinodal strengthening Dsspinodal
~514MPa (Dsε ¼ 486MPa and DsG ¼ 28MPa). The values calcu-
lated indicate the spinodal hardening effects at the A2-B2 inter-
phase inside the BCC grain can be substantial.

Apart from spinodal hardening, the creation of antiphase do-
mains due to dislocation motion inside the ordered B2 phase
should result in additional lattice resistance against easy glide. An
approximate measure of the degree of order hardening in the
present alloy can be given as [58,64,65],

Dsordering ¼ 0:8*
gAPB
2b

"�
3pf
8

�0:5

� f

#
(4.10)

where gAPB is the antiphase boundary energy of B2-NiAl, with
values estimated 0.8 J/m2 [58], f is the volume fraction. Substituting
the required values in Eqn (4.10) gives the degree of Dsordering in the
range of ~340MPa. Comparing the hardening contributions from
ordering effects and spinodal decomposition, it can be deduced that
the dislocations experience the maximum resistance at the inter-
phase boundary i.e. hardening due tomisfit andmodulus difference
arising from the spinodal decomposition.

A direct measure of the degree of resistance to slip motion in
metals is themean volume of atoms required to activate dislocation
motion, also referred to as activation volume. Theoretically, greater
the resistance to dislocation motion, higher the activation volume
associated with initiation of plasticity. In the current work, activa-
tion volume V* in the BCC-HEA grain is calculated as [38],

V* ¼ kT
mtRSS

(4.11)

where m is the strain rate sensitivity experimentally measured by
plotting the variation of resolved shear stress for plasticity initia-
tion in the BCC grain to the applied strain rate, given by the rela-
tionship t f _εm (c.f. Fig. 9); k and T are the Boltzmann constant (J/K)
and temperature (K), respectively. Substituting the resolved shear
stress values corresponding to the strain rate of 0.01 s�1 in Eqn.
(4.11), indicate an activation volume in the range of ~5U, whereU is
equal to one atomic volume ðb3Þ. This is nearly 5e10 times larger
than activation volumes for pure metals at room temperatures that
are in the range of 0.5e1 U [38,66e69], indicating that activating
dislocation motion is relatively difficult in BCC-HEA grain owing to
the previously described hardening effects.

It must be noted that a positive strain rate sensitivity deter-
mined in the present case precludes dynamic strain aging (DSA)
M profile across a B2 lamella highlighted by a line between I and II, showing negligible
terpretation of the references to color in this figure legend, the reader is referred to the



Fig. 8. a) High resolution EDS line scan to configure compositional profile along A2 and B2 lamella and across the BCC-FCC phase boundary; b) Compositional fluctuations of Al and
Cr along the probed distance, shown in atomic percent. Both Al and Cr reveal modulated wave-like concentration profile, with their values being in antiphase to each other.
Compositional peaks of Al are further indicated by green arrows. Encircled areas show that the fluctuations can lead to the local Al content being quite similar in the BCC and FCC
grains. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. Logarithmic plot of resolved shear stress with respect to different applied strain
rates. The slope of the curve is used to determine the strain rate sensitivity m.

Fig. 10. SEM image of a cube corner indent made up to a depth of 2mm inside the BCC-
HEA grain, without any traces of crack nucleation.
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effects in correlation with observed serrations. However, the
aforementioned mechanism of dislocation pile-up at A2-B2 inter-
face due to spinodal hardening effects and preferential glide in A2-
BCC phases that give rise to stick-slip dislocation dynamics need
not necessarily be associated with negative strain rate sensitivity
(as in the case of DSA mechanism). On the other hand, considering
that the length scale of deformation during nanoindentation is
comparable to the scale of stress fluctuations resulting from the
aforementioned phenomenon, it is quite likely that these physical
mechanisms may manifest as serrations in the indentation load-
displacement curve. In fact, it has been shown previously that
dislocations shearing coherent precipitates can lead to serrated
flow behavior despite a positive strain rate sensitivity value
[55,70e72]. It must be further noted that unlike DSA phenomenon
where serrations would typically continue till the end of the
loading, the strain bursts in the present study dampen at increased
loads and larger indentation depths transitioning into a smooth
flow behavior.

The aforementioned values directly corroborate the high
strengths and difficult plasticity behavior exhibited by BCC HEAs,
which correlates to their abated macroscale damage resistance.
Also noteworthy is the influence of size dependent deformation in
ductility enhancement of BCC HEAs, wherein despite the high
locally induced strains (approx. 20e28%) by the cube corner
indenter, material fracture was not observed even for large inden-
tation depths (up to 2 mm) (c.f. Fig. 10).

4.3. Nano indentation induced local BCC to FCC phase
transformation

The results in the current work show evidence of indentation
induced phase transformation of BCC-A2 phase to FCC phase in
HEAs. Considering that all indentations were performed at room
temperature, a thermal origin of the observed phase trans-
formation is not feasible. This leaves the only possible pathway,
wherein the BCC crystal structure is transformed into FCC via.
displacive mechanisms. The fact that the orientation relationship
between the parent BCC grain and newly formed FCC phase agrees
with a K-S type relationship (c.f. Fig. 4b and d), further indicates
that the transformation is of martensitic origin i.e. shear induced.
Such local structural transformation can be triggered by local
elastic distortions generated owing to fluctuations in chemical
composition and stress concentration.

The indentation flow curves corresponding to the indents
associated with phase transformation showed additional pop-in
events recorded during the initial loading regime. The corre-
sponding resolved shear stress at onset of the highlighted burst
events for indent A (c.f. see double sided arrows in Fig. 4c), as
calculated from Eqn. (4.2), yield values of 4.3 GPa and 4.6 GPa
respectively. In comparison the local resolved shear stress value at
the onset of plastic deformation can be calculated from the load-
displacement curve for the indent not showing a phase trans-
formation (c.f. Indent B in Fig. 4c) as 5.6 GPa, which shows excellent
corroboration with values obtained in section 4.1.1. Interestingly,
the stress values associated with the highlighted pop-ins seen only
for the indentation leading to phase transformation (c.f. Fig. 4c) are
smaller than the critical resolved shear stress for plastic deforma-
tion, thereby suggesting activation of elastic strain accommodation
mechanisms by means of local volume change in the vicinity of
these indents. Furthermore, the excellent Hertzian dependence of
the loading curve even after the two displacement bursts (c.f.
Fig. 4c) suggests that indentation response during the pop-in
events was still in the elastic loading regime. Infact, the begin-
ning of plastic flow for the indentation in region A occurs at a later
stage as marked by black arrows in Fig. 4c. These observations
directly correlate with the concurrent microstructural evidence of
indentation induced local crystallographic phase transition from
BCC to FCC (c.f. Fig. 4a and b), which is also associated with a net
volume change.

The stability and formation of BCC structures in Al0.7CoCrFeNi
HEAs is chemically determined by the atomic fraction of Al, such
that with increasing Al content structural transformation from FCC
to BCC is favored. Previous studies [73,74] have shown such ten-
dency of the disordered BCC phase in Al0.7CoCrFeNi HEA to trans-
form into FCC during high temperature compression experiments.
In the current HEA, the BCC grain comprised of an Al-rich B2 phase
and an Al-deficient disordered A2 phase. EDS compositional anal-
ysis indicated that the local Al concentration in certain regions of
A2 phase can drop down to values similar to the composition
measured in the FCC grain (see encircled segments of the compo-
sition profile in Fig. 8b). This is owing to the long duration ho-
mogenization treatment as well as hot forging, wherein the
induced strain and thermal energy lead to significant segregation of
Al and Ni atoms in the B2 phase and simultaneously created regions
depleted in Al. The local decrease in Al content directly affects the
stability of the BCC phase, making these regions prone to structural
changes that may facilitate reversion into a more stable FCC phase.
In the present study the applied stress during indentation most
likely acts as a trigger to initiate the transformation of these
metastable BCC A2 phases into FCC. Considering that the A2 phase
is enriched with Cr, which is known to stabilize the BCC structure,
explains the non-ubiquity of the observed phase transformation. It
is possible that the probability of stress-induced transformation is
dependent upon the local stored strain and compositional fluctu-
ations of Al and Cr. The current results raise important questions on
the stoichiometry associated stability of BCC phases in Al0.7CoCr-
FeNi HEAs at room temperature. Further work regarding exact
quantification of the critical parameters triggering such trans-
formation as well as the role of chemistry and local stresses on such
events is underway.
5. Conclusions

Nano indentation induced microplasticity inside the BCC phases
in Al0.7CoCrFeNi HEAs is investigated in order to assess the influ-
ence of local microstructure on small scale plastic response. The
results highlight the role of defects during indentation strain ac-
commodation and also their subsequent contribution to damage
response. The following key conclusions were derived:

1. Onset of nanoscale plasticity inside the BCC grain in Al0.7CoCr-
FeNi HEA occurs by heterogeneous activation of pre-existing
dislocation sources underneath the indenter tip.

2. Plastic deformation in the BCC-HEA grain interior is character-
ized by multiple displacement bursts occurring in a random
manner. The bursts are correlated to the local interphase hard-
ening behavior due to the spinodally decomposed microstruc-
ture, whereby the deformation is concentrated in the disordered
A2 phase islands. The B2 phase additionally hardens bymeans of
order hardening mechanisms that further makes dislocation
motion in this phase difficult.

3. At higher indentation depths the observed serrations dampen,
owing to applied stresses being high enough in order to over-
come the strengthening stress barrier and initiated plasticity
homogeneously in both the A2 and B2 phases

4. Certain indents in the BCC grain interior showed shear induced
phase transformation to FCC crystal structure, owing to local
compositional fluctuations and high stress concentrations.
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