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a b s t r a c t

Microstructure evolution and mechanical behavior of an Al4Mo4Nb8Ti50Zr34 high-entropy alloy were
studied. In the as-cast condition, the alloy had a single-phase weakly B2 ordered bcc structure with a
grain size of 100 ± 50 mm. The microstructure evolution during cold rolling to 90% thickness strain was
initially associated with the development of substructure in the form of slip bands and then the for-
mation of deformation bands propagating through several grains. Annealing of the cold-rolled alloy at
T � 700 �C resulted in the formation of a recrystallized microstructure with grain sizes varying from
~6 mm after annealing at 600 �C to ~250 mm at 1000 �C. A small fraction of tiny oxides was observed in the
alloy annealed at 700 �C; the particles did not influence noticeably on the alloy properties. In spite of lack
of work hardening in both the as-cast and recrystallized conditions, the alloy demonstrated the yield
strength of 825e910 MPa and elongation to fracture of 11.5e15.2%. This behavior can be associated with
strain localization due to the formation of dislocation microbands in the weakly B2 ordered bcc matrix.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Activation of microband-induced plasticity (MBIP) in fcc
metallic materials is usually related to a moderate level of the
stacking fault energy (~90 mJ/m2) [1]. The operation of this
mechanism has been reported many times for high manganese
steels [1e6], as well as for some fcc high entropy alloys (alloys
based on five or more elements in nearly equiatomic concentra-
tions, HEAs) [7e9]. TheMBIP effect is associated with the formation
of narrow planar shear zones confined by a dislocation wall on
either side. MBIP (as well as transformation-induced plasticity/
twinning-induced plasticity (TRIP/TWIP), which are observed at yet
lower values of the stacking fault energy) usually results in the
attaining of very high ductility together with high strength due to
an exceptional strain hardening capacity.

Titanium alloys with the bcc crystalline lattice can also manifest
various effects of plastic flow localization; however, these processes
are usually not related to a certain value of the stacking fault energy
[10]. Some recent papers reported the MBIP manifestation in bcc b-
rich Ti alloys caused by phase transformation. Specifically, in a
ructured Materials, Belgorod
8015, Russia.
Yurchenko).
series of TieNbeTaeZreO alloys, the development of the disloca-
tion channels in planes depleted of u particles occurred due to a
local deformation-induced u/b transformation [11,12]. Disloca-
tion movement was confined towidely spaced planes withinwhich
strain resistance was lower than that in the neighbor areas with a
high density of the u particles. Similar behavior was also found in
oxygen-free alloys like Tie25Nbe0.7Tae2Zr [13] or
Tie3Ale8Moe7Ve3Cr [14].

Strain localization is also typical for gum metals, i.e., Ti-based
alloys consisting elements of IVa and Va groups and 1.0e1.5 at.%
of oxygen [15] (for example (at.%): Tie 20Nbe 3.5Tae 3.4Zre 1.2O
or Ti e 12Ta e 9Nb e 3 V e 6Zr e 1.5O). These alloys exhibit high
tensile strength and ductility despite very weak work hardening;
this unusual behavior was ascribed to the formation of the so-called
giant faults due to the development of ideal bulk shear along
certain crystallographic planes. Although dislocation motion in
these alloys was initially supposed to be inhibited by ZreO atoms
clusters, later, dislocation and twining activity was reported for
gum metals [16e20]; besides, the giant faults’ formation was also
mainly ascribed to phase transformation effects [18,21,22].

Recently, another example of strain localization was also
observed in an Al5Nb24Ti40V5Zr26 HEA [23]. The alloy in a recrys-
tallized condition had a partially (weakly) B2 ordered bcc matrix.
During deformation, the formation of dislocation channels was
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observed in the microstructure [23]; the formation of these chan-
nels was ascribed to the matrix disordering. As a result, the alloy
showed amechanical behavior typical of gummetals (high strength
and ductility, and lack of work hardening). These data suggest that
the level of ordering (for example, due to different contents of Al
[24,25]) can control the mechanical behavior of the HEA in a wide
interval, and therefore this effect requires further investigation.

In this work, microstructure and mechanical properties of
another Ti-rich Al-containing HEA Al4Mo4Nb8Ti50Zr34 in the as-cast
condition, during cold rolling and after recrystallization were
studied. The effect of ordering on mechanical behavior and prop-
erties was established.

2. Materials and methods

The alloy with a nominal composition of Al4Mo4Nb8Ti50Zr34 (the
subscripts indicate the atomic percent of the corresponding
element) was produced by arc melting of the elements in a low-
pressure, high-purity argon atmosphere inside a water-cooled
copper cavity. The purities of the elements were no less than
99.9 wt%. The size of the produced ingot was ~12 � 16 � 50 mm3.
The chemical composition of the alloy measured by energy
dispersive spectroscopy (EDS) closely corresponded to the nominal
chemical composition (Table 1). The oxygen content was deter-
mined using the reduction-melting technique on aMETEK-300/600
apparatus.

Rectangular samples measured 8 � 12 � 20 mm3 were cut out
by an electric discharge machine from the as-cast ingot to carry out
thermomechanical processing. Unidirectional multipass rolling
using a fixed rolling speed of 30 mm/s at room temperature to a
thickness strain εth¼ 10, 30, 60, or 90%was performed in air using a
reduction per pass of approximately 0.1e0.2 mm. After rolling to
the maximum thickness strain εth ¼ 90%, some specimens were
further annealed at 600, 700, 800, 900, or 1000 �C for 1 h. Before
annealing, the samples were sealed in vacuumed (10�2 torr) quartz
tubes filled with titanium chips to prevent oxidation. After
annealing, the specimens were water quenched. To obtain addi-
tional information on deformation mechanisms, some specimens
in the as-cast state and after annealing at 1000 �C for 1 h were then
rolled at room temperature to εth ¼ 7%.

The microstructure of the alloy was examined using X-ray
diffraction (XRD), transmission (TEM), and scanning (SEM) electron
microscopy and electron backscatter diffraction (EBSD) analysis.
The XRD analysis was performed using a RIGAKU diffractometer
with CuKa radiation. SEM specimens were prepared by careful
mechanical polishing. SEM back-scattered electron (BSE) images of
microstructures were obtained using a FEI Quanta 600 FEG mi-
croscope equipped with an EDS detector. SEM-BSE images were
used for the evaluation of the average grain size through the linear
intercept method with a Digimizer Image Analysis Software. The
same software was used for the recrystallized fraction evaluation.

EBSD maps were obtained from the plane perpendicular to the
transversal direction. Samples for EBSD were prepared by careful
mechanical polishing. EBSD was conducted in a FEI Nova NanoSEM
450 field emission-gun scanning-electron microscope (FEG SEM)
Table 1
Chemical compositions of the as-cast Al4Mo4Nb8Ti50Zr34 alloy.

Elements, at.% Al Mo

Constituents As-cast

N� Designation

Grains 4.7 2.1
Alloy composition 4.2 2.2
equipped with a Hikari EBSD detector and a TSL OIM™ system
version 6.0. This software was used to generate inverse pole figure
(IPF) maps, on which high angle boundaries (HABs) are indicated
with black lines and lowangle boundaries (LABs) are indicatedwith
white lines. Points having a low confidence index (CI � 0.1;
depicted as black dots on the presented IPF maps) were excluded
from the consideration.

TEM examinations were performed in a mid-thickness of the
rolled specimens. Samples for the TEM analysis were prepared by a
conventional twin-jet electropolishing at a temperature of - 35 �C
and an applied voltage of 29.5 V in amixture of 600ml of methanol,
360 ml of butanol and 60 ml of perchloric acid. The TEM work was
done using a JEOL JEM-2100 microscope, equipped with an EDS
detector, at an accelerating voltage of 200 kV. At least five TEM
bright-field images were used for the evaluation of the size and
volume fraction of second phase particles with the aid of the Dig-
imizer Image Analysis Software. The TEM-EDS detector was used
for measuring the chemical composition of the second phase par-
ticles; at least ten individual measurements were carried out.

Specimens with the gauge dimensions of 6 � 3 � 1 mm3 were
used for mechanical tests under tension at a constant crosshead
speed of 10�3 s�1 to fracture. The longitudinal axis of the specimens
was aligned with the rolling direction. Elongation to fracture was
determined by the measurements of spacing between marks
designating the gauge length before and after the test. At least two
samples in each condition were tested.

The microhardness of the specimens was examined using
Vickers microhardness testing with a load of 0.2 kg. The hardness
values were averaged over at least 20 individual measurements for
each data point.

3. Results

3.1. As-cast structure

In the as-cast condition, the Al4Mo4Nb8Ti50Zr34 alloy had a
single-phase bcc structure with the lattice parameter
a ¼ 0.3382 ± 0.0002 nm (Fig. 1a). The microstructure of the alloy
consisted of rather equiaxed grains with an average size of
100 ± 50 mm (Fig. 1b, Table 1). The chemical composition of the
grains, determined using EDS, was close to the nominal one
(Table 1). The measured oxygen content was found to be 0.4 at.%.
TEM examination confirmed the bcc phase structure without any
secondary phases (Fig. 1c). Meanwhile, selected area electron
diffraction (SAED) patterns show the presence of weak superlattice
(100) and (111) diffraction spots in [01-1] zone axis, suggesting
weak B2 ordering of the bcc phase (insert in Fig. 1c; see a schematic
representation of the SAED pattern for the [01-1]B2 zone axis). In
addition, subtle streaks can be seen between the primary
reflections.

3.2. Microstructure evolution during cold rolling

Inverse pole figure (IPF) maps of the as-cast Al4Mo4Nb8Ti50Zr34
alloy after cold rolling (CR) to 10e90% thickness reduction
Nb Ti Zr O

8.3 50.5 34.4 -
7.9 50.4 34.9 0.4



Fig. 1. XRD pattern (a) and microstructure (b, с) of the as-cast Al4Mo4Nb8Ti50Zr34 alloy; b e SEM-BSE image; c e TEM bright-field image. Inserts in Fig. 1c show an experimental
SAED pattern of the [01-1] zone axis of the B2 phase and its schematic representation.
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(Fig. 2aed) shows rather a heterogeneous character of the strain.
Cold rolling to εth ¼ 10% resulted in the formation of a substructure
comprising slip bands mainly, in some preferentially oriented for
easy slip grains (Fig. 2a). After εth ¼ 30%, the slip bands were
observed in the majority of grains (Fig. 2b). At higher strains
(εth ¼ 60%), plastic deformation localized mainly within deforma-
tion bands, which could cross several grains (Fig. 2c and d).
Meanwhile, a lot of relatively extensive areas not almost involved in
strain can also be found. Further strain to εth ¼ 90% did not change
the microstructure qualitatively, increasing, however, the fraction
of the alloy occupied by the dislocation bands (due to which the
EBSD map (not shown) contained a very low fraction of reliably
determined dots with CI > 0.1; see for example the upper part of
Fig. 2d). TEM examination (Fig. 2e) of the specimen deformed to the
maximum thickness strain (90%) shows severe localization of
plastic flow; a ring-type SAED pattern from the dislocation band
suggests considerable microstructure fragmentation. In contrast,
the SAED taken from an adjacent lower-strained area had a point-
like pattern with subtle streaks; superlattice reflections were not
recognized, however.

3.3. Effect of post-deformation annealing on structure

After cold rolling to εth ¼ 90%, the alloy was annealed at
T ¼ 600e1000 �C for 1 h. XRD analysis shows the single-phase bcc
structure in the alloy after annealing; no peaks belonging to any
other phase(s) were found (Fig. 3). The lattice parameter of the alloy
did not change noticeably as a result of the annealing.

SEM examination showed only partial recrystallization after
annealing at 600 �C (the recrystallized volume Vrec was approxi-
mately 70%). Annealing at T ¼ 700 �C resulted in the formation of a
fully recrystallized homogeneous microstructure (Fig. 4a). An in-
crease in the annealing temperature to T � 800 �C led to the
microstructure coarsening (Fig. 4b). The grain size increased
considerably from ~6 mm at 600 �C to ~250 mm at 1000 �C (Fig. 4c).

TEM examinations of specimens annealed at 700 �C revealed
(Fig. 5) an almost single-phase microstructure consisted of a bcc
matrix and a very small fraction of tiny oxide particles with a
tetragonal lattice (Fig. 5a). The particles enriched with Ti and Zr
were mainly observed along some grain boundaries. The estimated
volume fraction of the oxides and their average size were ~1% and
110 ± 50 nm, respectively. Second phase particles were not found in
the recrystallized bcc matrix after annealing at 1000 �C (Fig. 5b);
however it can be associated with very large grains (250 mm) due to
which grain boundaries (the most expected site of the particles
nucleation) were rarely observed at TEM images. It should be noted,
that both superlattice reflections and streaks between the primary
reflections were scarcely visible at SAED patterns (inserts in Fig. 5a



Fig. 2. Microstructure of the Al4Mo4Nb8Ti50Zr34 alloy after CR to strain of 10% (a), 30% (b), 60% (c), 90% (d, e); a-d e IPF maps; e e TEM bright-field image. The rolling direction is
horizontal.
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and b) taken from the bcc phase of the specimens annealed at both
temperatures (700 and 1000 �C).

3.4. Mechanical properties

Mechanical properties of the Al4Mo4Nb8Ti50Zr34 alloy in the as-
cast, cold-rolled, and annealed conditions were evaluated using
both microhardness measurement and tensile tests. The micro-
hardness of the as-cast alloy was 255 ± 5 HV0.2; this value did not
change significantly after εth ¼ 10% (Fig. 6a). However, further cold
rolling led to an almost linear increase in the microhardness up to
335 ± 5 HV0.2 after 90% of CR. It is worth noting, however, that the
overall increment in the hardness after εth ¼ 90% was relatively low
(~30%). Post-deformation annealing at T � 700 �C resulted in a



Fig. 3. XRD patterns of the Al4Mo4Nb8Ti50Zr34 alloy after CR and further annealing at
600e1000 �C for 1 h.
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decrease in the microhardness value to the as-cast level (Fig. 6b).
Annealing at 600 �C gave a little higher value of ~270 HV0.2 (most
probably due to the incomplete recrystallization, see Fig. 4a).

Both the true and engineering stress e strain tensile curves of
the cold-rolled alloy (Fig. 6c and d) was quite typical for the
deformed conditions and showed fast strain localization after a
short stage of strengthening. The yield strength and elongation to
fracture of the cold-rolled alloy were found to be 1330 MPa and
Fig. 4. SEM-BSE images the Al4Mo4Nb8Ti50Zr34 alloy after cold-rolling to εth ¼ 90% and furthe
annealing temperature (c).

Fig. 5. TEM bright-field images of the Al4Mo4Nb8Ti50Zr34 alloy recrystallized at 700 (a) or 10
the B2 phase and their schematic representation.
7.5%, respectively (Table 2). Both the initial as-cast and recrystal-
lized alloy demonstrated quite similar curves with a slight decrease
in flow stress just after the yield point (the strain hardening coef-
ficient was close to zero for both conditions) due to early necking.
However, even after the strain localization, the recrystallized
specimens showed both quite a high ductility (~11e15%) and the
presence of a quasi-steady flow stage.

To determine the main operating deformation mechanisms,
specimens of the alloy in the as-cast condition and after recrys-
tallization at 1000 �C were additionally cold rolled to a small
thickness strain εth¼ 7%. Note, the similarity of both cold-rolled and
tensile tested deformation structures for recrystallized at 1000 �C
state and numerous failed attempts to prepare foils of the as-cast
tensile specimens resulted in favor of the cold-rolled scheme for
both conditions in the sake of comparability. The similarity in
deformation behavior between these two conditions is quite
obvious (Fig. 7). Small deformation of both the as-cast and recrys-
tallized conditions was associated with the development of planar
slip resulting in the formation of a grid-like structure due to
crossing dislocation microbands (Fig. 7a and b). Dislocations were
quite rarely observed outside of the dislocation microbands. In
addition, SAED, taken from an area not almost involved in defor-
mation, still showed the signs of ordering (superlattice reflections
between the primary reflections; the lower-left insert in Fig. 7a) in
contrast to the SAED pattern obtained from the dislocation micro-
bands, where superlattice reflections were not recognized (the
upper-left insert in Fig. 7a). Similar phenomena were observed in
the recrystallized conditions.
r annealing at 700 (a) or 1000 �C (b) and the semi-logarifm dependence of grain size on

00 �C (b) for 1 h. Inserts show experimental SAED patterns of the <001> zone axes of



Fig. 6. Mechanical behavior of the Al4Mo4Nb8Ti50Zr34 alloy in different conditions: microhardness as a function of strain during cold rolling (a); microhardness evolution during
post-deformation annealing at 600e1000 �C for 1 h after CR to εth ¼ 90% (b); true (c) and engineering (d) stress-strain curves.

Table 2
Tensile mechanical characteristicsa of the Al4Mo4Nb8Ti50Zr34 alloy in the as-cast
state, after CR, and CR þ annealing at 700 �C for 1 h.

Condition YS, MPa UTS, MPa TE, %

As-cast 825 825 11.0
CR 1330 1420 7.5
CR þ annealing at 700 �C, 1h 880 910 11.5
CR þ annealing at 1000 �C, 1h 910 965 15.2

a YS e yield strength, UTS e ultimate tensile strength, TE e tensile elongation.
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4. Discussion

The program Al4Mo4Nb8Ti50Zr34 alloy exhibited two special
features: (i) the stable weakly B2 ordered bcc structure survived in
general (except for the areas of plastic flow localization) even after
large cold rolling to εth ¼ 90% and (ii) the unusual mechanical
behavior typical of gum metals, i.e., high yield strength, low work
hardening, and reasonable ductility. The ‘classical’ approach sug-
gests that the unique characteristics of gum metals can be ascribed
to pronounced flow localization along certain crystallographic
planes with a low resistance to shear. This behavior is supposed to
be caused by low stability of the b phase on the one hand and high
critical shear stress for dislocation motion due to the presence of a
high density of nano-sized ZrO or the u phase pinning clusters [26]
on the other hand.
In our case, dislocation activity was rather high; the formation of

dislocation microbands implies that the critical shear stress for
dislocation glide is lower than the resistance to shear along any
crystallographic plane. At the same time, weak B2 ordering can
contribute to the formation of the dislocation microbands (Fig. 7).
An accepted concept of the planar slip suggests that the leading
dislocation gliding along an atomic plane destroys obstacles
(ordering in our case) and thereby decreases the energy barrier for
following dislocations [27]. Once a certain quantity of the
obstacles-free slip bands are formed, further deformation develops
with relatively low strain hardening that is in good agreement with
the present results (Fig. 6c). It is worth noting that some disordered
bcc HEAs like the equiatomic HfNbTaTiZr and its derivatives can
also show a tendency to strain localization via the kink bands for-
mation [28e31].

The B2 ordering found in the program Al4Mo4Nb8Ti50Zr34 alloy
has two characteristic features. First, judging by the dimness or
complete absence of the superlattice reflections in the SAED
(Figs. 1c, 2e and 5, and 7) or XRD patterns (Figs. 1a and 3),
respectively, it can be concluded that the degree of order S is rather
low (the S value can vary from 0 when atomic species are randomly
distributed between the lattice sites to 1 if atoms of each sort can be
found in certain sublattice sites only). It should be noted, however,
that even revealing the fact of ordering, let alone the experimental



Fig. 7. TEM-bright field images of the Al4Mo4Nb8Ti50Zr34 alloy CR to 7% thickness strain in the as-cast state (a) and recrystallized at 1000 �C (b) for 1 h. Arrows indicate the (100)
superlattice reflections.
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determination of the S value, is a complicated task, especially for
such a complex, multicomponent alloy [32e35]. Second, the S value
varies through the bulk of the material; the superlattice reflections
are visible in the non-deformed areas (S> 0) and are not recognized
in the deformation bands (S ¼ 0) (Figs. 2e and 7a). In a simplified
form, the microstructure in the as-cast and recrystallized condi-
tions can be considered as that consisted of areas with various
degree of order [33], and plastic deformationmore readily occurs in
the “less ordered” areas which act as precursors for deformation
bands. However, further studies are required to prove these
assumptions.

The stress-strain curves demonstrate lower both strength and
ductility of the as-cast specimens in comparison to those of the
recrystallized alloy (Fig. 6c). These differences can also be caused by
variations in the S value. One can suggest that the more obvious
superlattice reflexes in the as-cast alloy (compare Figs. 1c and 5)
imply a higher degree of order and, as a consequence, higher
strength of the alloy. However, an increase in S does not necessarily
result in higher strength and lower ductility. For example, it was
shown in Ref. [36] with respect to a number of intermetallic com-
positions that, at room temperature, the disordered state is stron-
ger than the ordered one. This behavior was ascribed to a transition
from the interaction of unit dislocations with a weakly ordered
lattice to the interaction of superdislocationswith a nearly perfectly
ordered lattice [36,37]. Since the spacing between dislocation pairs,
constituting superlattice dislocations, is inversely proportional to S2

[35], a very fast increase in the spacing with decreasing S occurs,
resulting in the independent glide of each unit dislocation at large
separations. In materials with low S, slipping unit dislocations can
leave antiphase boundary trails, thereby forming wrong bonds and
increasing strength by analogy to that observed in the case of short-
range order. In contrast, superlattice dislocations in conditions with
high S do not create wrong bonds behind, resulting in some
decrease in strength as the proportion of superlattice dislocations
increases [36,37]. In addition, in alloys with low S, (or with short-
range ordering) planar slip tends to delocalize, forming a thin 3D
zone due to cross-slip of the screw components to adjacent pris-
matic planes [23,28,38] that can result in some increase in ductility.
The presence of oxygen in the program alloy has possibly a some-
what similar influence on mechanical behavior due to the ZrO
clusters formation, which might act as short-range order domains
[15].

Besides, it can be suggested that oxygen in the program alloy is
mainly in the solid solution in the as-cast and annealed at 1000 �C
conditions, while the formation of oxides enriched with Ti and Zr
was observed after recrystallization treatment at 700 �C (Fig. 5a).
Due to a very low amount of these particles, their contribution to
the grain coarsening kinetics was negligible (Fig. 4). However, the
formation of oxides resulted in some decrease in the content of
oxygen in the solid solution, due to which strength of the alloy was
30e50 MPa lower than that observed after annealing at 1000 �C
(Table 2, Fig. 6c) despite the smaller grain size (and therefore a
higher contribution of the Hall-Petch strengthening).

The obtained results can be quite interesting in the context of
prediction of structure/properties relation in Ti-rich HEAs. Tradi-
tionally, the stability of the b phase in titanium alloys is associated
with the molybdenum equivalent (Moeq). This criterion can be used
to divide titanium alloys into three groups (a, aþb, and b) and al-
lows rough predicting the dominant deformation mechanism
(dislocation slip, twinning or phase transformation) [39]. However,
a high fraction of Al in many HEAs decreases Moeq to very low (even
negative) values making impossible the use of this criterion in the
case of Ti-rich HEAs. For example, the molybdenum equivalent of
the program alloys was found to be 7.2 [40]; this value corresponds
to the aþb domain while the alloy has a stable bcc (B2) lattice. This
observation suggests that not all approaches established for Ti al-
loys can readily be applied to Ti-rich HEAs.

At the end of the last century, Morinaga with co-authors pro-
posed the Bo � Md approach (Bo is the bond order and Md is the
metal d-orbital energy level) for predicting the b phase stability in
titanium alloys [41]. The position of a titanium alloy on the Bo � Md
map (and therefore, the dominant deformation mechanism) is
associated with the alloy composition. For example, TRIP/TWIP
effect was reported for the first time in a Tie12Mo alloy developed
using the Bo � Md map [42,43]. Now, the semi-empirical “d-elec-
tron alloy design” approach is considered as a reliable guide for
designing titanium alloys with TRIP/TWIP effects. However, it is not
quite clear if the Bo � Md approach is valid for (i) predicting the
MBIP effect and (ii) can be used for Ti-rich high-entropy alloys.

Therefore, we have plotted a number of Ti alloys with MBIP
effect, Ti-based gum metals, and Ti-rich HEAs with either MBIP or
TRIP effect at the Bo � Md map (Fig. 8). Quite unexpectedly, two
groups of Ti-based alloys (MBIP Ti alloys and gum metals), which
demonstrate flow localization during deformation, were also
located at (or very close to) the Ms ¼ RT line. This finding suggests
that this ‘d-electron alloy design’ approach can be used to predict
some other effect of plastic flow localization caused by low stability



Fig. 8. Positions of the program Al4Mo4Nb8Ti50Zr34 alloy, some MBIP [23,45] and TRIP Ti-rich HEAs [46e49], gummetals [12,15,21,50], and MBIP Ti alloys [14,51e55] on the Bo� Md
map.
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of the bcc lattice, including the formation of deformation bands or
giant faults. It should be noted that although the exact Bo and Md

values were assigned for gum metals (Bo should be ~2.87 and Md
~2.45 eV) in the very first report [15] to warrant necessary b phase
stability [44], the exact underlying physical mechanism of this
phenomenon is not quite clear so far.

Meanwhile, the program Al4Mo4Nb8Ti50Zr34 alloy was located
slightly below the Ms ¼ RT line (Fig. 8), extended for Ti-rich HEAs in
accordance with [46]. Judging by this map, the program alloy could
demonstrate a TRIP effect during deformation; however, neither
deformation twinning nor deformation-induced phase trans-
formation was observed in the deformed microstructure of the
alloy. Similarly, the MBIP effect was observed in another weakly B2
ordered Al5Nb24Ti40V5Zr26 HEA [23] (located slightly above the
Ms ¼ RT line). In a Ti38V15Nb23Hf24 alloy, located almost at the
Ms ¼ RT line, the MBIP effect was associated with the formation of
channels devoid of V-rich bcc precipitates [45]. This type of
behavior resembled some other Ti alloys with the MBIP effect
[11e14]. The position of the Ti-rich HEAs with the MBIP effect on
the Bo � Md diagram suggest its usefulness for the search of new
HEAs with advanced properties. For instance, the strength-ductility
characteristics of the program Al4Mo4Nb8Ti50Zr34 alloy (Table 2)
can be favorably compared with some other bcc HEAs [56e59].
However, it is worth to mention that Ti-rich HEAs with TRIP effect
were scattered on this diagram with respect to the Ms ¼ RT line
position. Most probably, this uncertainty is caused by insufficient
amount of the experimental data used to extrapolate the line from
the well-studied Ti alloys region to the poorly unexplored HEAs
area with much higher Bo and Md values. Additional experimental
work is required therefore to establish the exact position of the
Ms ¼ RT line in a wide concentration range to make it more reliable
instrument for the advanced HEA development.
5. Conclusions

Microstructure and mechanical behavior of an Al4Mo4Nb8-
Ti50Zr34 high-entropy alloy were analyzed. Following conclusions
were drawn:
1 In the as-cast condition, the alloy had a single bcc phase struc-
ture with grains of 100 ± 50 mm; SAED patterns showed weak
ordering of the crystalline lattice. Cold rolling to a thickness
strain εth ¼ 90% and subsequent annealing at 600e1000 �C
resulted in recrystallization of the alloy. The grain size of the
recrystallized alloy was ~6 mm after annealing at 600 �C and
~250 mm at 1000 �C. After annealing at 700 �C, Ti- and Zr-rich
oxides were found in the microstructure; the fraction and the
average size of the particles were ~1% and 110 ± 50 nm,
respectively. Weak ordering of the matrix phase maintained
after the annealing.

2. Deformation of the alloy was associated with the formation of
dislocation microbands within which the crystalline lattice was
found to be disordered. Due to this strain localization, the alloy
shows rather high yield strength (~900 MPa) and moderate
ductility (11e15%) in recrystallized conditions with very low
strain hardening capacity.
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