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ARTICLE INFO ABSTRACT

Refractory high entropy alloys represent a new class of metallic alloys attractive for high-temperature appli-
cations. However, most of the developed alloys have either low ductility at room temperature or high density. In
this work, we report structure and mechanical properties of a novel non-equiatomic Ti; goCrNbV, 56 alloy
produced by vacuum arc melting. The density of the alloy was 6.17 g/cm®. In the as-cast condition, the alloy had
a single-phase bcc structure enabling room temperature deformation in compression to € > 50% or cold-rolling
to a thickness strain of 80%. Rolling resulted in the formation of a dislocation substructure and development of
kink and shear bands. Meanwhile, microhardness measurements have revealed only a moderate increase from
396 HV in the as-cast condition to 454-469 HV after 40-80% rolling. After 80% cold rolling the alloy had yield
strength of 1020 MPa, ultimate tensile strength of 1535 MPa, and elongation to fracture of 3.5%. The cold rolled
alloy was annealed at 800, 1000 or 1200 °C for 1-100 h. Microstructural response to the annealing strongly
depended on temperature. Annealing at 800 °C mostly resulted in Cr-rich fcc (C15) Laves phase particles pre-
cipitation. Annealing at 1000 °C led to the bcc matrix recrystallization along with the precipitation of the Laves
phase particles, thereby producing a fine duplex microstructure. Finally, annealing at 1200 °C resulted in a
coarse-grained recrystallized single-phase bcc microstructure. Microhardness of the alloy lowered with an in-
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crease in the annealing temperature while the annealing time had a small effect on hardness.

1. Introduction

Materials able to withstand high temperatures are always in high
demand, especially in the aerospace sector [1]. Recently, a new class of
promising high-temperature metallic alloys has emerged. These alloys
are composed of multiple refractory elements taken in high con-
centrations with the possible presence of other non-refractory elements
and are termed refractory high entropy alloys (RHEAs) or refractory
complex, concentrated alloys (RCCAs) [2-4]. These alloys tend to have
structures based on a body-centered cubic (bcc) solid solution with the
presence of some other phases (e.g. B2 or Laves) [3]. RHEAs/RCCAs
often demonstrate high strength at elevated temperatures, making them
promising for high-temperature applications [3,4]. Note that the first-
developed RHEAs/RCCAs had, along with impressive strength at tem-
peratures up to 1600°C, a very high density of 10-12 g/cm® [5,6].
Further studies have resulted in the development of alloys with a much
lower density (down to ~5.5 g/cm3 [7,8]) that were superior to cur-
rently-used Ni-based superalloys in specific strength at temperatures up

to 1200 °C [9-16].

However, additional research efforts are required to develop
RHEAs/RCCAs with a balanced combination of relevant properties. For
instance, most of the alloys with high strength at elevated temperatures
have low ductility, as it was reported for a series of low-density
(~6.5 g/cm3) Cr-Ti-Nb-V-Zr alloys [17,18]. Cr-containing alloys were
found to be superior to Ni-based superalloys in high specific strength at
temperatures up to 1000 °C; but due to the presence of a large amount
of the Laves phase ductility of the alloys was quite limited. At the same
time although alloys without Cr had high enough ductility in com-
pression, their strength was too low for any potential high-temperature
application.

It should be mentioned that ductility is important from both service
and technological viewpoints. Generally, materials with high ductility
have good damage tolerance which is a crucial property for the de-
manding applications. Also, ductile enough materials can be readily
thermomechanically processed to improve structure and properties.
However the only known example of using thermomechanical
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treatment of RHEAs/RCCAs is the equiatomic HfNbTaTiZr alloy cold
rolled to a large thickness strain [19-25]. However, the HfNbTaTiZr
alloy has a relatively high density and softens quickly at elevated
temperatures [26,27].

It has already been well established that variations in concentra-
tions of the constitutive elements, i.e. deviation from their non-equia-
tomic proportions, can be beneficial for production of HEAs with pro-
mising properties, superior to equiatomic counterparts. This approach
has been used extensively for HEAs based on late 3d transition metals
[28-35], but not often applied to RHEAs/RCCAs [36]. In this work,
microstructure and microhardness evolution during cold rolling and
subsequent annealing at 800-1200°C of a new non-equiatomic
Ti-Cr-Nb-V (Ti; goCrNbV, 56) RHEA, developed on the basis of earlier
results on the Al-Cr-Nb-Ti-V-Zr system RHEAs/RCCAs
[7,8,13,37-43], are studied in details.

2. Materials and methods

The Ti; goCrNbVj 56 alloy ingot measured ~10 x 14 x 50 mm® was
produced by arc melting of the elements in low-pressure, high-purity
argon atmosphere inside a water-cooled copper cavity. The purities of
the alloying elements were no less than 99.9 wt.%. The nominal and
actual chemical compositions of the alloy (the latter was measured by
energy dispersive spectrometry (EDS); the scan area was ~1 x 1 mm?)
are presented in Table 1. The measured composition closely corre-
sponded to the nominal one. The density of the alloy was determined
using hydrostatic weighting (Archimedes' principle) of three samples
measured 4 X 4 x 6 mm®>.

Rectangular samples measured 8 x 10 x 20mm® for thermo-
mechanical processing were cut from the as-cast ingot by electric dis-
charge machine. Unidirectional multipass rolling using a fixed rolling
speed of 30 mm/s at room temperature to a total thickness strain
em = 80% was performed in air using a reduction per pass of ap-
proximately 0.07-0.15mm. Some rolled specimens were annealed at
800 and 1000 °C for 1, 10, or 100 h with further air cooling. Prior to the
annealing, samples were sealed in vacuumed (102 torr) quartz tubes
filled with titanium chips to prevent oxidation. Similar procedures were
used to anneal the alloy at 1200°C for 1, 10, and 25h.

Structure of the alloy in the as-cast condition, after rolling and an-
nealing was studied using X-ray diffraction (XRD), transmission (TEM)
and scanning (SEM) electron microscopy; the latter was equipped by
energy dispersive X-ray (EDX) spectrometry and electron backscattered
diffraction (EBSD) units. XRD analysis was performed using a Rigaku
diffractometer with CuKa radiation. Microstructural investigations of
the rolled samples were carried out in a plane perpendicular to the
transversal direction. Specimens for SEM observations and EBSD ana-
lysis were prepared by careful mechanical polishing. SEM back-scat-
tered electron (BSE) images were taken using a FEI Quanta 600 FEG
microscope equipped also with an EDS detector. EBSD analysis was
conducted in a FEI Nova NanoSEM 450 microscope equipped with a
Hikari EBSD detector and a TSL OIM™ system version 6.0. Points with
the confidence index (CI) =0.1 were excluded from analysis.
Dislocation density was calculated using Kernel average misorientation
(KAM) maps according to equation (1) [44]:

Table 1
The chemical composition of the structural constituents of the program alloy in
the as-cast condition and the nominal composition of the alloy (in. at.%).

Element Ti Cr Nb \%

Constituent

Denrite 40.8 23.6 23.8 11.8
Interdendrite 45.1 20.7 21.7 12.5
Actual alloy composition 42.7 221 23.0 12.2
Nominal alloy composition 42.5 22.5 22.5 12.5
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where p is the dislocation density, 0 denotes KAM, b is the Burgers
vector and h is the step size during EBSD scanning.

Specimens for TEM analysis were prepared by conventional twin-jet
electro-polishing of mechanically pre-thinned to 100 um foils, in a
mixture of methanol (600 ml), butanol (360 ml), and perchloric acid
(60ml) at a temperature of —35°C and an applied voltage of 29.5V.
TEM investigations were performed using a JEOL JEM-2100 micro-
scope with an accelerating voltage of 200 kV.

Vickers microhardness tests of specimens after both rolling to
em = 5-80% and annealing at 600-1100 °C were conducted at room
temperature using 300 g load. At least 10 measurements per each data
point were made. The nanohardness was determined via the Oliver and
Pharr method [45] using a Shimadzu DUH-211s Dynamic Ultra Micro
Hardness Tester equipped with a Berkovich indenter. At least twenty
indents were performed with the maximum load of 50 mN for 5s; a
loading speed was 6.6620 mN/s. Isothermal compressions of rectan-
gular specimens measured 4 x 4 x 6 mm® were carried out at room
temperature using an Instron 300LX test machine. The initial strain rate
was 10™* s~ . For the tensile tests, specimens with the gauge dimen-
sions of 1.5 X 3 x 6 mm® were cut from the cold-rolled alloy by electric
discharge machine and carefully mechanically polished. Specimens
were pulled to fracture using Instron 5882 test machine at initial strain
rate of 10~ * s~ . Strain was measured by a contact extensometer.

The equilibrium phase diagram was constructed using a Thermo-
Calc (version 2017b) software and a TCHEA2 (high-entropy alloys)
database.

3. Results
3.1. As —cast structure and properties

In the as-cast condition the Ti; goCrNbV 56 alloy had a single-phase
bce microstructure (Fig. 1a) with coarse and relatively equiaxed grains
(Fig. 1b). The lattice parameter of the bcc phase and the average size of
bce grains were 0.3163 + 0.0005nm and 150 *+ 80 um, respectively.
SEM-BSE images (Fig. 1b) also demonstrated the presence of dendritic
segregations. SEM-EDX analysis revealed that the lighter (dendrite)
areas are slightly enriched with Nb and Cr, whereas the darker (inter-
dendrite) parts are enriched with Ti (Table 1). Vanadium was found to
be distributed homogeneously. TEM images with the corresponding
selected area electron diffraction (SAED) pattern (Fig. 1c) confirmed
the single-phase disordered bcc structure.

Fig. 1d shows a stress-strain curve of the program alloy obtained
during compression testing at room temperature. After attaining the
yield point at 990 MPa, the alloy demonstrated a continuous strain
hardening stage. Due to rather high compression ductility the alloy did
not fracture after a height reduction of 50%. The measured density of
the alloy was 6.17 g/cm®.

3.2. Microstructure evolution during cold rolling

Microstructure of the cold rolled alloy was primarily studied by
EBSD (Fig. 2). At the initial stages of deformation the microstructural
response was associated with the development of substructure in some
grains with preferential crystallographic orientation (Fig. 2a). With an
increase in strain, the substructure development became evident in the
majority of grains (Fig. 2b). In addition, some lens-shaped areas sur-
rounded by medium-angle boundaries of ~15-20° (see insert in Fig. 2b;
the misorientation was determined along the black arrow in Fig. 2b)
could be observed inside some grains. With further increase in rolling
strain, the development of such lens-shaped areas became more pro-
nounced; the misorientation of their boundaries increased to 30-60°
(see insert in Fig. 2c; the misorientation was determined along the red
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Fig. 1. Structure and mechanical properties of the program Ti; goCrNbV s¢ alloy in the as-cast condition: (a) — XRD pattern; (b) - SEM-BSE image; (c) - TEM image
with the corresponding selected area electron diffraction pattern (SAED); (d) - stress-strain curve obtained in compression at room temperature.

arrow in Fig. 2¢). Also, flattening of the initial grains was noted. At even
higher rolling strains, shear bands started forming (Fig. 2d). As a result,
a typical heavily-deformed microstructure composed of elongated
remnants of the initial grains subdivided by the shear bands was ob-
served after rolling to a thickness strain (e,) of 80% (Fig. 2e). Note that
despite the high degree of rolling strain, some areas remained almost
intact.

Fig. 3 presents the dependence of dislocation density, derived from
EBSD data using Eq. (1), on thickness strain. The dependence showed a
stable increase in the dislocation density with strain. For instance, in
the initial (as-cast) condition the dislocation density was
0.8 x 10 m™~2, while after eq, = 80% the dislocation density was
8.4 x 10" m ™2, i.e. an order of magnitude higher.

To gain further insight into the deformed microstructures of the
alloy, TEM investigations were performed (Fig. 4). At low strains
(et = 20%) dislocation were mostly arranged in relatively thick linear
arrays with numerous homogeneously distributed dislocations in be-
tween them (Fig. 4a). The selected area electron diffraction (SAED)
pattern (insert in Fig. 4a) showed some azimuthal scattering of reflec-
tions thereby suggesting small misorientations between the areas se-
parated by these linear arrays of dislocation. An increase in &g, to 80%
resulted also in a highly inhomogeneous structure with a pronounced
difference in dislocation density in different areas (compare the upper
right and lower left corners in Fig. 4b, for example). In some cases
elongated areas with a thickness of several hundred nanometers were
bordered by thin sharp boundaries; these areas were inclined from the
rolling direction. Rather scattered reflections on the SAED pattern (in-
sert in Fig. 4b) suggested noticeable higher misorientations between
different areas in comparison with that at the lower strains. Note that
SAEDs have not revealed the presence of any other phase than the bcc
one; this finding was consistent with the XRD data (Fig. 1c).

3.3. Effect of annealing on structure

Fig. 5 shows XRD patterns of the program Ti; ggCrNbV, 56 alloy
annealed at 800 °C (Figs. 5a), 1000 °C (Fig. 5b), or 1200 °C (Fig. 5c¢) for
1, 10, or 100 h (25h only at 1200 °C) following cold rolling. Annealing
at 800 °C and 1000 °C resulted in the appearance of a new phase in
addition to the bcce solid solution found both in the as-cast or cold rolled
alloy (Fig. 1a). This new phase was identified as a C15 face-centered
cubic (fcc) Laves phase. After annealing at 800 °C the lattice parameters
of the becc and C15 phases were 0.3230 = 0.0002
-0.3231 = 0.0004nm and 0.7004 = 0.0007-0.7010 * 0.0010 nm,
respectively. In turn, annealing at 1000 °C resulted in the formation of
both the bcc phase with the lattice parameter of 0.3198
+ 0.0003-0.3200 *= 0.0004 nm and the Laves phase with the lattice
parameter of 0.7008 = 0.0009-0.7012 + 0.0007 nm. At either this
temperature (800 or 1000 °C), an increase in the annealing time from 1
to 100 h resulted in a gradual increase in the intensity of C15 Laves
phase maximums. However, after annealing at 1200 °C a single bcc
phase was detected by XRD (Fig. 5¢). The lattice parameter of the bcc
phase was 0.3169 + 0.0001-0.3170 * 0.0002 nm. Note splitting of
peaks corresponding to the bec phase at high angles.

Fig. 6 illustrates microstructure of the cold-worked Ti; ggCrNbVy 56
alloy after annealing at 800 °C for 1-100 h. Apparently, the annealing
resulted in a decomposition of the bec solid solution and precipitation
of numerous fine second phase particles. According to the XRD results
(Fig. 5a), these particles can be identified as the Laves phase. In SEM-
BSE images the Laves phase particles are seen as brighter areas (Fig. 6).
After annealing for 1h (Fig. 6a), most of these particles had a rectan-
gular shape with the average length and width of 0.75 * 0.27 um and
0.28 + 0.09 um, respectively. The fraction of the particles was found
to be 0.23. Chemical analysis have revealed that the particles were
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Fig. 2. EBSD IPF maps of the program Ti; goCrNbVy 56 alloy after cold rolling to a thickness strain ey, of 10% (a); e, = 20% (b); en, = 40% (); €q, = 60% (d); or
em = 80% (e). The rolling direction is horizontal in all cases. Black and red arrows in Fig. 2b and c, respectively, indicate the lines used for misorientation profiling
(inserts in Fig. 2b and c). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

enriched with Cr (26.7 at.%) and depleted of Ti (38.7 at.%) (Table 2). In
turn, the matrix was depleted of Cr and enriched with Ti. An increase in
the annealing duration resulted in modest changes in the micro-
structure (Fig. 6b and c). In particular, the Laves phase particles shape
became closer to the equiaxed one; the length and width of the particles
after annealing for 10h was found to be 0.59 + 0.27puym and
0.31 = 0.19um, respectively, and after annealing for 100h -
0.62 + 0.23um and 0.38 + 0.19 um, respectively. The fraction of the
particles increased to 0.30 and 0.43 after annealing for 10 and 100 h,
respectively. In addition concentration of Ti in the particles decreased
(to 36.1 at.% after 100 h), while the concentration of Cr increased (to
28.7 at.%) (Table 2). The concentration of Cr in the matrix reduced to
17.7 at.%.

To estimate the effect of annealing on the bcc matrix phase of
Ti;.goCrNbVy 56, EBSD scanning after annealing at 800 °C for 100 h was
carried out (Fig. 6d). One can see that the microstructural response to
the annealing was mostly associated with recovery of the bcc phase (i.e.
formation of low-angle subgrain boundaries) rather than recrystalliza-
tion.

Microstructure of the Ti; goCrNbV(s¢ alloy after annealing at
1000 °C is shown in Fig. 7. Similarly to annealing at 800 °C (Fig. 6), a
dual-phase microstructure composed of the bcc matrix and the Laves
phase particles. However, the Laves phase particles were considerably
coarser and had a polygonal shape with mainly straight boundaries. The
Laves phase particles size increased from 0.82 = 0.40 um after an-
nealing for 1 h (Fig. 7a) to 2.94 *= 1.21 ym after 100 h (Fig. 7c). The
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Fig. 3. Dependence of dislocation density in the program Ti; goCrNbV 56 alloy
on thickness strain.

fraction of the particles also increased from 0.25 (after an hour an-
nealing) to 0.36 (100 h). Numerous annealing twins were found in the
Laves phase particles. The Laves phase particles were mostly composed
of Cr (~35-50 at.%) and depleted of Ti (19-32 at.%) (Table 3). In turn,
the matrix was enriched with Ti (~46-53 at.%). In the matrix forma-
tion of recrystallized polygonal bcc phase grains was observed; the
Laves phase particles were often found on the grain boundaries and/or
triple junctions of the new grains. The average size of the recrystallized
grains increased from 1.9 * 1.1um after annealing for 1h to
5.6 + 2.8 um after 100 h annealing.

After annealing at a higher temperature of 1200 °C, the alloy had a
single bce phase coarse-grained structure (Fig. 8). The recrystallized bcc
grains had mainly a polygonal shape with straight clean boundaries.
The size of the recrystallized grains gradually increased from
145 + 80pum after annealing for 1 four (Fig. 8a) to 180 * 90 um
(Fig. 8b) and to 210 = 110 um (Fig. 8c) after annealing for 10 or 25h,
respectively. The chemical composition of the grains was nearly iden-
tical to the nominal composition of the alloy (Table 1). Note that the
well-recrystallized structure of the alloy after annealing at 1200 °C can
most likely be the reason for the bec peaks splitting (due to presence of
K41/Koo doublets [46]) at high angles of the XRD patterns (Fig. 5c¢).

3.4. Microhardness evolution

To evaluate the effect of cold rolling with subsequent annealing on
mechanical properties of the Ti; ggCrNbVyse alloy microhardness
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Fig. 5. XRD patterns of the program Ti; goCrNbV s¢ alloy after cold rolling to
em = 80% and further annealing for 1-100h at 800°C (a), 1000 °C (b), or
1200 °C (c).

measurements were performed. The alloy in the as-cast condition had
the microhardness of 396 HV. At the initial stages of rolling, the
hardness increased quickly to 459 HV after 20% thickness strain
(Fig. 9). Further increase in strain did not result in noticeable changes

Fig. 4. TEM bright-field images (with corresponding SAED patterns) from a transversal plane of the program Ti; goCrNbV 5¢ alloy after rolling to ey, = 20% (a) and
em = 80% (b). Circles indicate areas used for obtaining the SAED patterns. The rolling direction is horizontal in both cases.
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Fig. 6. Microstructure of the Ti; goCrNbV 56 alloy after cold rolling to e, = 80% and further annealing at 800 °C for 1 h (a); 10 h (b); or 100 h (c, d); SEM-BSE images

(a—c) and EBSD IPF map for the bcc phase.

Table 2
The chemical composition of the constitutive phases of the program alloy after
cold rolling and annealing at 800°C for 1-100 h (in. at.%).

Element Ti Cr Nb A
Phase

1h

Bee matrix 44.8 19.5 23.6 12.1
Laves particles 38.7 26.7 21.8 12.8
10h

Bee matrix 46.4 18.4 23.1 12.1
Laves particles 36.4 28.2 21.9 13.5
100h

Bee matrix 47.3 17.7 23.3 11.7
Laves particles 36.1 28.7 22.1 13.1
Actual alloy composition 42.7 221 23.0 12.2

in the microhardness and remained on the level of 454-469 HV.

Mechanical properties of the Ti; ggCrNbV 56 alloy in the cold rolled
condition (g4, = 80%) were evaluated using tensile testing (Fig. 10).
The resulting stress-strain curve is shown in Fig. 10. The yield strength
of the alloy was equal to 1020 MPa. The close values of the yield
strength in the as-cast (Fig. 1d) and cold rolled conditions confirm weak
work hardening during cold rolling (Fig. 10); note however that the
compression testing can result in up to ~18% higher strength of the
same alloy [47]. After yielding, a pronounced but short strain hard-
ening stage was observed. Such a strong strain hardening capacity of a
heavily cold worked alloy is unexpected. The ultimate tensile strength
of the alloy was 1535 MPa, while elongation to fracture was 3.5%. More
detailed investigation of the tensile behavior of the alloy depending on
the microstructure is required to get better understanding of its me-
chanical behavior; such a study will be performed in future.

Annealing after cold rolling expectedly resulted in softening of the
alloy (Fig. 11). The microhardness decreases become more pronounced
(in comparison with the cold-rolled condition) with an increase in the
annealing temperature from 800 to 1200 °C. To be more specific, after
annealing for 10 h at 800 °C, 1000 °C or 1200 °C the respective micro-
hardness values were 438 HV, 376 HV, and 358 HV. The annealing
duration had a rather weak effect on the microhardness; for instance; an
increase in the annealing time from 1 h to 100 h at 800 °C resulted in a
decrease in the microhardness value from 449 HV to 433 HV.

4. Discussion

The obtained results have demonstrated that the program
Ti; 8oCrNbV, 56 alloy has low density (6.17 g/cm®) together with high
ductility in the as-cast condition. To the best of the authors’ knowledge,
only three RHEAs were processed by cold rolling: HINbTaTiZr [19-22],
Hbeo'lgTao'lgTil'27Zr [36] and Hfo.sNbo.sTao'sTil'szr [48,49]. It
should be noted that good ductility in compression/tension was re-
ported for some other RHEAs, including HfNbTiZr [50], Al,HfNbTaTiZr
(x = 0-0.3) [51], HfMo,NbTaTiZr (x = 0-0.75) [52]. However, these
alloys have very similar chemical compositions to that of the HfNbTa-
TiZr (aS well as Hf0_5Nb0,5Ta0_5Ti1_5Zr or HbeollsTao_lsTil_27Zr alloys),
in contrast to the program Ti; ggCrNbV 56 alloy. Some characteristics of
the introduced Ti; goCrNbV, 56 alloy and Hf-Nb-Ta-Ti-Zr system alloys
are shown in Table 2.

One can see from Table 4 that density of the Ti; ggCrNbV, 56 alloy is
much lower than those of some Hf-Nb-Ta-Ti-Zr alloys; the difference is
20-60%. Apparently, this is due to the absence of elements with high
density like Hf (13.31 g/cm®) or Ta (16.69 g/cm?), and a high amount
of low-density Ti (4.5g/cm®). The Ti; goCrNbVyse alloy has also a
considerably higher average valence electron concentration parameter
(VEC = X ¢;VEC;, where c; and VEC; are the atomic concentration and
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Fig. 7. Microstructure of the Ti; goCrNbV, s¢ alloy after cold rolling to €4, = 80% reduction and annealing at 1000 °C for 1 h (a); 10h (b); or 100 h (¢); SEM-BSE

images.

Table 3
The chemical composition of the constitutive phases of the program alloy after
cold rolling and annealing at 800°C for 1-100 h.

Element Ti Cr Nb \%
Phase

1h

Bcc matrix 46.4 18.4 23.8 11.4
Laves particles 32.8 34.4 20.2 12.6
10h

Bcce matrix 46.8 17.8 23.5 11.9
Laves particles 21 47 19.6 12.4
100h

Bcce matrix 53.4 10.8 24.2 11.6
Laves particles 18.8 49.2 18 14
Actual alloy composition 42.7 221 23.0 12.2

the valence electron concentration of the i element, respectively [53]).
The VEC parameter is widely used for predicting the bcc to fcc transi-
tion in HEAs. In addition, it was recently proposed that ductile RHEAs
should have VEC <4.4 [48]. However, the program alloy also showed
considerable ductility allowing cold rolling with high thickness reduc-
tion. This finding shows that the VEC <4.4 condition is not necessary
for obtaining ductile RHEAs.

Table 4 also compares the tensile properties of the introduced
Ti; goCrNbVy 56 alloy to other ductile RHEAs. Note that the alloys were
examined in different conditions: cold rolled (Ti; goCrNbVyse
(e = 80%), HINDbTaTiZr (e, = 89% [19])), recrystallized (HfNbTa-
TiZr (annealed at 1100°C for 2h, grain size of 38.4um [19]),
HfNbg 18Tag 18Tiy 27Zr (900°C for 0.5h, 40um [36])), or as-cast
(Hfo.sNbg sTag sTi; sZr [48]). Apparently, microstructure strongly af-
fects mechanical behavior, one can compare the data for the cold rolled

and recrystallized HfNbTaTiZr alloy for example. Cold worked alloy is
much stronger but less ductile. Therefore, it is not surprising that the
Ti;.goCrNbVy 56 is less ductile than the other RHEAs in the recrystallized
or as-cast condition. Meanwhile, the ductility of the Ti; goCrNbV se
alloy is comparable with the ductility of the HfNbTaTiZr alloy in cold
rolled condition: 3.5% and 5.0%, respectively. It is reasonable to sug-
gest that proper heat treatment (i.e. recrystallization) can improve the
alloy ductility further. The ultimate tensile strength of the
Ti;.goCrNbVy 56 alloy is much higher than that of the rest of the alloys.
Due to low density, the specific properties of the alloy are even more
impressive. For example, the specific UTS of the Ti; goCrNbV, 56 alloy is
almost twice higher than that of the cold rolled HfNbTaTiZr (Table 4).

Microstructure evolution of the Ti; gogCrNbVj s¢ alloy during cold
rolling (Figs. 2-4) was quite typical of metallic materials. In particular
an increase in dislocation density and shear banding have already been
reported for the equiatomic HfNbTaTiZr alloy [19-21,23]. However,
the formation of deformation-induced high-angle boundaries forming
lens-shaped areas deserves additional consideration. Morphologically,
these areas look like deformation twins; yet the misorientation of their
boundaries (see inserts in Fig. 2b and c¢) is much lower than the mis-
orientation of twin boundaries in bcc metals (50.57° [54]). Also, the
misorientation of the observed high-angle boundaries increased with
the strain. Similar microstructural features (having a lens-like shape
and grain misorientation around 20°) have already been observed in
beta (bcc) titanium alloys and were attributed to the formation of kink
bands [55,56]. Given the similarity of both the crystal structure and
chemical composition (due to a high amount of Ti in the program
alloy), it can be suggested that the observed lens-shaped areas are the
kink bands. However this question deserves further detailed investiga-
tion.

Annealing after cold rolling has resulted in the phase transforma-
tions; heat treatment at a temperature of 1000 °C and below resulted in
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Fig. 8. Microstructure of the Ti; goCrNbVy 56 alloy after cold rolling to €4, = 80% and annealing at 1200 °C for 1 h (a); 10h (b); or 25h (c); SEM-BSE images.
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Fig. 9. Dependence of microhardness of the program Ti; goCrNbV s¢ alloy on
thickness strain.

the C15 Laves phase particles precipitation (Figs. 5-7). After annealing
at a higher temperature of 1200 °C, the single-phase bcc structure was
observed (Fig. 8). Fig. 12 shows the dependence of the equilibrium
phase fractions on temperature for the program alloy obtained using a
Thermo-Calc software. The alloy solidifies through a bec solid solution
phase with a nominal composition. The alloy maintains the single phase
structure till ~1000 °C; at lower temperatures, an fcc (C15) Laves phase
with the chemical composition close to that of the binary Cr,Nb com-
pound precipitates. In turn, the bec phase becomes depleted of Cr and
Nb. The fraction of the Laves phase gradually increases with a decrease
in temperature. Finally, at ~600 °C, a Ti-rich phase with a hexagonal

tress, MPa
2 B 2 2
8 8 8 8
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ineering s

200 H

rolling 80%

01 2 3 4 5 6 7 8 9 10 11 12 13 14

Engineering strain, %

Eng

Fig. 10. Tensile stress-strain curve the Ti; goCrNbV 56 alloy after cold rolling to
em = 80%.

close-packed (HCP) structure forms.

The observed phases (the single bcc phase in the as-cast condition
and after annealing at 1200 °C and the bec + Laves mixture after an-
nealing at 800-1000 °C) agree reasonably well with those predicted by
the phase diagram. However, there are some discrepancies between the
experimental data and predictions. For example, the experimental
fraction of the Laves phase after annealing at 1000 °C (0.25-0.36) was
an order of magnitude higher than the predicted equilibrium fraction at
the corresponding temperature (= 0.02). Apparently, this difference is a
result of an incorrectly predicted solvus temperature of the Laves phase
due to the imperfection of the used database [3,57]. In addition, higher
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Fig. 11. Dependence of microhardness of the Ti; gogCrNbV s alloy on an-
nealing temperature and time. Orange dashed line shows microhardness of the
alloy after cold rolling to e4, = 80%. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)

diffusion rate at higher temperatures resulted in faster attaining of
equilibrium (or nearly equilibrium) fraction of the Laves phase parti-
cles.

Annealing was also associated with recovery (at 800 °C) or re-
crystallization (at 1000 or 1200 °C) in the bce phase (Figs. 6-8). An-
nealing in the single bcc phase field at 1200 °C resulted in coarse grains
(~150-200 pm, Fig. 8) due to the high annealing temperature and the
absence of any obstacles for boundaries migration. A decrease in the
annealing temperature to 1000 °C and precipitation of a large amount
of fine Laves phase particles most likely strongly impede the grain
boundaries motion and restrict grain growth via the well-known Zener
drag mechanism [58,59] thereby significantly reducing the size of re-
crystallized grains to ~2-5pum (Fig. 7). The Zener-limiting grain size
can be calculated using the following equation [60]:

D; =a—
2~ "3R @

where D, is a grain size, a is a scaling factor, d and F, are a size and
fraction of particles, respectively. A relationship between the size/
fraction ratio (Drayes/Fraves) Of the Laves phase particles and the re-
crystallized bec grain size (Dpc.) is plotted in Fig. 13. One can see a
linear character of the Dygyes/Fraves and Dy relationship. This finding
indicates that indeed Zener pinning by the Laves phase particles limits
grain growth in the program alloy during annealing at 1000 °C; similar
phenomena has already been reported for some transition metals HEAs
[61,62].

Changes in the microstructure apparently affect mechanical prop-
erties, e.g. microhardness (Figs. 9 and 11). In general, these changes are

Table 4
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well anticipated: the alloy became harder during rolling and softened
after annealing. Work hardening can be mostly attributed to an increase
in dislocation density (Fig. 3), an additional contribution can be pro-
vided by the formation of new deformation-induced boundaries and
dislocation arrays (Figs. 2 and 4). However, while the deformation
(sub)structure continuously developed with an increase in rolling stain
(Fig. 2), the hardness increase saturated already after 20% reduction.
Note that a qualitatively similar strain hardening behavior during cold
rolling has been reported for some other RHEAs with the bcc structure
(HfNbTaTiZr, for example [20]) or beta (bcc) titanium alloys (gum
metals, for example [63]). Such a behavior can be associated with the
significant microstructure inhomogeneity during rolling (Fig. 2e) and
distinctively different local mechanical properties of areas with dif-
ferent imparted strain levels. Indeed, nanohardness measurements have
revealed that the hardness varied from 440 to 480 HV for the least
deformed regions (the nanohardness of the initial (as-cast) condition
was 420 HV) to 540-600 HV in the shear bands. Most probably, the
absence of noticeable strain hardening at late stages of deformation can
be associated with gradual involvement of the less-strained areas into
deformation.

The presence of weakly-deformed regions, as well as possible re-
laxation of stresses after rolling, is most likely a reason for the promi-
nent strain hardening capacity of the cold rolled alloy during the tensile
test (Fig. 10). Note that the hardening stage during tension was very
short (uniform elongation was only 3.5%); similarly, short (e, < 20%)
strain hardening stage was observed during rolling (Fig. 9). However a
“hard” scheme of deformation during tension and limited strain hard-
ening resulted in a short stage of uniform straining, rapid strain loca-
lization and fracture.

Annealing after cold rolling resulted in softening of the alloy ob-
viously due to the development of recovery or recrystallization in the
bce matrix. It should be noted that the Laves phase particles pre-
cipitation apparently did not result in pronounced strengthening of the
alloy (Fig. 11). Thus annealing at 1000°C (yielded the fine-grained re-
crystallized bec matrix with the Laves phase particles fraction of 0.36)
resulted in even slightly smaller hardness than that of the coarse-
grained as-cast condition: 396 HV vs. 368-378 HYV, respectively. This
finding can be partially associated with the chemical composition
variation in the bcc phase after annealing, i.e. depletion in Cr due to its
partitioning in the Laves phase, and associated changes in solid solution
strengthening.

The precise models for solid solution strengthening in multi-
component HEAs are currently under development since the classic
models can be applied for dilute alloys only [2,27,30,64,65]. In any
case the solid solution strengthening depends on the atom size misfit
and the modulus misfit between the solute and solvent atoms (mean-
while identification of the solvent and solute species in close to
equiatomic HEAs is complicated) [27]. The constitutive elements of the
program alloy have relatively close atomic radii in a range of 126-147
p-m. Therefore, the lattice distortion is not expected to be high in any
possible atomic pair. However, the shear modulus of Cr (110 GPa) is
noticeably higher than that for the other elements (38-47 GPa).

Density, valence electron concentration (VEC), and tensile mechanical properties, namely yield strength (YS), specifiv yield strength (SYS), ultimate tensile strength
(UTS), specific ultimate tensile strength (SUTS), and elongation to fracture (EF), of the program Ti; goCrNbV, s¢ alloy in comparison with those of HfNbTaTiZr,

Hf sNbg sTag sTiy sZr or HfNbg 18Tag 158Ti; 27Zr alloys.

Alloy Density, g/cm® VEC Mechanical properties Reference
Condition YS, MPa  SYS,kPa x m® x kg='  UTS,MPa  SUTS, kPa x m® x kg™'  EF, %

Ti; goCrNbV 56 6.17 4.8 Cold-worked 1020 165.3 1535 248.0 35 This work

HfNbTaTiZr 9.89 4.4 Cold-worked 1438 145.4 1495 151.2 5.0 [19,27]
Recrystallized 1114 112.6 1168 118.1 12.2

Hf.sNbg sTag sTi1 sZr 8.13 4.25 As-cast 903 111.1 990 121.8 18.8 [48]

HfNby 18Ta.18Ti1 2721 8.48 4.1 Recrystallized 540 63.7 995 117.3 23.0 [36]
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Fig. 13. Dependence of the bcc grain size on the ratio between the size and
fraction of the Laves phase particles in the Ti; goCrNbVs¢ alloy after cold
rolling and annealing at 1000 °C.

Therefore, strong modulus distortions are expected around Cr atoms
that can generate the strongest solid solution strengthening. The de-
pletion of bec solid solution in Cr (22.1 at.% in the as-cast condition and
10.8 at.% after annealing at 1000°C for 100 h (Tables 1 and 2)) is ex-
pected to lower the modulus misfit and the solid solution stengthening.
Thus, the decreased Cr concentration in the bec solid solution can result
in the lower hardness of the alloy (Fig. 11).

Besides, the as-cast alloy have dendritic segregations (Fig. 1b) that
can also have a positive effect on strength in comparison with the
homogenios elemental distribution after annealing (Fig. 7 for example)
[47]. Finally, Fig. 11 suggests relative “softness” of the Laves phase
particles at room temperature, as it was earlier reported for some si-
milar RHEAs with B2/Laves phase structures [37]. Nevertheless, the
ordered B2 phase in Ref. [37] was expected to be much harder than the
disordered bcc solid solution in the studied alloy. Therefore, nano-
hardness tests of the program alloy were performed after annealing at
1000°C for 100 h. The hardness values were found to be 390-420 HV
for the bcc phase and 360-400 HV for the Laves phase particles, re-
spectively. Although the obtained values for different phases overlap,
the Laves phase particles were somewhat softer than the bcc matrix.
The relative “softness” of the Laves particles can be attributed to their

10

Materials Characterization 158 (2019) 109980

complex chemistry (Tables 2 and 3); it was earlier revealed that de-
viations from the stoichiometry and/or addition of other elements can
decrease hardness of the binary AB, Laves phase [66-68]. However,
potentially the Laves phase particles precipitation can have a positive
effect on high-temperature mechanical properties of the alloy. Further
studies in this direction will be performed in the future.

5. Conclusions

In this work, microstructure and microhardness evolution during
cold rolling to ey, = 80% thickness strain and subsequent annealing at
800-1200 °C for 1-100h of the new Ti; goCrNbV, 5¢ refractory high
entropy alloy were examined and following conclusions were drawn:

1) In the as-cast condition, the alloy had the coarse-grained single-
phase bcc structure. The density of the alloy was 6.17 g/cm?>.
Compression tests have revealed high ductility of the alloy enabling
cold rolling to a high thickness strain (e, = 80%). The compression
yield strength of the alloy was 990 MPa.

2) Cold rolling was associated with the flattening of the initial coarse
grains, development of dislocation substructure, and formation of
kink and shear bands. The microstructure of the alloy remained
highly heterogeneous even after rolling to es = 80%. The micro-
hardness of the alloy increased from 396 HV in the as-cast condition
to 454-469 HV after rolling to ey, = 20-80%. After cold rolling to
em = 80% the alloy had yield strength of 1020 MPa, ultimate tensile
strength of 1535 MPa, and elongation to fracture of 3.5%.

3) Annealing resulted in (i) precipitation of the Cr-rich C15 Laves
phase particles at 800 °C or 1000 °C and (ii) recovery (at 800 °C) or
recrystallization (at 1000°C or 1200°C) of the bcc matrix.
Precipitation of the Laves phase particles was found to be in rea-
sonable agreement with the equilibrium phase diagram produced
using the Thermo-Calc software. The size of the recrystallized bcc
grains was ~2-5um and ~150-200 um after annealing at 1000°C
or 1200 °C, respectively. Much finer grain size at a lower tempera-
ture was attributed to the pinning effect of the Laves phase particles.
An increase in the annealing temperature resulted in a gradual in-
crease in the microhardness from ~430 to 450 HV at 800°C to
~340-360 HV at 1200 °C.
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