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ABSTRACT ARTICLE HISTORY
Phase transformation is rare in pure body-centered cubic (BCC) metals due to the associated high Received 18 August 2021
energy barrier. Here, omega (w) phase transformation in single-crystal niobium (Nb) under compres- KEYWORDS

sion at 77 Kwas studied by atomistic characterization and density functional theory (DFT) calculation.
The w phases were found to nucleate preferentially at the boundaries of 112 shear bands, via a
sequence of BCC-to-w structural transformation induced by shear stress. Theoretically, calculations
reveal that the formation of a shear transition region can reduce the energy barrier of BCC-to-w
phase transformation. These findings provide insights into the phase transformation involved in the
cryogenic deformation of bulk BCC metals.

Body-centered cubic;
niobium; w phase; shear
band; BCC-to-w phase
transformation

IMPACT STATEMENT

Atomistic characterization reveals the structural evolution of shear band mediated w phase trans-
formation in single-crystal Nb at the atomic scale, where a finite shear distortion of the lattice can
greatly reduce the associated transformation barrier.

1. Introduction cubic (BCC) metals, some researches also reported the

Omega (w) phase is a metastable hexagonal structure  stress-induced @ phase but mainly under extreme con-

in numerous group IV and V transition metals, such
as B-Ti, Hf, Ta and their alloys. It has attracted great
attention for decades due to its marked effects on the
mechanical and superconducting properties of metals
[1-3]. Based on the formation mechanisms, the @ phases
can be classified into two types: the isothermal @ [4]
or adiabatic w phases [5] formed during the heat treat-
ment, and the @ phases produced by plastic deformation
(i.e. the so-called stress-induced w phases) [2,6]. Cur-
rently, most studies of stress-induced w phase are limited
to alloys, where the addition of alloying elements can
greatly reduce the potential energy barrier of @ phase
transformation. Besides, most of the stress-induced w
phases were observed at or above room temperature,
since the @ phase becomes more stable with the increase
of pressure and temperature [7]. In pure body-centered

ditions, such as high-speed shock [8], laser compression
[9,10] and severe plastic deformation [11]. Under the
deformation condition of low temperature, the flow stress
in materials increases significantly, which may stimu-
late some unexpected deformation mechanisms. A recent
study of BCC high entropy alloy HINbTaTiZr reported
that w phase transformation can occur at 77 K and con-
tribute to enhanced mechanical properties with negligi-
ble loss of elongation [12]. Theoretically, the w phase can
be formed individually by the mechanism of lattice shear
with the 1/12<111>, 1/3<111> and 1/12<111>
inhomogeneous sliding on consecutive 112 planes [8,13].
Some studies on pure BCC metals also showed that the
o phase can be coupled with interfacial defects such as
grain boundaries [11] and twin boundaries [14]. In these
deformation processes, the lattice at the interfaces should
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be subjected to a localized high shear distortion [15-18],
which may facilitate the formation of @ phase. However,
the associated coupling behavior remains largely unclear
due to the lack of direct atomistic evidence.

In this study, we investigate the formation mechanism
of w phase in single-crystal Nb deformed at 77 K using
aberration-corrected transmission electron microscopy.
Atomistic observations show that the w phases nucleate
preferentially at the boundary of 112 shear band. Quan-
titative characterizations exhibit a sequence of BCC-to-w
structural transformation at the shear band interface.
Density functional theory (DFT) calculations confirm
that the energy barrier of the BCC-to-w phase transfor-
mation can be reduced by the local shear of BCC phase.
These findings uncover a low-energy pathway for phase
transformation in pure metals.

2. Materials and methods

High-purity (99.9 wt.%) single-crystal Nb samples with
the orientations of [100], [110], [111] were cut into
dimensions of 1.Imm x 1.Imm x 1.1mm and com-
pressed at 77 K with strain rate (~ 107> s~1). The sam-
ples were compressed with different strains to study the
deformation structures (see Figure captions for details).
After deformation, microstructures of deformed Nb were
examined using an FEI Titan G?> 60-300 aberration-
corrected electron microscope at 300 kV. The TEM sam-
ples were electro-polished at —50 °C with a chemical
solution of 558 ml CH3OH, 30 ml H,SOy4, and 12 ml HE.
DFT calculations were employed to study the stability of
BCC and o phases under finite shear strains. The calcu-
lations were performed using Vienna ab initio Simulation
Package (VASP) with generalized gradient approxima-
tion (GGA) exchange-correlation density functional and
ultrasoft pseudopotential [19]. A plane-wave basis set
with a 450 eV cutoft energy was adopted. A I'-centered
Monkhorst-Pack [20] scheme with a 12 x 12 x 1 grid
mesh was used for the 14-layer supercell model. The
minimization convergence criterion was set to be
1.0 x 107> eV and 1 meV/A for the energy and the force,
respectively.

3. Results

Figure 1 shows the deformation-induced shear band in
Nb samples under [100], [110] and [111] compression.
At a low compressive strain of 5%, dislocation activi-
ties dominate the plastic deformation of samples with
different orientations (Figure S1). With the increasing
strain, shear bands are extensively observed, as shown
in Figure 1. In all cases, the shear band interfaces are
largely located on the 112 plane, which are therefore

denoted as 112 shear bands. Interestingly, the metastable
o phase was extensively observed at the boundaries of
these shear bands. Figure 1(a) presents a bright-field
TEM image of 112 shear band in Nb sample under [100
compression as observed in 110 zone axis. According
to the previous reports [2,21], @ phase can be iden-
tified from the superlattice diffraction spots excited at
various 1/3 <112 > pcc and 2/3 < 112> g positions
on the ([113]Bcc//[1123]w) or ([Oll]Bcc//[iiZO]w) zZone
axis patterns. In the inset of Figure 1(a), the correspond-
ing selected area electron diftraction pattern indicates
the co-existence of BCC matrix and o phase in the
deformed Nb, with the orientation relationships between
BCC matrix and w phase of [113]pcc//[1123], and
[011]pcc//[1120],,. By selecting the red-circled diffrac-
tion spot in Figure 1(a), the dark-field TEM image clearly
shows the existence of w phase, with a length of ~ 400 nm
along the 112 shear band boundary (Figure 1(b)). Sim-
ilarly, the deformation structures of [110]- and [111]-
compressed Nb single crystals also confirm the co-
existence of 112 shear band and w phase, with the
o phases mainly locating at the shear band interfaces
(Figure 1(c-f)). A zoomed-in image shows a small
phase embryo on the 112 shear band boundary (indi-
cated by the red lines in Figure 1(d)), with 3 nm in width
and 22 nm in length (confirmed by the FFT pattern in
the inset of Figure 1(c)). These characterizations indi-
cate that the formation of 112 shear band and w phase
could be a coupled process in Nb single crystals. Theo-
retically, the formation of w phase can be induced by the
inhomogeneous shear/shuffle in consecutive 112 planes
[8,13]. Here the Schmid factor for dislocation slip on
112 plane is always larger than that of 110 plane under
100- 110- and 111]-compression of Nb single crystals (see
Table 1), which, in conjunction with the higher elastic
energy in the severe deformed region, favors the forma-
tion of w phase at low temperature [22]. In this process,
few @ phases independent of shear bands may occur
occasionally, which should be induced by the dense dis-
location activities in regions lack of 112 shear band, as
demonstrated by the example in [111]-compressed sam-
ple (Figure S2). Hence, our observations have shown
the general phenomenon of 112 shear band mediated
o phase transformation in Nb single crystals at low
temperature.

To reveal the atomistic BCC-to-w transformation
mechanism, Figure 2(a) (zoomed-in image of Figure 1(e))
shows a series of structural evolution of @ phase trans-
formation at the boundary of 112 shear band. Along the
112 shear band boundary, the characteristic unit cells
exhibit a severely distorted structure, with a gradual shear
transition from BCC matrix to w phase, as indicated by
the change of the angles between [100]pcc and [110]pcc
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Figure 1. Shear band mediated w phase transformation in Nb under (a,b) [100]-, (c,d) [110]- and (ef) [111]-compression, respectively.
The compression strains for [100], [110], and [111]-samples are 20%, 20%, and 15%, respectively. The viewing direction of (a,b,ef) are

along the [011]gcc//[1120], and (c,d) are along the [113]pcc//[1123],.

Table 1. Largest Schmid factors on the 110<111> and

112< 117> dislocation slip systems for three loading
orientations tested in Nb.

Schmid factor
Loading — —
orientation 110 <111 > 112 <11 >
[100] 0.408 0.471
[110] 0.408 0.471
11 0.272 0314

planes from the ideal 90° to 86° or 87°. This structure
transition is subjected to the high shear strain without
any dislocation observed in the nearby regions, consistent
with the previous study on the shear band dynamicsin W,
where a local ‘shear region’ with high elastic strain con-
centration can be formed during the thickening process
of a shear band [23]. Figure 2(b-d) exhibits the enlarged
HRTEM images of the sheared BCC and @ phases at
the transition region. The distinct atom arrangements
in the unit cell are important markers to distinguish
the BCC and w phases, as marked by the yellow and
red dots in Figure 2(c,d). Clearly, the characteristic ideal
BCC lattice gradually transits to the sheared BCC struc-
ture (including BCC-1 and BCC-2), sheared w phase
and then w phase at the boundary of 112 shear band in

sequence. The BCC-1 phase has a characteristic angle of
86°, corresponding to a shear strain of 7% with respect
to the BCC lattice. The lattice distortion in BCC-2 is
slightly smaller than that of BCC-1, which may be caused
by stress relaxation after w phase transformation [22].
Figure 2(e) further presents a schematic illustration of
the crystallographic relationship between the ideal BCC
lattice and hexagonal w lattice. The primitive unit cell of
o structure is specified by two lattice constants a,, and
Co» Which theoretically are a,, = +/2a,.. = 0.472nm and
Cor =\/§aBCC/2 = 0.289nm (c/a=0.613) for Nb. Pre-
vious studies on the formation mechanism of stress-
induced w phase were all based on ideal crystallographic
relationships between BCC and w lattice but ignored the
effect of external loading on the entire lattice [1,7,24]. In
this regard, our HRTEM observations indicate that the
o phase transformation mediated by shear band needs a
distortion of the entire lattice.

Theoretically, @ phase transformation can be induced
by either shuffle mechanism or dislocation mechanism.
In the former, w phase is obtained by the motion of
atoms on two adjacent (111) planes with a shuffle of
1/12[111] and 1/12[111], while leaving the third (111)
plane fixed [1]; in the latter, such transition is realized by
the sequential glide of partial dislocations of 1/12[111],
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Figure 2. Structural evolution of sheared w phase transformation at a 112 shear band boundary. (a) A series of structures featuring the
shear-induced w phase transformation. (b,c) show a change in the BCC structure, and (c,d) shows the w phase transformation. Scale bar,

0.5 nm. (e) Ideal atomic model of BCC structure and w phase.

Sheared-BCC Sheared-o

—_~
)

Intensity (a.u.)

Dislocation mechanism

Relative distance

Figure 3. Atomic shuffle of @ phase transformation. (a) Differences between the shuffle/dislocation mechanisms. (b) HRTEM image and
(c) comparison of intensity profiles for atom columns along red and blue lines. Scale bar, 0.5 nm.

1/3[111] and 1/12[111] on 211 planes [8]. These dif-
ferences are schematically shown by the relative motion
behaviors of specific atoms (e.g A and B) in a unit
cell of BCC lattice in Figure 3(a), based on which we
can distinguish the shuffle and dislocation mechanisms
during the transformation. Following these differences,
Figure 3(b,c) presents two adjacent rows of atoms (A
and B) and their corresponding intensity profiles for ana-
lyzing the relative displacements between neighboring
atom columns. As shown in Figure 3(b,c), the neighbor-
ing atom columns A and B in the BCC unit cell show a
continuous change of the relative displacement between
them, forming a sheared-BCC region. With the reduction

of displacement between columns A and B, a unit cell
of w phase forms at the position where columns A and
B are aligned to the same vertical direction (A" and B’).
Once a region of w phase nucleates, it would further
shuffle/distort the lattice slightly by forming a sheared-
o phase, as demonstrated by the relative displacement of
the atom columns A/ and B/ (Figure 3(c)). Therefore,
these observations suggest that the w phase transfor-
mation should proceed in a manner of shuffle mecha-
nism, involving the relative displacements of atoms on
two adjacent (111) planes of BCC lattice. Although our
atomic observations confirm the shuffle mechanism dur-
ing w phase transformation, the dislocation mechanism
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Figure 4. DFT calculations of BCC and w phase under 112 < 111 > shear strain. (a) The supercell model of BCC and w phase under the
same shear strain. (b) Effect of shear strain on the energy of BCCand w phase. (c) The BCC-w supercell models identical to the experimental
observation. (d) Effect of the shear strain on the energy of BCC-w supercell model.

cannot be fully excluded given dense dislocations in our
samples.

DFT calculations are further employed to evaluate
the energy variations during the @ phase transforma-
tion under 112 < 111> shear strain on the interface of
112 shear band. Firstly, the stability of the BCC and
o phase under 112 < 111> shear strain are compared.
Shear strain is applied to deform the lattice angle B
(Figure 4(a)) from 90° to 80° and then the shape of
the cell is fixed to calculate its energy. As shown in
Figure 4(b), the energy of BCC phase increases gradu-
ally with the shear strain. In stark contrast, the energy of
o phase decreases with the shear strain and reaches an
energy minimum at ~ 83°, suggesting that a finite lattice
shear can stabilize the w phase. Moreover, the shear strain
corresponding to § = 83°is y = tan (—7°) = —12.3%,
far beyond the elastic strain limit that a crystal lattice
can bear [25], which would evolve to another metastable
state. Therefore, though the energy value of w phase is
still higher than that of BCC phase within the range of
angle § allowed, the ultrahigh lattice distortion is likely
to destabilize the BCC unit cell, facilitating the e trans-
formation as the lattice shear increases. This process can
be confirmed by the co-existence of w phase and BCC-
1/BCC-2 phases with much lower lattice shear (less than
7%) at the shear band interface. To further simulate the
energy change of two phases under the same shear strain,
we build supercell models including a BCC-w interface

similar to the experimental observations (Figure 4(c)). To
avoid the possible interactions of interface atoms owing
to the periodic boundary condition [26], a space with
a thickness of 14 A was set as vacuum in the supercell
models. Then, the shear strain is introduced by chang-
ing the lattice angle 8 from 85° to 90°. The energy dif-
ference of the models containing different numbers of
layers is obtained to avoid the influence of model size
on the results. As the energy difference converges with
the increasing model size, the BCC-w-coupled structure
reaches its minimum energy at 8 = 87°, in accordance
with our experimental observations (Figure 4(d)). This
result indicates that the formation of BCC-w-coupled
structures at the 112 shear band boundary represents the
lowest energy state with the application of a local shear
distortion.

In the deformation of BCC metals, both 110 and 112
shear band can occur, depending on the temperature
and loading geometry of the single crystal [27,28]. In
our experiments, @ phase transformations mainly occur
at the interface of 112 shear bands in Nb samples with
three different orientations, while no 110 shear band is
observed. To further explore the possibility of w phase
transformation at 110 shear band, the energy variations
of BCC and w phase under 110 <111 > shear (corre-
sponding to the 110 shear band) are evaluated by DFT
calculations. As shown in Figure S3, 110 <111 > shear
fails to reduce the energy difference between BCC and w
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phase, which, instead, even hinders the BCC-to-w phase
transformation, in contrast to the 112 <111 > shear
(Figure 4(b)). Therefore, whether the shear band can
benefit the w phase transformation is influenced by the
specific type of the shear band.

4. Discussion

It is well-known that the plastic deformation of pure
BCC metals is mainly dominated by dislocation slip
[27-30] and deformation twinning [29,31-34]. Addi-
tion of alloying elements can improve the stability of
the metastable @ phase, favoring the @ phase transfor-
mation in BCC alloys [1,35]. However, the @ phase in
pure metals is extremely hard to occur due to its high
transformation barrier, except under severe deforma-
tion conditions. Moreover, w phase transformation in
BCC metals and alloys usually occurs at room temper-
ature or above, where a higher temperature should be
more favorable for such transition [1]. Previous stud-
ies reported that the w phase can be activated in pure
Ta at an extremely high shocking pressure of ~ 45 GPa
[8], or in pure Mo under the high-pressure torsion
of 4GPa [11]. In these two processes, deformation-
induced temperature rise is unavoidable, which may
facilitate the w phase. In our experiments, however,
the w phase transformation in pure Nb took place at
77K with relatively low applied stresses, which, based
on the engineering stress—strain curves, were estimated
to be ~1.1GPa and ~0.6 GPa for [100]- and [111]-
compression, respectively. On one hand, the reduction of

deformation temperature increases the lattice resistance
for dislocation motion markedly. This would enhance the
accumulation of internal stress/strain during deforma-
tion, especially at the shear band boundary, facilitating
the w phase transformation in BCC lattice. On the other
hand, the compression-induced 112 shear band can fur-
ther favor the formation of w phase, given that both shear
band and w phase transformation in BCC metals involve
112 lattice shear [8,11,36]. The low 112 <111 > shear
modulus of Nb (23 GPa based on our DFT calculations)
may also favor the shear transformation of lattice under
applied loading; while, the formation of 112 shear band
and resultant strain accumulation at its boundary can
help to overcome the critical shear stress/strain required
for the w phase transformation (although the global stress
applied on the sample could be relatively lower than that
under severe plastic deformation, the local stress/strain
accumulation at the shear band boundary can be suffi-
ciently high), resulting in the w phase in our Nb samples
deformed at 77 K. In this process, the 112 shear band is
activated by the massive dislocation activities under the
compressive loading (Figure 5(a,b)). Further accumula-
tion of shear strain would result in a highly distorted
lattice at the shear band boundary, as demonstrated by
the sheared-BCC lattice in Figure 2(b). The sheared BCC
phase typically possesses an increased energy with the lat-
tice shear (Figure 4(b)). Superimposed by the local high
stress, the elastic energy stored in the sheared BCC phase
could overcome the w transformation barrier and transits
to the metastable w embryo, accompanied by the relief of
stress concentration (Figure 5(b,c)).

Loading increasing

l

(a) Matrix (b) Matrix (c) Matrix
o phase
s - >
{112} shear band /{112} shear band
l/ ¥
Prefect Sheared Sheared Sheared
BCC BCC BCC ® phase
O 5 |@
O L
—@

Figure 5. Schematic illustration showing the formation process of shear band mediated w phase transformation in Nb.



5. Conclusion

In this work, @ phase transformation in single-crystal Nb
was observed under compression at 77 K. Atomic char-
acterizations reveal that @ phase transformation occurs
preferentially at the boundary of 112 shear band. Quan-
titative studies show that the w phase is formed by a
sequential BCC-to-w structural transformation under
the shear stress. Considering the activation and synergy
of multiple deformation modes during the actual defor-
mation environment, our results have general implica-
tions to the understanding of defect-mediated phase
transformation in bulk BCC metals.
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