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In the present study, the response of TizoNbsgHf;5Al 5 and TigoNbsgZraoAlyo (at%) refractory high entropy
alloys to annealing is reported. The alloys were produced by vacuum arc melting and had a density of
7.07 + 0.03 g/cm® and 6.03 + 0.03 g/cm?, respectively. In the as-cast condition, both alloys had a coarse-
grained single B2 phase structure. After cold rolling to 80% thickness reduction and annealing at T = 900 °C
for 15 min, a fine-grained structure with a grain size of 4.3 + 2.2 and 13.2 + 5.0 pm was produced in the
TigoNbsoHf 5Al;5 and TigoNbsgZraoAlg alloys, respectively. In addition, a small amount of orthorhombic (0)
and ZrsAls-type phase particles formed in the alloys with Hf and Zr, respectively. Annealing at T = 500 °C up
to 96 h had a weak effect on the structure and hardness of the alloys. Annealing at T = 600 and T = 700 °C
resulted in the massive precipitation of the O-phase in the TizoNbsgHf;5Al;5 alloy and the ZrsAls-type phase
in the TizoNbsoZr,pAlye alloy. However, a pronounced increase in microhardness of the TizoNbsoHf;s5Al 5
alloy was revealed after annealing at T = 600 °C only. Meanwhile, the TizoNbsoZr,0Al;g alloy became softer
after annealing at T = 600 and T = 700 °C. The phase transformations in the alloys were compared with the
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CALPHAD predictions, and hardening mechanisms were qualitatively analyzed.
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1. Introduction

There is an urgent need for new metallic materials to withstand
high temperatures in the aerospace and energy industries [1]. A new
class of promising refractory alloys has recently appeared - re-
fractory high-entropy alloys (RHEAs) [2-18]. These alloys typically
have bcc solid solution structures with the possible presence of
other phases, including B2, Laves and/or different compounds
[8,10,19,20]. RHEAs often exhibit high strength at elevated tem-
peratures, making them promising materials for high-temperature
applications [3,8,21-23]. However, most RHEAs have low ductility at
room temperature, even in compression [3,24-27].

The vast experience from conventional alloys suggests that a
better balance between high-temperature strength, ambient tem-
perature ductility, and damage tolerance can be obtained in
precipitation-hardened alloys. A famous example is Ni-based su-
peralloys, where a Ni-based fcc matrix is strengthened by ordered
L1, NisAl precipitates [28,29]. There were extensive efforts to re-
plicate that kind of microstructure in RHEAs, resulting in developing
the so-called refractory high entropy superalloys (RHESAs) [30-36].
RHESASs are usually composed of coherent bcc and B2 phases having
cuboidal and/or plate-like morphology and can demonstrate
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impressive specific strength at elevated temperatures. For example,
an AlMogsNbTagsTiZr alloy has a density of 7.4 g/cm?® and yield
strength of 745 MPa at 1273 K [37].

However, in most RHESAs, the matrix phase has a B2 ordered
structure, which results in a lack of room-temperature ductility
[37,38]. Indeed, for the AlgsNbTaggTii5VooZr alloy, it was demon-
strated that proper heat treatment could “reverse” microstructure
and improve ductility [39]. Yet, it is unclear if these approaches are
universal and suitable for different RHESAs. In addition, some recent
works have raised doubts about the stability of bcc+B2 structures at
potential usage temperatures [40,41].

Therefore, there is an interest in other approaches to develop
precipitation-strengthened RHEAs. Recently, several new RHEAs
with an orthorhombic (O) phase embedded in the bcc matrix were
introduced [42,43]. For example, in a TigoNb3oHf5Al;5 alloy [42], the
O-phase increased strength with a slight decrease in plasticity.

However, additional knowledge about the O-phase precipitation
in RHEAs is needed. One of the interesting aspects is related to the
effect of heat treatment (i.e., aging) on characteristics of the O-phase
precipitation. Another one is associated with the compositional ef-
fect on the O-phase formation. In this work, we have performed a
detailed examination of the effect of aging conditions on the pre-
viously reported TisoNbsgHf;5Al;5 alloy. In addition, similar studies
were conducted for a novel TiyoNbsgZryoAlyo alloy, where Hf was
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Table 1
Measured chemical compositions of the TizoNbsgHf;5Al;5 and TiggNb3zZraoAlyg alloys,
in at%.

Alloy Ti Nb Hf Zr Al O, ppm N, ppm
TigoNbsoHf15Al;s 428 288 152 - 132 401 83
TigoNbsoZroAlyy 412 286 - 201 102 227 43

replaced with chemically similar (same group in the periodic table)
yet lighter Zr.

2. Materials and methods

lngots of the Ti40Nb30Hf]5A115 and Ti40Nb302r20A110 (ln at%) alloys
with dimensions of 10 x 15 x 40 mm? were produced by vacuum arc
melting of pure (299.9 wt%) elements in a high purity argon atmosphere;
the actual chemical composition, measured with an energy-dispersive
(EDX) detector (for principal components) and inert gas fusion (for
oxygen and nitrogen contents), is listed in Table 1. The densities of the
TigoNbsoHf 5Al15 and TiggNbsgZreAlyg alloys, determined by the hydro-
static weighing method, were 7.07 + 0.03 g/cm®and 6.03 + 0.03 g/cm?,
respectively.

The obtained ingots were rolled at room temperature until the
thickness was reduced by 80%. Although the B2-phase is considered
brittle, in our case the alloys withstood cold rolling without no-
ticeable cracking. Similarly, some B2 compounds have been reported
to be ductile during rolling or compression at ambient temperatures
in [42,44-47]. Rectangular samples measured 3 x 4 x 1 mm> were
cut from the cold-rolled ingots. The samples were encapsulated in
vacuumed (1072 Torr) quartz ampules filled with titanium chips to
prevent oxidation. All samples were annealed at T = 900 °C for
15 min. These samples will be referred to as “recrystallized” here-
inafter. Some samples were further annealed at T = 500, 600, and
700 °Cfor 1,12, 24, 48, 96 h. These samples will be denoted as “aged”
hereafter. Cooling after the annealing was carried out in laboratory
air. Vickers microhardness was measured at room temperature using
a 300 g load for 15 s; 15 measurements were made for each
specimen.

The phase composition and microstructure of the alloys in the as-
cast, recrystallized, and aged conditions were studied using X-ray
diffraction (XRD), scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM). Samples for SEM and XRD
analysis were prepared by careful mechanical polishing. XRD ana-
lysis was performed using a RIGAKU diffractometer and Cu Ka
radiation having the wavelength of 1.5406 A and a scanning rate of
3°/min from 20° to 125°. SEM investigations were carried out on an
FEI Quanta 600 FEG or Nova NanoSEM 450 microscopes equipped
with an EDX detector; the latter was used for the chemical compo-
sition measurements. Mechanically pre-thinned to 100 pm foils
were prepared for TEM analysis by conventional twin-jet electro-
polishing at a temperature of -35 °C and an applied voltage of 29.5 V
in a mixture of 600 ml of methanol, 360 ml of butanol, and 60 ml of
perchloric acid. TEM investigations were performed using a JEOL
JEM-2100 microscope equipped with an EDS detector.

Dependences of the equilibrium phases fraction on temperature
in the program alloys were constructed using a Thermo-Calc (ver-
sion 2020a) software and a TCHEA4 (high-entropy alloys) database.

3. Results
3.1. Microstructure in the as-cast and recrystallized conditions

Fig. 1 illustrates microstructures of the TisoNbsgHf;sAl;5 and
TigoNbspZreAlyo alloys in the as-cast condition. The alloys had a
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single-phase B2 structure with the lattice parameter a = 0.3304 nm
and 0.3337 nm, respectively (Fig. 1a). The average grain size was
470 + 150 (Fig. 1b) and 445 + 190 pm (Fig. 1c), respectively. Den-
dritic segregations were observed inside the grains of the
TigoNb3pZr,pAl g alloy. Comparison between the SEM-BSE image and
EDX element maps (Fig. 1c) shows that darker areas were enriched
with Zr and Al, while lighter regions were enriched with Nb. The
TisoNbsoHf 5Al 5 alloy had a uniform chemical composition.

A uniform fine-grained recrystallized microstructure was ob-
tained in both alloys after cold rolling to 80% reduction and
annealing at 900 °C for 15 min (Fig. 2a and c). The average grain size
was 4.3 £ 2.2 and 13.2 + 5.0 um in the TigoNbsoHf;5Al;5 (Fig. 2a) and
TigoNbspZryeAlyg (Fig. 2c) alloys, respectively. In both alloys, the
precipitation of secondary phases was detected (Fig. 2b and c). Using
TEM, the particles were identified as a disordered O1-phase in
TigoNbsoHf 5Al15 (Fig. 2b) and a ZrsAls-type (hcp) phase in
TigoNbspZr0Alyo (Fig. 2d). According to EDS analysis, the O1-phase
was enriched with Hf, while the ZrsAls-type phase was enriched
with Zr and Al (Table 2). The O1 particles were distributed homo-
geneously in the microstructure of the TisoNbsgHf;sAljs alloy.
The estimated volume fraction of the O1 particles and their average
size were ~1.5% and 25nm, respectively. In the case of the
TigoNb3pZr0Alo alloy, the ZrsAls-type particles were mainly
observed in darker, Zr-, Al-rich areas (Fig. 2¢). The volume fraction
and average size of the ZrsAls-type particles were 1.2% and 325 nm,
respectively.

3.2. Effect of aging conditions on microhardness

The TisoNbsgHf5Al 5 alloy in the recrystallized condition (after
rolling to 80% reduction and annealing at 900 °C for 15 min) had a
microhardness of 340 + 20 HV (Fig. 3a). The TigoNb3oZr,0Al;g alloy in
the recrystallized condition had a slightly lower microhardness of
305 + 5 HV (Fig. 3b), probably due to somewhat coarser grain size
and/or different chemical composition (Fig. 2a and c). Aging at
500 °C had barely affected the microhardness of the TigoNbsoHf;5Al5
alloy. Aging for 1-12 h at 600 °C also resulted in a weak increase in
hardness. However, an increase in the aging duration to 24 h resulted
in a sharp rise in hardness to 430 + 10 HV, which remained constant
at longer aging durations. A slight increase in the microhardness
values was found after aging at 700 °C.

The TigoNbsgZraAlye alloy exhibited a very different behavior
during aging treatment. Some variations in the hardness during
aging treatment at 500 °C were detected, yet it still was not sig-
nificantly different from the hardness of the recrystallized condition.
Meanwhile, aging at higher temperatures of 600 and 700 °C resulted
in a continuous decrease in hardness with increasing duration of
heat treatment. The hardness reached 290 + 5 HV and 285 + 5 HV
after aging for 96 h at 600 and 700 °C, respectively.

3.3. Effect of aging on structure

3.3.1. The Ti4oNb30Hf15Al]5 alloy

To examine the aging effect on the structure of the
TigoNb3oHf sAl 5 alloy, XRD analysis was performed first. The re-
crystallized TigoNbsoHf5Al;s alloy had the B2 structure; reflections
from the disordered O1-phase were not detected, probably due to
their low fraction (Fig. 2b). Aging at 500 °C did not result in no-
ticeable changes in the phase composition (Fig. 4a). Aging at 600 °C
for 1-12 h did also not result in any changes (Fig. 4b). However, after
aging for 24-96h, strong peaks belonging to a new ordered
02-phase appeared. The precipitation of the new phase was also
accompanied by shifting of the B2 peaks to the left, indicating some
decrease in the lattice parameter. Similar behavior was observed
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Fig. 1. XRD pattern (a) and SEM-BSE images of the TisoNbsoHf;5Al;5 (b) and TigoNbzeZraoAlye (c) alloys microstructure in the as-cast state; EDX element maps of the

Ti4ng30Zl‘20Al10 alloy.

during aging at 700 °C (Fig. 4c). The recrystallized structure was
stable during short-time (1h) aging; however, an increase in the
aging duration caused the O2-phase precipitation and shift of the B2
peaks to the left.

To get a better understanding of the structural response to aging,
we performed SEM and TEM analysis. Fig. 5 demonstrates the effect
of aging at T=500 (a, b), 600 (c, d), 700°C (e, f) for 24h on the
microstructure of the TizoNb3gHf;5Al;5 alloy. Table 3 summarizes the

chemical composition and average size of the structural con-
stituents. Aging at 500 °C barely changed the recrystallized micro-
structure and chemical composition of the B2 and O1-phases
(Fig. 5a, b, g; Table 3).

However, at T=600 °C and 700 °C, needle-shaped particles of the
ordered O2-phase precipitated in the B2 matrix after aging for 24 h
(Fig. 5¢-f), confirming the XRD results (Fig. 4b). Note, both the 02-
phase particles’ size and volume fraction were smaller at 600 °C



E. Panina, N. Yurchenko, S. Zherebtsov et al.

C

Journal of Alloys and Compounds 889 (2021) 161586

ZrsAl: . & .
T2 110 141

012

e £ @ %

000 000 001

ZA=[110]s2

_ 110
ZA=[221]zrsAlz

Fig. 2. Microstructure of the TigoNbzoHf;5Al15 (a, b) and TigoNbsoZraoAlyg (¢, d) alloys in the recrystallized condition: a, c - SEM-BSE images; b, d - TEM bright-field images with
selected area diffraction patterns (SAEDs) of the B2 and O1-phases (b) and the B2 and ZrsAls-type phases (d).

(Fig. 5g; Table 3). Meanwhile, the precipitation kinetics at 600 and
700 °C were found to be similar (Fig. 5g). After a certain period (24 h
for 600 °C and 12 h for 700 °C), the particles’ volume fraction steeply
increased and remained almost constant during further aging. Be-
sides, the EDS analysis revealed similarities of the chemical com-
positions of the B2 and 02-phases after aging at 600 and 700 °C. The
B2 phase was enriched with Nb and Hf, while the 02-phase - with
Ti and Al (Table 3). The B2 and 0O2-phases also demonstrated
the following orientation relationships (ORs): [011]g,||[001]os,
5211)3?)'(110)02 (Fig. 5d) and [111]g,[[110]oz, (110)g2]|(001)0p,
Fig. 5f).

3.3.2. The Ti4oNbgoZT20Al1o alloy

The XRD patterns of the TizoNbsoZryoAlyp alloy in the re-
crystallized condition and after aging at 500 (a), 600 (b), 700 °C (c)
are presented in Fig. 6. The recrystallized TigoNb3oZry0Alio alloy

Table 2

comprised of the B2 and ZrsAls-type (hcp) phases. The Bragg peaks
belonging to the ZrsAls-type phase became more intense with in-
creasing aging duration at 500-700 °C, suggesting some increment
in its volume fraction.

Fig. 7 demonstrates the effect of aging at T =500 (a, b), 600 (c, d),
700°C (e, f) on the microstructure of the TiggNbszgZreAl;o alloy.
Table 4 collects data on the chemical compositions and volume
fractions of the constitutive phases. After aging at T=500 °C for 24 h,
the structure remained unchanged (Fig. 2a and b). The ZrsAls-type
particles were found in darker areas enriched with Zr and AL
However, an increase in the aging duration to 48-96 h enlarged the
volume fraction of the ZrsAls-type particles to 5-15% (Fig. 7g).

After aging at 600 and 700 °C for 24 h, the ZrsAls-type particles
appeared both in the B2 grain interior and at the boundaries
(Fig. 7c-f). Compared to 600 °C, a twice higher volume fraction of
much coarser ZrsAls-type particles was found at 700 °C (Table 4).

Measured chemical composition of structural constituents in the TigoNb3oHf;5Al;s and TigoNb3oZrypAly alloys in the recrystallized condition.

Alloy Phase Fraction, % Chemical composition, at’%
Ti Nb Hf Zr Al
TisoNb3oHf15Al15 B2 98.5 431 29.2 14.5 - 13.2
O1-phase 1.5 29.1 19.8 511 - 0.0
Nominal - 42.8 28.8 15.2 - 13.2
TigoNbsgZra0Al1o B2 98.8 414 30.6 - 19.6 84
ZrsAlg 12 12.8 10.2 - 39.7 373
Nominal - 41.2 28.6 - 20.1 10.2
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Fig. 3. Microhardness of the TisoNbsoHf;5Al; s (a) and TisoNbsgZryAlyg (b) alloys in the recrystallized condition and after subsequent aging at different conditions.

Meanwhile, an increase in the aging duration to 96 h rose the vo-
lume fraction of the ZrsAls-type phase to 23% and 19% at 600 and
700 °C, respectively (Fig. 7g). The average particle size also increased
to 1.4pum and 2.1 um at 600 and 700 °C, respectively.

4. Discussion

In the present study, structure and microhardness of
TigoNbsoHf 5Al 5 and TiggNbsgZr,pAl;g RHEASs in different conditions
(as-cast, cold-rolled, and annealed at 900 °C (recrystallized), an-
nealed further at 500-700 °C (aged)) were examined. Although the
structure and hardness of both alloys were relatively similar in the
as-cast and recrystallized conditions, the microstructural response
to aging was drastically different. Here, we analyze the difference in
the behavior of the Ti40Nb30Hf]5A1]5 and Ti40Nb3()Zl'20Al]0 allOyS.

While both alloys had the B2 ordered matrix, the replacement of Hf
with Zr produced different secondary phases. In the TigoNbsoHf;5Al;5
alloy, a small amount of the disordered O1-phase was found after cold
rolling and recrystallization annealing. This O1-phase was retained
after aging at 500 °C, while aging at 600 and 700 °C resulted in the
massive precipitation of the ordered O2-phase. In turn, the re-
crystallized TisgNbsoZrypAlyg alloy contained a small amount of the
ZrsAls-type particles, and aging at 500-700 °C led to a pronounced
increase in the fraction of this phase. To rationalize these findings, we
constructed equilibrium phase diagrams using the CALPHAD
(CALculation of PHAse Diagrams) method (Fig. 8).

According to the produced phase diagram, the TigoNbsoHf;5Al5
alloy crystallizes through the bcc phase in a temperature range of
1600-1780 °C (Fig. 8a). The alloy has a single bcc phase structure till
=900 °C. At lower temperatures, the formation of the ordered 02-
phase and hcp phase is expected. The solvus temperatures of the 02-
phase and hcp phase are =900 and =795 °C, respectively. The 02-
phase is composed of Ti and Al In turn, the hcp phase is enriched
with Zr and Al (Table 5).

The TigoNb3pZr,0Al o alloy has similar liquidus and solidus tem-
peratures of 1790 and 1697 °C, respectively (Fig. 8b). A broad single
bcc phase field ends at a temperature of 940 °C due to the ZrsAls
phase formation. The ZrsAl; phase is replaced with an AlZr, phase at
~830°C. In addition, a second bcc phase (denoted as “bcc_2” in
Fig. 8b) appeared at ~570 °C. The ZrsAls/ Zr,Al phases had close to
stoichiometric compositions, while the bcc_2 phase was enriched
with Nb.

A reasonable correlation between the predicted phase diagrams
and the experimental results is observed. For instance, the prog-
nosticated bcc-based matrix in both alloys and the type of the pre-
cipitating phases — O phase in the TigoNbsgHf;5Aly5 alloy and Zr
aluminide in the TiggNbszgZryeAlyo alloy - were indeed found. The
solvus temperature of the secondary phases of *900/940 °C in Hf/Zr-
containing alloys agrees fairly with the experimental observation of
a small fraction of these phases after recrystallization annealing at
900 °C (Fig. 2). Note that the particles in the recrystallized conditions
can be formed during cooling after annealing as no specific attention
was paid to ensure fast cooling rates. The CALPHAD method thus
confirms the negative influence of Zr on the O-phase stabilization,
which is also in agreement with some recent results [43]. The effect
of Zr can be associated with a highly negative enthalpy of the Zr
aluminides formation [48], making their appearance preferable over
the Ti,AINb-based O-phase.

Some discrepancies between the experimental data and
CALPHAD results must also be mentioned. For example, the B2 or-
dering of the matrix phase in both alloys was not predicted. The
absence of an adequate B2 phase description in refractory metals
containing binaries and ternaries and available CALPHAD databases
are the apparent reasons for that inconsistency [30,49]. The pre-
dicted phase transformations at low temperatures, like the hcp
phase formation in the Hf-containing alloy and the ZrsAl; to AlZr,
transition coupled with the second bcc phase precipitation in the
Zr-containing alloy, can be incorrect due to similar reasons. Yet, the
obtained results suggest very sluggish diffusion in both alloys at
600 °C due to the absence of any noticeable changes in structure
even after 96 h of aging. Longer aging durations must be needed to
produce equilibrium structures at this temperature. This task,
however, is beyond the scope of the present work.

Another interesting finding is appearing two variants of the O-
phase in the TizoNbsgHf5Aly5 alloy — O1 and O2-phases. Although
the presence of the O1- and O2-phases is typical for the Ti,AINb
alloys [50,51], the relationship between them is still controversial
due to lacking experimental data. Muraleedharan et al. [50] pro-
posed that the high-temperature, disordered O1-phase transforms
to the low-temperature, ordered O2-phase by changing atomic site
occupation. An additional suggestion for the O1/02-phase existence
was that Al could stabilize the martensitic orthorhombic phase in
the Ti-Nb system [50,51]. Our results showed that, despite the
crystal lattice similarity, the O1-phase has a very different chemical
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Fig. 4. XRD patterns of the TigoNbsoHf;5Al;s alloy in the recrystallized condition and after aging at 500 (a), 600 (b), 700 °C (c).
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Measured chemical composition of the structural constituents in the TigoNbsoHf;5Al;s alloy after aging at 500, 600, 700 °C.

Condition Phase Fraction, % Chemical composition, at% Average size, pm
Ti Nb Hf Al Transversal Longitudinal
Aged at 500°C, 24h B2 98.5 43.2 29.0 14.3 135 51+20
O1-phase 1.5 22.0 14.3 63.7 0 0.05 + 0.02 0.07 £ 0.03
Nominal - 428 28.8 15.2 13.2 -
Aged at 600 °C, 24h B2 72 379 32.7 17.8 11.6 6.5 £ 3.5
02-phase 28 433 21.0 10.1 25.6 0.08 + 0.03 0.7 +03
Nominal - 42.8 28.8 15.2 13.2 -
Aged at 700°C, 24h B2 63 40.0 27.8 214 10.8 77 £ 2.7
02-phase 37 43.2 18.5 10.1 28.2 0.4 £ 0.1 31+13
Nominal - 42.8 28.8 15.2 13.2 -

composition and a wider precipitation window than the O2-phase.
The O1-phase is a disordered Hf-rich and Al-free phase found in the
recrystallized state and after aging at 500 °C, while the 02-phase is
an ordered (Ti, Al)-rich phase precipitated at 600 and 700 °C. It can
be speculated that a three-phase B2 + 01 + 02 structure exists in the
600-700 °C temperature interval. However, the massive 02-phase
formation hinders the unambiguous identification of the O1-phase
in this region. The upper solvus temperature and precipitation ki-
netics of the O1-phase also remains questionable. A previous study
[42] did not reveal the O1-phase after annealing at 1200 °C for 24 h,
thus suggesting 900-1200 °C as a possible temperature range for the
01 phase solvus.

Particular attention should also be paid to the precipitation range
of the 02-phase in the TigoNbsoHf;5Al;s alloy. As mentioned above,
no 02-phase was found at T>900 °C, while the massive 02-phase
appeared at 600 and 700 °C, respectively. Such a narrow stability
interval of the 02-phase is typical for the Ti,AIND alloys with a high
Nb and a low Al content rather than for stoichiometric or near-
stoichiometric Ti,AINb compositions [51-53]. Specifically, similar
behavior was observed for a TisgNbsgAl;, alloy by Boehlert et al. [52].
It was reported that the TisgNbsgAlj, alloy had a single-phase bcc
structure after annealing at 900-1200 °C, which transformed into
the bcc+02 mixture during subsequent aging at 650-800 °C. More-
over, the precipitation kinetics of the TisoNb3oHfi5Al;s and
TisoNbsgAly; alloys is also comparable. In both alloys, the 02-phase
volume fraction is closely related to aging duration. Being relatively
small after short-term annealing, it increases to a certain level and
remains almost constant after 12-24 h at 600-700 °C and ~50h at
650 °C in the Ti40Nb30Hf]5A115 and Ti50Nb38A112 allOyS, respectively.
Bearing in mind the stability of the bcc+O2 structure of the
TisoNbsgAly; alloy after a relatively long-term (434 h) aging at 650 °C,
we can expect an analogous behavior of the TiyoNb3oHf;5Al;5 alloy at
600-700 °C.

Meanwhile, the particles precipitated after annealing at 600-700 °C
in the alloys with Hf/Zr have distinctively different morphology. The
02-particles have a characteristic lens shape and are relatively thin,
while the ZrsAls-type particles are equiaxed and quite coarse. The lens-
shaped morphology of the 02-phase is typical for the Ti,AINb-based
alloys and can be attributed to the specific OR between the bcc/B2
matrix and the particles, namely [011]g||[001]oz, (211)g2][(110)02 and
[111]p2]/[110] 02, (110)g,]|(001)o, [52,53]. The same ORs were found in
the TigoNbsoHfsAly5 alloy (Fig. 5d and f). In turn, ZrsAls-type particles
in bcc/B2-based RHEAs often have a similar morphology to those
observed in the TigoNbsgZryoAlyg alloy [19,47,54].

The effect of heat treatment on the mechanical properties of the
program alloys was also diverse. Although annealing at 500 °C barely
affected the hardness of both alloys, annealing at 600 and 700 °C

resulted in hardening of the TizoNbsgHf;5Al 5 alloy (significant - at
600 °C), while the TisoNbsoZr,0Al;e softened. The changes in hard-
ness can be most probably attributed to the secondary phases’ pre-
cipitation. The effect of equiaxed O1/ZrsAl; precipitates on the
strength via the Orowan mechanism can be considered using the
following equation [55]:

Acy = (o.53scbf% /d)ln(d/zb) 0
where b is the Burgers vector, G is the shear modulus, and fand d are
the particle fraction and size, respectively.

The contribution of the lens-shaped O2-particle to the overall
strength can be estimated following a modified Ashby-Orowan
equation [56]:

_ 0538, [0.57135%] 1

Aoor =

T 236r b J{092v-% - 1.14)Ds% @)
where G is the shear modulus (G = 37.4 GPa) calculated using the rule
of mixture; b is the Burgers vector estimated using the experimental
bcc lattice parameter; S is the aspect ratio of O2-phase particles (at
600°CS=10.5 and at 700 °C S=16.2); D is the transversal size of the
02-phase particles; V is the volume fraction of the O2-phase
particles.

To estimate the effect of the precipitates on the mechanical
properties, the strengthening effect in the recrystallized and aged for
24 h conditions was calculated using Eqs. (1) and (2) and converted
to HV. Then, the difference in the predicted hardening between the
aged and recrystallized condition (AHV,,) was calculated and com-
pared with the experimental data (AHV,p). The obtained results are
presented in Fig. 9.

Comparing the strengthening predicted using the Orowan me-
chanism and experimental values has revealed good agreement
(Fig. 9). This is the indication that, for example, a sharp increase in
the hardness of the TizoNbsgHf;5Al;5 after annealing at 600 °C can be
attributed to precipitation of the fine O2-phase particles after 24 h of
annealing and their stability.

However, the reasons for the softening of the TizgNbsgZryoAlig
alloy cannot be explained using the Orowan equation. Probably, they
can be ascribed to the variations in the chemical composition of the
B2 matrix phase (Tables 2 and 4) and associated solid solution
strengthening (SSS). The SSS in (R)HEAs has been long discussed as a
very potent source of strengthening. However, due to the chemical
complexity, analytical models for SSS in HEAs were not developed
until recently [9,57-60]. Here, we have used the Coury-Kaufman-
Clark model [9], which has recently been proven accurate for the



E. Panina, N. Yurchenko, S. Zherebtsov et al.

Journal of Alloys and Compounds 889 (2021) 161586

m  ZrsAl3 °| 5
e B2 * i
o m%s i mm o 28 %0coen
= I . R
< 7 } o ° "' °
. o m) me ' m | | R, S 2| P
> A “ T A2 500°C 48
£ L] c o o
C o mm. e me/ B s s i lsoca
P T °
£ ‘
‘ [ * ° *
| f ‘ I 3 P9
2 et e B B gt s vema | rECTY St 2
40 60 80 100 120
2 0, deg.
a
o B2 ¢ . °
m  ZrsAl3 | g ° . . °
¢ = s m - m Poomy ' 600°C 96h
= ? .
< o i ° °
L emlem e mma w %% % enocasn
> °
|
g ° 4 \I‘ . .\ i o . o ?
I R L R e L
- [ o °
l
| l | .S T % °
e 2l b meme wml .0 B Yrecrystalized
40 60 80 100 120
2 0, deg.
b
e B2 .i ® °
m ZrsAl3 ‘ l e °
nmym T .1 %700°Cc96h
:- N WO VTS R ....;me-ﬂ.'m- 3 SN, DY, .| SO |
< | [ |\ » @ o °
2 AN e e . R\ 700°C 48
7] °
= d ° ¢ ° °
..3 B m m | mm® ool ."700°cz4h
- ) °
® |
| \ T ¢ .’ >
e 2.0 enel 8 S .8 . B recrystalized
40 60 80 100 120
20, deg.

Fig. 6. XRD patterns of the TigoNbsoZry0Al g alloy in the recrystallized condition and after aging at 500 (a), 600 (b), 700 °C (c).
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Table 4
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Measured chemical composition of the structural constituents in the TigoNbsoZry0Alyo alloy after aging at 500, 600, 700 °C.

Condition Phase Fraction, % Chemical composition, at% Average size, pm
Ti Nb Zr Al Transversal Longitudinal
Aging at 500°C, 24 h B2 98.2 422 289 19.5 9.4 14.7 £ 7.7
ZrsAl3 1.8 18.8 143 384 28.5 0.3 +0.1 03 +0.1
Nominal - 41.2 28.6 20.1 101 -
Aging at 600 °C, 24 h B2 94.7 42.5 29.7 18.5 9.3 136 £71
ZrsAlg 53 124 10.6 444 326 03 0.1 0.6 £0.2
Nominal - 41.2 28.6 20.1 10.1 -
Aging at 700 °C, 24h B2 89.5 440 30.7 17.8 7.5 13470
ZrsAl3 10.5 134 9.4 399 373 0.6 £ 0.2 1.7 £ 0.7
Nominal - 41.2 28.6 201 101 -
1.0 1.0
0.8 0.8
(= [ =
S — S
— liqui
© 06 - e © 061 —— liquid
© ©
= — 02 = bee
— =
() —— hep I — Zr5Al3
» 04 1 w 04 4 ZrAl
© (1]
= K= —— bec_2
o o
0.2 4 02 A
0.0 = r T T - T 0.0 = T T v r ¢
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
Temperature, °C Temperature, °C
a b

Table 5

Predicted phase fractions and chemical compositions of the TisoNbsgHf;sAl;s and TiggNbsgZrapAlyg alloys in the recrystallized condition and after annealing at 500, 600, 700 °C.

Fig. 8. Equilibrium phase diagrams of the TigoNbsoHf;5Al;5 (a) and TizgNbsgZr,eAlyg (b) alloys.

Alloy T,°C Phase Fraction, % Chemical composition, at%
Ti Nb Hf Zr Al
TigoNb3oHf15Al;5 900 bcc 100 40 30 15 - 15
500 bce 14.0 6.5 91.9 13 - 03
hcp 28.2 389 11 59.7 - 0.3
O-phase 57.8 481 27.6 0 - 243
600 bcc 14.3 10.5 85.3 3.0 - 1.2
hcp 28.4 394 1.9 57.8 - 0.9
O-phase 573 472 28.7 0 - 241
700 bcc 312 33.0 45.6 15.0 - 6.4
hcp 194 341 2.8 60.7 - 2.4
O-phase 494 46.1 29.7 0 - 24.2
TigoNb3gZra0Al1o 900 bcc 98.0 40.6 30.6 - 19.4 9.4
ZrsAl3 2.0 11.6 0 - 50.9 375
500 bcc 31.2 10.0 88.6 - 1.2 0.2
Zr,Al 17.8 9.6 0 - 571 333
hcp 51.0 68.9 4.8 - 18.4 7.9
600 bcc 76.6 484 329 - 13.3 54
bece_2 5.9 15.5 81.2 - 2.6 0.7
Zr,Al 175 1.3 0 - 55.3 334
700 bcc 87.0 441 345 - 14.9 6.5
Zr,Al 13.0 124 0 - 543 333

1
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Fig. 9. The comparison between the experimental (AHVe,) and predicted (via the
Orowan mechanism, AHV,,) changes in the alloys’ hardness after aging treatment for
24 h at different temperatures.

Hf-Nb-Ta-Ti-Zr RHEAs [61], to calculate SSS for the B2 matrix
phase of the TisgNbsoZrpAlj alloy in the recrystallized condition
(the corresponding chemical composition is given in Table 2) and
after annealing at 700 for 24 h (Table 4). After converting to HV, the
difference between the two values is about 6 HV, which correlates
well with the experimental difference of 7 HV. Thus, it is reasonable
to suggest that the observed softening is indeed due to changes in
the chemical composition of the matrix phase and the weakening of
the SSS. Note, however, that these are very rude estimates that can
be inaccurate due to B2 ordered structure of the matrix phase, while
the existing SSS models were developed for random solid solution.

5. Conclusions

In the present work, structure and mechanical properties of the
TigoNb3oHf 5Al 5 and TigoNbsgZryeAlyg refractory high entropy alloys
after cold rolling to 80% reduction, recrystallization annealing at
900 °C for 15 min, and further aging treatment at T =500, 600 and
700 °C for 1-96h were studied. The following conclusions were
drawn:

1) In the as-cast condition, both alloys had a coarse-grained
(445-470um) single B2 phase structure. After cold rolling and
annealing at 900 °C for 15 min, the B2 grain size was considerably
refined to 4.3 * 2.2 and 13.2 + 5.0 pm in the TizgNb3oHf;5Al 5 and
TigoNbsoZr0Alyg alloys, respectively. In addition, a small fraction
(< 1%) of the Hf-rich disordered orthorhombic (01) and ZrsAls-
type phases appeared, respectively, in the alloys with Hf and Zr.

2) Annealing at 500 °C has barely affected the recrystallized struc-
ture of the TigoNbsgHf;5Alys alloy; meanwhile, the annealing at
600 °C for 24 h and more and 700 °C for 12 h and more has re-
sulted in massive precipitation of the ordered orthorhombic (02)
phase. The O2 particles were enriched with Al and Ti and had
characteristic lens-shaped morphology. The thickness of the 02
particles increased pronouncedly when the annealing tempera-
ture increased from 600 to 700 °C. The following orientation
relationships between the B2 matrix and the 02 precipitates
were found: [011]g||[001]oz, (211)g2]|(110)02 and [111]|[110]02,
(110)821|(001)0p.

3) Annealing of the Ti oNbsgZrz0Al;o alloy at 500-700 °C resulted in
the precipitation of additional ZrsAls-type phase particles. The
volume fraction of the ZrsAls-type phase increased continuously
with annealing time. The size of the particles increased with
increasing annealing temperature.
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4) The phases found in the Ti40Nb30Hf15A115 and Ti40Nb3ozr20Allo
alloys are in reasonable agreement with the CALPHAD predic-
tions.

5) The microhardness of the TigNbsoHf5Al;5 increased con-
siderably after annealing at 600 °C for 24h and more due to
precipitation hardening by the O2-phase particles. Annealing at
500 and 700 °C had a weak effect on the hardness of the alloy.
Meanwhile, the microhardness of the TiyoNbsgZraoAlyo alloy de-
creased after annealing at 600 and 700°C. The decrease in
hardness is likely associated with the weakened solid solution
hardening in the B2 matrix.
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