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ABSTRACT
Several high-temperature body-centered cubic (bcc) structural materials such as Nb-, 
Zr- and Ti-based alloys undergo phase separation, which is a second-order phase 
transformation, whereby the host lattice decomposes into distinct bcc domains with 
different compositions. Using atomistic simulations, we studied the high-strain-rate 
response of bcc-forming Nb–xZr (x = 0, 25, 50 at.%) alloys. To induce phase separa-
tion in our starter alloy, we first employed hybrid Monte Carlo/Molecular Dynamics 
simulations in single crystals of Nb–xZr at 1000 K. Subsequently, these crystals were 
deformed along different crystallographic orientations ( ⟨001⟩ , ⟨110⟩ and ⟨111⟩ ) at a 
strain rate of 10+8s−1 , to investigate orientation dependent mechanical response. The 
phase-separated Nb–xZr microstructures exhibited distinct bcc domains enriched in 
either Zr or Nb. Notably, Nb-50 at.%Zr contained coarser Zr-domains compared to 
Nb-25 at.%Zr. The Zr-rich domains acted as “soft” inclusions, resulting in reduced 
peak strengths in the following order: pure Nb (Nb-0 at.%Zr) > Nb-25 at.%Zr > 
Nb-50 at.%Zr. This implies that phase separation causes softening in Nb–xZr. We 
also discovered two deformation pathways that depended on the crystallographic 
orientation: (i) For deformation along ⟨110⟩ and ⟨111⟩ directions: Elastic deforma-
tion was followed by dislocation plasticity on {110}⟨111⟩ slip systems; and (ii) For 
deformation along ⟨001⟩ direction: Elastic deformation was followed by the forma-
tion of a volumetric fcc structure, twinning on {112}⟨111⟩ system, and the formation 
fcc-phase at the twin/matrix interfacial regions. This was ultimately accompanied 
by dislocation plasticity on {110}⟨111⟩ slip system. The bcc→fcc displacive trans-
formation facilitated {112}⟨111⟩ twinning when Nb–xZr was deformed along ⟨001⟩ . 
Our investigation shows that softening of bcc alloys can result from a coupling of 
mechanisms involving local solute segregation, displacive phase transformation and 
twinning occurring across multiple slip planes.
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Introduction

Body-centered cubic (bcc) niobium (Nb) is well known 
for its high melting point and good room-tempera-
ture ductility compared to other refractory metals [1]. 
Alloying Nb with zirconium (Zr) creates alloys with 
potential applications in nuclear and biomedical tech-
nologies [1–3]. Several studies have been conducted on 
the microstructure and mechanical properties of Nb-
rich ( ≤ 1 at.%Zr , or Zr-lean) and Nb-lean ( ≥ 80 at.%Zr , 
or Zr-rich) compositions [4]. Typically, Nb-rich com-
positions are based on bcc ( �-phase, space group 
Im3̄m ) crystal structure that forms a single-phase 
solid solution. However, depending on Zr content, 
these alloys can form hexagonal closely packed ( �-
phase, space group P6/mmc), and hexagonal ( �-phase, 
space group P6/mmm) structures within the parent-
phase. Thus, depending on alloy compositions, Nb-Zr 
can manifest several types of crystal structures. This 
study will exclusively focus on bcc-forming Nb-Zr 
compositions.

Despite such a large body of literature, there 
remains a knowledge gap in our understanding of 
Nb-Zr compositions that lie within the miscibility 
gap of its equilibrium phase diagram, approximately 
within ∼20–90 at.%Zr at ∼893 K [1–6]. In such alloys, 
phase separation occurs, where the bcc or �-phase 
decomposes into two bcc domains with different con-
centrations of Nb or Zr [4, 6]. This process, also known 
as iso-structural decomposition or phase separation, 
leads to compositional modulations within the lattice, 
visible as extra reciprocal lattice reflections in electron 
diffraction patterns [4, 6–11]. In case of Nb-40 at.%Zr, 
such reflections are associated with [100] reflections, 
which suggested that compositional modulations were 
along ⟨001⟩ [6]. Note that such phase separation ten-
dencies are also seen in many other systems, including 
�-titanium alloys [4, 10, 11].

The miscibility gap observed in materials like Nb-Zr 
is attributed to a positive heat of mixing and is sig-
nificant for achieving homogeneous microstructures 
[1–3]. Conventional processing methods necessitate 
long-term annealing at high temperatures, typically 
between ∼893 and 1250 K, to produce a phase-sep-
arated microstructure in Nb-Zr [6]. Unfortunately, 
this energy-intensive procedure, combined with the 
high melting points of Zr and Nb, makes it costly and 
time-consuming. On the contrary, employing atom-
istic simulations can circumvent such challenges and 
provide mechanistic insights that are consistent with 

experimental results [12–16]. This study aims to inves-
tigate the phase separation tendencies in Nb–xZr (x 
= 0, 25, 50 at.%) using molecular dynamics simula-
tions and, importantly, evaluate their impact on the 
mechanical response of such alloys. The results from 
this investigation are expected to guide materials 
selection strategies for designing bcc Nb-Zr-based 
alloys specifically tailored for applications at extreme 
conditions, such as high temperatures, stresses and 
strain rates.

Information regarding deformation mechanisms in 
phase-separated Nb-Zr microstructures is currently 
limited in the literature. However, existing experimen-
tal and computational studies on pure Nb and other 
bcc metals provide guidance on the anticipated defor-
mation mechanisms, the influence of composition (e.g., 
on strength) and, notably, deformation-induced phase 
transformations. In the case of pure Nb, dislocation 
plasticity is often governed by {110}⟨111⟩ slip systems, 
while twins are known to form on {112} habit planes, 
oriented along ⟨111⟩ , specifically {112} ⟨111⟩ twin-
ning [17–22]. These observations provide a valuable 
foundation for understanding potential deformation 
behaviors in phase-separated Nb-Zr alloys.

The conventional wisdom suggests that the addi-
tion of solutes typically strengthens an alloy through 
solid solution strengthening [17]. However, studies on 
bcc metals like Mo and W show that a contrary phe-
nomenon where a solute-induced “softening” occurs, 
which reduces the critical resolved shear stress [23–25]. 
This softening effect arises from a positive interaction 
energy between the solute and screw dislocation line 
segments. Consequently, this interaction enhances the 
kink pair nucleation, enabling dislocation lines to eas-
ily glide through the bcc lattice [24]. In some literature, 
this phenomenon is also referred to as “double kink” 
instead of kink pair [17]. Therefore, there is an abid-
ing scientific interest in studying the phase separation 
effects on the strength of Nb-Zr compositions that lie 
within the miscibility gap. Thus, understanding the 
influence of phase separation on the mechanical prop-
erties can aid in optimizing the alloy performance.

Lastly, a growing body of experimental work sup-
ports the notion that pure Nb undergoes deformation-
induced bcc→fcc transformation [26–29]. Furthermore, 
density functional theory-based first-principles calcu-
lations and in situ high-resolution transmission elec-
tron microscopy (TEM) suggests that this transforma-
tion occurs in proximity to the ⟨001⟩ directions [28, 30]. 
In essence, the crystallographic anisotropy also plays a 
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role in influencing the bcc→fcc transformation. Again, 
these findings underscore the complexity of the defor-
mation behavior in pure Nb itself and emphasize the 
importance of considering crystallographic orienta-
tions in understanding such transformations.

Current literature broadly indicates that an inter-
play between concentration and anisotropy can influ-
ence the strength, deformation mechanisms and, very 
likely, the phase transformation behavior in phase-
separated Nb-Zr alloys. To better understand these 
effects, we have used molecular dynamics (MD) simu-
lations to study the deformation of Nb–xZr (x = 0, 25, 
50 at.%) single crystals along ⟨001⟩ , ⟨110⟩ and ⟨111⟩ at 
a temperature of 1000 K and a strain rate of 108s−1 . 
This article is organized as follows: Sect. 2 presents 
the computational methods used, Sect. 3 discusses the 
results obtained, and in Sect. 4, we rationalize the key 
observations.

Computational methods

Molecular dynamics (MD) simulations were per-
formed by using the large-scale atomic/molecular 
massively parallel simulator (LAMMPS) [31, 32]. The 
interatomic interactions in the binary Nb-Zr alloy 
was described using an angular-dependent potential 

(ADP) developed by Starikov and Smirnova [33, 34]. 
This potential was fitted using lattice parameters 
of bcc, fcc and hcp phases, point defect formation 
energies, generalized stacking fault energies, Pei-
erls barrier and diffusion coefficients obtained from 
first-principles calculations. It captures several key 
thermodynamic and kinetic quantities as a function 
of composition. Crucially, this ADP captures positive 
heat of mixing ( ΔH

mix
 ) within the composition range 

∼20≤Zr≤ 90 at.% [5, 33–36]. The ΔH
mix

 is indicative of 
a miscibility gap [7] present in the Nb-Zr phase dia-
gram from 900–1250 K [5, 6, 35]. Such a gap causes 
the solute-rich bcc lattice to phase separate into iso-
structural solute-rich and solute-lean domains upon 
long-term annealing [4, 6, 7, 37]. Consequently, this 
ADP potential allowed us to simulate nanoscale Nb-
rich and Zr-rich domains, and study their influence 
on the mechanical response of cubic Nb-Zr alloys at 
1000 K. This operating condition is greater than the �
-transus temperature of ∼893 K in Nb-Zr binary phase 
diagram [4, 6, 7, 37–39].

Simulation boxes containing the atoms were cre-
ated using the Atomsk code [40]. Figure 1 shows 
three types of simulation boxes were employed in 
our study: (i) Body-centered cubic (bcc) single crys-
tals oriented along the ⟨001⟩ cubic axes and with an 
edge length ≈16nm; (ii) bcc single crystals oriented 

Figure  1  Geometry of simulation boxes utilized in the study: 
defect-free single crystals oriented along a the ⟨100⟩ cube axes, 
b [ ̄101 ], [ 11̄1 ] and [121] crystallographic axes of bcc and d screw 

dislocation quadrupole embedded inside the single crystal with 
orientations similar to that shown in panel “b”.
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along [ 1̄01 ], [121] and [ 11̄1 ] and an edge length of 
≈ 16 nm; and (iii) A single crystal containing screw 
dislocation quadrupole, where the dipole pairs 
were described by 1

2

[11̄1 ] and 1
2

[1̄11̄ ] Burgers vectors 
(Fig. 1d). They were constructed using Volterra dis-
placement fields and equilibrium lattice parameters 
at the desired composition and temperature [40, 41]. 
All single-crystal systems contained 211200 atoms.

This work presents the results of three alloys 
– Nb-0 at.%Zr (pure Nb), Nb-25 at.%Zr and Nb-50 
at.%Zr. Note that Nb-25 at.%Zr and Nb-50 at.%Zr 
lie inside the Nb-Zr miscibility gap [5, 35]. Hybrid 
Monte Carlo (MC)/MD was employed to achieve the 
desired compositions. MC steps were performed 
using the semi-grand canonical ensemble, where 
the number of particles (N) remain fixed, but the 
composition can change depending on the chemi-
cal potential [42–44]. MD was performed by using a 
thermostat and barostat to maintain constant num-
ber of particles (N), pressure (P) and temperature 
(T) [42–44]. Therefore, the hybrid MC/MD approach 
maintains the system under constant N, P and T, but 
allows compositional changes by imposing different 
values of the chemical potential difference Δ�

Zr−Nb
 = 

�
Zr
− �

Nb
 . Following Lei and Hoyt’s approach [45], 

each hybrid MC/MD simulations were initiated 
using a simulation box containing equiatomic, 50 
at.%Nb-50 at.%Zr, composition. In the framework of 
Metropolis algorithm, this technique assigns each lat-
tice site with equal probability of swapping, and the 
MC moves drive simulation box toward the desired 
composition [43]. Prior to carrying out hybrid MC/
MD, the randomly substituted structures, including 
pure Nb structures, were energy-minimized using 
the conjugate gradient method with force and energy 
tolerances of 10−6 eV and 10−12 eV/Å, respectively. 
Subsequently, all the systems were equilibrated at 
1000 K and 0 GPa pressure for 5 million iterations, 
where 50000 atom swaps were attempted after 10000 
MD steps. Extensive testing indicated that Δ�

Zr−Nb
 = 

−0.1, −0.8 and − 1.1eV yielded 0 (pure Nb), 27.5 and 
51.4  at.%Zr. Here, we refer to the Nb-27.5 at.%Zr 
and Nb-51.4 at.%Zr systems as “25 at.%Zr” and “50 
at.%Zr,” respectively. Finally, the hybrid MC/MD-
modified undeformed single crystals (Fig. 1a–b) 
were equilibrated at 1000 K for ∼ 50 ps using ther-
mostat and barostat (i.e., NPT ensemble [42–44]) and 
deformed with a strain rate of 108 s−1 under uniaxial 
tension. Combined, our computational approach 
allowed us to examine deformation mechanisms in 

phase-separated Nb-Zr at a high temperature of 1000 
K and strain rate of 108 s−1.

MD results were visualized using OVITO [46]. 
Analysis of dislocation substructures were carried 
out using the dislocation analysis algorithm (DXA) 
[47–50]; and the study of local coordination and 
structure was conducted using the polyhedra tem-
plate matching algorithm (PTM). These results are 
shown in Fig. 1a–c [51]. The atomic strain tensors [52] 
facilitated computing the per-atom von Mises effective 
strains, which are helpful in characterizing the effect 
of shear strains on structural changes during deforma-
tion [53, 54]. Mathematical formulation for per-atom 
von Mises effective strain is summarized elsewhere 
[52, 53]. The PTM algorithm is particularly suited for 
detecting crystalline structures at higher temperatures, 
because the identification procedure is not hampered 
by atomic vibrations [15, 16, 51, 55]. As a result, PTM 
was employed to separate bcc and face-centered cubic 
(fcc) coordinated atoms at 1000 K from those belong-
ing to severely distorted regions. A root mean squared 
deviation (RMSD) value of 0.12 was found to reliably 
identify all structures.

Results

The simulation results are presented in three cat-
egories. First, we present the undeformed structures 
at 1000 K, which were obtained using hybrid MC/
MD simulations (Sect. 3.1). This section highlights 
the effect of phase separation within bcc lattice on 
nanoscale features in single crystals and multi-crys-
tal ensembles. Second, we compare and contrast the 
stress–strain responses of these structures at 1000 K 
and 108 s−1 strain rate Sect.3.2). Third, we correlate the 
observed mechanical responses with the underlying 
deformation mechanisms (Sects. 3.3 and 3.4).

Undeformed structures at 1000 K

Figure 2 shows the atomic distribution in Nb- and Zr-
rich regions within the undeformed 25 at.%Zr (Fig. 2a) 
and 50  at.%Zr (Fig. 2b) single crystals, using (100), 
(011) and (111) planar views. (For comparison, Fig. 2c 
shows another simulation cell, where bcc sites are ran-
domly substituted by 25 at.%Zr.) In the (100)-view, 
these Nb- and Zr-rich regions are distributed along 
two perpendicular {110} planes in the bcc lattices of 
25 and 50  at.%Zr, respectively. This arrangement is 
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Figure 2  Hybrid MC/MD simulation results showing the crys-
tallographic arrangement of Nb and Zr atoms at 1000 K in a 25 
and b 50  at.%Zr single crystals. Each panel shows Nb and Zr 

distribution on one of the {100}, {011} and {111} planes of host 
bcc lattice. c shows a simulation box, where 25 at.%Zr is ran-
domly distributed in the host bcc lattice.
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consistent with a recent study on Zr-Nb alloys using 
phase field simulations [56]. A view of the (011) plane 
revealed compositional modulations of Nb-rich and 
Zr-rich near-linear segments, indicating phase sepa-
ration within the bcc lattices of 25 and 50  at.%Zr 
single crystals [4, 7, 37]. These modulations were ori-
ented along [100], and their wavelength, representing 
the distance between two Zr-rich regions, measures 
approximately 6.8 Å. In this view, the wavelength 
remained unaffected by the alloy composition, pro-
viding a consistent feature across different alloy com-
positions. However, differences are seen in the Nb-rich 
and Zr-rich domains on the (111) plane. Such domains 
possessed irregular shapes, and their sizes varied with 
Zr content: the Zr-rich domains in 25  at.%Zr were 
smaller compared to those in 50 at.%Zr. These obser-
vations highlight the structural differences and vari-
ations domain sizes as a function of Zr composition. 
Next, we explored the effect of the observed domains 
on the mechanical response of Nb–xZr (x = 0, 25 and 
50  at.%) single crystals.

Mechanical response of single crystals

Figure 3 shows the stress versus strain plots obtained 
from single crystals under normal tensile stress 
applied along <100> (Fig. 3a), <110> (Fig. 3b) and 
<111> (Fig. 3c) crystallographic axes at a temperature 
of 1000K and a strain rate of 108s−1 . These plots allow 
us to compare and contrast the mechanical response 
of specimens containing 0 at.%Zr (pure Nb), 25 and 50 
at.%Zr specimens. Additionally, we have also simu-
lated the mechanical response of bcc Zr (100 at.%Zr) 
to serve as a control in our analysis.

The results show that the peak strengths ( �
peak

 ) 
along ⟨001⟩ direction were nearly half those along ⟨

110⟩ and ⟨111⟩ . The peak strengths followed the trend 
�
⟨001⟩

peak
 > �⟨110⟩

peak
 > �⟨111⟩

peak
 . Deformation along all three ori-

entations showed a significant drop in strength after 
reaching peak value, and the corresponding strains 
marking such drops are shown by dotted lines in 
Fig. 3a–c. For ⟨110⟩ and ⟨111⟩-oriented crystals, the 
abrupt drops in stress occurred immediately after 
reaching peak stress values (Fig. 3b and c). In contrast, 
the ⟨001⟩-orientated crystals exhibited noticeable 
“deviation from linear elasticity” after reaching the 
peak value (Fig. 3a), before experiencing a sharp stress 
drop. Interestingly, this anisotropy in mechanical 
response up to the point of stress drop remained unaf-
fected by the alloy composition. However, note that 
for a given orientation, the presence of bcc phase sepa-
ration did influence the peak strength, the magnitude 
of stress drop ( Δ�  ) and the subsequent flow stress 
(region after the dotted lines in Fig. 3a–c).

Figure 3 also shows that the compositional depend-
ence of peak strength, indicating a trend where the 
peak strengths are in the order of �0 at.% Zr

peak
 > �25at.%Zr

peak
 > 

�50at.%Zr
peak

 . Furthermore, the pure Nb specimens exhib-
ited the highest �

peak
 compared to the specimens con-

taining 25 and 50 at.%Zr. Similarly, the corresponding 
stress drops followed the order Δ�0at.%Zr > Δ�50at.%Zr > 
Δ�25at.%Zr . The ratio Δ�

�
peak

 , which represents the stress 

drop, varied within ∼70–80% for pure Nb (0 at.%Zr), 
about 40–50% for 25 at.%Zr and around 33–40% for 50 
at.%Zr. These findings broadly suggest that an 
increase in Zr content softens the host bcc lattice. This 
phenomenon of solute-mediated softening of dilute 
bcc alloys was observed previously in Re- and 
W-based alloys, and it was attributed to the positive 
interaction energy between the dislocation core and 
solute atom [24, 25]. In the current context, this 

Figure 3  Tensile uniaxial stress–strain plots of single crystals deformed along a ⟨001⟩ , b ⟨110⟩ and c ⟨111⟩ directions. The vertical dot-
ted lines in panels (a)–(c) indicate the onset of plasticity or significant strength loss in the single crystals.
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observed softening effect can be explained by the rule 
of mixtures, where the relative fractions of stiff Nb-
rich and softer Zr-rich domains, shown in Fig. 2, deter-
mine the overall mechanical response of 25 and 50 
at.%Zr via a composite effect. Figure 3 shows that the 
strength of pure Nb is substantially higher than bcc Zr, 
indicating that the Zr-rich domains are softer com-
pared to Nb-rich regions. Consequently, the presence 
of these Zr-rich domains in 25 and 50 at.%Zr speci-
mens reduces their peak strengths compared to pure 
Nb.

The relative size and distribution of softer Zr-rich 
domains also play a significant role in determining 
the relative strengths of 25 and 50 at.%Zr specimens. 
As shown in the “(111)-view” panels of Fig. 2a and 
b, the Zr-rich domains in 25 at.%Zr are smaller and 
more widely distributed spatially compared to those 
in 50 at.%Zr specimens. By correlating these obser-
vations with the stress–strain plots (Fig. 3), we find 
that the smaller size and higher distribution of Zr-
rich domains contribute to the higher peak strength 
in 25 at.%Zr specimens. This outcome occurs because 
the softening effect of such domains is spread over a 
wider area, instead of being localized within specific 
regions as seen in 50 at.%Zr samples. Conversely, it 
is worth noting that the “stronger” Nb-rich domains 
(Fig. 2) also play a role in determining the overall peak 
strength of 25 and 50 at.%Zr specimens. To investi-
gate this hypothesis, a ⟨001⟩-orientated single crystal 
containing a random distribution of Zr atoms with 
25 at.%Zr concentration was deformed (see Fig. 2c). 
The initial structure was energy-minimized and, sub-
sequently, equilibrated at 1000 K, without subjecting 
it to hybrid MC/MD (see Sect.2). The results showed 
that �

peak
 of this 25 at.%Zr (random) configuration was 

substantially lower than that of the phase-separated 25 
and 50 at.%Zr alloys (Fig. 3a). Hence, the remainder of 
the manuscript will focus on the deformation behavior 
of pure Nb (0 at.%Zr) and phase-separated (25 at.% 
and 50 at.%Zr) specimens). In summary, these results 
indicate that phase separation within the bcc lattice, 
and possibly the extent of such separation (com-
pare the (111)-view in Fig. 2), strongly influences the 
strength and potentially the underlying mechanisms 
of plasticity in Nb-Zr alloys (see Sects.3.3 and 3.4).

The flow stress curves, representing the stress–strain 
plots beyond vertical dotted lines in Fig. 3, are reliable 
indicators of plasticity. A comparison of these curves 
highlights the impact of bcc phase separation in 25 and 
50 at.%Zr, contrasting with response of pure Nb. In 

the case of 0 at.%Zr specimens, regardless of orienta-
tion, a steady increase in strength was observed after 
the initial abrupt stress drop, shown by the arrow in 
Fig. 3b). In contrast, the flow stress response of 25 and 
50 at.%Zr specimens substantially differed from that 
of pure Nb, and the behavior varied depending on the 
crystal orientation. For phase-separated ⟨001⟩ crystals, 
a plateau formed around ∼ 4 GPa immediately after the 
initial stress drop (marked with an arrow in Fig. 3a), 
followed by two smaller stress drops. On the contrary, 
⟨110⟩ - and ⟨111⟩-oriented single crystals exhibited 
stress values that more or less stabilized within ∼3–6 
GPa, similar to the behavior observed in ductile face-
centered cubic (fcc) single crystals or composite struc-
tures containing an FCC phase. Broadly, the examina-
tion of flow stress curves of phase-separated 25 and 
50 at.%Zr single crystals revealed highly anisotropic 
plastic deformation at 1000 K and 108s−1 . Therefore, 
crystal orientation plays a crucial role in determin-
ing the underlying deformation mechanisms and the 
extent to which they influence the overall plasticity. 
Detailed explanations of those mechanisms are pre-
sented in Sects. 3.3 and 3.4.

Deformation mechanisms in ⟨001⟩‑oriented 
single crystals

Figure 4 shows MD snapshots illustrating deformation 
mechanisms in pure Nb (Fig. 4a), 25 at.%Zr (Fig. 4b) 
and 50 at.%Zr (Fig. 4c) at five “global strain” ( � ) val-
ues. These snapshots show representative mecha-
nisms on the bcc-(11̄0) plane of each specimen. At � = 
8.9%, all three materials showed a fine dispersion of 
fcc phase, indicating a deformation-induced bcc→fcc 
transformation. This finding is consistent with X-ray 
and transmission electron microscopy studies of pure 
Nb, which showed that such a transformation occurs 
under high strain rate or large deformation conditions 
[26–29]. As the strain increases to � = 10%, the frac-
tion of fcc qualitatively increased in both pure Nb and 
25 at.%Zr specimens. This strain level corresponded 
to a stress level preceding the abrupt drop in the 
stress–strain plots of 0 and 25 at.%Zr, as well as the 
plateau observed on the flow curve of 50 at.%Zr (see 
Fig. 3a). At � = 10%, deformation in 50 at.%Zr specimen 
was dominated by twinning, and it contained a visibly 
smaller fraction of fcc coordinated atoms located at 
the twin/bcc–matrix interface. Two variants of twins 
were noted in our simulations: (11̄ 2 )[111] (diagonally 
oriented) and (112)[111̄] . The horizontal orientation of 
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(112)[111̄] twins is a visual artifact, because the (110) 
planes, utilized in the snapshots, cuts through the 
(112) planes; meaning, lines corresponding to (112) 
are traces of the actual plane. Notwithstanding, our 
simulations show twins belonging to the {112}⟨111⟩ 
family, similar to those seen in pure Nb [17, 28, 29].

After a strain ( � ) of 10.5%, all three compositions 
exhibited {112}⟨111⟩ twinning as their dominant defor-
mation. This mode persisted in 25 and 50 at.%Zr speci-
mens until � = 13%. However, for pure Nb, deforma-
tion twinning was not observed beyond � = 12% as the 
deformation was dominated by dislocation plasticity 
(see Fig. 5a). In contrast, Fig. 5b shows that within 
the strain range � = 10.5–13%, the 25 at.%Zr specimen 
did not contain any dislocations and its deformation 
was driven by twinning. In 50 at.%Zr specimens, the 
dislocation substructure coexisted with twins at � = 
13%. A comparison of corresponding panels in Figs. 4c 
and 5c indicate that twins were receding (marked by 
arrows) in structure deformed at � = 13%. These results 
show that twins are replaced by dislocation substruc-
ture as the materials are strained to higher values. 
Importantly, a comparison of deformation features 
at � = 10.5, 12 and 13% (Fig. 4) highlights that phase 

separation of bcc into Nb-rich and Zr-rich domains 
(Fig. 2) facilitated twinning at 1000 K.

Comparing the stress–strain plots presented Fig. 3a, 
we note that the bcc→fcc transformation had occurred 
prior to the abrupt stress drop (indicated by dotted 
lines in Fig. 3a). In the following, we will refer to this 
portion of the stress–strain plots as “elastic–inelas-
tic” deformation regime, which describes the elastic 
deformation of the host bcc lattice, and its transforma-
tion into the fcc phase. Portion of plots immediately 
following the abrupt stress drop will be referred to 
as the “plastic” region as the flow stress was largely 
influenced by the formation of twins and dislocations 
(see Figs. 4 and 5).

The results presented in Fig. 4 have provided 
two mechanism-based insights into the stress–strain 
response of ⟨001⟩-oriented single crystals (see Fig. 3a). 
Firstly, a plateau is observed in the plastic regime of 
25 and 50 at.%Zr specimens. This was attributed to the 
formation and persistence of {112}⟨111⟩ twins. Addi-
tionally, a secondary abrupt change is also observed 
toward the end of that plateau. By correlating the data 
presented in Fig. 3a and Fig. 4, it is evident that the 
drop was a consequence of nucleation and multipli-
cation of dislocations that gradually replace twins. 
Secondly, the initiation of elastic–inelastic and plastic 

Figure 4  Simulation results showing deformation features in a 25  at.%Zr, b 50 at.%Zr and c pure Nb single crystals at five strain val-
ues. These ⟨001⟩-oriented single crystals were deformed at 1000 K and 108s−1 strain rate.
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deformation is linked to the bcc→fcc transformation, 
where the fcc phase appears to facilitate twinning 
via coexistence in both 25 and 50 at.%Zr specimens. 
However, the qualitative results presented in Fig. 4 do 
not sufficiently explain the effect of composition on 
deformation-induced fcc transformation. To address 
this aspect, a comparison has been made among the 
three compositions, by studying the variation in fcc 
volume fraction with strain.

Figure 6a compares the fcc fraction v.s. strain plots 
for 0, 25 and 50  at.%Zr specimens. These plots can 
be subdivided into two regimes: The first regime 
corresponds to the elastic–inelastic portion of the 
stress–strain response while the second regime rep-
resents the plastic portion (see Fig. 3a). In the elas-
tic–inelastic portion, both pure Nb (0 at.%Zr) and 25 
at.%Zr show a monotonic increase in fcc fraction to a 
maximum value of ∼21%, while 50 at.%Zr was limited 
to ∼13% fcc fraction. The significant fcc fractions in 
these compositions may explain the deviation from 
linear elasticity, as seen from the curvature in their 

stress–strain plots around the peak stress (see Fig. 3a). 
Within the plastic regime, both 25 and 50 at.%Zr 
monotonically reached a peak fcc fraction value of 
10%, while the pure Nb contains a negligible fcc frac-
tion. This indicates that phase separation within the 
bcc lattice of 25 and 50 at.%Zr may predispose them 
toward fcc formation and fcc-mediated twining (as 
seen in panels for � = 10–13% in Fig. 4). The inset in 
the top right-hand corner of Fig. 6a shows the early 
stages of fcc formation for each composition. We find 
that onset strains for fcc formation follow the trend: 
0 at.%Zr > 25 at.%Zr > 50 at.%Zr, indicating that the 
phase-separated 25 and 50 at.%Zr alloys undergo fcc 
transformation earlier than pure Nb. This early onset 
of bcc→fcc transformation introduces inelastic defor-
mation within the ⟨001⟩-oriented single crystals, which 
may lower the peak stress/strength compared to ⟨001⟩
-oriented pure Nb (as shown in Fig. 3a).

To understand the inelastic deformation mecha-
nism in ⟨001⟩-oriented single crystals, we studied the 
local strain distribution and crystallography using 25 

Figure 5  Dislocation substructures observed in a pure Nb, b 25  at.%Zr and c 50  at.%Zr ⟨001⟩-oriented single crystals at 10.5 and 13% 
tensile strain values after deforming them along ⟨001⟩ at 1000 K.
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at.%Zr as a representative system. Figure 6b shows 
the distribution of von Mises shear strain on a bcc-
(110) plane at four global strain values ( � = 2.5, 5.0, 
7.5 and 8.9%). These strains were localized along two 
conjugate planes of (11̄2) and (1̄12) , with their mag-
nitudes increasing with larger � values. These results 
indicate that overall deformation along ⟨001⟩ induces 
in-plane shear between the bcc-{112} planes, thereby 
promoting bcc→fcc transformation via a displacive 
mechanism [4]. Figure 6c shows the crystallographic 
change caused by this mechanism. The in-plane shear 
on the two conjugate planes, (11̄2) and (1̄12) , caused 

the deformation of the bcc-(110) plane (marked by 
blue-colored rectangular motifs) into (100) planes 
of fcc (marked by orange-colored square motifs). 
Notably, the fcc-[1̄01] direction was slightly mis-
aligned by approximately 5 ◦ with respect to bcc-[11̄1] . 
This crystallographic arrangement gave rise to the 
Pitsch orientation relationship: (110)

bcc
∕∕(110)

fcc
 and 

[11̄1]
bcc

∕∕[1̄01]
fcc

 (see Fig. 6c). Furthermore, within the 
plastic regime, an increase in � resulted in the in-plane 
bcc-{112} shear transforming fcc domains into {112}⟨
111⟩ twins. This phenomenon is exemplified in Fig. 4, 
which shows the presence of fcc coordinated atoms 

Figure 6  a Plots showing the deformation-induced fcc fraction 
v.s. tensile strain single crystals that were deformed along ⟨001⟩ . 
Inset in panel “a” shows the early stage of fcc formation. b (110) 

plane views showing von Mises strain distribution in 25 at.%Zr. 
c shows the bcc/fcc crystallographic orientation relationship at 
10% strain.
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inside twins and at the twin/matrix interfaces. Cur-
rently, studies are ongoing to understand the ener-
getics of fcc→bcc-twin formation in phase-separated 
25 and 50 at.%Zr alloys. In the following sections, 
we present the observed deformation mechanisms in 
⟨110⟩ - and ⟨111⟩-oriented single crystals.

Deformation mechanisms in ⟨111⟩ ‑ and ⟨110⟩
‑oriented single crystals

In contrast to ⟨001⟩-oriented crystals, deformation 
along ⟨111⟩ and ⟨110⟩ directions resulted in minimal 
fcc formation within the inelastic and plastic regimes. 
The volume fractions of fcc regions were significantly 
lower by approximately two orders of magnitude than 
in ⟨001⟩ oriented crystals (see Appendix 1). Notably, 
{112}⟨111⟩ twinning was not observed after straining 
along ⟨111⟩ and ⟨110⟩ . Instead, plastic deformation in 
these crystals was dominated by the nucleation and 
multiplication of dislocations.

The initiation of plastic deformation in these crys-
tals was due to the nucleation of dislocations loops, 
and their formation correlated with the stress drop 
observed in the stress–strain plots (Fig. 3). Figure 7a 
and b shows examples of dislocation loops in pure Nb 

and 25 at.%Zr, respectively, when viewed along ⟨111⟩ 
family of directions. These loops were characterized 
by a 1

2

 ⟨111⟩ Burgers vector and were tilted out of the 
densely packed {110} planes of bcc. In the specific cases 
shown in Fig. 7, the normal to the dislocation loop 
plane (demarcated by solid black lines) was tilted by 
approximately 7–8◦ with respect to the {110} plane nor-
mal (shown by black dotted lines). We monitored the 
multiplication tendencies of such precursory 1

2

 ⟨111⟩ 
dislocations by measuring their densities as a function 
of the imposed strain.

In Fig. 8, panels (a1) and (b1) show the measured 
dislocation densities in the ⟨110⟩ - and ⟨111⟩-oriented 
crystals, respectively. The corresponding percentage 
drop from the maximum dislocation density for each 
alloy composition is shown in panels 8(a2) and 8(b2). 
Anisotropy in dislocation densities is mainly seen dur-
ing the plastic deformation of 25 at.%Zr, while pure 
Nb and 50 at.%Zr showed comparable responses 
(compare Fig. 8a1 and 8b1). At the onset of plastic-
ity, pure Nb contained the highest dislocation den-
sity, while 50 at.%Zr had the lowest (Fig. 8a1 and 8b1). 
Subsequently, dislocation density in pure Nb rapidly 
reduces by ∼90% compared to other two materials. 
In contrast, dislocation density in 25 and 50 at.%Zr 

Figure 7  Simulation snapshots showing dislocation loops that initiated plasticity in a pure Nb and b 25  at.%Zr single crystals deformed 
along ⟨011⟩ . The loop edges are viewed along a ⟨111⟩ , and the horizontal lines represent planes in the {011} family.
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decreased gradually to around 60–75% in both crys-
tals, unlike pure Nb (Fig. 8a2 and 8b2). Broadly, the 
observed trends in dislocation density versus strain 
plots in Fig. 8a1 and 8b1 can be explained in terms 
of the competition between dislocation formation and 
thermally assisted dislocation–dislocation annihilation 
[57, 58].

Plastic deformation is initiated through the rapid 
multiplication of precursory dislocation loops, as 
shown in Fig. 7. This tendency appears to be more 
pronounced in pure Nb compared 25 and 50 at.%Nb. 
However, at a high temperature of 1000 K, the mobile 
1

2

 ⟨111⟩ dislocations start to annihilate each other. 
In the absence of grain boundaries, this annihila-
tion mechanism likely results from the attraction of 

dislocations with opposite senses and/or Bugers vec-
tors [17]. A comparison of Fig. 8a2 and 8b2 suggests 
that such annihilation tendency is more prevalent in 
pure Nb than 25 and 50 at.%Zr. To study this issue, we 
have compared this dislocation–dislocation annihila-
tion tendency in pure Nb, 25 and 50 at.%Zr by using 
the screw dislocation quadrupole geometry shown 
in Fig. 1c. These simulations involved performing 
hybrid MC/MD up to 5 million iterations at 1000 K 
(see Sect. 2). The simulation results, shown in Fig. 9, 
reveal that 25 and 50 at.%Zr retain the prior screw dis-
locations (discussed later), while they are completely 
annihilated at in pure Nb. Crucially, these results dem-
onstrate that phase separation within Nb-Zr signifi-
cantly affects dislocation configurations.

Figure 8  Plots showing the variation in dislocation density with strain in single crystals deformed along (a1)–(a2) ⟨110⟩ and (b1)–(b2) 
⟨111⟩ . Panels (a1) and (b1) show the actual densities, while (a2) and (b2) show the normalized densities in percentage.
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Finally, we have qualitatively examined the core 
structures in 25 and 50 at.%Zr by extracting them 
from their respective quadrupoles (Fig. 9). Figure 10 
shows two representative views of the screw disloca-
tion cores lying on (1̄01) and (121) planes of 25 at.%Zr 
(Fig. 10a) and 50 at.%Zr (Fig. 10b). It is well known 
that the cores of screw dislocations in bcc crystals 
tend to spread themselves on other planes rather than 

being confined to the densely packed {110} planes [17]. 
Our simulations qualitatively capture this aspect and 
show the spread of screw dislocation cores in 25 and 
50 at.%Zr over (1̄01) and (121). In Fig. 10, the spatial 
extent of the cores is marked by bold black lines. We 
also find that the contour of the cores consists of sev-
eral closely spaced kink pairs along the dislocation line, 
as indicated with arrows. The lateral spreading of kink 

Figure 9  Hybrid semi-grand canonical Monte Carlo and molec-
ular dynamics simulation results—after 5 million iterations—
compare dislocation quadrupole configurations in a 25  at.%Zr, 

b 50  at.%Zr and c pure Nb single crystals at 1000 K. External 
stress was not applied to these single crystals.

Figure  10  Simulation results showing the spreading of 1
2
⟨111⟩ 

screw dislocation core on (1̄01) and (121) planes in a 25 at.%Zr 
and b 50 at.%Zr. The “core” atoms were identified using the 

PTM and DXA algorithms. These were atoms that could not be 
associated with either bcc or fcc coordination, and were proximal 
to the dislocation lines.
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pairs in opposite directions moves the dislocations 
forward, and that occurs via thermal activation and/
or under the influence of stress [17]. In general, the 
lateral movement of kinks face hindrance by two fac-
tors common to all three materials, including pure Nb. 
Firstly, the close proximity of kink pairs can generate 
repulsive forces that counteract their lateral motion. 
Secondly, the necessity for lateral movement across 
multiple planes, such as (1̄01) and (121), adds com-
plexity to their mobility. It is worth noting that these 
factors do not explicitly consider the influence of com-
position. Nevertheless, interactions of kink pairs with 
the compositional modulation, resulting from phase 
separation within the bcc lattice of alloys containing 25 
at.% and 50 at.% Zr, are likely to impede their move-
ment. Consequently, the thermally activated disloca-
tion movement in these two alloys might be slow and 
steady even under stresses at 1000 K, which delays 
the tendency for approaching dislocations to annihi-
late (compared to pure Nb). This aspect of dislocation 
motion is currently under investigation and is the sub-
ject of a separate study.

Discussion

Our simulations showed that annealing Nb-based 
alloys at 1000 K causes phase separation of the under-
lying bcc lattice into Nb-rich (Zr-lean) and Zr-rich 
(Nb-lean) domains. Two key insights are evident 
from the mechanical response of such phase-separated 
Nb-Zr single crystals, under high temperature (1000 
K) and strain rate (108s−1 ). First, the presence of Zr-rich 
domains softened the bcc lattice by reducing the stress 
required to initiate plastic deformation compared to 
pure Nb. The relatively “harder” Nb-rich domains 
strengthened the Nb-Zr alloys compared to a random 
Nb-Zr solid solution. We note that solute-induced 
softening of bcc alloys has been previously reported 
[24, 25]. Our results show that such softening can also 
occur due to relatively higher length scale structural 
alterations such as the phase separation phenomenon 
shown here. Second, deformation mechanism in the 
elastic (and inelastic) and plastic regimes is highly ani-
sotropic, and such orientation-dependent deformation 
is best understood by the following mechanism: 

(i)  Deformation along ⟨110⟩ and ⟨111⟩ directions 
shifts from elastic behavior to dislocation 
plasticity

(ii)  Deformation along ⟨001⟩ directions is initially 
elastic with fcc formation (inelastic response). It 
subsequently transitions to {112}⟨111⟩ twinning 
and further fcc formation, and ultimately leading 
to dislocation plasticity

The bcc→fcc transformation pathway is particu-
larly useful to understand our results. Past experi-
mental studies on pure Nb have reported this defor-
mation-induced transformation [2, 26–29]. Our MD 
simulations have also captured this bcc→fcc tran-
sition in pure Nb, which is consistent with extant 
experimental reports and validates the transferabil-
ity of the semiempirical potential employed in this 
work. Importantly, these simulations demonstrate 
that the deformation-induced bcc→fcc transforma-
tion is dependent on the crystallographic orienta-
tion, and is influenced by the concentration of Zr. For 
example, the inset in Fig. 6a indicates that the pres-
ence of Zr reduces the onset strain for this transfor-
mation. This implies that the transformation kinetics 
differ between pure Nb and Nb alloys with 25 and 
50 at.%Nb. We quantified the kinetics using the well-
known Johnson–Mehl–Avrami–Kolmogorov (JMAK) 
equation [59, 60]:

where X
fcc

 is the fcc volume fraction, t is time, K is the 
rate constant measuring the speed of transformation 
and the Avrami exponent n signifies the dimensional-
ity of transformation ( n ≥ 3 and n ≥ 2 indicate a three-
dimensional volumetric transformation and two-
dimensional features, respectively) [59, 60]. Taking 
natural logarithm of Eq. 1 twice yields a linear equa-
tion Ln(−Ln[1 − X

fcc
(t)]) = −Ln(K) + n × Ln(t) , whose 

slope and intercept quantify n and K, respectively.
Figure 11a and b shows Ln(−Ln[1 − X

fcc
(t)]) versus 

Ln(t) plots of data extracted from the elastic–inelastic 
and plastic regimes in Fig. 6a, respectively. Those 
regimes are also indicated in the insets of Fig. 6a and 
b. Figure 11a qualitatively demonstrates the effect of 
Zr concentration in the inelastic regime, because the 
slope (n) and intercepts ( −Ln(K) ) depend on the Zr 
content. In contrast, the slope of the plastic regime 
appears to be unaffected by the Zr concentration 
(Fig. 6b).

(1)X
fcc
(t) = 1 − exp[Ktn],
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Table 1 lists n and K values that were extracted 
from the plots presented in Fig. 11a and b. In the 
inelastic regime, the rate constant K follows the trend 
K

50 at.%Zr
> K

25 at.%Zr    Kpure Nb , and within the plas-
tic regime, K50 at.%Zr

> K

25 at.%Zr  . These trends show 
that the rate of bcc→fcc transformation is influenced 
by Zr concentration, causing earlier fcc formation 
during straining compared to pure Nb (see inset in 
Fig. 6a). In the inelastic regime, the Avrami expo-
nents were consistently exceeded 3, and their order 
was n50 at.%Zr < n

25 at.%Zr    npure Nb.

Figure  11  Johnson–Mehl–Avrami–Kolmogorov plots of com-
positions manifesting fcc phase during a inelastic and b plastic 
deformation regimes. Insets show that the fcc vol. fraction v.s. 
strain plots, where the shaded areas indicate different regimes 
of deformation. c and d show that fcc coordinated atoms are 

predominantly located at the bcc/twin boundaries in 25 and 50 
at.%Zr, respectively. These twins formed after 10.% tensile strain 
along ⟨001⟩ . Interfaces in c and d are denoted using transparent 
blue-colored contours.

Table 1  List of computed Johnson–Mehl–Avrami–Kolmogorov 
parameters as a function of Zr concentration

∗ Actual Zr concentrations are in parentheses

Nominal concentration ( 
at.%Zr)∗

Inelastic (n, K) Plastic (n, K)

0 or pure Nb 7.9, 6.8× 10−25 –
25 (27.5) 6.6, 3.8× 10−21 2.3, 4.3× 10−9

50 (51.4) 5.8, 9.0× 10−19 2.2, 1.3× 10−8
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The values n ≥ 3 suggest that the bcc→fcc trans-
formation occurs volumetrically. This observation 
is consistent with Fig. 6b, which shows that fcc for-
mation is closely associated with the shearing of bcc 
lattice planes. The compositional dependence of the 
exponent n in the inelastic regime is likely because of 
higher-order effects such as coupling between compo-
sitional modulations (Fig. 2) and shear strain distribu-
tion within the bcc lattice (Fig. 6b) [4].

In the plastic regime, Avrami exponents of 25 
at.%Zr ( n =2.3) and 50 at.%Zr ( n =2.2) was compara-
ble to ∼ 2, which implies that fcc formation is likely 
associated with two-dimensional (2D) features [59, 
60]. The examination of bcc–matrix/twin boundaries, 
presented in Fig. 11c and d, showed that fcc coordi-
nated atoms indeed lie predominantly on 2D inter-
faces. Taken together, MD simulations of deformed 
⟨001⟩-oriented single crystals and the corresponding 
JMAK analysis of bcc→fcc transformation in the plastic 
regime revealed that fcc formation is associated with 
{112}⟨111⟩ twinning in bcc Nb-Zr alloys.

Finally, our findings have implications on the 
mechanical reliability of alloys that are located in the 
Nb-rich corner of the Nb-Zr phase diagram. In particu-
lar, conditions that induce high local stress facilitate 
the nucleation and propagation of the crack front [29, 
61]. This failure mechanism is pervasive and manifests 
in materials regardless of the applied strain or loading 
rates [61, 62]. This suggests that stress-induced bcc→
fcc transformation in ∼25–50 at.%Zr alloys can help 
in delaying catastrophic failure by blunting the pro-
gression of crack tips. This beneficial influence of prior 
bcc lattice phase separation is particularly relevant 
in coarse-grained materials. However, its impact on 
fine-grained materials, where grain boundaries play 
a significant role in mechanical strength, remains to 
be examined.

Summary

In this study, we investigated the effect of phase sepa-
ration on the mechanical response of body-centered 
cubic (bcc) Nb-Zr alloys under extreme conditions. 
We performed hybrid Monte Carlo (MC)/Molecu-
lar Dynamics (MD) simulations at 1000 K to induce 
phase separation in Nb-25 at.%Zr and Nb-50 at.%Zr 

single crystals, and compared them with a pure (bcc) 
Nb reference crystal. These specimens were subjected 
to deformation at 1000 K and 108s−1 strain rate using 
MD simulations. We deformed the single crystals 
along ⟨001⟩ , ⟨110⟩ and ⟨111⟩ directions to probe the 
directional dependence of the mechanical response 
of Nb–xZr (x = 0, 25 and 50 at.%) alloys. Results and 
implication of this study are summarized below: 

(1) Nb-25 at.%Zr and Nb-50 at.%Zr exhibited phase 
separation into iso-structural, bcc Zr-rich and 
Nb-rich domains at 1000 K. Notably, the Zr-rich 
domains in Nb-25 at.%Zr were finer compared to 
those in Nb-50 at.%Zr.

(2) The mechanical testing showed a reduction in 
peak stresses with increasing Zr concentration: 
pure Nb > 25 at.%Zr > 50 at.%Zr. Such composi-
tion-dependent strength reduction was attributed 
to the presence of “softer,” bcc Zr-rich domains in 
the phase-separated bcc lattice. In 50 at.%Zr, the 
coarser Zr-rich domains further contributed to the 
reduction in strength.

(3) Deformation pathways showed high anisotropy 
when Nb–xZr single crystals were strained along 
⟨001⟩ , ⟨110⟩ and ⟨111⟩ directions. The deformation 
mechanisms can be summarized as follows 

(a)  ⟨110⟩ and ⟨111⟩ : Elastic → dislocation plasticity
(b)  ⟨001⟩ : Elastic + volumetric fcc formation → 

{112}⟨111⟩ twinning + interfacial fcc formation → 
dislocation plasticity

(4) In the ⟨001⟩-oriented crystals, a bcc→fcc trans-
formation was observed leading to {112}⟨111⟩ 
twinning within the bcc lattice of Nb–xZr. This 
stress-induced phase transition resulted in the 
formation of fcc structures both within the bulk 
of bcc lattice (volume dominated) and at the twin/
bcc interface (interface dominated).

(5) Our results collectively show that the softening of 
bcc alloys can be correlated to a combination of 
factors such as crystalline anisotropy, local solute 
segregation, bcc→fcc displacive phase transforma-
tion and twinning. Thus, our work compliments 
current understanding of softening in bcc metals, 
which was largely associated with dislocation 
movement alone.
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4744



J Mater Sci (2024) 59:4728–4747 

unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative 
Commons licence and your intended use is not per-
mitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this li-
cence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 
0/.

Appendix 1: bcc→fcc transformation 
during the deformation of ⟨110⟩ ‑ and ⟨111⟩
‑oriented single crystals

Plots presented in Fig. 12 compares the fcc formation 
in deformed ⟨110⟩ (Fig. 12a) and ⟨111⟩ (Fig. 12b) sin-
gle crystals. Comparison with Fig. 12a showed that fcc 
fraction in these crystals were substantially lower com-
pared to the ⟨001⟩ : Maximum fcc fraction in ⟨110⟩ - and 
⟨111⟩-oriented single crystals was two orders of magni-
tude lower than ⟨001⟩ . This comparison also demon-
strates that deformation-induced bcc→fcc transforma-
tion is highly anisotropic. Still, the plots presented in 
Fig. 12 share a key commonality with those deformed 
along ⟨001⟩ . Higher Zr content appears facilitates early 
onset of fcc formation compared to pure Nb.
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