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Equilibrium phase diagrams for ten Mex(NbTiZr)q09-x alloy systems, where Me is Al, Cr, Fe, Hf, Mo, Re, Si,
Ta, V or W and X ranges from 0 to 25 at% were calculated using the PanNb2018a database recently
developed by CompuTherm, LLC. By the type of phases and sequence of formation, these alloy systems
can be divided into two groups. The first group of quaternary alloys, containing Al, Hf, Mo, Ta, or V has a
single-phase BCC region below the solidus line over the entire X range and can be considered as potential
candidates for the development of single-phase high entropy alloys. The second group consists of the
quaternary alloy systems in which the fourth element (Cr, Fe, Re, Si or W) has limited solubility in BCC
NbTiZr, which leads to the formation of an additional phase below the solidus and above the solubility
limit. These quaternary alloy systems can be used for the development of precipitation or dispersoid
strengthened complex concentrated alloys. To verify CALPHAD calculations three representative alloys,
Cr1oNbsTizgZr30, Ta1oNbsgTizgZr3g and ReigNbsgTizoZrsp, were prepared by arc melting. The alloy den-
sities were 6.56, 7.81 and 7.85 g/cm?, respectively. The phase compositions of the produced alloys agreed
satisfactorily with CALPHAD calculations. Mechanical properties were also studied and compared with
those of NbTiZr. At room temperature (RT) all the alloys showed high hardness exceeding 350 Hv and
high compression yield stress exceeding 1000 MPa. RT compression ductility of Re and Ta containing
alloys was above 50%, but Cr-containing alloy showed low ductility of 5%. With an increase in temper-
ature >800°C, compression strength decreased more rapidly for the Cr-containing alloy, which at
1200 °C became softer than NbTiZr. The least temperature dependence of the strength was observed for
the Ta-containing alloy, which became the strongest at 1200 °C.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

strengths and high melting temperature, which are superior to Ni-
based superalloys [1—4]. These RCCAs generally consist of lower

Refractory complex concentrated alloys (RCCA), which also
include refractory high entropy alloys (RHEAs), are one of the most
recent developments in material science of structural materials.
This class of alloys has attracted much attention due to vast, un-
explored variations in alloy compositions with promising combi-
nations of elevated temperature mechanical properties, reduced
density and improved oxidation resistance relative to conventional
refractory alloys [1—3]. At the present time, more than 100 RCCA
systems and more than 150 RCCAs have been reported in the open
literature. Some of the reported RCCAs have attractive combina-
tions of relatively low density (down to 5.9 g/cm?), high specific

* Corresponding author.
E-mail address: oleg.senkov.ctr@us.af.mil (O.N. Senkov).
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density refractory elements (Cr, Nb, V and/or Zr) and may also
contain Al and/or Ti. Analysis of the composition of published
RCCAs shows that more than half of them contain equiatomic
concentrations of Nb, Ti and Zr [3].

The equiatomic ternary NbTiZr alloy is a single-phase BCC
structure with a relatively low density of 6.63g/cm>. In the
annealed condition, it has high hardness of 340 Hv, excellent room
temperature ductility and impressive yield stress (cg2 =975 MPa)
[4]. Tts strength, however, noticeably decreases with increasing
temperature resulting in 6o, =123 MPa at 1000 °C. This high tem-
perature strength is still similar to a commercial refractory alloy C-
103 [5], but at much lower density and cost. We therefore propose
using NbTiZr as a baseline material for further refractory alloy de-
velopments and explore the effect of additions of other alloying
elements on the microstructure and properties. To facilitate and
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accelerate the exploration, a CALPHAD approach is used to identify
alloying elements which retain single-phase BCC solid solution and
provide solid solution strengthening or produce additional solid
solution or intermetallic phases, thus providing possibility for
precipitation strengthening.

The present work uses a Nb thermodynamic database (Pan-
Nb2018a), which was developed and recently updated by Comu-
Therm, LLC, to analyze phase diagrams for Mex(NbTiZr)i00-x
quaternary alloy systems (Me is the fourth element and X ranges
from 0 to 25 at%) and identify attractive compositions for further
studies. We have also produced three selected quaternary alloys,
studied their phase composition, microstructure and mechanical
properties and compared the experimental findings with the
CALPHAD calculations.

2. Computational and experimental procedures

Equilibrium phase diagrams of Mex(NbTiZr)1g0-x alloy systems,
where Me is Al, Cr, Fe, Hf, Mo, Re, Si, Ta, V or Wand X =0 to 25 at.%,
were calculated using the recently updated PanNb2018a thermo-
dynamic database and Pandat software (version 2018) developed
by CompuTherm, LLC [6]. The PanNb2018a database contains 13
elements listed above, 135 phases and has complete thermody-
namic descriptions for all the binary systems, which build up the
quaternary systems explored in this work. Among the 31 ternary
alloy systems of interest to this work, only twelve of them, Al-Nb-Ti,
Cr-Nb-Ti, Cr-Nb-Zr, Cr-Ti-Zr, Hf-Nb-Ti, Mo-Nb-Ti, Nb-Ta-Ti, Nb-Ti-Si,
Nb-Re-Zr, Nb-Si-Zr, Nb-Ti-Zr and Ta-Ti-Zr, have complete thermo-
dynamic assessment and two, Fe-Nb-Ti and Nb-Ti-W, have partial
assessment. Therefore, when the ternary systems were unavailable,
the calculations for the quaternary alloy systems were conducted
by extrapolation from the binary systems [7,8]. It should be
recognized that such extrapolation could lead to incorrect results if
the ternary systems that are absent or not well assessed in the
database contain ternary phases in nature [9]. The analyzed qua-
ternary systems and the related ternary systems that have different
levels of the thermodynamic description in the Nb database are
given in Table 1. Complete thermodynamic description is available
for the Cr-Nb-Ti-Zr system only. Si-Nb-Ti-Zr and Ta-Nb-Ti-Zr have
three assessed ternaries, while Al-Nb-Ti-Zr, Hf-Nb-Ti-Zr, Mo-Nb-Ti-
Zr, and Re-Nb-Ti-Zr have two fully assessed ternary systems. Fe-Nb-
Ti-Zr and W-Nb-Ti-Zr have one fully assessed and one partially
assessed ternary systems, while V-Nb-Ti-Zr has only one ternary
system with complete thermodynamic description.

Based on the analysis of CALPHAD calculations, three quaternary
alloys, Ta10Nb30Ti302r30, CI’]oNb30Ti302r30 and Re10Nb30Ti3ozr30,
were selected and produced from high purity metals (purity of

Table 1

Quaternary systems analyzed in this work and the related ternary systems that have
complete, partial (p) or no thermodynamic description in Pan Nb2018a thermody-
namic database.

Quaternary Complete or partial (p) ternary No ternary description

system description

Al-Nb-Ti-Zr Al-Nb-Ti; Nb-Ti-Zr Al-Nb-Zr; Al-Ti-Zr

Cr-Nb-Ti-Zr Cr-Nb-Ti; Cr-Nb-Zr; Cr-Ti-Zr; Nb-Ti-Zr

Fe-Nb-Ti-Zr Fe-Nb-Ti (p); Nb-Ti-Zr Fe-Nb-Zr; Fe-Ti-Zr

Hf-Nb-Ti-Zr Hf-Nb-Ti; Nb-Ti-Zr Hf-Nb-Zr; Hf-Ti-Zr

Mo-Nb-Ti-Zr Mo-Nb-Ti; Nb-Ti-Zr Mo-Nb-Zr; Mo-Ti-Zr

Re-Nb-Ti-Zr Nb-Re-Zr; Nb-Ti-Zr Nb-Re-Ti; Ti-Re-Zr

Si-Nb-Ti-Zr Nb-Si-Ti; Nb-Si-Zr; Nb-Ti-Zr Si-Ti-Zr

Ta-Nb-Ti-Zr Nb-Ta-Ti; Ta-Ti-Zr; Nb-Ti-Zr Nb-Ta-Zr

V-Nb-Ti-Zr Nb-Ti-Zr Nb-Ti-V; Nb-V-Zr;Ti-
V-Zr

W-Nb-Ti-Zr Nb-Ti-W (p); Nb-Ti-Zr Nb-W-Zr; Ti-W-Zr

Table 2
Density (in g/cm?) and chemical composition (in at. %) of the produced alloys after
heat treatment at 1400 °C.

Alloy Density Cr Nb Re Ta Ti Zr

NbTiZr 6.63 0 36.3 0 0 322 315
Ta1oNbs0Tiz0Zr30 7.81 0 32.1 0 11.1 28.1 28.7
Cr1oNbsoTizoZr3g 6.56 87 344 0 0 292 277
Re1oNbs30Tiz0Zr30 7.85 0 326 103 0 277 294

99.9% or higher) by vacuum arc melting. To close solidification
porosity, each alloy was wrapped in Ta foil and hot isostatic pressed
(HIP'd) at 1400°C by holding for 2h under high-purity argon
pressure of 276 MPa. After HIP, the alloys were additionally
annealed at 1400°C in 102 Pa vacuum for 6 h. The heating and
cooling rates during HIP and annealing were ~20 °C/min or less. A
ternary NbTiZr alloy was also produced and processed in identical
conditions for comparison. The compositions of the alloys are
shown in Table 2.

The alloy density was measured using a helium pycnometer and
the measured values are given in Table 2. Vickers microhardness
was measured using a diamond pyramid applied to a polished
surface of an alloy sample at 1000 g load for 15 s. X-ray diffraction
was conducted using Cu K, radiation in the 26 range of 10—140°.
Microstructural analysis was conducted using scanning electron
microscopy (SEM) and electron backscatter diffraction (EBSD)
techniques. Chemical composition was measured using energy
dispersive spectrometer (EDS) attached to SEM.

Compression mechanical properties were determined in the
temperature range from 25 °C to 1200 °C at a constant ram speed of
0.008 mm/s that corresponded to the initial strain rate of 1073 s~
Compression specimens had a squared cross-section
(5mm x 5mm) and the height of 8 mm. Room temperature tests
were conducted in air and high-temperature tests were conducted
in vacuum of ~2 1073 Pa. A Teflon foil or boron-nitride powder
coatings were used as lubricants between the sample and silicon-
carbide dies during compression testing at room or elevated tem-
peratures, respectively. The temperature program for high-
temperature compression testing consisted of heating at 50 °C/
min to a test temperature, holding at the temperature for 15 min,
deformation with 55% height reduction (or until fracture, if it occurs
first) and cooling at the initial cooling rate of 100 °C/min or the rate
of furnace cooling, whichever is slower: no forced cooling was
applied.

3. Results and discussion
3.1. CALPHAD phase analysis and alloy selection

3.1.1. Phase analysis

Equilibrium phase diagram projections for the NbTiZr-
MeNDbTiZr systems, where Me is Al, Cr, Fe, Hf, Mo, Re Si, Ta, V or
W, are shown in Figs. 1 and 2. They can be divided into two groups.

The first group (Fig. 1) consists of the alloy systems containing
Mo, Ta, V, Hf or Al In these alloy systems a single-phase BCC region
is present below the solidus line over the entire (0—25 at. %)
composition range of the fourth element. Two solid solution pha-
ses, BCC+BCC or BCC+HCP, are present at lower temperatures in
Mo, Ta and V containing systems (Fig. 1 a-c) or Hf-containing sys-
tem (Fig. 1 d), respectively. One BCC phase is rich in Nb, as well as
Mo, Ta or V, and the second BCC phase is rich in Ti and Zr, while the
HCP phase is rich in Ti, Zr and Hf. Three different solid solution
phases (two BCC and one HCP) and many intermetallic phases are
present in the Al-containing quaternary system below the single-
phase BCC field (Fig. 1 e). The presence of a wide single-phase

2
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Fig. 1. Phase diagrams of (a) NbTiZr-MoNbTiZr, (b) NbTiZr-NbTaTiZr, (c) NbTiZr-NbTiVZr, (d) NbTiZr-HfNbTiZr and (e) NbTiZr-AINbTiZr systems calculated using PanNb2018a
database. The numbered phase fields in figure (e) are: 1- BCC+Al4Zrs, 2- BCC+Al3Zry, 3- BCC+NbsAl+ AlsZry, 4- BCC+NbsAl+ AlsZrg+AlyZrs, 5- BCC+NbsAl+AlyZrs, 6-

AlyZr3+BCC+HCP+NbsAl 7- BCCHAIZr».

BCC region in these alloy systems makes them potential candidates
for the development of single-phase high entropy alloys (HEAs)
with higher number of components. Several 5-component single-
phase BCC HEAs based on these elements, such as HfNbTaTiZr,
HfMoNbTiZr and MoNbTaTiZr have already been reported [3], thus
validating such approach.

The quaternary alloy systems of the second group (Fig. 2) have
limited solubility of the fourth element (Cr, Fe, Re, Si or W) in BCC
NbTiZr. Two phases, BCC+IM in Cr, Fe, Re or Si containing quater-
nary systems or BCC+BCC in W-containing system, are present
below the solidus and above the solubility limit for the fourth
element. Here IM is an intermetallic phase such as cubic Laves (C15)
in Cr-containing system (Fig. 2a), hexagonal Laves (C14) in Fe or Re
—containing systems (Fig. 2 a-c), and ZrsSi in the Si-containing
system (Fig. 2d). In the Cr, Fe, Re or Si containing quaternary sys-
tems, the BCC phase is rich in Nb and Ti, while the IM phase is rich

3

in Cr, Fe, Re or Zr. A solid solution hexagonal phase containing more
than 80%Zr is also identified in the Fex(NbTiZr)ip0-x at concentra-
tions of Fe above ~17% and T < 800 °C (Fig. 2b). An additional BCC
phase is present in Rex(NbTiZr);g90-x below 700 °C (Fig. 2c). In the
W-containing system (Fig. 2e), one BCC phase is rich in Nb and W
and another BCC phase is rich in Ti and Zr. A Laves (C15) phase is
predicted at W concentrations > 15 at. % and T < 1000 °C (Fig. 2e).
The presence of the second phase up to very high temperatures,
exceeding 1200 °C, as well as the presence of a high-temperature
single-phase range in some of the alloys, makes these quaternary
systems promising candidates for the development of precipita-
tion- or dispersoid-strengthened HEAs capable to operate at tem-
peratures beyond 1000 °C. Remarkable examples are a two-phase
(B24+BCC) AlMogs5TagsNbTiZr, which has yield strength of
745 MPa at 1000 °C and 250 MPa at 1200 °C [10] and a three-phase
(2BCC+Laves) CrMogsTagsNbTiZr, which has yield strength of
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Fig. 2. Phase diagrams of (a) NbTiZr-CrNbTiZr, (b) NbTiZr-FeNbTiZr, (c) NbTiZr-NbReTiZr, (d) NbTiZr-NbSiTiZr and (e) NbTiZr-NbTiWZr systems calculated using PanNb2018a

database.

546 MPa at 1000°C and 170 MPa at 1200°C [11].

Only 7 alloys from the analyzed quaternary systems have been
experimentally evaluated and reported in open literature. These are
NbTiZr [4,12,13], AINDbTiZr [14], CrNbTiZr [15—17], HfNbTiZr [18,19],
MOoNDbTiZr [20,21], NbTaTiZr [22] and NbTiVZr [15—17]. X-ray and
SEM/EDS analyses have shown that as-cast and annealed NbTiZr,
HfNbTiZr and NbTaTiZr and as-cast MoNbTiZr are single-phase BCC
structures; as-cast and annealed CrNbTiZr consists of BCC and cubic
Laves (C15) phases, NbTiVZr contains two BCC phases and AINbTiZr
contains a BCC (ordered B2) and AlsZrs5 phases. These experimental
results, except for MoNbTiZr and NbTaTiZr, are in fair agreement
with the respective equilibrium phase diagrams given in Figs. 1 and
2.The calculations however predict the presence of two BCC phases
in MoNbTiZr and NbTaTiZr below 1000 °C (Fig. 1 a, c). It should be
noted that formation of low-temperature equilibrium phases can
be kinetically restricted in these refractory alloys and long-time
low-temperature annealing, often combined with plastic

deformation, is required to validate these phases [23—27].

3.1.2. Alloy selection

Using the calculated phase diagrams, the following alloys were
selected for more detailed analysis: TajoNbsgTizpZr3o,
Cr1gNb3gTi3gZr3g, Si1oNb3oTi3gZr3g, SigNbs;TizZr3n and
Re1oNbsqTizpZrsg. The calculated equilibrium phase diagrams for
these alloys are given in Fig. 3 to Fig. 6.

The calculated phase fraction vs. temperature diagram of
Ta1oNb3gTizpZrsp is shown in Fig. 3a. A single-phase BCC region is
present in a wide temperature range, from 850 °C to 1711 °C. The
second BCC phase, in equilibrium condition, forms at relatively low
temperature (the solvus temperature is 850 °C) and, therefore, if
necessary, the phase separation can be restricted kinetically after
annealing and/or thermo-mechanical processing in the single-
phase BCC region [4,23]. On the other hand, if the alloy is ex-
pected for use at temperatures below ~700 °C, then its properties

4
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Fig. 3. (a) Calculated phase diagram and (b,c) temperature dependence of solubility of the alloying elements in (b) BCC1 and (c) BCC2 phases of Ta;oNbsgTizoZr30.

can be modified through the solution treatment and precipitation
of the second, BCC2 phase. With a decrease in temperature below
the BCC2 solvus, the concentrations of Ti and Zr increase and that of
Nb and Ta decrease in BCC1 (Fig. 3b), with a simultaneous decrease
in the volume fraction of this phase to 63% at 600 °C (Fig. 3a). The
BCC2 phase is rich in Nb, which concentration increases with

decreasing temperature (Fig. 3c).

The second alloy, CrigNbsgTizoZrsg, has a single BCC phase at
temperatures between 1185 °C (Laves phase solvus) and 1465 °C
(solidus) and thus the ability for solution treatment by dissolution
and re-precipitation of the Laves (C15) phase (Fig. 4a). A relatively
low volume fraction (<16%) of the Laves phase can be beneficial for
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Fig. 4. (a) Calculated phase diagram and (b,c) temperature dependence of solubility of the alloying elements in (b) BCC and (c) Laves (C15) phases of CrigNbsqTi3oZr30.
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the alloy ductility and workability while the strength can be
controlled by C15 precipitation. The BCC phase in this alloy is rich in
Nb and Ti (Fig. 4b) and C15 contains mainly Cr and Zr (Fig. 4c).

The calculated phase fraction vs. temperature diagrams of
Si1oNbsoTizpZr3g and SigNbs;TizZr3; are given in Fig. 5a and Fig. 5b,
respectively. Because of no solubility of Si in BCC NbTiZr, the vol-
ume fraction of the second, silicide phase, (Nb,Ti,Zr)3Si, does not
change with an increase in temperature up to the eutectic reaction.
This should provide thermal stability for the microstructure and
mechanical properties. Moreover, presence of Si is expected to
improve high-temperature corrosion resistance of these alloys
[3,28]. In equilibrium conditions, the volume fraction of the silicide
phase in SijgNb3(TizgZr3g and SigNbs,TispZrs; is predicted to be 0.4
and 0.16, respectively, and the eutectic reaction at 1446 °C and
1452 °C, respectively (Fig. 5 a, b). The concentration of Zr increases
while that of Nb slightly decreases in the silicide phase with a
decrease in temperature (Fig. 5c). The BCC phase has almost
equiatomic concentration of Nb, Ti and Zr at temperatures above
~900 °C, while decreasing temperature below 900 °C increases the
amount of Nb and decreases the amount Zr in the BCC phase.
(Fig. 5d).

The calculated phase fraction vs. temperature diagram for
Re1oNbs3qTi3zpZrsg is shown in Fig. 6a. The single-phase BCC range is
narrow, between 1705 °C (solidus) and 1651 °C (Laves-phase sol-
vus). Below 1651 °C, a hexagonal Laves (C14) phase forms which
volume fraction increases almost linearly with decreasing tem-
perature, approaching 0.2 at 600 °C. Below 700°C, an additional
BCC2 phase forms, which volume fraction approaches 0.2 at 600 °C,
at the expense of the BCC1 phase. The BCC1 phase is rich in Nb, Ti
and Zr at almost equal concentrations down to 700 °C and the Laves
isrich in Re and Zr (Fig. 6 b, c). Formation of the Nb-rich BCC2 below
700 °C considerably reduces the amount of Nb and increases the
amount of Zr in BCC1 (Fig. 6 b, d).
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3.2. Experimental verification of CALPHAD calculations

To verify the correctness of the CALPHAD calculations based on
the refined PanNb2018a database, 3 alloys, TajgNbsgTizpZr3o,
Cr1oNbsgTizgZr3p, and ReqgNbsgTisgZrsp, were prepared and their
phase compositions were studied after annealing at 1400 °C and
after additional 55% compression deformation at 800°C and
1000 °C. High temperature deformation has been found earlier fa-
cilitates decomposition of metastable phases toward equilibrium
phases [3].

3.2.1. Tawa30Ti3oZr30

According to X-ray diffraction, TajgNb3(Ti30Zr3g is a single-phase
BCC structure, both after annealing and after 55% compression at
800°C and 1000°C (Fig. 7a). The BCC lattice parameter is
a=338.2+0.2 pm. TajgNbsgTizgZr3p has density of 7.81 +0.05 g/
cm?>. SEM/BSE analysis identifies a homogeneous, coarse-grained
structure (Fig. 7b), with the grain size over 1 mm. A very small
fraction (less than 0.1%) of a Zr-rich second phase is found at grain
boundaries (Fig. 7c). EDS analysis showed that this second phase
consists of (in at.%) 27.1 Nb, 8.7 Ta, 22.4 Ti and 41.9 Zr Table 3, while
the composition of the BCC matrix phase is similar to the alloy
composition (Table 1).

After compression deformation at 1000 °C, Ta9NbsgTi3oZr30
retains essentially single-phase BCC structure. Former grains
become heavily deformed and a subgrain structure forms inside
them (Fig. 7d). Fine recrystallized grains are present along the
subgrain boundaries and along boundaries of former grains (Fig. 7
d, e). A negligible fraction of the Zr-rich precipitates retain at former
grain boundaries, but they are fragmented into fine, round-shaped
particles, probably due to localized dynamic recrystallization
(Fig. 7e).

According to the calculated equilibrium phase diagram (Fig. 3a),
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Fig. 5. (a,b) Calculated phase diagrams for Si;oNbsoTi3gZr30 and (b) Si4Nbs;Tis,Zrs3;. (¢,d) Temperature dependence of solubility of the alloying elements in (c) silicide phase and (b)

BCC phase of SijgNb3TizeZr30.
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Table 3
Composition of a Zr-rich phase in Ta;gNbsgTizgZr30, as it is determined experimen-
tally or calculated using PanNb2018a database at 800 °C.

Composition Nb Ta Ti Zr
Experiment 27.1 8.7 22.4 419
CALPHAD, 800°C 275 8.6 314 325

the experimentally observed single-phase BCC structure of
Ta19Nb3(TizpZr3g is likely metastable and corresponds to the high-
temperature single-phase BCC range observed above 1000 °C.
Because both annealing and deformation were conducted in the
single-phase BCC range (at 1400 °C and 1000 °C, respectively), this
indicates that the following cooling rate was not sufficiently low to
accommodate diffusion-controlled phase decomposition, with the
formation of a noticeable amount of the Zr-rich BCC2 phase at
temperatures below 810°C. The experimentally determined
composition of the minor BCC2 agrees satisfactorily with the
calculated equilibrium composition of the Zr-rich BCC1 phase at
800 °C, when the second phase has just started to form (Table 3).
However, there is a critical discrepancy in the volume fraction of
this phase: While the experiment indicates that the Zr-rich phase is
the minor phase and its volume fraction is close to zero, CALPHAD
calculations predict this phase to be a major phase with the volume
fraction of ~0.91 (see Fig. 3 a, b). Our experimental results on
Ta1gNbsgTizoZrsg are in good agreement with recently reported
results by Wang and Xu [29]. They found that an equimolar

TaNbTiZr alloy is essentially a single-phase BCC structure that
contains small amount of a Zr-rich BCC2 phase. The discrepancy
between the experiments and CALPHAD calculations is likely due to
incomplete assessment of ternaries in this quaternary alloy system
(see Table 1). In particular, improvement may be obtained through
inclusion of a thermodynamic description of Nb-Ta-Zr and modi-
fication of ternary interaction parameters for the Nb-Ta-Ti-Zr sys-
tem to accommodate precipitation of a Zr-rich BCC2 phase, in
agreement with the experimental data.

3.2.2. CT]oNb30Ti3oZT30

X-ray diffraction indicates that the annealed CrigNb3(TizpZr3o
has a single-phase BCC structure, while the 800 °C and 1000°C
deformed alloy samples reveal the presence of two phases, BCC
matrix and Laves (C15) precipitates (Fig. 8a). The lattice parameter
of the BCC phase is a=334.1 pm in the annealed condition and
337.1 pm in the 800 °C and 1000 °C deformed conditions. The lat-
tice parameter of the Laves phase is a=7179 pm. Low-
magnification BSE images of the annealed alloy show coarse
grains of the matrix, with the average diameter of ~0.7 mm
(Fig. 8b). Higher magnification BSE images expose needle-like
precipitates inside grains and a chain of cuboidal particles at
grain boundaries (Fig. 8c). The matrix phase is slightly depleted
with Cr, while the composition of other elements is close to that of
the alloy (Table 4). The second-phase precipitates are heavily rich in
Cr and are identified (using EBSD) as a cubic (C15) Laves phase
(Fig. 9). The alloy density is 6.56 + 0.05 g/cm?>.

After deformation at 1000 °C, elongated, non-recrystallized
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Fig. 8. CryoNbsoTi3pZr3p alloy: (a) X-ray diffraction patterns after annealing (1) and 55% compression deformation at 800 °C (2) and 1000 °C (3); (b—e) BSE images of the micro-

structure after (b,c) annealing and (d, e) 55% compression deformation at 1000 °C.
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Table 4
Chemical composition (in at.%) of the constituents in CrigNbs(Ti3gZr30 alloy after
annealing at 1400 °C and after additional 55% compression deformation at 1000 °C.

Table 5
Chemical composition (in at.%) of the constituents in CrijgNbsoTizoZr3o alloy at
1060 °C and 1000 °C, as calculated by CALPHAD using Pandat Nb database.

Condition 1400 °C Annealed 1000 °C Deformed Temperature 1060°C 1000°C
Constituent/Element  Cr Nb Ti Zr Cr Nb Ti Zr Constituent/Element  Cr Nb Ti Zr Cr Nb Ti Zr
Alloy 9.0 344 287 279 84 345 296 275 Alloy 10 30 30 30 10 30 30 30
BCC 7.1 348 297 284 43 365 327 265 BCC 71 311 315 303 58 316 322 303
Laves C15 457 163 125 255 442 174 132 252 Laves C15 666 87 04 243 665 77 03 254

grains are clearly identified due to coarsening grain boundary
precipitates. Fine subgrain structure forms inside the grains and
original needle-like precipitates transform to near-globular parti-
cles (Figs. 8e and 9b). The composition of the matrix grain is only
slightly different from the composition of the alloy, while the
precipitates are rich in Cr (Table 4).

The experimental data are in satisfactory agreement with CAL-
PHAD calculations. The experimentally determined composition
and volume fraction of phases in the annealed condition roughly
correspond to those predicted at ~1060 °C (the volume fraction of
BCC is 0.95) and the composition and volume fraction of phases in
1000°C deformed condition correspond to those predicted at
1000 °C (the volume fraction of BCC is 0.93) (Tables 4 and 5). The
main disagreement between the experiment and calculations is in
the composition of the Laves phase, for which CALPHAD calcula-
tions predict considerably higher amount of Cr (~66.5%) and
considerably smaller amount of Nb and Ti than the experimentally
observed. Similar difficulties in correct CALPHAD predictions of the
composition of Laves or some other intermetallic phases were re-
ported earlier [30—33]. It is worth noting that, in the PanNb2018a
database, the Cr-Nb-Ti-Nb system has complete thermodynamic
description for all four contained ternaries (Table 1) and thus good
agreement of the CALPHAD calculations with the experimental
data should be expected. The observed composition discrepancies
for the Laves phase, however, indicate that the thermodynamic
parameters related to this phase still need to be refined.

3.2.3. RelaNbgoTig()ZT30

According to X-ray diffraction, RejgNbsgTizpZr3e, both after
annealing and high temperature deformation, consists of the ma-
trix phase with a BCC crystal structure, which has lattice parameter
a=334.8 pm after annealing and a=335.3 pm after 55%
compression deformation at 800 °C or 1000 °C (Fig. 10a). A minor
secondary phase is also present, which crystal structure, according

(a

to the positions of the diffraction peaks, can be equally identified as
a hexagonal (C14) Laves, with the lattice parameters a = 535.3 pm
and ¢ = 874.6 pm, or a cubic (C15) Laves, with the lattice parameter
a=757.3 pm (Fig. 10a). BSE images support the presence of two
phases, which have very different Z contrast (Fig. 10b). The BCC
matrix phase has grey color and is slightly enriched with Ti and
depleted in Re (Table 6). The average matrix grain size is ~75 pum.
The second-phase particles are rich in Re and depleted in Ti and Nb
and have bright color. They have cuboidal shape and are located at
grain boundaries and also tend to form clusters inside grains
(Fig. 10b). The volume fraction of these particles is estimated to be
~5.4%. EBSD imaging was not able to identify the Laves type of the
second phase providing similar image quality for both C14 and C15
structures. Following the CALPHAD calculations it is assumed that
the second phase has a hexagonal crystal structure. The
Re10NDb3gTi30Zr30 alloy density is 7.85 + 0.05 g/cm’.

After compression deformation at 1000 °C, a cellular structure
forms (Fig. 10c). The cells are elongated in the directions of plastic
flow and the secondary particles are located in the channels be-
tween the cells (Figs. 10c and 11). EBSD analysis shows that the cells
consist of non-recrystallized elongated matrix grains and the
channels between the cells consist of fine, dynamically recrystal-
lized grains (Fig. 11 a,b). It is likely that during deformation at
1000 °C dynamic recrystallization with formation of a fine-grain
structure was facilitated in the matrix regions enriched with
second-phase particles. Deformation was then localized in these
fine-grain regions forming continuous recrystallized regions sur-
rounding large, non-recrystallized grains. The volume fraction of
the second-phase particles is estimated to be ~10.0%. The volume
fraction of the dynamically recrystallized matrix (darker regions in
Fig. 10c) is 31.4% and the volume fraction of non-recrystallized re-
gions is 58.6%. After 1000 °C deformation, the concentration of Re
in the second-phase particles slightly decreases (Table 6).

The experimentally determined phases and phase compositions

Fig. 9. EBSD inverse pole figure maps of grains of the Laves C15 phase in Cr1oNbsTi30Zr30 alloy samples in (a) annealed condition and (b) deformed at 1000 °C condition. The color-
coded crystal orientation triangle is shown as an insert in figure (a). The BCC (matrix) phase is black. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 10. Re oNbsgTizoZr3o alloy: (a) X-ray diffraction patterns after annealing (1) and 55% compression deformation at 800°C (2) and 1000 °C (3); (b—c) BSE images of the

microstructure after (b) annealing and (c) 55% compression deformation at 1000 °C.

Table 6
Chemical composition (in at.%) of the constituents in Re1oNbs3(Ti3pZr30 alloy after
annealing at 1400 °C and additional 55% compression deformation at 1000 °C.

Condition 1400 °C Annealed 1000 °C Deformed

Constituent/Element  Re Nb Ti Zr Re Nb Ti Zr

Alloy 10.7 324 281 288 100 332 279 289
Matrix 8.6 332 301 281 94 330 294 282
Particles 360 152 180 308 345 159 181 315

in RejgNbsgTizpZrsp agree well with CALPHAD calculations,
although only two of four ternaries related to the Re-Nb-Ti-Zr
system have complete thermodynamic description in the Pan-
Nb2018a database used in this work. For example, the experiment
reveals the presence of two phases, one of which (matrix) has a BCC
crystal structure and another has been identified as a Laves phase,
which volume fraction is 5.4% or 10% in the 1400 °C annealed or
1000°C deformed conditions, respectively. At the same time,
CALPHAD calculations predict the presence of two phases, BCC and
hexagonal Laves (C14), with the volume fraction of C14 of 5.4% at

1400 °C and 13.6% at 1000 °C. Table 6 shows element compositions
of the BCC matrix and second-phase particles in the 1400°C
annealed and 1000 °C deformed samples, and these experimental
values are comparable with the compositions of the BCC1 and C14
phases calculated at respective temperatures (Table 7). The main
disagreement is in the amount of Ti in the second-phase particles.
While the experiment shows ~18% Ti in both annealed and
deformed conditions, CALPHAD predicts only 2.2%Ti at 1400 °C and
1.1% Ti at 1000 °C in the Laves phase. The absence of secondary,
BCC2 phase, which is predicted by CALPHAD at T < 700°C, may

Table 7
Chemical composition (in at.%) of the constituents in Re;gNbsoTizoZr3 alloy at
1400°C and 1000 °C, as calculated by CALPHAD using PanNb2018a database.

Condition 1400°C 1000°C

Constituent/Element Re Nb Ti Zr Re Nb Ti Zr

Alloy 10 30 30 30 10 30 30 30
BCC1 8.0 306 316 298 46 314 345 295
Laves C14 451 193 22 334 443 212 1.1 334

Fig. 11. EBSD images of Re;gNboTi10Zr1 alloy after 55% compression deformation at 1000 °C: (a) Combination of image quality and phase maps (BCC matrix is light-blue and Laves
precipitates are green); (b) inverse pole figure map of the BCC matrix (the secondary precipitates are black). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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indicate that it is kinetically restricted due to relatively low tem-
peratures required for its formation.

3.3. Microhardness and compression properties

The baseline NbTiZr has Vickers microhardness of 340 Hv
(Table 8). Addition of 10 at.% Ta slightly increases microhardness to
357 Hy, due to solution hardening. Microhardness of the two-phase
Cr10Nb3oTi3ozr3o and Re10Nb30Ti302r30 alloys is noticeably higher,
457 Hv and 414 HV, respectively, likely resulting from the combined
effects of solid solution and precipitation strengthening.

Compression deformation was conducted at 25°C, 800°C,
1000°C, and 1200 °C and the true stress vs. true strain curves are
shown in Fig. 12. The true yield stress (o), peak stress (cp), peak
strain (ep) and fracture strain (er) values are given in Table 9.

At room temperature the baseline NbTiZr has cg =975 MPa.
This alloy shows yield stress drop at the beginning of deformation
followed by continuous strain hardening and no evidence of frac-
ture after true strain e =70%. CrigNbsgTi3oZr3p has considerably
higher op, of 1586 MPa. After yielding, true stress of
Cr10Nbs3oTi3pZr3g increases rapidly to op=1601MPaat e, =2.3%
and then rapidly decreases until fracture occurring at ef=5%.
Ta1oNb3gTi3oZr3p and RejgNbsgTizpZrsg alloys have good room
temperature ductility showing true fracture strains of 64% and 53%,
respectively. While the Re addition increases cg to 1196 MPa, Ta
addition decreases Gg to 882 MPa, relative to the NbTiZr property.
Both the alloys show strain hardening until e, = 30—31% followed
by strain softening, with the peak stress values of 1211 MPa and
1628 MPa for Ta10Nb3oTi3OZr30 and RE]oNb30Ti3()Zl‘30, respectively.

739

Table 9

Compression properties of the studied alloys: true yield stress (Gg ), true peak stress
(op), true peak strain (gp) and true fracture strain (ef). Apparent activation energies
(Q/n and Q) determined at temperatures 800—1200 °C are also shown.

Alloy NbTiZr Ta10Nb30Tigozr3o Cr1 0Nb30Ti30Zl’30 RE]QNb30Ti30Zl’30
T=25°C

Go2 (MPa) 975 882 1576 1244
6p (MPa) >1460 1211 1601 1628
&p (%) >70 31 2.3 30

er (%) >70 64 5.0 53
T=800°C

Goz (MPa) 465 596 580 805
6, (MPa) 474 652 632 906
&p (%) 095 24 17 3.0
er (%) >72 >72 >72 >72
T=1000°C

coz (MPa) 146 274 139 323
6p (MPa) 148 278 150 337
&p (%) 062 1.0 1.7 1.7
er (%) >76 >76 >76 >76
T=1200°C

Go2 (MPa) 61 102 37 89
6, (MPa) 63 103 40 89
ep (%) 062 089 23 0.87
er (%) >78 >78 >78 >78
T=800°C-1200°C

Q/n (kj/mol) 66.7  57.2 89.9 71.7
Q(kjjmol) 333 286 449 356

At T=800°C—1200°C all the studied alloys are ductile and do
not show any macroscopic evidence of fracture up to true strains of
72—78%, when deformation stopped. In this temperature range the

Table 8
Vickers microhardness of the studied alloys after HIP and annealing at 1400 °C.
Alloy NbTiZr Ta;oNbsgTi3pZr30 Cr10Nb3oTi3pZr30 Re1oNbs3(Ti3pZr30
Microhardness (Hv) 340+3 357+3 457 +13 414+ 8
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Fig. 12. True strain vs, true stress curves of (1) NbTiZr, (2) Ta;oNbsoTiz0Zr30, (3) CrioNb3TizoZrsp and (4) Re1oNbsgTizoZrsg alloys during compression deformation at (a) 25°C, (b)

800 °C, (c) 1000 °C and (d) 1200 °C.
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alloys show peak stress at the beginning of deformation followed
by strain-induced softening, which continues until the end of
deformation or precedes steady state flow (Fig. 12b-d). Yield stress
of the alloys at 800°C is considerably smaller than at 25°C
(Table 9). The most pronounced drop in Gg 3, by 2.7 times, occurs for
Cr1oNbsTi3pZr3g, for which 6o, at 800 °C is 580 MPa. The smallest
drop in og2, by 1.5 times, is observed for TajgNb3(Ti3pZrsp and
Re19Nb3(TizgZr3g; for these two alloys ¢ at 800 °C is 596 MPa and
805 MPa, respectively. NbTiZr has the smallest oo, =465 MPaat
800°C.

At 1000°C, Re1oNbs3gTizpZrzp and TaigNbsgTisgZrsg are the
strongest and second strongest alloys, with 63 =323 MPa and
274 MPa, respectively, while the smallest ocg;=139MPa is
observed for CrloNb30Ti3ozr3o. At 1200°C, only Ta1oNb30Ti30ZI'30
has 0g exceeding 100 MPa. The most pronounced decrease in the
yield stress in this temperature range occurs in CrigNbszTi3oZr30,
which has mediocre 6g =37 MPa at 1200 °C (Fig. 12d, Table 9).

These results indicate that the two-phase CrigNbsgTi3gZr3g and
Re19NbsgTizgZr3g are stronger than the single-phase NbTiZr and
Ta1gNb3TizpZr3p at room temperature. However, with increasing
temperature the two-phase alloys lose strength more rapidly than
the single-phase alloys. Recent analysis of the deformation
behavior of 37 RCCAs for which compression properties at 1000 °C
had been reported showed similar tendency [3]. Namely it was
found that multi-phase RCCAs generally have higher room tem-
perature strength than single-phase BCC RCCAs; however, the
advantage is lost at 1000 °C. Moreover, a multi-phase RCCA with the
same RT g3 as a single-phase RCCA generally has a considerably
smaller 6p» at 1000 °C than the respective single-phase RCCA [3].
This trend suggests that achieving high strength at high tempera-
tures in RCCAs does not necessarily require multi-phase structures
and solid solution strengthening probably plays a primary role in
these alloys at high temperatures.

The rapid decrease in the flow stress in Re and, especially, Cr
containing quaternary alloys with an increase in temperature can
be explained by a decrease in the volume fraction of the secondary
(Laves) phase. For example, the volume fraction of the Laves phase
in CrigNbsgTi3gZr3g decreases from 11.7% at 800°C to 6.8% at
1000°C, and 0% at >1185 °C (Fig. 4). In Re1gNb3Ti3gZr3p, the Laves
volume fraction decreases from 17% at 800 °C to 8.6% at 1000 °C and
3.6% at 1200 °C (Fig. 6). Additionally, the melting temperature of Cr
is considerably lower than that of Re or Ta. Therefore, at T > 1000 °C
Cr is expected to be more mobile than Re and Ta in the NbTiZr
matrix thus facilitating dislocation activity at lower stress levels.

The temperature dependence of the yield stress for the studied
alloys is shown in Fig. 13 in the form of an Arrhenius plot, In(cg2) vs.
T~!, where T is the absolute temperature. Two distinct temperature
regions are clearly recognized (Fig. 13a). At temperatures between
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298 and 1073 K (25—800 °C), the temperature dependence of 6 is
much weaker than above 1073 K (800 °C).

Above 1073 K, a linear dependence of In(cg2) on T~ is observed
(Fig. 13b). Similar behavior was earlier reported for a HfNbTaTiZr
HEA [34]. Assuming conventional dependence of ¢y on strain rate
and temperature in the high-temperature range [35,36],

08, = Aeexp(Q/RT) (1)

where ¢, n, Q, R and A are the strain rate, stress exponent, apparent
activation energy, Gas constant, and materials dependent param-
eter, respectively. Q/n values for each of the studied alloys were
determined from the temperature dependence of In(cg>) (Fig. 13b)
and they are given in Table 9. The results show that at T > 800 °C,
Ta1gNb3gTi3gZr3g has the weakest and CrigNbsgTizpZr3p has the
strongest temperature dependence of Gg>, with Q/n =572 kJ/mol
and 89.9 kJ/mol, respectively. For many metals and alloys deformed
at high temperatures, n = 5 [37]. Similar n-value was also reported
for HfNbTaTiZr [34]. Using n = 5 for the current alloys, the apparent
activation energies Q were estimated and are given in Table 9. It is
found that Q = 333 kJ/mol for NbTiZr and it increases with addition
of Re (356 kJ/mol) or Cr (449 kJ/mol) and decreases with addition of
Ta (286 kJ/mol). Higher Q values determined for the two-phase
CrioNbsgTizoZrsp and ReqgNbs3gTizgZrsp, than for single-phase
NbTiZr and Ta;gNb3gTi3oZrsg, are probably due to a temperature-
dependent decrease in the volume fraction of the secondary
phase in this temperature range [38]. Additional mechanical testing
at different strain rates is required to properly identify n values for
each of the alloys. Additional microstructural studies on TEM level
are also needed to identify deformation and strengthening mech-
anisms in these alloys. These are planned for future work.

4. Summary and conclusions

1 Phase diagrams of 10 quaternary alloy systems, Mex(NbTiZr)10-
x, Where Me is Al, Cr, Fe, Hf, Mo, Re, Si, Ta, V or W and X=0 to
25 at.% were analyzed using the PanNb2018a thermodynamic
database recently developed by CompuTherm LLC. The quater-
nary alloy systems containing Al, Hf, Mo, Ta, or V have a single-
phase BCC region below the solidus line over the entire X range
due to high solubility of these elements in NbTiZr. At tempera-
tures below 700—1000°C, the high-temperature BCC phase
decomposes in two BCC phases in Mo, Ta or V containing alloys,
BCC and HCP phase in Hf-containing alloys, or two BCC and
several intermetallic (IM) phases in Al-containing alloys. The
phase decomposition temperature increases with an increase in
the concentration of the fourth element, as well as with the type
of the element in the following order: Hf, V, Ta, Mo, Al. The other
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Fig. 13. Arrhenius plots of the yield true stress versus inverse absolute temperature for the studied alloys: (a) the temperature range 250—2000 K, (b) the temperature range

1000—-2000 K. Dashed trend lines in figure (a) are for Re1gNbsgTizoZr30.
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five elements, i.e. Cr, Fe, Re, Si and W, have limited solubility in
NbTiZr, with Si having the smallest and Cr having the largest
solubility. At concentrations above the solubility limits of these
elements, additional IM phases (Laves or silicide) or a second
BCC phase are present, which provides the opportunity for
precipitation strengthening at temperatures up to 1400 °C.

2 To verify the results of CALPHAD analysis, three quaternary al-
loys, Ta10NbsgTi3oZr3o, CrioNbs3TizgZr3p and ReqgNbsgTizgZrsg,
were produced and their phase compositions were studied after
annealing at 1400°C and after compression deformation at
800°C and 1000°C. Satisfactory agreement between the
experimental and calculated results was found.

3 TaoNbsgTizgZrsg had essentially single-phase BCC structure and
the density of 7.81 g/cm>. After annealing at 1400 °C the alloy
had coarse grains with over 1-mm average diameter. A negli-
gible amount of a Zr-rich second phase was spotted at grain
boundaries. At 25 °C the alloy had cg; =882 MPa and ef = 64%.
With an increase in temperature cg decreased to 596 MPa at
800°C, 274 MPa at 1000 °C and 102 MPa at 1200 °C.

4 Cr19Nb3oTi3pZr3p had a two-phase, BCC + Laves (C15), structure
and the density of 6.56 g/cm®. The Laves phase was rich in Cr. In
the annealed condition the Laves phase was present in the form
of needles with a volume fraction of ~5%. High temperature
deformation transformed the Laves needles to near-globular
particles with a volume fraction of ~7%. At room temperature,
the alloy had high yield stress (cgp=1576 MPa) but low
compression ductility (ef= 5%). With an increase in temperature
the alloy became ductile and during compression deformation
at T>800°C it showed true plastic strain of 70% without any
evidence of macroscopic fracture. The yield stress cpz was
580 MPa at 800 °C, 139 MPa at 1000 °C and 37 MPa at 1200 °C.

5 Re1oNbsgTi3oZrso had a two-phase, BCC + Laves, crystal struc-
ture and density of 7.85 g/cm?>. The Laves phase was rich in Re
and depleted in Ti and Nb. It was present in the form of
cuboidal-shaped precipitates, which volume fraction increased
from 5.4% in the annealed condition to ~10% after 1000 °C
deformation. The alloy had 63 =1244 MPa and ef=53% at
25°C. With an increase in temperature cg, decreased to
805 MPa at 800 °C, 323 MPa at 1000 °C and 89 MPa at 1200 °C.

6 The room temperature strength and hardness of
Cr1oNbsTizpZr3g were higher than those of Ta1gNb3gTi3oZr3p and
Re1oNb3gTizgZr3g. However, with increasing temperature
Cr1oNbsTizpZrsg rapidly lost its strength and at T > 1000 °C it
became softer than the other two quaternary alloys and the
ternary NbTiZr alloy. Thus alloying with Cr is not beneficial for
high temperature strength.
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