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A B S T R A C T

This study focuses on a quantitative analysis of dislocation accumulation after cold plastic deformation and
mechanical properties of FeNiCoCrMn and TiNbHfTaZr high entropy alloys (HEAs) which are single phase fcc
and bcc solid solutions, respectively. In order to study the role of compositional complexity from unary to
quinary compositions on dislocation accumulation and mechanical properties after plastic deformation, the
single solid solution phase forming sub-alloys of the two HEAs were investigated. All studied samples revealed a
large plastic deformability under cold-rotary swaging process by 85–90% area reduction without intermediate
annealing. The dislocation density of all studied samples, determined by Williamson-Hall method on synchrotron
X-ray diffraction patterns, were between 1014 - 1015 m−2 dependent on the alloy composition. The level of
dislocation density after plastic deformation is not only affected by the number of constituent element but the
lattice distortion and intrinsic properties in terms of stacking fault energy, modulus misfit, and melting point also
impact the dislocation storage. The level of dislocation density determines the level of mechanical properties
because of a resistance to dislocation motions. The hardness and yield compressive strength of the studied
samples are proportional to the level of dislocation density.

1. Introduction

Nowadays “High entropy alloys (HEAs)” are becoming a common
term in the metallurgy world because their microstructure and unique
properties have attracted a lot of attention in the scientific research and
industrial application [1,2]. HEAs, firstly proposed by two independent
research works in 2004 [3,4], are generally known to form a single solid
solution phase with relatively simple crystal structure, such as face-
centered cubic (fcc) structure, body-centered cubic (bcc) structure as
well as hexagonal close-packed (hcp) structure in which different atom
species are randomly placed. Alloying strategy for HEAs is based on
entropic stabilization associated with multiple major constituent ele-
ments in near- or equi-atomic ratio. This strategy is different from
conventional alloys that generally consist of one major element with or
without minor alloying elements. Early publications of HEAs suggested
that high configuration entropy leads to a microstructure stabilization

[1]. In fact, it has been recently reported that many HEAs consist a
meta-stable phase and the solid solution phase is not stable at all
temperature [2]. However, a solid solution phase plays a main role in
their unique properties, especially mechanical properties such as high
strength and excellent fracture toughness due to a mutual interaction
between multiple major elements of HEAs [5,6].
The mixing of different atom species in the solid solution causes

special features, such as lattice distortion and sluggish diffusion. It is
often suggested that the high strength of HEAs is mainly a result of solid
solution hardening associated with compositional heterogeneity [7,8].
Due to the absence of intermetallic compound, HEAs demonstrate
outstanding ductility, and high malleability [9]. This allows significant
improvement of strength for the HEA by cold work hardening. For
example, yield strength of fcc-structured FeNiCoCrMn HEA increases
from 200 MPa to 1000 MPa by 50% cold working [10]. It is a result of
an assumption that a high degree of compositional heterogeneity has a
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great important role in impeding dislocation motions during plastic
deformation [7]. The deformation mechanism of HEAs is expected to be
different from conventional concentrated solid solution alloys. Many
studies in literatures demonstrated that the plastic deformation of HEAs
is facilitated by conventional deformation mechanism e.g. dislocation
gliding and/or twinning [11,12]. For instance, in fcc FeNiCoCrMn HEA,
the planar glide of a/2<110>dislocations on {111} planes dominate
the early stage deformation at a broad range of temperature (77–873K)
[13]. However, the quantitative analysis on dislocation accumulation in
HEAs are limited in literatures. In order to understand the deformation
behavior and mechanical properties of HEAs, the level of dislocation
density is needed to be correlated with the role of compositional
complexity.
Due to high malleability, good microstructure and thermal stability

[7], many series of HEAs are produced by conventional solid-state
synthetic methods and fabrication routes [14]. This advantage lead to
wide-ranging studies on an interplay between microstructure and
properties of HEAs [1]. The rotary swaging is a conventional plastic
deformation process and widely used for practical applications, such as
drive shafts of automobile components [15]. The rotary swaging gives
many advantages, e.g. near-net-shape profiling, good surface finish and
high-throughput mass production, which lead to cost-effective pro-
duction. During the swaging process, the oscillating movement of the
dies with a high frequency facilitates high plastic strain in a single
processing step. This prevents brittle failure at early stage deformation
and enables higher accumulation of plastic strain [14]; therefore, the
rotary swaging is a good option to be used for a study in a work
hardening of HEAs.
In this work, the dislocation density after plastic deformation was

evaluated for fcc-structured FeNiCoCrMn and bcc-structured
TiNbHfTaZr HEAs in a relation to their mechanical properties. In order
to study the compositional complexity dependence of dislocation for-
mation and accumulation during the cold working process, the single
solid solution phase samples composed of different number constituent
element(s); unary, binary, ternary, quaternary and quinary composi-
tions were also investigated.

2. Experimental procedure

2.1. Sample preparation

The ingots of fcc-structured Fe-Ni-Co-Cr-Mn family alloys (equia-
tomic FeNiCoCrMn, FeNiCoCr, FeNiCo, FeNi alloys and pure Ni) and
bcc-structured Ti-Nb-Hf-Ta-Zr family alloys (equiatomic TiNbHfTaZr,
TiNbHfTa, TiNbHf, TiNb alloys) were fabricated by arc-melting the
mixture of pure elements (purity higher than 99.9 wt%) and re-melted
at least 3 times to ensure chemical homogeneity under a Ti-gettered
high-purity argon atmosphere. As-received 2 mm diameter niobium rod
was investigated for a comparison with the bcc-structured samples.
These master ingots were subsequently transferred to an in-house built
cold crucible levitation melting device for drop-casting into water-
cooled copper mold of 6 mm diameter cylinder form. The cast rods were
encapsulated in an evacuated and Ar backfilled quartz ampoules before
homogenization (fcc samples: 1273 K for 12 h and bcc samples: 1373 K
for 40 h) followed by water quenching. The homogenized rods were
then subjected to rotary swaging process (HMP Heinrich Müller
Maschinenfabrik GmbH.) at room temperature. The rods were cold-
swaged by about 19% reduction of cross-sectional area per step until
approximately 85% reduction of cross-sectional area for the fcc alloys
and approximately 90% reduction for bcc alloys.

2.2. Evaluation of dislocation density

The dislocation density after cold swaging was examined by
Williamson-Hall [16,17] and Williamson-Smallman methods [18] on
the synchrotron X-ray diffraction patterns. The high energy synchrotron

X-ray generates can penetrate deeper through the as-swaged 2 mm rods
in order to yield a high statistic with the large number of data set and
the short wavelength permits the study on a local structure [19]. High
energy synchrotron X-ray diffraction patterns was captured in trans-
mission geometry with E = 60 keV (λ = 0.2067150 Å) and
Qmax = 12 Å−1 (Q = 4πsinθ/λ)at High Resolution Powder Diffraction
Beamline P02.1 of the DESY in Hamburg, Germany. The crystallite size
(Dv) and lattice strain (εstr), which are two main sources contributing to
peak broadening, can be calculated by Williamson and Hall equation as
defined by the following equation:

Δβ = βD − βinst = βsize + βstrain (1)

Δβcosθ = λ/Dv + 4εstr(sinθ) (2)

where βD is an integral breadth of Bragg peak, and βinst, βsize and βstrain
are the integral breadths dependent on instrumental, crystallite size and
strain effects, respectively. The instrumental broadening (βinst) was
measured using LaB6. From equation (2), the Williamson-Hall plot can
be plotted between (βD − βinst)cosθ and 4sinθ. The lattice strain (εstr)
and grain (crystallite) size (Dv) were derived from the slope and the y-
intercept of the linear fit, respectively. The value of the lattice strain
was used to evaluate the dislocation density (ρ) using the following
equation of Williamson and Smallman [18];

=
b

k
2

2 (3)

where b is the magnitude of the Burgers vector and k is a constant value.
The plastic deformation in the fcc-structured FeNiCoCrMn HEA is ob-
served to occur by planar dislocation glide on the normal fcc slip
system, {111}<110> [11].It leads to an assumption that slip in all
studied fcc-structured samples takes place in {111} octahedral planes
and< 110>directions. For the studied fcc-structured samples,
k = 16.1 is used for the calculation. In the bcc-structured TiNbHfTaZr
HEA, it seems clear that plastic deformation mechanism at room tem-
perature is similar to that of the conventional bcc metals where the
motion of screw dislocation with b = a/2<111>Burgers vector is
dominant [12]. The k value for the calculation in all studied bcc-
structured samples is 14.4.

2.3. Mechanical properties

The mechanical properties were determined by micro Vickers
hardness (Shimadzu HVM-2000) and compression test (Instron 5869).
The microhardness was examined with applied test load of 200 g for
10 s. The value of hardness for each sample was averaged from at least
15 indents. For the compression test, the test specimen in a form of
cylindrical rod with height to diameter ratio of 2:1 was compressed at a
strain rate of 5 × 10−4 s−1. The strain was measured by a laser ex-
tensometer (Fiedler Optoelektronik).

3. Results and discussion

3.1. Dislocation density after cold working

3.1.1. fcc phase Fe-Ni-Co-Cr-Mn family alloys
Fig. 1(a) presents the high energy synchrotron X-ray diffraction

patterns of fcc Fe-Ni-Co-Cr-Mn family alloys after 85% area reduction.
The XRD patterns of all as-swaged fcc samples demonstrate a single fcc
structure phase. The XRD peak positions are shifted to low angle of 2θ
with alloying from unary to quinary compositions, indicating an ex-
pansion of the lattice parameter. The lattice parameters of the Ni, FeNi,
FeNiCo, FeNiCoCr and FeNiCoCrMn were determined as 3.5210,
3.5834, 3.5695, 3.5709 and 3.5931 Å, respectively. Williamson-Hall
plot calculated by integral breadths and 2θ positions of the reflection
planes (111), (002), (022), (113), (222), (004), (133), (024), (224),
(115) and (004) is presented in Fig. 1(b). The crystallite (grain) size and
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lattice strain were extracted from the plot and summarized in Table 1.
The grain size for the deformed fcc-structured samples were very fine
between 78 and 156 nm due to a large degree of cold deformation. The
magnitudes of the lattice strain (εstr) were 0.104, 0.160, 0.163, 0.266
and 0.220% for Ni, FeNi, FeNiCo, FeNiCoCr and FeNiCoCrMn speci-
mens, respectively.
According to equation (3), the dislocation density after cold-swa-

ging is calculated by the values of the lattice strain. The dislocation
densities of the samples after 85% area reduction were summarized in
Table 1 and Fig. 2. The dislocation densities of the Ni, FeNi, FeNiCo,
FeNiCoCr and FeNiCoCrMn samples were 0.28 × 1015, 0.64 × 1015,
0.67 × 1015, 1.78 × 1015 and 1.20 × 1015 m−2, respectively. This
calculation for dislocation density of the FeNiCoCrMn HEA and its sub-
alloys in this study seems reliable because these magnitudes of dis-
location density are within the range of the reported values between
1015 - 1016 m−2 for pure metals and conventional alloys after plastic
deformation [18].
Our previous study demonstrated that the dislocation accumulation

during plastic deformation is related to the compositional complexity
and stacking fault energy of alloys [21]. It can be seen from Fig. 2 that
the increase in compositional complexity increased the level of dis-
location density. An increase in compositional complexity enhances
point defects and the atomic-level heterogeneity. These obstacles im-
pede dislocation movement and thus facilitate dislocation accumula-
tion. Besides the compositional heterogeneous, the lattice distortion is
often considered in an issue of the interaction between defects and
dislocation. However, a recent report presented that the lattice of the
FeNiCoCrMn HEA is not severely distorted and similar to Ni metal in

the level of distortion [22,23]. In order to anticipate the level of lattice
distortion, the atomic size misfit can be determined the lattice distor-
tion [23]. The atomic size misfits of the studied fcc alloys are small in
the range of 0.6–1.2% because of similar atomic sizes of their con-
stituent elements. As the result, the role of lattice distortion has a
minimal impact on the dislocation accumulation for the fcc-structured
samples. Moreover, the alloying decreases in stacking fault energy
(SFE) that determines the level of dislocation storage [24]. The low
stacking fault energies leads to a large degree of dislocation dissociation
and a difficulty of cross-slip and climb of dislocation [24]. The values of
stacking fault energy for the studied fcc-structured samples are col-
lected from previous experimental and computational studies [23]; 120
- 130 mJ/m2 of pure Ni, 79 mJ/m2 of FeNi, 31 mJ/m2 of FeNiCo,
25 mJ/m2 of FeNiCoCr and 18 - 27 mJ/m2 of the FeNiCoCrMn HEA.
The quaternary FeNiCoCr and quinary FeNiCoCrMn alloys can accu-
mulate larger dislocation density during the plastic deformation be-
cause of their relatively lower SFE values.
As shown in Fig. 2, a significant change in the dislocation density

between the ternary FeNiCo alloy and the quaternary FeNiCoCr alloy
was observed. This is due to the addition of Cr which shows relatively
higher elastic modulus among the constituent elements. The values of
the shear modulus (G) for the FeNiCoCr (87 GPa) and FeNiCoCrMn
(84 GPa) are relatively higher than the other samples (76-78 GPa), as
presented in Table 1. One point can be mentioned that the dislocation
density in the FeNiCoCrMn HEA is smaller than in the quaternary Fe-
NiCoCr alloy; it is against the expectation because of higher composi-
tional complexity and lower value of SFE in the FeNiCoCrMn HEA.
After Mn addition to the FeNiCoCr alloy, the melting point of

Fig. 1. (a) High energy synchrotron X-ray diffraction patterns and (b) Williamson-Hall plots of the as-swaged fcc Fe-Ni-Co-Cr-Mn family samples.

Table 1
Lattice parameters (a), crystallite size (Dv), lattice strain (ε), dislocation density
(ρ), shear modulus (G), melting point and homologous temperature (T/Tm;
T = 298K) of the as-swaged fcc Fe-Ni-Co-Cr-Mn family samples and the as-
swaged bcc Ti-Nb-Hf-Ta-Zr family samples.

Alloys a (Å) Dv (nm) ε (%) ρx
1015

(m−2)

G** (GPa) Tm (K) T/Tm

Ni 3.521 98 0.104 0.28 76 1728 [6] 0.173
FeNi 3.583 93 0.160 0.64 78 1703 [6] 0.175
FeNiCo 3.570 125 0.163 0.67 77 1713 [6] 0.174
FeNiCoCr 3.571 78 0.266 1.78 87 1693 [6] 0.176
FeNiCoCrMn 3.593 156 0.220 1.20 84 1562 [6] 0.191
Nb* 3.298 116 0.170 0.510 38 2750 [20] 0.108
TiNb 3.281 137 0.211 0.794 41 2346** 0.127
TiNbHf 3.370 185 0.358 2.167 37 2399** 0.124
TiNbHfTa 3.355 152 0.350 2.089 45 2622** 0.114
TiNbHfTaZr 3.398 120 0.412 2.823 43 2524 [6] 0.118

*As-received rod, **Calculated by the rule of mixture and melting temperature
of each constituents obtained from reference [20].

Fig. 2. Dislocation density accumulation in the as-swaged fcc Fe-Ni-Co-Cr-Mn
family samples.
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FeNiCoCrMn is dropped to 1562 K from 1693 K of FeNiCoCr alloy. The
significant decrease in melting point of FeNiCoCrMn HEA leads to a
large difference in homologeous temperatures between the FeNiCoCr
and FeNiCoCrMn alloys. The homologous temperature relates to a level
of thermal energy available during the deformation. All samples were
deformed at room temperature (T = 298 K), but at different homo-
logous temperatures (T/Tm) due to their different melting temperature
(Tm). Ni, FeNi, FeNiCo and FeNiCoCr have similar melting temperature
ranging between 1693 and 1728 K, while that of the FeNiCoCrMn HEA
is 1562 K, as listed in Table 1. The higher homologeous temperature
allows larger level of thermal energy available in the FeNiCoCrMn HEA
during the deformation. During cold plastic deformation of the FeNi-
CoCrMn HEA, larger level of thermal energy available in the sample
promotes a more chance for dislocations motions to overcome the lat-
tice resistance and move easily. The ease of dislocation motions in the
FeNiCoCrMn HEA results in lower level of dislocation storage than the
FeNiCoCr alloy. The other parameters (compositional complexity,
atomic size misfit, SFE and shear modulus) involved in a determination
of dislocation accumulation are not significantly different and can be
considered to give a minimal effect on a decrease in dislocation density
of the FeNiCoCrMn HEA.

3.1.2. bcc phase Ti-Nb-Hf-Ta-Zr family alloys
The synchrotron XRD patterns of the as-swaged bcc Ti-Nb-Hf-Ta-Zr

family samples in Fig. 3(a) show the formation of a single body-cen-
tered cubic (bcc) structure phase for all studied samples. The lattice
parameters were calculated as 3.298, 3.281, 3.370, 3.355 and 3.398 Å
for Nb, TiNb, TiNbHf, TiNbHfTaZr, respectively. Fig. 3(b) shows the
Williamson-Hall plot using integral breadths and 2θ positions of re-
flection planes (011), (002), (112), (022), (013), (222), (123), (033),
(114), (024), (223) and (224). The lattice strain and grain size, which
were interpreted from the Williamson-Hall plot, are listed in Table 1.
All bcc-structured samples exhibited very fine grain sizes ranging be-
tween 116 and 185 nm due to the heavy deformation. The values of the
lattice strain were determined as 0.170, 0.211, 0.358, 0.350 and
0.412% for Nb, TiNb, TiNbHf, TiNbHfTa and TiNbHfTaZr alloys, re-
spectively. The lattice strain increases as the chemical complexity in-
creases.
Fig. 4 shows the dislocation densities of the as-swaged bcc Ti-Nb-Hf-

Ta-Zr family samples; 0.510 × 1015, 0.794 × 1015, 2.167 × 1015,
2.089 × 1015 and 2.823 × 1015 m−2 for the Nb, TiNb, TiNbHf,
TiNbHfTa and TiNbHfTaZr alloys. These magnitudes correspond to the
values of plastically deformed alloys reported in literatures [18] as
mentioned in the previous section of fcc phase Fe-Ni-Co-Cr-Mn family
alloys. The dislocation density is a function of lattice strain as shown in
equation (3). The lattice distortion is evident in TiNbHfTaZr HEA si-
mulated by a supercell model based on density functional theory (DFT)
[25]. The lattice distortion was reported to relate to the magnitude of

atomic size misfit [23,24]. Among the constituent elements of the Ti-
Nb-Hf-Ta-Zr family alloys, the atomic sizes of Hf (158 p.m.) and Zr (160
p.m.) are larger than those of Ti, Nb and Ta ranging 143 -146 p.m. The
relatively larger atomic size differences in TiNbHf, TiNbHfTa and
TiNbHfTaZr alloys eventually lead to higher dislocation density in
TiNbHf, TiNbHfTa and TiNbHfTaZr compared to those of TiNb and Nb.
The atomic size misfits of TiNb, TiNbHf, TiNbHfTa and TiNbHfTaZr
samples are 1.12, 4.28, 4.13 and 4.98%, respectively, which are larger
than the magnitudes of atomic size misfit of the fcc alloys in this study.
The large atomic size misfit induces strong stress fields that impede
dislocation motion. The large atomic size misfit as well as concentrated
heterogeneous matrix cause a large dislocation accumulation. The dis-
crepancy of dislocation density between the TiNbHf and TiNbHfTa al-
loys is caused by similar levels of atomic size misfit. Although the
chemical composition of TiNbHf alloy is less complex, the atomic size
misfit is slightly larger than TiNbHfTa alloy. The larger atomic size
misfit of the TiNbHf alloy leads to a slightly larger level of dislocation
accumulation than the TiNbHfTa alloy. As demonstrated in Fig. 4, the
TiNbHfTaZr HEA accumulated the largest dislocation density due to the
largest atomic size misfit and the highest degree of compositional het-
erogeneity.
As discussed above, stacking fault energy (SFE) and homologous

temperature were considered to play an important role in dislocation
accumulation during cold deformation for fcc-structured specimens in
this study. However, it seems that the role of SFE and homologous
temperature are insignificant in dislocation accumulation for the bcc-
structured Ti-Nb-Hf-Ta-Zr system due to their relatively higher SFE and
homologous temperature. The SFE values of the constituents in the bcc

Fig. 3. (a) High energy synchrotron X-ray diffraction patterns and (b) Williamson-Hall plots the as-swaged bcc Ti-Nb-Hf-Ta-Zr family samples.

Fig. 4. Dislocation density accumulation in the as-swaged bcc Ti-Nb-Hf-Ta-Zr
family samples.
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Ti-Nb-Hf-Ta-Zr system [24] are 200, 320, 390, 480 and 240 mJ/m2 for
Nb, Ti, Hf, Ta and Zr, respectively. In general, cross slip are favorable to
accommodate deformation in high SFE materials [26]. Furthermore,
less deformation twin is observed in bcc materials [6] and leads to a
difficulty in plastic deformation and higher dislocation accumulation.
The studied bcc-structured samples were cold-swaged at very low
homologous temperatures (0.10–0.13) due to their high melting points
between 2346 and 2750 K. As a result, the thermal energies available
during the deformation could be less and similar for all bcc samples.
Thus, all the bcc samples studied in the present research can be assumed
to be similar in the thermal energies available during the deformation
at room temperature. Hence, SFE and homologous temperature for the
studied bcc samples lead to a slight effect on dislocation density.

3.2. Correlation between dislocation density and mechanical properties

In order to analyze the behavior of plastic deformation, Taylor
proposed a model to predict the stress–strain response [27]. Many
studies discuss that Taylor's model considers a plastic deformation of
polycrystalline materials as agglomerates of single crystals and also
ignores intergranular interactions between the grains. In case of large
degree of plastic deformation, the plasticity behavior is successfully
predicted by Taylor's model [28]. Taylor also describes the work
hardening behavior by the relationship between flow stress and the
total dislocation density. The strength of polycrystalline materials is
controlled by dislocation density and interactions of dislocation
movements. The work hardening is usually expressed by Taylor re-
lationship [29]:

= + M Gb0 (4)

where is the true flow stress, 0 is the friction stress, G is the shear
modulus, b is the magnitude of Burgers vector, α is a hardening para-
meter describing the average interactions between dislocations depen-
dent on the alloy and M denotes Taylor factor. The magnitude of Taylor
factor (M) is different dependent on material in terms of crystal-
lographic active slip system and orientation texture [29]. Based on
literatures, the FeNiCoCrMn HEA is deformed with the<110> slip
direction; hence, the Taylor factor (M) is assumed to be 3.06 similar to
typical fcc-structured polycrystalline materials [30]. In bcc metals, the
numerous experiments demonstrate that slip occurs in the closet
packed< 111>direction. The Taylor factor (M), 2.754, is used in this
calculation of the bcc samples for mixed slip modes in a< 111>
direction [31].
From equation (4), the mechanical properties of the studied alloys

after deformation vary dependent on the level of dislocation density,
shear modulus and Burgers vector. For each structure type of the
samples, the magnitudes of shear modulus and Burgers vector are
slightly different; therefore, the mechanical properties can be assumed
to significantly depend on the level of dislocation density. Fig. 5 (a) and
(b) present the correlation between mechanical properties (compressive
yield strength and hardness) and dislocation density for the as-swaged
fcc and bcc samples, respectively. The changes in compressive yield
strength and hardness after the cold deformation are similar as a
function of constituent elements number in both fcc and bcc alloy fa-
milies. The levels of the compressive yield strength and hardness are
proportional to the level of dislocation accumulations during the cold
working rather than the number of constituent elements. Fig. 5 (a)
demonstrates the mechanical properties of the fcc Fe-Ni-Co-Cr-Mn fa-
mily alloys after 85% cross-sectional area reduction. Due to the highest
degree of compositional heterogeneity, the FeNiCoCrMn HEA is ex-
pected to demonstrate the highest values of yield strength and hardness;
however, the quaternary FeNiCoCr alloy shows the higher values. It
indicates that the level of dislocation density determines the yield
strength and hardness rather than the effect of element number. The
more the dislocations are dense, the more the dislocation motions are
impeded.

Fig. 5 (b) presents the relationship between dislocation density and
mechanical properties (compressive yield strength and hardness for the
bcc Ti-Nb-Hf-Ta-Zr family samples), and the values are listed in Table 2.
The magnitudes of the yield strength and hardness varied with the level
of dislocation density. The significant increases in the hardness and
yield strength were observed from the binary TiNb and ternary TiNbHf
alloys, which are resulted from the significant increase in dislocation
density. The levels of dislocation density for the TiNbHf, TiNbHfTa and
TiNbHfTaZr alloys were significantly different but their yield strength
and hardness were similar. According to equation (4), the interaction
between dislocations and shear modulus impacts the strength of

Fig. 5. Correlation between mechanical properties (compressive yield strength
and hardness) and dislocation density for (a) the as-swaged fcc Fe-Ni-Co-Cr-Mn
family samples and (b) the as-swaged bcc Ti-Nb-Hf-Ta-Zr family samples.

Table 2
Compressive yield strength (σ0.2) and hardness of the as-swaged and as-an-
nealed samples and calculation of hardness using rule of mixtures (ROM).

Alloys As-swaged As-annealed Calculated by
ROM

σ0.2 (MPa) Hardness
(HV)

σ0.2 (MPa) Hardness
(HV)

Hardness
(HV)

Ni 471 201 60 64 65
FeNi 609 249 192 116 64
FeNiCo 621 245 147 112 78
FeNiCoCr 933 403 189 132 85
FeNiCoCrMn 821 367 156 129 137
Nba 376 180 207 80 135
TiNb 495 191 574 179 117
TiNbHf 1009 330 857 290 137
TiNbHfTa 1069 369 783 307 125
TiNbHfTaZr 1046 377 985 327 119

a As-received rod.
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materials. Among the constituent elements of the Ti-Nb-Hf-Ta-Zr family
samples, Ta has the largest value of shear modulus (69 GPa) whereas
those of other constituent elements are between 30 and 40 GPa [20].
The higher values of yield strength and hardness is possibly led by
higher shear modulus of the TiNbHfTa alloy than the TiNbHf alloy. The
lower value of shear modulus in the TiNbHfTaZr HEA may results in
similar levels of the yield strength and hardness between the TiNbHfTa
and TiNbHfTaZ alloys.
Based on the Taylor relationship in equation (4), the relationship

between compressive yield strength (σ0.2) and the square root of the
total dislocation density ( ) are plotted in Fig. 6 (a) and (b). Fig. 6 (a)
shows the relationship for the fcc Fe-Ni-Co-Cr-Mn family samples. A
linear fitting on the data points implies that the work hardening be-
havior of the FeNiCoCrMn HEA is equivalent to its sub-alloys and pure
Ni sample. For the results in Fig. 6(a), taking the y-intercept from the
linear fitting, the value of friction stress σ0 (describing resistance to
dislocation motion at dislocation-free state) is determined to be
146 MPa. The calculated friction stress value is in good agreement with
experimental yield strength of the FeNiCoCrMn HEA after annealing in
which the residual stresses is eliminated (~156 MPa) [23]. Moreover,
the yield strength of the fcc samples at as-annealed state were between
147 and 192 MPa [23] as listed in Table 2. The friction stress at dis-
location-free state can be equivalent to the level of solid solution
hardening. In a comparison with hardness calculated by rule of mix-
tures (ROM) using the hardness of pure elements at room temperature

[32], the experimental values of hardness at as-annealed state are not
significantly different as shown in Table 2. This suggests that the levels
of solid solution hardening for the fcc alloys are not significantly large
[33]. A large increase in the yield strength of these alloys after cold
deformation demonstrates a large work hardening effect. From equa-
tion (4), the slope of the fit line in Fig. 6 (a) is a value of M Gb term.
The average values of shear modulus G (~80.40 GPa) and Burgers
vector b (~2.523 Å) were taken to extract the interaction coefficient
value. The value for the fcc Fe-Ni-Co-Cr-Mn family samples was de-
termined to be 0.3. This value lies in the range of 0.3–0.5, which is
reported for conventional metals [34,35]. In many studies, the value
of 0.3 is used for modelling of work hardening in typical fcc metals
[35]. The dislocation interaction coefficient is generally defined by a
number of parameters i.e. dislocation distribution, alloying, deforma-
tion mode, temperature and crystal orientation [36]. The good linear
fitting result and the extracted value suggest that the work hardening
behavior of the FeNiCoCrMn HEA is consistent with its sub-alloys as
well as typical fcc metals.
For the bcc Ti-Nb-Hf-Ta-Zr family samples, the relationship between

compressive yield strength and the square root of the total dislocation
density is plotted in Fig. 6 (b). The y-intercept (defined as lattice re-
sistance, σ0) from the linear fitting on the data points is negative
(−179 MPa). This negative value is probably resulted from large dif-
ferences in the lattice resistance of TiNbHfTaZr HEA and its sub-alloys.
Our experimental yield strengths of as-annealed Nb, TiNb, TiNbHf,
TiNbHfTa and TiNbHfTaZr are widely different and are 207, 574, 857,
783 and 985 MPa, respectively, as listed in Table 2 [23]. The levels of
solid solution hardening are larger than the fcc Fe-Ni-Co-Cr-Mn family
samples and largely different depending on the composition and the
level of lattice distortion [23]. Furthermore, other works state that the
solid solution hardening plays a dominant role in the mechanical
properties of refractory high entropy alloys (e.g. TiNbHfTaZr, MoN-
bTaV, MoNbTaW) based on the fact that hardness measurements
showed that 3–5 times larger values than the values estimated by ROM
[37,38]. The hardness estimated by ROM for the studied bcc samples
are calculated from the hardness of pure element at room temperature
[39] as listed in Table 2 and much smaller than our experimental values
of hardness at as-annealed state [23]. The model of solid solution
hardening, which considers the elastic interactions between the local
stress field of solute atoms and those of dislocations, is applied to an
estimation of the hardness and yield strength in refractory high entropy
alloys [37]. The estimated values for the TiNbHfTaZr HEA are 331 HV
of hardness and 1080 MPa of yield strength [37]. These estimated va-
lues are similar to the experimental values of the cold-worked sample in
this study as shown in Table 2, and these large values indicate a strong
effect of solid solution hardening in the TiNbHfTaZr HEA. It can be said
that the role of work hardening in the TiNbHfTaZr HEA and its sub
alloys gives a less impact on the mechanical properties than the role of
solid solution hardening. Besides the different levels of solid solution
hardening among the bcc Ti-Nb-Hf-Ta-Zr family samples, a change in
slope or non-linear behavior could lead to the negative value of the y-
intercept due to more complex dislocation mechanism in the studied bcc
samples. In literature, the αvalue for the TiNbHfTaZr HEA is approxi-
mately 0.16 [40] and the α value of polycrystalline niobium is 0.47
[40]. These works and the finding in this study indicate that disloca-
tion-dislocation interactions for the TiNbHfTaZr HEA is different from
Nb metals and possibly other sub-alloys. It can be assumed that the
work hardening behaviors of the bcc Ti-Nb-Hf-Ta-Zr family samples are
different.

4. Summary

The level of dislocation accumulation after cold rotary swaging with
85–90% area reduction has been studied in two different crystal
structure types of single solid solution phase high entropy alloys
(HEAs): fcc-structured FeNiCoCrMn and bcc-structured TiNbHfTaZr

Fig. 6. Relationship between yield strength and square root of dislocation
density ( ) for (a) the as-swaged fcc Fe-Ni-Co-Cr-Mn family samples and (b)
the as-swaged bcc Ti-Nb-Hf-Ta-Zr family samples.
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HEAs.
The quantitative analysis of dislocation density shows that the va-

lues of dislocation density for all studied samples lie in a range between
1014 - 1015 m−2, which is in agreement with probable range of dis-
location density in severely deformed metallic materials. The level of
dislocation density after cold deformation varies as a function of var-
ious parameters such as solid solution effect associated with the com-
positional complexity, atomic size misfit in determination of lattice
distortion, staking fault energy and melting point. The higher degree in
the compositional complexity and the more barriers to dislocation
motions produced by lattice distortion lead to higher dislocation ac-
cumulation. The lower stacking fault energy and lower homologous
temperature associated with higher melting point also increase dis-
location accumulation. The level of dislocation density is proportional
to atomic size misfit in a determination of lattice distortion, i.e., the
atomic size misfit dominates the level of dislocation accumulation
during the cold plastic deformation. In a comparison with the sub-alloys
of each alloy system, the fcc-structured FeNiCoCrMn and bcc-structured
TiNbHfTaZr HEAs reveal the high levels of dislocation density after cold
swaging due to their compositional complexity, large atomic size misfit
and other intrinsic properties.
The mechanical properties in terms of microhardness and com-

pressive yield strength are proportional to the level of dislocation
density. The analysis of work hardening behaviors based on Taylor
relationship suggests that dislocation-dislocation interaction of the
FeNiCoCrMn HEA are similar to its sub-alloys and pure Ni sample. For
the bcc Ti-Nb-Hf-Ta-Zr family samples, the dislocation interaction
varies depending on the alloy compositions.
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