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Most of refractory high/medium-entropy alloys show promising compressive mechanical properties at
elevated temperatures. However, scarce tensile testing data hinder the estimation of the applicability of
these alloys for potential high-temperature service. It is also unclear how an ordered structure, which
improves high-temperature compressive strength, will affect the tensile performance. This work demon-
strated that the effect of B2 ordering on the tensile mechanical properties of new refractory
AlNb4oTizoV20-x (X = 0; 15; 20 at%) medium-entropy alloys was manifold, and it depended on the chemical
composition. In an Alj5Nb4gTisoVs alloy having a weak degree of B2 ordering, large uniform room-tem-
perature elongation and moderate high-temperature strength, comparable with a bcc NbygTisoV20o alloy,
were found. An Al,gNby4gTigo alloy with the high degree of B2 ordering was brittle at room-temperature and
sensitive to testing environment at elevated temperatures. Meantime, it softened notably slower up to
04 T, albeit losing strength at> 0.4 T, faster than the bcc NbygTis V2o or weakly B2-ordered
Al;sNbygTisgVs alloys. Factors responsible for the resulted mechanical properties were thoroughly dis-
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1. Introduction

The refractory high/medium-entropy (RH/MEAs) concept revived
fading interest in refractory alloys as structural materials for high-
temperature applications [1-4]. Up to date, numerous RH/MEAs with
excellent strength [5-9] and oxidation resistance [10,11], as well as
with decent thermal stability [12-14], were designed. Still, such an
essential property for practical usage, like tensile ductility, remains
achievable only for a very limited set of RH/MEAs developed [15].

Most of RH/MEAs having tensile ductility belong to a Hf-Ta-Nb-
Ti-V-Zr system and its derivates [15-21]. These alloys usually pos-
sess a single-phase body-centred cubic (bcc) structure, in which
plastic deformation is mediated by a glide 0f%< 111 > screw dis-
locations [19,22]. Existing literature data suggest that phase trans-
formations [23-26] (except for transformation-induced plasticity
(TRIP) [27-29]), coarse secondary particles [30,31], or B2 ordering
[32] should be avoided/suppressed to maintain reasonable elonga-
tion in RH/MEAs.

Meantime, recent studies on Ti-rich H/MEAs reported that weak
B2 ordering was not harmful to ambient tensile ductility [33-35].
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Our late work demonstrated that the same held true for a NbTiZr
RMEA [36]. Specifically, we showed that controllable Al-induced B2
ordering helped overcome the strength-ductility trade-off at room
temperature. The improvement of properties originated from solid
solution and short-range order strengthening, coupled with chan-
ging of dislocation glide character [36]. Thus, it seems highly intri-
guing to investigate the effect of Al-induced B2 ordering on the
tensile performance of RH/MEAs further. Moreover, a wider tem-
perature interval should be explored, because, despite being posi-
tioned as potential substitutes for existing high-temperature alloys,
RH/MEAs have been subjected to tensile tests at elevated tempera-
tures extremely rare [37-40].

This study delivers a comprehensive analysis of the influence of
Al-induced B2 ordering on the room- and high-temperature tensile
mechanical properties of new RMEAs. As a starting alloy, we chose a
non-equiatomic Nb4oTizoV20 (at%) RMEA, since its equiatomic NbTiV
counterpart with the bcc structure showed good strength-ductility
synergy at room temperature [41]. To provoke the possible B2 or-
dering in the NbygTigeVoo alloy, vanadium was replaced by certain
amounts of Al
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Table 1
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Actual chemical compositions and melting points, Tp, of the AlyNb4TisoV20-x alloys. Concentrations of constitutive elements (metals) were measured by energy-dispersive X-ray
spectroscopy (EDS; FEI Quanta 600 FEG); the content of impurities (oxygen and nitrogen) was determined by inert gas fusion (Meteck-300/600 (GRANAT, Russia, Saint Petersburg).
Melting points were obtained by thermodynamic modeling using Thermo-Calc software with a specialised database for high-entropy alloys (TCHEA 4.0) (Thermo-Calc Software,

Solna, Sweden).

Alloy Chemical composition, at% O, ppm N, ppm T, °C
Al Nb Ti \Y

NbaoTisoV20 - 389t 04 389 £ 0.1 222 %01 450 + 11 328 1812

Al;sNbygTigVs 144 +03 389+ 0.2 401 £ 01 6.6+ 02 445+ 6 30+7 1705

AlyoNby0Tigg 193 £ 02 404 %01 403 + 0.3 - 448 + 8 33:9 1808
2. Materials and methods (a) (110) (200} (211) (220) (310) (222)

The alloys with nominal compositions of NbygTisV20, . bcc
AlysNbygTisoVs, and AlygNbygTigo (at%) were produced by the va- =)
cuum arc melting of pure metals (>99.9 wt%). The as-cast ingots @© Ks K K. | K
. . . - (] B B
were subjected to a thermo-mechanical treatment included cold ) MY K .
rolling to 80 % of thickness and subsequent annealing in a ‘-‘m-" I R R T e e L
Nabertherm furnace at 1200 °C for 5 min (Nb4gTisV20), 1200 °C for c
1 min (AlygNbygTisg), and at 1050 °C for 15 min (Al;sNbygTiggVs). Q e e e ] AL N Ti Vs
Prior to annealing, the specimens were sealed in vacuumed (1072 £ | i
torr) tubes filled with titanium chips for prevent any oxidation. L f : )
For the evaluation of mechanical properties, tensile tests of the N 50 s o v o e i i NbygTiaoV20

dog-bone specimens with the gauge dimensions of 6x3x1mm? 30 40 50 60 70 80 90 100110 120
were performed at 25, 500, 700, and 900 °C in the laboratory air at a 20 deg i
constant strain rate of 10 s™! using an Instron 5882 machine !
equipped with a radial furnace. The digital image correlation (DIC) AljsNbgTigVs AlyNb,Tigg

technique was employed to visualise the distribution of local strains
produced during the room-temperature tensile tests. The in-plane
Lagrangian strains were measured using a commercial Vic-3D™
system (Correlated Solutions, Inc).

Microstructural investigations were performed using X-ray dif-
fraction (XRD; RIGAKU diffractometer and Cu Ka radiation), electron
backscatter diffraction (EBSD; FEI Quanta 600 FEG), energy dis-
persive spectroscopy (EDS; FEI Quanta 600 FEG), and transmission
electron microscopy (TEM; JEM JEOL-2100). Selected area diffraction
patterns (SADPs) were collected in< 001 > zone axes at an ex-
posure time of 16 s. Intensity line profiles along the gy vector were
constructed using Image]J [36]. Data on the actual chemical compo-
sition of the alloys are given in Table 1.

3. Results and discussion
3.1. Initial structure

Fig. 1 displays data on the phase composition and microstructure
of the Al NbygTisV20-x alloys. According to XRD charts, all three
alloys had a single-phase bcc structure (Fig. 1a). The Al alloying
shifted Bragg’s peaks to smaller 20 values, indicating a gradual in-
crease in the lattice parameter. The latter enlarged from
0.3239 + 0.0001 nm in the NbygTiseV5 alloy to 0.3258 + 0.0001 nm
in the Al,gNbygTiso alloy. Inverse pole figure (IPF) maps, collected
during EBSD analysis, showed that all the alloys had fully re-
crystallised microstructures with close average grain sizes measured
as ~ 30-35um (Fig. 1b-d). SEM-EDS maps illustrated relatively
homogeneous distributions of constitutive elements in the alloys
studied (Fig. S1, Supplementary material).

Bearing in mind the low capability of conventional XRD analysis
to reveal the B2 ordering in RH/MEAs even with high Al content
[42,43], we applied TEM technique for a more robust structure

Nb,oTigoVao
: (C)
=

100 pm

b -
= 0215°
1 2°568<15°

111

001 101

Fig. 1. Characterisation of the structure of the AlyNb4gTisoV20-x alloys: (a) XRD charts,
showing the single-phase bcc structure in all the studied alloys; (b-d) IPF maps, il-
lustrating the fully recrystallised microstructure formed in the NbyoTisgVa (D),
AlysNbyoTigoVs (c), and AlygNbygTisg (d) alloys.

characterisation of the AlyNbyoTis0V20-x alloys. Bright-field imaging
(Fig. 2a) and SADP taken in the [001]pc. zone axis (Fig. 2b), which
was further examined via the intensity profile line along g
(Fig. 2c), confirmed the single-phase bcc structure of the Nb4gTisgVao
alloy. The same analysis performed for the Al;sNbygTiseVs and
AlygNby4oTigo alloys (Fig. 2d-i) revealed {100} superlattice spots in
SADPs with an intensity and width, which increased from the
Al15NbygTisoVs to the AlygNbygTigg alloy. Dark-field imaging of both
alloys (Fig. 2d, g) under the {100} superlattice spots disclosed the
structural entities similar to the irregular-shaped B2 domains (bright
regions) separated by antiphase boundaries (APBs; dark interlayers).
The size of the B2 domains in the Al;sNb4oTiseVs alloy was ~ 30 nm,
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Fig. 2. Detailed characterisation of the structure of the AlyNb4oTizoV20-x alloys: (a-c)
TEM image (a), showing typical structure, SADP (b), acquired in [001]p.. zone axis,
intensity line profile along the g,y vector (c) (the direction is denoted with dashed
blue arrows in SADP ((b) of the Nby4oTisoV20 alloy; (d-f) TEM image (d), showing ty-
pical structure, SADP (f), acquired in [001 ] zone axis, intensity line profile along the
g200 vector (f) (the direction is denoted with dashed blue arrows in SADP (e) of the
AlysNbygTigoVs alloy; (g-i) TEM image (g), showing typical structure, SADP (h), ac-
quired in [001],cc zone axis, intensity line profile along the g vector (i) (the di-
rection is denoted with dashed blue arrows in SADP (h) of the Al,oNby4oTi4 alloy. (d, g)
acquired in dark-field modes under (100) superlattice spots, visible in (e, h), dis-
playing the presence of B2 domains (bright irregular-shaped areas) and APBs (dark
interlayers); Orange arrows in (f, i) denoted the peaks, corresponded to the {100} local
maxima in the Al;sNbygTigoVs (f) and AlygNbygTigg (i) alloys.

while, in the AlyoNbyoTisg alloy, it varied from ~ 100 to ~ 700 nm.
These observations can support previous suggestions [36,44| about
the operation of domain ordering mechanism in B2-ordered RH/
MEAs, according to which the larger the dimensions of the B2 do-
mains due to the increasing Al content, the higher the degree of B2
ordering. However, the substitution of constitutive elements with Al
in a B2 sublattice seems to be another reason for the enlarged in-
tensity of the {100} superlattice spots and, thus, the degree of B2
ordering [43,45,46]. Therefore, the more intensive and thicker {100}
superlattice spots, along with the larger B2 domains, in the
AlyoNbyoTigo alloy compared to those in the AljsNbyoTigVs alloy
could hint at a higher degree of B2 ordering. Based on this qualitative
analysis, we classified the Al;5sNbygTisgVs and AlygNbygTisg alloys as
weakly and highly B2-ordered, respectively.

3.2. Mechanical properties

3.2.1. Room-temperature

Fig. 3 and Table 2 collect the room-temperature mechanical
properties and fractography data of the AlyNb4oTigoV20-x alloys. The
bcc NbygTiggVao alloy showed the lowest (650 MPa) yield strength,
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YS, among the studied alloys. The weakly B2-ordered Al 5sNb4gTigVs
alloy demonstrated moderate YS of 750 MPa, while YS of highly B2-
ordered AlygNbygTige alloy was only slightly higher (795 MPa)
(Fig. 3a; Table 2).

A more pronounced effect of the Al alloying should be noted for
ductility. Both ternary bcc NbygTiggVae and highly B2-ordered
AlyoNbygTigo alloys manifested rather an expected behaviour for
these structures: the bcc alloy was ductile, while its B2-ordered
counterpart stood as brittle (Fig. 3a, Table 2). In turn, the weakly B2-
ordered AlisNbyTigeVs alloy showed a 22 % higher elongation at
fracture, EF, compared to the arbitrary bcc NbygTigoVso alloy. Frac-
tographic examination revealed multiple dimples in the Nb4gTisoV20
and AlysNbygTigoVs alloys, but intergranular fracture in the
AlzoNb40Ti40 alloy (Flg 3b—d)

Another interesting aspect was the difference in post-yielding
behaviour of the bcc NbygTisgVae and weakly B2-ordered
Al1sNbyoTisoVs alloys. According to engineering stress-strain curves,
the bcc NbygTigoVao alloy demonstrated strengthening until ~ 12 % of
strain, attaining the ultimate tensile strength, UTS, of 700 MPa.
Meantime, the weakly B2-ordered Al;sNbygTisgVs alloy showed a
significantly shorter strengthening stage (up to ~ 0.4 %) before
achieving the UTS of 775 MPa, which was further followed by gra-
dual softening until ~ 10 % of strain, then changed to continuous
yielding.

Similar plateau-like engineering stress-strain curves were pre-
viously found in numerous bcc and weakly B2-ordered (R)H/MEAs
[17,33,34,36,47,48]. Such behaviour could indicate the occurrence of
the instability of plastic flow after yielding, resulting in a rapid lo-
calisation of plastic deformation. However, recent studies, in which
DIC technique was used, revealed no early necking for alloys de-
monstrating these types of curves [17,36]. Indeed, true strain-stress
curves supported by DIC images of the tensile specimens showed
that the weakly B2-ordered Aly5sNby4TisVs alloy with a “dropped-
then-recovered” dependence of strain hardening rate, 4, [36]
achieved a higher uniform elongation compared to the bcc
NbyoTigoV20 counterpart having a “normal” decrease of ¢ with the
evolving strain.

The resulted deformation behaviour of the Al;sNb4gTisVs alloy
and its ductility improvement over the NbygTisgV2o alloy could ori-
ginate from changing of dislocation movement due to the Al-in-
duced B2 ordering. EBSD analysis of the tested specimens showed a
clear difference in the deformed structures of these alloys (Figs. 4
and S2, Supplementary materials). In the bcc NbygTigVao alloy,
highly localised macroscopic zones surrounded by multiple intact
regions were observed (Fig. 4a-c). Inside the heavily deformed
grains, misorientation profile revealed numerous kink bands [49,50]
(Fig. 4c).

In turn, in the weakly B2-ordered Al;sNbygTisoVs alloy, the de-
formation-induced substructure was more homogeneous (Fig. 4d, e).
Fine structure characterisation revealed profuse dislocation bands
(DBs) (Fig. 4 f), which were formed by £ < 111 > screw dislocations
because of local reduction of the degree of B2 ordering [36]. We infer
that microscopic localisation of plastic deformation in DBs observed
in the weakly B2-ordered Al;sNb4TisoVs alloy ensured a more stable
plastic flow and, thus, higher EF compared to the bcc NbygTiggVao
alloy, in which macroscopic localisation created additional stress
concentrators, leading to the premature crack formation.

3.2.2. 500 °C
Fig. 5 and Table 3 assemble the mechanical properties of the
AlyNb4oTis0Vo0-x alloys tested at 500 °C. An increase in the testing



N. Yurchenko, E. Panina, A. Tojibaev et al.

900

, MPa
3 3
2 &

Journal of Alloys and Compounds 937 (2023) 168465

600 A
5001
400

ing stress

700/ /
|

0 T N TigoVag
[— AllSNblﬂTilﬂvs

e AlgNb o Tiyg

Engineer
oW
o o
L= =]

Al sNb,,TigoVs

-
[=]
o o
N

0 5 1b 1l5 2I(] 2’5 3]3 3I5 4‘0 4I5 50
Engineering strain, %

——Nby,TigVa
900 § —— Al Nb,;Tiy Vs
800 /

True strain, %

600 ' 2624

—
)
—

2029

True stress, MPa
8

(e) True strain, %

Strain hardenin

—— Nb, iz Vo
—— Al gNb,, TiyoVs

0 T T T T T
0 5 10 15 20 25 30

(f) True strain, %

Fig. 3. Characterisation of room-temperature tensile mechanical properties of the AlyNb4TisoV20-x alloys: (a) engineering stress-strain curves with an enlarged insert, showing
the low-strain region; (b-d) fracture surfaces of the Nb4gTigVao (b), AlisNbggTigVs (c), and AlygNbygTigo (d) alloys; (e) true stress-strain curves of the NbggTigVoo and
Al1sNbyoTigoVs alloys with respective DIC images of tensile specimens, taken at the necking formation and demonstrating the strain distribution along the cross-section; (f)

evolution of strain hardening rate, ¢, with strain.

Table 2

Yield strength, YS, ultimate tensile strength, UTS, elongation at fracture, EF, and elastic
moduli, E, obtained during room-temperature tensile tests of the AlyNb4oTisoV20-x
alloys. E were evaluated by DIC technique.

Alloy YS, MPa UTS, MPa EF, % E, GPa
NbagTiaoVao 650 + 20 700 * 15 372 + 04 105.3 + 2.5
Al;sNbugTigVs 750 £ 15 775 £ 10 456 £ 0.3 1081 + 1.7
AlyoNbaoTiso 795 £ 25 800 + 20 0.3 +01 932 £ 31

temperature resulted in the ~ 40 %-softening of the bcc NbygTiggVao
and weakly B2-ordered AlysNb4gTisVs alloys compared to room
temperature, while retaining similar ductility (Tables 2 and 3). The
strength degradation of the highly B2-ordered AlygNbyoTisg alloy
was less pronounced (27 %), but its EF increased notably (Fig. 5a;
Table 3).

Besides the superiority in the strength over the bcc NbygTigVao
alloy, both B2-ordered alloys manifested Portevin-Le Chatelier (PLC)
effect (Fig. 5b, c). We found that the amplitude and frequency of
serrations were depended on the strain and Al content. In the
Al;sNbygTisoVs alloy, the first stress drop was observed at< 5 % of
strain, and its amplitude did not exceed ~ 1 MPa. Up to ~21 % of
strain, the amplitude of serrations increased mildly, while it raised
abruptly to ~20-25 MPa at > 21 % of strain. This amplitude remained

almost constant up to 30-35 % of strain, decreasing in the post-
necking region of the stress-strain curve. Starting from ~27 % of
strain and until fracture, the frequency of serrations augmented.

Similar to the Al;5NbyTigVs alloy, the serrations in the
AlyoNbyoTigo alloy commenced at ~ 5 % of strain, but their amplitude
was significantly larger (~25-30 MPa), and this value persisted until
~ 17 % of strain. The stress drops were occasional up to ~15 % of
strain, while they became more regular with further straining.

The manifestation of PLC effect in RH/MEAs can be attributed to
different reasons, of which interactions of dislocations with inter-
stitial solutes appear to be the most frequent. Particularly, Eleti et al.
[39] observed the PLC effect in the bcc NbTiZr RMEA during tensile
testing at 200 °C, and connected it with the presence of C and/or O
atoms. If the same mechanism had operated in the AlyNb4oTisoV20-x
RMEAs, even the bcc NbygTigoVog alloy would demonstrate the PLC
effect, since the contamination by impurities was equal in all three
alloys (Table 1). However, the PLC effect was exclusive for the B2-
ordered alloys, indicating the other factors could induce this phe-
nomenon.

Recently, Laube et al. [43] used the theoretical basis after Rong
[51] and speculated that the PLC effect in the B2-ordered Al,(Mo-
TiCr)100-x RMEAs originated from the pinning and unpinning process
of dislocations at APBs. Careful TEM analysis of the deformed fine
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Fig. 4. Characterisation of the structure of the Nb4TisoV2o (a-c) and AlysNb4oTisgVs
(d-f) alloys after room-temperature tensile tests: (a, d) Image Quality maps of the
Nb4oTigoV2o (a) and Al;sNbyoTigVs (d) alloys; (b, e) Kernel Average Misorientation
maps of the NbygTisoV2o (b) and Al;sNbygTigVs (e) alloys; (c) misorientation profile
taken from the line denoted with a dotted green arrow in Fig. 1a, confirming the
presence of kink bands in the NbyTisoV50 alloy; (f) TEM bright-field image of the fine
structure with denoted g =112 near [110]g, zone axis, showing profuse dislocation
bands (DBs) in the Al;sNb4gTisoVs alloy. The tensile direction is horisontal for a, b, d, e.

structure of the Al;sNbygTisoVs alloy both in bright-(Fig. 6a) and
dark-field (Fig. 6b) regimes revealed that %< 111 > screw disloca-
tions were pinned on the boundaries of B2 domains, and also cut
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Table 3
Yield strength, YS, ultimate tensile strength, UTS, elongation at fracture, EF, obtained
during tensile tests of the AlxNb4oTisoV20-x alloys at 500 °C.

Alloy YS, MPa UTS, MPa EF, %

NbagTigVao 405 + 25 525 + 35 35.8 + 0.6
Al;sNbygTigVs 470 £ 15 565 + 20 451108
AlyoNbyoTiso 580 + 60 685 + 10 217 £26

AlusNbgoTiggVs

Fig. 6. Characterisation of the fine structure of the Al;sNb4oTisVs alloy after tensile
test at 500 °C: bright- (a) and dark-field (b) TEM images with denoted g =112 near
[110]p, zone axis (a), showing the interactions of dislocations (marked with green
dotted lines) with B2 domains.

these domains. This repeated process of trapping-detrapping of
dislocations by B2 domains seems to be the most plausible ex-
planation of the PLC effect in the B2-ordered Al;sNb4gTisoVs and
AlyoNbyoTigg alloys. Variations in the manifestation of the PLC effect
between these two alloys could be connected with different B2
domain sizes (Fig. 2d, g) and, possibly, APBs energies. Meanwhile,
the evolution of serrations with the strain seemed to be related to
the increasing events of trapping-detrapping of dislocations by B2
domains. However, these statements should be verified further,
which is beyond of the scope of the current study.

. AlygNb,,Tigg
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Fig. 5. Characterisation of tensile mechanical properties of the AlyNb4oTisoV20-x alloys at 500 °C: (a) engineering stress-strain curves; (b, c) the enlarged regions of the stress-
strain curves, showing the manifestation of PLC effect in the Al;5NboTis0Vs (b) and AlygNbygTigo (c) alloys.
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Fig. 7. Characterisation of tensile mechanical properties of the AlyNb4oTisoV20-x alloys at 700 and 900 °C: engineering stress-strain curves obtained after tensile tests at 700 (a)

and 900 °C (b).

Table 4
Yield strength, YS, ultimate tensile strength, UTS, elongation at fracture, EF, obtained
during tensile tests of the AlyNb4gTisoV20-x alloys at 700 and 900 °C.

Alloy T=700°C

YS, MPa UTS, MPa EF, %
NbugTiaoVao 245 £ 15 275 £ 10 308 + 16
Al;sNbagTigVs 210 £ 15 240 £ 15 546+ 0.5
AlyoNbaoTiso 510 + 20 595 + 20 6.3+ 10
Alloy T=900°C

YS, MPa UTS, MPa EF, %
NbagTiaoVao 180 £5 210£5 120.5 + 10.6
Al;sNbagTigVs 105 £ 5 10+5 2111 £ 3.6
AlyoNbaoTiso 150 £ 10 170 £ 10 1212 22

3.2.3. 700 and 900 °C

Fig. 7 and Table 4 summarise the mechanical properties of the
AlyNb4oTizgVo0-x alloys tested at 700 and 900 °C. At 700 °C, the
weakly B2-ordered Al;sNb4gTisoVs alloy softened drastically down to
210 MPa with a somewhat ductility increment, and it became
slightly weaker than the bcc NbygTiggVsg alloy (YS = 245 MPa), which
EF decreased. The highly B2-ordered Al,gNbyoTig alloy demon-
strated more than twice higher strength (YS = 510 MPa), but the
smallest value of EF (Fig. 7a; Table 4).

At 900 °C, both B2-ordered alloys had smaller YS (< 150 MPa)
compared to the bcc NbygTiggVag (YS = 180 MPa) counterpart (Fig. 7b;
Table 4). Meantime, the ductility of all three alloys increased sub-
stantially. Specifically, elongation of the bcc NbygTigeV2o and highly
B2-ordered AlygNb4oTigo alloy was almost equal, reaching ~120 %. In
turn, EF of the weakly B2-ordered Al;sNb4oTisgVs alloy exceeded
200 %.

The strength breakdown at 700 and 900 °C, which were corre-
sponded to 0.39-0.53 Ty, (Table 1), could hint at the activation of
diffusion-controlled dislocation climb/glide [52]. Wherein, the
highly B2-ordered Al,gNb,oTisg alloy sustained to thermal softening
better than the weakly B2-ordered AlisNb4oTigeVs alloy (Fig. 7a;
Table 4). This superiority appeared to stem from the higher degree of
B2 ordering (Fig. 2; Section 3.1), as it was previously reported by
Yurchenko et al. [45] and Laube et al. [43]. In turn, the advantage of
B2-ordered structure eliminated completely at 900°C (Fig. 7b;

Table 4). The most probable reason for such a steep strength drop
was the reduction of the degree of B2 ordering or even dis-
ordering [53].

The similarity in the deformation behaviour of the alloys studied
should also be noted. A close look at stress-strain curves revealed
that, after yielding both at 700 and 900 °C, a short strengthening
stage followed by a drop of flow stress and continuous softening
were observed (Fig. 7). The drop of flow stress in the onset of
straining could result from sporadic dislocations before plastic de-
formation or short-range order [21,54|. Meantime, further softening
indicated the occurrence of dynamic recrystallisation (DRX) [54].
EBSD analysis showed that, in the bcc NbygTisgVoo and weakly B2-
ordered AlysNby4gTisVs alloys deformed at 700 °C, bulging of initial
grain boundaries was found (Fig. 8a, b). The formation of necklace
microstructure, which is the signature of discontinuous DRX (DDRX),
was observed in RH/MEAs deformed at relatively low temperatures
and high strain rates [21,54-59]. In turn, in the highly B2-ordered
AlygNbygTigo alloy, the microstructure was expectedly unchanged
(Fig. 8c) because of the limited strain experienced by the sample
(Table 4). Moreover, its fracture surface (insert in Fig. 8c) had the
intergranular character, indicating the decreased grain boundary
cohesion typical of ordered alloys and intermetallic compounds
tested at high temperatures in the air [60,61].

DDRX persisted in the studied alloys deformed at 900 °C (Fig. 8d-
f). This mechanism was dominant in the bcc NbygTiggVo and highly
B2-ordered Al,gNbygTigg alloys (Fig. 8d, f), while, in the weakly B2-
ordered Al;sNbygTisgVs alloy, DDRX operated along with continuous
DRX (CDRX) (Fig. 8e). The activation of CDRX in the Al;sNbygTizoVs
alloy could be connected with its lower T,, compared to the
Nby4oTigoV20 and AlyoNbygTigg alloys (Table 1), that is, with a higher
homologous temperature of plastic deformation [21]. The co-op-
eration of DDRX and CDRX resulted in the formation of a more
homogeneous recrystallised microstructure in the Al;sNbygTizgVs
alloy compared to the NbygTiggV2e and AlygNbygTizg counterparts,
containing a high fraction of initial unrecrystallised grains. Appar-
ently, alleviated recrystallisation in the Al;sNb4gTisoV5 alloy ensured
by simultaneous DDRX and CDRX lowered the stored elastic energy
and refined the grains more effectively than sole DDRX did in the
NbyoTigoVao and AlygNbyoTisg alloys, thereby promoting a ~ 76 %
larger elongation (Fig. 7b; Table 4).
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Fig. 8. Characterisation of the structure of the Nb4oTisoV20, AljsNbygTigeVs, and AlygNbyoTisg alloys after tensile tests at 700 and 900 °C: (a-c) IPF maps, showing the typical
microstructures of the NbagTisoV2o (a), Al1sNbaoTiseVs (b), AlagNbagTiso (c) alloys after tensile tests at 700 °C; (d-f) IPF maps, showing the typical microstructures of the
Nby4oTigeV20 (a), Al1sNbagTiggVs (b), AlogNbagTigg (c) alloys after tensile tests at 900 °C. Black blank arrows in a, b, d, f denote microstructural features specific for DDRX. Insert in ¢
displays the fracture surface of the Al,gNb4oTisg alloy after tensile test at 700 °C The tensile direction is horisontal.

4. Conclusions

In this study, the effect of Al-induced B2 ordering on the tensile
mechanical properties of the AlyNbyoTiggVo0-x (X=0; 15; 20 at%)
RMEAs at 22-900 °C were investigated. The following conclusions
can be made:

1) At 22 °C, Al had a minor effect on the tensile strength, increasing
the yield strength from 650 to 795 MPa. Wherein, the weakly B2-
ordered Al;sNby4TigeVs alloy achieved a higher uniform elonga-
tion compared to the bcc NbygTigeVao alloy, but the highly B2-
ordered AlygNbyTigo counterpart was brittle. The microscopic
localisation of plastic deformation, instead of macroscopic one in
the bcc NbygTigVoo alloy, was assumed to ensure the improved
ductility of the weakly B2-ordered Al;5NbygTisoV5s alloy.

2) At 500 °C, all three alloys underwent a gradual softening, which
was less pronounced in the highly B2-ordered AlygNboTig alloy.
Both B2-ordered alloys remained stronger than the bcc
Nby4gTigoV2o alloy, and they manifested the PLC effect. The
emergence of this effect was connected with the pinning-un-
pinning of dislocations by B2 domains.

3) At 700°C, the bcc NbygTiggVoo and weakly B2-ordered
Al;5NbyoTisoVs alloys softened drastically, while, in the highly B2-
ordered AlyoNb4gTisg alloy, the strength reduction was minor. The
superiority in the strength of the Al,gNbyTig alloy over the
Al5NbygTigoVs alloy was ascribed to the higher degree of B2 or-
dering, whereas its brittleness was explained by low grain
boundary cohesion due to testing in the air. In the bcc
NbyoTigoV20 and weakly B2-ordered AlisNbyoTigoVs alloys, the
formation of necklace microstructure due to DDRX was observed.

4) At 900 °C, the B2-ordered alloys showed lower strength than the
bcc NbygTiggVao alloy. Loss of strength in all the alloys was in-
duced by the activation of diffusion-controlled dislocation climb/
glide. In turn, the advantage from the B2 ordering was suggested
to diminish due to disordering or decreasing degree of B2 or-
dering. In all three alloys, DDRX was active. But if in the bcc
Nby4oTigoV20 and highly B2-ordered Al,gNbygTiso alloys, this me-
chanism was dominant, in the weakly B2-ordered Al;5sNbyoTis0Vs
alloy, it co-operated with CDRX. This DDRX+CDRX co-operation
procured a more homogeneous recrystallised microstructure and
effective reduction of stored energy, thereby providing over ~
200 % of elongation in the weakly B2-ordered Al;sNbygTisgVs
alloy.
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