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ABSTRACT
This paper reports a dramatic increase in the grain boundary strengthening or Hall-Petch coefficient,
K, by systematically investigating the effect of Al addition on tensile yield strength in CoFeNi and
CoCrFeNi high entropy alloys (HEAs) or complex concentrated alloys (CCAs). Additionally, detailed
atom probe tomography (APT) revealed a high number density of Ni-Al rich nano-clusters in the
Al0.3CoFeNi and Al0.3CoCrFeNi HEAs/CCAs, which can be rationalized based on the strong chemi-
cal ordering tendency between these elements. Consequently, the huge increase in K value can be
attributed to the additional stress required for overcoming coherency strain fields arising from these
nano-clusters.

IMPACT STATEMENT
This paper reports that the Hall-Petch co-efficient (K) dramatically increase when Al is added to
CoFeNi/CoCrFeNi alloys. Such a trend is attributed to the ordering mediated nano-clustering in Al
containing HEA/CCAs.
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Introduction

While there has been an explosion in research on high
entropy alloys (HEAs) or complex concentrated alloys
(CCAs), there remain some fundamental gaps in the
understanding of the nature of the concentrated solid
solution in these alloys [1,2]. Wu et.al have investigated
the equi-atomic CoFeNi and CoCrFeNi HEA/CCAs [3].
Despite both these HEA/CCAs being single-phase FCC
in the solution treated and quenched condition, they
exhibited good mechanical properties [3,4]. However,
the literature suggests that their properties could fur-
ther be enhanced by adding elements like Al [5], Ti
[6,7], Cu [8,9], Mn [10]. Of all these elements, addi-
tion of Al and Ti, possibly due to their inherently larger
atomic radii, have been reported to result in the maxi-
mum enhancement in mechanical properties. However,
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the role of Al and Ti in solid-solution strengthening
of these HEA/CCAs remains somewhat unclear. Addi-
tionally, the same alloying elements also tend to intro-
duce chemical ordering in the face-centered cubic (FCC)
solid solution of CoCrFeNi based HEA/CCAs, leading
to further enhancement of their mechanical properties
due to the formation of strong intermetallic precipitates
[5,11–13].

While there are quite a few reports in the literature
on developing the Hall-Petch relation for CoFeNi, CoCr-
FeNi and Al0.3CoCrFeNi HEA/CCAs [4], there are no
reports for the Al0.3CoFeNi HEA/CCA. The typical Hall
Petch expression for tensile yield strength is given as:
σHP = σ0 + (K/

√
d) [14] where σ0 is the lattice friction

stress, K is the grain boundary (or Hall-Petch) strength-
ening coefficient, and d is the average grain size. Both
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the parameters, friction stress (σ0) and slope (K) are
likely to be dependent on the composition and the crystal
structure of the matrix phase. There is stark disagree-
ment in the published literature with respect to the val-
ues of σ0 and K values for many HEA/CCAs, including
Al0.3CoCrFeNi [15,16]. Therefore, in order to recon-
cile the data from earlier studies and to address incon-
sistencies, in the present study, Hall-Petch analysis has
been performed systematically on the four HEA/CCAs.
The conventional thermomechanical processing (cold
rolling and solution treatment) has been employed in
this study for appropriate comparison with other alloy
systems. Additionally, based on detailed transmission
electron microscopy (TEM) and atom probe tomogra-
phy (APT) investigations, a modified dislocation pile-up
model has been used for explaining theHall-Petch behav-
ior of the two Al containing HEA/CCAs, Al0.3CoFeNi
and Al0.3CoCrFeNi.

For this study, pre-alloyed bars of Al0.3CoCrFeNi,
Al0.3CoFeNi, CoCrFeNi and CoFeNi CCAs were obtai-
ned from ACI alloys, California. All the alloys were
homogenized at 1200°C/1 hr and cold rolled to 90%.
All the rolled samples were encapsulated in quartz tube
backfilled with Argon and then solutionized at different
time intervals and temperatures as per supplementary
Table S1. The solutionizing temperatures for the first set
(CoFeNi and Al0.3CoFeNi) and the second set (CoCr-
FeNi and Al0.3CoCrFeNi) of CCAs were chosen based
on CALPHAD simulated pseudo-binary phase diagrams
shown in supplementary Figs. S1(a) and S1(b), respec-
tively. Tensile specimens of dimensions, 5mm gauge
length, ∼1mm width and ∼0.8mm thickness were
machined from the solutionized samples of all four CCAs
using Kent Wire saw EDMWSI-200. Electron back scat-
ter diffraction (EBSD) was carried out using FEI-Quanta
Nova-Nano SEM 230. OIMTM software was used to pro-
duce Inverse Pole Figure (IPF) maps and to subsequently
obtain the average grain sizes from the EBSD scans.
The grain sizes were determined from EBSD using the
‘grain size (diameter)’ tool in the TSLTM OIM software.
This tool determines the grain size assuming equiva-
lent grain radius model. For all the alloys, annealing
twins were considered to be a part of the parent grain
and not as a separate grain. The supplementary Table
S1 summarizes the heat treatment times and tempera-
tures along with resultant grain sizes. Further, IPF maps
showing the various grain sizes produced via thermo-
mechanical processing of CoFeNi, Al0.3CoFeNi, CoCr-
FeNi and Al0.3CoCrFeNi, are represented in the sup-
plementary Figs. S2-S5, respectively. At least four ten-
sile tests were performed at strain rate of 10−3 s−1 for
each condition. TEM and APT lift-outs were prepared
using FEI Nova 200 dual-beam focused ion beam (FIB)

microscope. TEM foils were characterized using FEI Tec-
nai G2 F20 ST S/TEM, a transmission electron micro-
scope (TEM operating at 200 kV). APT was performed
usingCameca LEAP 5000XS 3DAtomProbeMicroscope
operating at a temperature of 30K, pulse rate of 200 kHz,
and a detection rate of 0.005-0.01 ion/pulse in lasermode
with laser pulse energy of 50 nJ. IVAS 3.8.4 software was
used to analyze the APT data.

The tensile engineering stress–strain curves for var-
ious grain sizes in CoFeNi, Al0.3CoFeNi, CoCrFeNi
and Al0.3CoCrFeNi CCAs are shown in Figures 1(a-d),
respectively. The corresponding linear fitted yield stress
vs 1/

√
d plots for these CCAs are shown in Figure 1(e).

The increasing trend in yield stress is consistent with
decreasing grain size for all four CCAs. Additionally,
all the alloys exhibited substantial strain hardening and
good ductility for all grain sizes. Further, based on the lin-
ear fittings (Figure 1(e)), the y-intercepts (σ0), and slopes
(K) were determined to be 157 and 541MPa

√
µm in

case of CoFeNi, and 151 and 1244MPa
√

µm in case
of Al0.3CoFeNi, respectively. Similarly, σ0 and K values
were found out to be 156 and 684MPa

√
µm for CoCr-

FeNi, and 149 and 1014MPa
√

µm for Al0.3CoCrFeNi,
respectively. The lattice friction stress(σ0) andHall-Petch
coefficient (K) for all four CCAs are listed in Table 1.
Comparing these Hall-Petch parameters for both base
alloys (without Al), CoCrFeNi and CoFeNi, with those
previously reported for the same alloys [14], while σ0
values are comparable for CoCrFeNi, the K value is sub-
stantially larger in the present case. With regards to
Al0.3CoCrFeNi alloy, there are extremely different values
of σ0 and K reported in the literature [15,16]. The values
of σ0 and K have been reported to be 95 and 824MPa√

µm in one case [15], while they have been reported
to be 193 and 15MPa

√
µm in the other case [16].

These previously reported values highlight the incon-
sistencies in the published literature with respect to the
Hall-Petch coefficients for the sameHEA/CCA. It should
be noted that, the lattice friction stress (σ0) values for
all four CCAs obtained in the current study are nearly
identical ∼150MPa. Interestingly however, the K values
for the CCAs containing Al, i.e. Al0.3CoFeNi (1244MPa√

µm) and Al0.3CoCrFeNi (1014MPa
√

µm) are sub-
stantially higher as compared to their counterpart base
alloys (without Al), CoFeNi (541MPa

√
µm) and CoCr-

FeNi (684MPa
√

µm). These remarkable increases in the
Hall-Petch coefficients (K), ∼130% in case of CoFeNi
and ∼48% in case of CoCrFeNi is clearly an outcome of
Al addition. However, the underlying rationale, associat-
ing these staggering increases in K values, due to Al addi-
tion is not evident. Therefore, detailed microstructural
characterization of all the CCAs was carefully carried out
using TEM and APT.
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Figure 1. Engineering Stress versus Plastic Strain plots for (a) CoFeNi, (b) Al0.3CoFeNi, (c) CoCrFeNi and (d) Al0.3CoCrFeNi CCAs. (e) Yield
Strength versus 1/

√
d plots for CoFeNi, Al0.3CoFeNi, CoCrFeNi and Al0.3CoCrFeNi CCAs.

Table 1. Lattice friction stress (σ 0) and Hall-Petch strengthening
co-efficient (K) values along with the grain size range for each
alloy.

Alloy σ 0 K Grain size (μm)

CoFeNi 157± 6 541± 34 23–205
Al0.3CoFeNi 151± 2 1244± 34 38–179
CoCrFeNi 156± 3 684± 50 23–149
Al0.3CoCrFeNi 149± 6 1014± 30 29–199

The results of the TEM and APT analysis for the base
alloys, CoFeNi and CoCrFeNi are shown in Figures 2 and
3, respectively. The Selected Area Electron Diffraction
(SAED) pattern recorded from [011] FCC zone axis is
shown in Figure 2(a). The SAED pattern does not reveal
any super lattice reflections which indicates the absence
of any secondary phases/ordering in the CoFeNi CCA.
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Figure 2. SAED pattern obtained from [101] Zone Axis for CoFeNi CCA. APT results for CoFeNi CCA: Reconstructed ion maps for (b) Fe
and (c) Ni. (d) Observed (solid line) and theoretical/binomial (dotted line) frequency distributions for Ni.

Besides, the ionmaps for Fe andNi fromAPT reconstruc-
tion shown in Figures 2(b) and (c), respectively suggest
a homogenous distribution of the elements. Further, fre-
quency distribution analysis for Ni ions was performed
on a 30× 30× 40 nm3 volume of the total reconstruc-
tion, and the resultant curves are shown in Figure 2(d).
In this plot, the dotted black line shows the theoreti-
cal/binomial Ni distribution while the solid back curve
shows the Ni distribution from CoFeNi APT dataset.
These curves do not reveal any statistically significant
non-random distribution. The SAED pattern recorded
from [011] FCC zone axis of CoCrFeNi CCA represented
in Figure 3(a) does not provide any evidence for sec-
ond phase precipitation/ordering in this alloy. Also, the
Ni and Cr ion maps from APT reconstructions, shown
in Figures 3(b,c), do not reveal any apparent compo-
sitional partitioning within the FCC phase. However,
the frequency distribution analysis (Figure 3(d)) per-
formed on a volume of 30× 30× 40 nm3 indicated a
non-random distribution for the Ni and Cr ions. Further,
cluster analysis was carried out using themaximum sepa-
rationmethod [17,18] onNi and Cr ions, since these ions

exhibited non-random distribution. Additionally, from
a thermodynamic standpoint, Ni-Cr pairs exhibit the
maximum affinity for mixing (�Hmixof ∼ −7KJ/mol)
as compared to Ni-Fe (�Hmix ∼ −2KJ/mol) and Ni-
Co (�Hmix ∼ 0KJ/mol) pairs. The binary interaction
parameter or regulation solution parameter for the vari-
ous binary pairs are listed in supplementary Table S2. The
3D reconstruction of Ni-Cr rich clusters obtained from
the volume of 30× 30× 40 nm3 is shown in Figure 3(e)
and composition of the clusters and matrix are shown in
Figure 3(f). It has to be noted that theNi-Cr rich domains
are referred to as clusters in APT terminology but are
actually short-range ordered domains according to ther-
modynamics, based on the preferential pairing of unlike
atoms.

The TEM and APT results from the Al-containing
CCAs, Al0.3CoFeNi and Al0.3CoCrFeNi are shown in
Figures 4 and 5, respectively. Similar to the base alloys
(without Al), CoFeNi and CoCrFeNi, the SAED pat-
tern shown in Figure 4(a), recorded using [011] FCC
zone axis, indicates a single-phase FCC microstructure
for the Al0.3CoFeNi CCA. Additionally, the Ni ion map
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Figure 3. (a) SAED pattern obtained from [101] Zone Axis for CoCrFeNi CCA. APT results for CoCrFeNi CCA: Reconstructed ion maps for
(b) Ni and (c) Cr. (d) Observed (solid line) and theoretical/binomial (dotted line) frequency distributions for Ni. (e) 3D reconstruction of
Ni-Cr rich clusters obtained via cluster analysis and (f ) Table listing the composition of the matrix and the Ni-Cr clusters.

(Figure 4(b)) from the APT data, appear to be homoge-
nous without any obvious signs of chemical partitioning.
However, the frequency distribution analysis revealed a
significant deviation from the binomial distribution for
Ni ions (Figure 4(c)) and therefore cluster analysis was
performed on Ni-Al pairs (�Hmix ∼ 22KJ/mol, Refer
Table S1), using maximum separation method. The 3D

reconstruction of Ni-Al rich clusters obtained from the
volume of 30× 30× 40 nm3 is shown in Figure 4(d) and
composition of the clusters and matrix are shown in
Figure 4(e). The size scale and volume fraction of clusters
are also shown on Figure 4(d). Similar to the other CCAs,
Al0.3CoCrFeNi exhibited a single-phase microstructure
as per the SAED pattern shown in Figure 5(a). Further,
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Figure 4. (a) SAED pattern obtained from [101] Zone Axis for Al0.3CoFeNi CCA. APT results for Al0.3CoFeNi CCA: (b) Reconstructed Ni ion
map and (c) Observed (solid line) and theoretical/binomial (dotted line) frequency distributions for Ni. (d) 3D reconstruction of Ni-Al rich
clusters obtained via cluster analysis and (e) Table listing the composition of the matrix and the Ni-Al clusters.

the Ni ion map reconstructed using APT data shown
in Figure 5(b) appears identical to the one obtained
for Al0.3CoFeNi (Figure 4(b)), without any noticeable
chemical inhomogeneity. However, the frequency distri-
bution analysis shows a significant deviation from the
binomial distribution for Ni ions (Figure 5(c)). Subse-
quently, cluster analysis was performed on Ni-Al pair

using maximum separation method. The 3D recon-
structed map of Ni-Al rich clusters obtained from the
volume of 30× 30× 40 nm3 is shown in Figure 5(d) and
composition for the clusters and matrix are shown in
Figure 5(e). The size scale and volume fraction of clusters
are also shown on Figure 5(d). In summary, the detailed
APT investigations revealed nano-scale clustering of Ni
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Figure 5. (a) SAED pattern obtained from [101] Zone Axis for Al0.3CoCrFeNi CCA. APT results for Al0.3CoCrFeNi CCA: (b) Reconstructed Ni
ion map and (c) Observed (solid line) and theoretical/binomial (dotted line) frequency distributions for Ni. (d) 3D reconstruction of Ni-Al
rich clusters obtained via cluster analysis and (e) Table listing the composition of the matrix and the Ni-Al clusters.

& Cr in CoCrFeNi and Ni & Al in Al0.3CoFeNi and
Al0.3CoCrFeNi CCAs. This further establishes the non-
random nature of the FCC solid solution phase consti-
tuting these CCAs. It should be noted that the CCAs
that exhibited clustering namely, CoCrFeNi, Al0.3CoFeNi
and Al0.3CoCrFeNi showed higher Hall-Petch Coeffi-
cient (K) values than that of CoFeNi which exhibited
a truly single-phase FCC microstructure, indicating a

significant influence of clustering on the determined K
values.

The Ni-Al rich domains found in this study are a
result of the thermodynamic driving force for ordering
between Ni and Al. The ordered domains could have
formed either during solutionizing treatment or water
quenching. In this study, high temperatures (>1100°C)
were employed for solution annealing treatments where
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entropic contribution to free energy is expected to be
dominant. Therefore, with increasing temperature in the
single FCC phase-field the SRO tendency will eventu-
ally be obviated by entropy. During water quenching, the
SRO is expected to develop and intensify with decreasing
temperature. Therefore, it is more likely that these SRO
domains formed during the process of quenching from
the high temperature single FCC phase field to room
temperature.

Assuming that these domains likely formed during
water quenching, and a simplistic case of Al diffusing
in Ni, diffusion distance calculations have performed to
understand the length scale involved in the formation of
these domains using the following equations:

x = √
Dt

D = Doe
−Q/RT

where x is the diffusion length, t is time, D is the diffu-
sivity at a temperature T, Do is the diffusivity at infinite
temperature, Q is the activation energy and R is the gas
constant. The Do and Q values were taken to be 1 cm2/s
and 260 kJ/mol, which were determined for Al diffusiv-
ity in Ni in a temperature range of 919–1212K [19]. The
diffusion lengths were calculated for a temperature range
of 800°C-200°C and are tabulated in supplementary table
S3. The maximum temperature of 800°C was chosen to
have a significant thermodynamic driving force for SRO
formation and a minimum temperature of 200°C was
chosen to allow significant diffusion. It can be observed
form this table that the formation of ∼4 nm diameter
Ni-Al rich clusters as observed in APT is quite possi-
ble during water quenching the solid solution to room
temperature. Based on this argument, the holding time
at solutionizing temperature is not expected to influence
the size and inter-domain spacing of the SRO domains.
Therefore, we would not expect a change in inter-domain
spacing for different grain sizes in the same alloy.

Further, an attempt has been made to understand
the factors influencing the Hall-Petch coefficient (K)
using a dislocation pileupmodel proposed by Armstrong
[20,21].

σy = σ0 + K
1√
D

K = m

(√
msπGbτc

2α

)

where α = (2(1 − ν)/(2 − ν)); m, Taylor factor = 3.06;
ms, Sachs orientation factor = 2.2; G, ν and b are the
shear modulus, poissons ratio and magnitude of Burgers
vector, respectively. The values of G, ν for CoFeNi and

CoCrFeNi were adopted from Yoshida et.al. [4] and are
assumed to be the same for Al-containing counterparts.
The values of Burger’s vector was taken as ∼0.253 nm
based on the FCC lattice parameters obtained fromXRD.

According to the dislocation pileup model, grain
boundaries tend to act as obstacles to the dislocations
moving in a slip plane. If a dislocation source is assumed
to be at the center of the grain, dislocation pileups of
length equal to D/2 (D is the grain diameter) are formed
against the grain boundaries. The pileup process contin-
ues until the net resolved stress (τ ) ahead of the pileup
reaches a critical value (τ c). At this moment, i.e. when
net τ ≥Z τ c, the neighboring grain starts yielding which
marks the onset of plastic deformation in the material.
In other words, τc is the critical resolved shear stress that
is required to transmit the deformation from an already
deforming grain to a neighboring grain [22]. This trans-
mission occurs by the activation of a new dislocation
source ahead of the pileup in the neighboring grain [23].
Therefore, it can be understood that the value of criti-
cal resolved shear stress parameter, τ c is determined by
the initial microstructure of the material. The calculated
τ c values for all the four alloys are listed in Table 2.
It can be observed that τ c values in Al0.3CoFeNi and
Al0.3CoCrFeNi are far higher than in CoFeNi and CoCr-
FeNi. Using the τ c values, resolved shear stress (applied)
to overcome grain boundary barrier, τa can be back cal-
culated using the equation below [20,24]:

τc ≤ 2αDτ 2a
msπGb

where, D is grain diameter which is taken as 20 μm for all
alloys. The calculated τa values are tabulated in Table 2.
Clearly, the τa values are higher in case of Al contain-
ing alloys. Interestingly, the increase in τa values can
be understood in terms of the coherency strengthening
caused by Ni-Al rich clusters. The strengthening from
short-range ordering (SRO) has been estimated using the
coherency strain field equation given below [12,25]:

σC = 4.1G.(ε)3/2
(
rf
b

)(1/2)

where ε = (�a/a) is the constrained lattice mismatch
between cluster and the matrix, r is the radius of cluster
and f is volume fraction of clusters. The calculated con-
tributions are 125MPa for Al0.3CoFeNi and 31MPa for
Al0.3CoCrFeNi. For comparison, coherency stress caused
by L12 precipitates in an FCCmatrix in an austenitic steel
has been calculated based on the reported lattice mis-
fit strain of 0.42% [26]. For similar radius and volume
fraction of ∼2 nm and 12%, the coherency stress was
calculated to be ∼60MPa. However, it has to be noted



MATER. RES. LETT. 221

Table 2. Calculated critical shear stress (τc), coherency strengthening, resolved shear stress for over-
coming grain boundary barrier (τa), and predicted τa.

Alloy τc (MPa)
Coherency stress
(σcoherency , MPa)

Coherency
shear stress

(τcoherency , MPa)
Calculated
τa (MPa)

Predicted τa
((τa)CoFeNi/CoCrFeNi +

τcoherency , MPa)

CoFeNi 296 – – 39.5 –
Al0.3CoFeNi 2744 119 41 90.8 80.5
CoCrFeNi 567 – – 50 –
Al0.3CoCrFeNi 1310 29 10 74 60

that order strengthening which arises from the energy
involved in shearing the ordered domains (anti-phase
boundary energy) is a dominant strengthening mecha-
nism as the domains are ordered precipitates in the FCC-
L12 case.Nevertheless, the coherency stress caused byL12
precipitates in FCCmatrix is in agreementwith the values
calculated in the current study. Further, the coherency
stresses can be converted to shear stress using the Taylor
factor, which yields 41 MPa for Al0.3CoFeNi and 10MPa
for Al0.3CoCrFeNi. Adding the coherency shear stress
to the applied shear stress of CoFeNi/CoCrFeNi gives
80.5 MPa (39.5+ 41 MPa) for Al0.3CoFeNi and 60 MPa
(50+ 10 MPa) for Al0.3CoCrFeNi. These values are in
reasonable agreement with the τa values back-calculated
from τc.

In summary, Hall Petch analysis has been conducted
on four FCC based CCAs namely CoFeNi, CoCrFeNi,
Al0.3CoFeNi and Al0.3CoCrFeNi in order to investigate
the effect of Al content on the Hall-Petch parameters, σ 0
andK. From the derivedHall-Petch expressions, it is clear
that increasing Al content has a significant effect on the
Hall-Petch coefficient (K) but not on the friction stress
(σ 0). The underlying reasons have been studied using
advanced characterization techniques like TEMandAPT.
Nano clusters of Ni-Cr were found in CoCrFeNi and
Ni-Al were found in Al0.3CoCrFeNi and Al0.3CoFeNi
CCAs. Further, a modified version of dislocation pile-up
model has been used to model the contribution of Ni-
Al rich clusters to the observed increments in Hall-Petch
coefficient (K).
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