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Plastic deformation of HfNbTaTiZr body-centered cubic high-entropy alloy (BCC-HEA) was investigated at
77 K. Tensile stress-strain curves showed strong temperature dependence of yield strength. Characteristics
of dislocation slip at 77 K was analyzed using slip traces which confirmed active slip on {112} planes. The
apparent activation volume (V*) suggested thermally activated kink/kink-pair nucleation at 77 K (V*~7b3).
V* values of BCC-HEA and pure Nb were nearly same at 77 K. Low-temperature plasticity of the BCC-HEA
showed characteristics of pure BCC metals, suggesting chemical-complexity of HEAs may not alter the
Peierls potential of a/2<111> screw dislocations.
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Body-centered cubic (BCC) lattice is a loosely packed crys-
tal structure unlike face-centered cubic (FCC) or hexagonal-close
packed (HCP) structures. Due to this, BCC crystals lack close packed
planes. However, {110} planes of BCC crystals are considered as the
closest packed planes having <111> close packed directions. Fur-
ther, {112} and {123} planes equally contain the <111> slip direc-
tion. Consequently, the core of screw dislocations may spread onto
multiple crystallographic planes along the <111> direction. Thus,
plastic deformation of BCC metals and alloys is primarily controlled
by the motion of a/2<111> screw dislocations [1-3]. As a result of
this non-planar dislocation core structure, low-temperature defor-
mation of BCC crystals is characterized by a remarkable increase in
the strength [4,5]. Adding to that, the long, straight screw disloca-
tions will not be able to move independently through the lattice
which may facilitate the thermally activated kink/kink-pair nucle-
ation [1]. As kinks being only few atomic widths, however, the mo-
tion of kinks yields low apparent activation volume (V*). Since V*
is directly related to dislocation movement, its evaluation can pro-
vide insights into the rate-controlling dislocation mechanism [6].

Caillard and Martin [6], Seegar and Holzwarth [7], Conrad
[8], Werner [9], Basinski and Christian [10], Hoge and Mukherjee
[11] had previously studied, and reviewed the temperature depen-
dence of strength and also reported the thermally activated pro-
cesses of BCC crystals. It has been suggested that most of the BCC
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metals and alloys behave rather similar. That is, the plastic flow
due to screw dislocation motion is controlled by overcoming the
Peierls-Nabarro stress barrier at 300 K and the kink/kink-pair nu-
cleation at 77 K. Recently, in complex alloys like high-entropy al-
loys (HEAs) [12], screw dislocation strengthening has been ener-
getically considered [13-15]. Maresca and Curtin [15] proposed the
long, straight screw dislocations of BCC-HEAs would naturally form
a kink-structure to avoid the high-energy hills. However, system-
atic analysis on the low-temperature plasticity of BCC-HEAs is still
missing, unlike the FCC-HEAs [16,17].

The equiatomic HfNbTaTiZr is the most studied BCC-HEA
[18-27]. Juan et al. 28] reported that the strength (=900 MPa) and
ductility (>10%) of HfNbTaTiZr increased with decrease of grain
size, during tensile deformation at room temperature. Chen et al.
[29] studied the dependence of the yield strength and flow behav-
ior of this alloy during tensile deformation at ambient tempera-
tures. They reported the yield strength increased with decrease of
temperature. Although mechanical properties of HfNbTaTiZr are at-
tractive, dislocation slip behavior of HfNbTaTiZr BCC-HEA has not
been well understood yet. Further investigations are required to
understand the intricacies of the plastic flow to realize the full po-
tential of this alloy. Moreover, mechanical behavior of BCC-HEAs at
cryogenic temperatures is unknown so far. The main objective of
the present study is therefore, to systematically study the charac-
teristics of dislocation slip and investigate thermal activated analy-
sis of HfNbTaTiZr BCC-HEA at liquid nitrogen (77 K) temperature.
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The vacuum arc-melted, as-cast HfNbTaTiZr alloy was cold-
rolled until 86% reduction and annealed at 1200 °C for 5 to 20 min,
and subsequently water quenched. Tensile specimens having gauge
dimensions 6 x 3 x 1.2 mm?3 were cut from the annealed sheets.
The rolling direction of the cold-rolled sheet was aligned paral-
lel to the longitudinal axes of the tensile specimens. Tensile tests
were carried out at 300 K and 77 K for the constant strain-rate
10-3 s = 1. Interrupted tensile tests were performed for clarify-
ing the microstructure evolution and investigating slip trace analy-
sis. Further, stress relaxation tests during tensile deformation were
performed to investigate dislocations slip related activation pa-
rameters. Microstructural observations were performed using elec-
tron back-scattering diffraction (EBSD) and back-scattering electron
(BSE) imaging systems operated in a field emission-scanning elec-
tron microscope (FE-SEM, FEI-Nova NanoSEM 450).

Annealing the cold-rolled sheet at 1200°C for different time
intervals has produced fully recrystallized microstructures having
various grain sizes, d = 10-60 pm (refer supplementary materi-
als). Fig. 1(a) shows of the microstructure of HfNbTaTiZr alloy hav-
ing average grain size, d ~60 pum. Fig. 1(b) shows the engineering
stress-strain curves of the HfNbTaTiZr alloy during tensile defor-
mation at 300 K and 77 K. Firstly, decrease of the deformation
temperature increased the yield strength (0 g5y) from 984 MPa at
300 K to 1638 MPa at 77 K, for d ~ 60 um. Second, decrease of
grain size increased the o,y but decreased ductility at 77 K, con-
trary to 300 K [23,28]. The increase in o5y is due to the well-
known Hall-Petch effect [30];

002% = 00 + kppd %> (1)

where o is friction stress (y-intercept), kyp is Hall-Petch coeffi-
cient (slope), d is average grain size. The Hall-Petch relationship for
yield strength and grain size at 77 K was plotted and compared
with the room temperature data of Juan et al. [28] (Fig. 1(c)). It
was clear that the decrease of temperature increased o and kyp
values. Here, it is noteworthy that temperature dependence of the
092% of the BCC-HEA is consistent with the non-planar disloca-
tion cores of BCC crystals. This aspect is due to decrease of ther-
mal fluctuations mandates an increase of stress assistance for the
movement of dislocation across the Peierls-Nabarro stress barrier
(friction stress). At low-temperatures, the increase in g5y natu-
rally increases the Hal-Petch intercept. That is, the increased o
(y-intercept) is merely due to increased oy associated with the
non-planar dislocation core structure. On the other hand, kyp value
showed nearly three-fold increment from 240 MPa pm©%> at 300 K
to 656 MPa pm?> at 77 K, which indicated an increase of grain
boundary (GB) strengthening. This aspect is discussed in the later
paragraphs.

Interrupted tensile test was carried out on pre-polished spec-
imen having d ~ 60 wm, in order to investigate and clarify the
characteristic deformation mechanisms at 77 K. Fig. 2(a-c) shows
the EBSD-IPF map and SEM-BSE images of HfNbTaTiZr deformed at
77 K, until strain, e ~ 2.2%, observed along the longitudinal direc-
tion. The BSE images revealed straight slip traces. Fig. 2(d-f) shows
the EBSD-IPF map and SEM-BSE images of the same sample ob-
served along the lateral direction. We further estimated the Schmid
factor (m) of those slip traces and showed along the corresponding
reference white lines of Fig. 2(c and f). For comparison, we iden-
tified two grains, G1 and G2 having nearly the same orientation,
closer to [001] of the standard stereographic triangle. The charac-
teristics of straight slip traces and numerical m values of G1 and
G2 perfectly agreed with each other. Using the EBSD data, we fur-
ther evaluated m values for the conventional slip systems of BCC
crystals. Here, we showed a case study for G1 and G2 having ori-
entations [105] and [5, 1, 25] // T.A., respectively. The m values de-
termined for various slip systems are shown in Table 1. For G1 and
G2, the slip system (—112)[1-11] showed the highest m value.
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Fig. 1. Microstructure and stress-strain curves of HfNbTaTiZr during tensile defor-
mation at 300 K and 77 K for the strain rate 103 s~'. (a) EBSD-IPF map of fully
recrystallized microstructure having grain size, d ~ 60 um. (b) Tensile stress-strain
curves of HfNbTaTiZr deformed at 300 K and 77 K. (c) Hall-Petch plot of HfNbTaTiZr
alloy for different tensile deformation temperatures.

Although the m values of slip trace analysis (Fig. 2(c and f))
perfectly coincided with the determined m values of Table 1, ac-
curate identification of slip systems is an intricate process. To
verify the exact slip system, we extended the analysis using
stereographic projections. Fig. 3(a) shows SEM-BSE image of the
BCC-HEA deformed at 77 K. As was mentioned, G1 had the orien-
tation [105]//T.A.. So, stereographic projection was plotted for the
[105]//T.A. and shown in Fig. 3(b). The great circle containing slip
trace along the (111) direction was shown in the figure. As per the
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Table 1

Summary of slip systems and the corresponding Schmid factor, m values for grains G1 and G2 having nearly similar
orientations [1 0 5] and [5 1 25] respectively. Here, m value was determined as the product of dot product of the
applied stress direction and slip plane, and the dot product of the applied stress direction and slip direction.

shown on the stereographic projection which indicated (—112) and

Orientation Slip system Schmid factor, m  Orientation Slip system Schmid factor, m
G1,[105]//TA.  (011)[11-1] -0.31 G2, [51 25]/[TA.  (011)[11-1] -0.3
(101)[11-1] -0.37 (101)[11-1] -0.36
(1-10)[11-1] —0.06 (1-10)[11-1] —0.04
(01-1)[1-1-1] 031 (01-1)[1-1-1]  0.31
(101)[1-1-1] -0.37 (101)[1-1-1] -0.39
(110)[1-1-1] -0.06 (110)[1-1-1] -0.07
(011)[1-11] 0.47 (011)[1-11] 0.47
(10-1)[1-11] -0.37 (10-1)[1-11] -0.36
(110)[1-11] 0.09 (110)[1-11] 0.1
(01-1)[111] -0.47 (01-1)[111] —0.46
(10-1)[111] ~0.37 (10-1)[111] ~0.38
(1-10)[111] 0.09 (1-10)[111] 0.07
(2-11)[11-1] -0.25 (2-11)[11-1] -0.23
(-121)[11-1]  -0.14 (-121)[11-1]  -0.15
(112)[11-1] -0.39 (112)[11-1] -0.38
(211)[1-1-1] -0.25 (211)[1-1-1] -0.27
(12-1)[1-1-1]  0.14 (12-1)[1-1-1] 013
(1-12)[1-1-1]  —0.39 (1-12)[1-1-1]  —0.41
(21-1)[1-11] -0.16 (21-1)[1-11] ~0.14
(121)[1-11] 0.33 (121)[1-11] 033
(-112)[1-11]  0.49 (-112)[1-11]  0.483
(=211)[111] 0.16 (=211)[111] 0.19
B projection, the great circle matched perfectly with the experimen-
T=77K tally observed slip trace, T1 of Fig. 3(a) along the [1-11] direction.
ﬁ Longitudinal dir. CTZP? Lateral dit: Later, another great circle containing the slip trace normal was

Fig. 2. Microstructures of HfNbTaTiZr after a tensile strain, e ~ 2.2% deformed at
77 K. (a) EBSD-IPF map along the longitudinal direction (observed on gauge sur-
face), and its corresponding BSE image shown in (b). (c) High-magnification image
of a grain G1. (d) EBSD-IPF map along the lateral direction (observed on thickness
surface), and its corresponding BSE image shown in (e). (f) High-magnification im-
age of a grain G2. The Schmid factor, m values of the corresponding slip traces are
shown in white color. Here, the m value was determined as the product of cosines
of the direction along the slip trace and slip trace normal with respect to the tensile
axis (T.A.). T.A. is horizontal to the microstructures.

its symmetric plane (1-1-2) as the potentially active slip planes.
According to the fundamentals of plasticity, dot product of the slip
plane and the slip trace direction must be equal to zero for the
slip trace along a direction to contain the slip plane. The obtained
slip plane (—112) perfectly met the criteria along the [1-11] direc-
tion. The identified slip system (—112)[1-11] was compared with
the slip systems for the [105] orientation of G1 (Table 1). Perfect
agreement was found for the (—112)[1-11] slip system having the
highest m ~ 0.49. Here, the notable conclusion is that the dislo-
cation slip of HfNbTaTiZr BCC-HEA was certainly active on {112}
planes during tensile deformation at 77 K.

Further, to understand the GB strengthening and strength-
ductility trade-off at 77 K, additional test was performed at 300 K
for comparison. Fig. 3(c) shows SEM-BSE images of the HfNbTaTiZr
deformed at 300 K after, e ~2.6%. One of the important differences
were the coarsely and finely-spaced slip-bands at 77 K and 300 K,
respectively. The coarsely-spaced slip-bands (small number of ac-
tive slip systems) indicated inhomogeneous slip at 77 K whereas,
finely-spaced slip-bands indicated relatively homogeneous slip and
interlaced slip-bands suggested active slip on multiple slip sys-
tems at 300 K. In an extension to the Taylors theory, Armstrong
et al. [31] suggested that disproportionate of active slip systems
can enhance GB strengthening. Later, Rao and Prasad [32]| showed
GB strengthening of Mg enhanced at 77 K due to the activation
of prismatic slip, contrary to basal slip at ambient temperatures.
In the present study, the preference of dislocation slip on {112}
planes over the closest packed {110} planes might have a similar
effect and promote additional GB strengthening in the BCC-HEA at
77 K. Such an effect can in fact compromise the essential require-
ments for plasticity, especially when the grain size is reduced. This
is because, fine grains have less dislocation sources and also ac-
commodates less dislocations in the pile-ups, consequently impose
low stress concentration at the GB. Under such circumstances, ac-
tivation of new dislocation sources across the GB can be difficult
which eventually manifests the strength-ductility trade-off similar
to the present observations (refer Fig. 1(b)).
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Fig. 3. Identifying the slip plane of HfNbTaTiZr alloy after a tensile strain, e ~ 2.2% deformed at 77 K. (a) BSE image of HfNbTaTiZr alloy of the grain G1, having orientation
[105] parallel to the tensile axis (T.A.). (b) A standard stereographic projection plot of [105]//T.A. This plot features the slip trace, T1 of the BSE image shown in (a). (c) BSE

images of HfNbTaTiZr alloy deformed at 300 K until strain, e ~ 2.6%.

Later, thermal activation analysis was performed using stress
relaxation tests during tensile deformation. The derived apparent
activation volume (V*) was evaluated to compare the characteris-
tics of dislocation slip with those of the available dislocation mod-
els. Fig. 4(a) shows stress vs time curve of the HfNbTaTiZr alloy
during stress relaxation test at 300 K and 77 K, for the strain rate
10-3 s~1. The details on the evaluation of V* were shown in the
supplementary materials. Fig. 4(b) shows the effect of strain on
V*. The obtained V* values ranged 31-29 b3 at 300 K, and 8.4-
7.2 b3 at 77 K. To give perception on the observed V* values, we
performed additional tests on pure Nb (99.9 wt%). Fig. 4(c) shows
stress vs time curve at 77 K. Fig. 4(d) shows the effect of strain on
V*. The obtained V* values ranged 7-6.6 b3. As is well known, dis-
location motion aided by thermal activation can result in a range
of V* values depending on the rate-controlling mechanism. Most
notable are, nucleation of kinks (< 10 b3), overcoming Peierls-
Nabarro stress barrier (10~100 b3), cross-slip and intersection of
dislocations (100~1000 b3) and cutting through dislocation forest
(> 1000 b3) [33]. The obtained V* values (31~29 b3) in HfNbTa-
TiZr BCC-HEA at 300 K indicated thermally activated dislocation
glide by overcoming the Peierls-Nabarro stress barrier as the rate-
controlling mechanism.

On the other hand, we obtained V* = 8.4-7.2 b3 for the
BCC-HEA and almost identical V* = 7.0-6.6 b3 for Nb, at 77 K.
Strain independent V* corresponded to low strain-hardening rate.

Similar range of V* values were previously reported in Nb- [34],
Ta- [35] and Fe-based alloys [36]. This implies the same rate-
controlling mechanism for the present HEA and Nb, and other BCC
alloys. The closest dislocation model in accordance with the obser-
vations was kink nucleation [6,33,37]. It is noteworthy that Seeger
and Holzwarth [38] systematically studied low-temperature plas-
ticity of Nb and reported kink/kink-pair nucleation happens on the
{112} planes. Further, Werner [9] quantitatively analyzed the for-
mation and migration of kinks in Ta, and suggested kink nucleation
most likely occurred on the {112} planes. In the present study, slip
trace analysis of BCC-HEA certainly confirmed slip on the {112}
planes which merits the plausibility of kink nucleation on the {112}
planes. However, this aspect requires further investigations.

Later, Rao et al. [13,14] proposed screw dislocation strengthen-
ing of BCC-HEAs using Suzuki model which considers migration
of kinks is strongly affected by the solute-kink interaction. How-
ever, V* values of HfNbTaTiZr BCC-HEA does not suggest the influ-
ence of large number(s) of solute(s) of HEA compared to Nb. That
is, although the undefined solutes of BCC-HEA may offer short-
range obstacles, the obstacles for kink-glide can easily be over-
come by the stress assistance and thermal activation. Another im-
portant observation was the very closely related numerical V* val-
ues of BCC-HEA and Nb. This implies, the energy barrier for the
kink-glide is insensitive to the chemical complexity difference be-
tween BCC-HEA and Nb. Furthermore, HEAs are expected to have
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atomic size and shear modulus misfits due to the presence of
large concentrations of different elements [39]. Due to this, a dis-
location moving through the HEA lattice would experience fluctu-
ated Peierls-Nabarro energy field having hills and valleys of various
wavelengths. Nevertheless, present results suggested the thermally
activated rate-controlling mechanisms of BCC-HEA and Nb were
same. In the sense, the implications of chemical-complexity of
HEAs does not affect the fundamental aspects of low-temperature
plasticity of the BCC-HEA. In other words, the typical thermal ac-
tivation of dislocation slip across the Peierls valley suggests the
presence of high Peierls-stress (friction stress) in the BCC-HEA is
highly unlikely when compared to pure metals or dilute-alloys.
Moreover, recent investigations have successfully reproduced the
yield strengths of HEAs without using the friction stress term
[15,40-43]. Thus, the high friction stress derived from the Hall-
Petch plot of Fig. 1(c) is merely the consequence of solid-solution
strengthening. Similar analogy was also observed in FCC-HEA. La-
planche et al. [44] reported V* of CoCrFeMnNi FCC-HEA having
~60 b3 at 77 K and ~360 b3 at 293 K, which suggested the typical
thermally activated dislocation slip. Therefore, it can be concluded
that the a/2<111> screw dislocations of the HfNbTaTiZr BCC-HEA
does not necessarily have special type of Peierls potential due to
the implications of chemical-complexity of HEAs which alters dis-
location mechanism at ambient or sub-zero temperatures.

To summarize, the deformation behavior and thermal analysis
of HfNbTaTiZr BCC-HEA were systematically investigated at 77 K.

The tensile strength of HfNbTaTiZr BCC-HEA showed strong tem-
perature dependence, like BCC metals. Low-temperature plasticity
was found preferred on {112} planes and also indicated inhomo-
geneous deformation. Moreover, the straight slip-bands suggested
stable slip on {112} planes. Preference of dislocation slip on {112}
planes over the {110} planes was considered to have promoted
additional GB strengthening, which facilitated strength-ductility
trade-off. The evaluated apparent V* suggested kink-nucleation
and Peierls-type mechanism as the rate-controlling mechanisms
at 77 K and 300 K, respectively, like pure BCC metals. Further-
more, the V* of Nb and BCC-HEA were almost identical at 77 K.
This implied the thermally activated rate-controlling mechanism of
HfNbTaTiZr BCC-HEA had the characteristics of pure BCC metals.
These results indicated chemical-complexity of HEAs does not nec-
essarily advocate special type of Peierls potential which can alter
the dislocation mechanisms in the BCC-HEA.
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