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Anomalous expansion of Nb nanowires in a NiTi matrix under high pressure
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Under high pressure, materials usually shrink during compression as described by an equation of
state. Here, we present the anomalous volume expansion behavior of a one-dimensional Nb nano-
wire embedded in a NiTi transforming matrix, while the matrix undergoes a pressure-induced mar-
tensitic transformation. The Nb volume expansion depends on the NiTi transition pressure range from
the matrix, which is controlled by the shear strain induced by different pressure transmitting media.
The transformation-induced interfacial stresses between Nb and NiTi may play a major role in this
anomaly. Our discovery sheds new light on the nano-interfacial effect on mechanical anomalies in
heterogeneous systems during a pressure-induced phase transition. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4965117]

Strength and compressibility are fundamental material
properties. Under compression, the volume of studied mate-
rials usually decreases with increasing applied pressure, fol-
lowing an “equation of state” (EoS), which describes volume
change in response to an applied pressure. A martensitic
transformation is the first order transformation of a diffusion-
less lattice distortion, where a solid’s volume change
decreases abruptly under high pressure with a rapid mechani-
cal shock wave (i.e., speed of sound), irrespective of the
applied pressure (i.e., high pressure-induced martensitic
transformation of iron)."* Recent reports show that Nb nano-
wires embedded in a NiTi matrix with martensiric transfor-
mation exhibited an ultra-large elastic deformation and the
unique characteristic of rapidity, dictated by the martensitic
transformation of the NiTi matrix under uniaxial tension.>
In this nanocomposite, a large shear strain (6%—8%) was
induced along the loading direction once the martensitic
transformation of the NiTi matrix was triggered by shear
stress.* In addition, Nb presents high-pressure structural sta-
bility with no structural phase transition under pressures up
to 145GPa.” Therefore, we speculate that the compression
behavior of this nano-component embedded in a transform-
ing matrix is also influenced by the martensitic transforma-
tion of the matrix under high pressure and may give
abnormal results. In order to verify this, we carried out a
high-pressure study on a nanocomposite containing Nb nano-
wires and a NiTi-shape memory alloy (SMA) matrix.
Studying the pressure effect on these multiple phase hetero-
geneous systems is also very interesting. By varying the
pressure transmitting media, we were able to control the
shear stress magnitude to trigger the martensitic transition
pressure, maintain both co-existing parent austenite and mar-
tensitic phases in a wide range, and study the interfacial
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effect on the mechanical response of the Nb nanowires
embedded in the matrix under high pressure.

An ingot with a composition of Niy;TigqNby (at. %)
was prepared by vacuum induction melting.® The wires of
the composite with a diameter of 0.5 mm were subsequently
fabricated by forging, wire-drawing, and annealing. In order
to obtain a fine composite powder for x-ray diffraction
(XRD) characterization, we hydrogenated the macroscopic
wire at room temperature (25°C) and then ground it into
micro-sized particles (1-5 um). Finally, the composite par-
ticles were de-hydrogenated at 500°C in a vacuum. The
typical microstructure of this composite is shown in Fig. 1.
Nb nanowires with a mean diameter of 2040 nm are well
dispersed in the NiTi matrix and aligned along the wire-
drawing direction (Fig. 1(a)), with semi-coherent interfaces
(Fig. 1(b)).

FIG. 1. Microstructure characterization of the Nb/NiTi nanocomposite sys-
tem. (a) Transmission electron microscopy (TEM) image of the longitudinal
section of the composite wire. The dashed lines indicate the boundaries of
the Nb nano-rods and NiTi substrate. The typical width of the 20nm Nb
nano-rods is clearly dispersive in the substrate. (b) High-resolution TEM
image of the interface between the NiTi substrate and Nb nano-fiber. The
white lines are a visual aid for the defect-free transition zone between the
NiTi lattice and Nb lattice.

Published by AIP Publishing.
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We performed in-situ high-pressure synchrotron x-ray dif-
fraction (XRD) experiments at beamline 16-BM-D, at the
Advanced Photon Source. The typical two-dimensional (2D)
XRD pattern in Fig. 2(a), at the initial pressure of 0.8 GPa after
gas loading, with neon as our pressure transmitting medium,
clearly shows the coexisting cubic Nb, austenite (B2) and mar-
tensite (B19’) phases of NiTi. Our high-pressure experiment
reached 32 GPa. Fig. 2(b) shows three selected diffraction pro-
files at 0.8 GPa, 12.5 GPa, and 32 GPa. The complete profiles
are shown in Fig. S1 (supplementary material). The NiTi-B2
cubic phase started to transfer to the B19’ phase at ~12.7 GPa,
evidenced by the reducing and increasing intensity of (110)g,
and (111)g;o, respectively. A martensitic transformation in a
NiTi-shape memory alloy (SMA) is triggered by a very low
uniaxial stress (hundreds of mega-Pasca14). The initial small
portion of the B19’ phase at 0.8 GPa is probably formed during
the grinding preparation. The neon pressure medium provides
fairly good hydrostatic pressure conditions until ~12.7 GPa
before the neon pressure medium begins to develop non-
hydrostatic conditions in the sample chamber,6 where shear
stress triggers the B2—B19’ transition. As pressure increases,
the B19" phase portion increases by consuming the B2 phase.
Even at the highest pressure of 32 GPa studied here, there are
still a few remaining intensities from the (211)g, and (110)p,
reflections (Fig. 2(b)), which indicates a very small shear stress
build up inside the sample chamber at 32 GPa. In this case, the
long sluggish NiTi martensitic transition is very similar to the
transformation behavior of iron under a good hydrostatic pres-
sure medium." The XRDs from the Nb nano-fibers show no
structural transition in the entire pressure range.

A summary of the compression behavior of the Nb
nanowires at high pressure is displayed in Fig. 3. Fig. 3(a)
presents the (110)np, (200)np, and (211)n;, d-spacings versus
pressure. The main reflection of (110)y, overlapped with
three other peaks from the NiTi-B2 and B19’ phases, and
multi-peak fitting was applied to these four peaks, as demon-
strated in Fig. S2 (supplementary material). The other two
peaks of the Nb phase, (200)np, and (211)np, were fitted
using the Gaussian function separately. The relative change
of the d-spacings shown in Fig. 3(a) is consistent with that
found in unconstrained bulk Nb from the beginning (at
0.8GPa) to 14.7GPa’], suggesting that the compression
behavior of the Nb phase is unaffected by the NiTi matrix
during this stage. Surprisingly, the d-spacings of all these
three lattice planes started to increase after 17.6 GPa and
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then decreased again when the applied pressure exceeds 21.4
GPa. Even at the highest pressure of 32 GPa, this is still
much higher than the normal compression curve extended by
the low-pressure compression curve (the regular equation of
state with the dashed line) while the martensitic transition is
incomplete. The volume expansion of a single-phase system
under high pressure has never been reported before for the
favorite of energy term from P-V (pressure-volume). For com-
parison, we also conducted the same experiment using silicon
oil as our pressure medium, which generates a non-hydrostatic
condition at much lower pressure. The anomalous volume
expansion of the Nb nanowires was much more pronounced
when pressure surpassed 10GPa (Fig. S3 of supplementary
material) and significant shear stress built up in the pressure-
transmitting medium (silicone oil). As reported in Ref. 6, Neon
crystallizes at 4.8 GPa at room temperature, and the first signs
of non-hydrostaticity appear at around 15 GPa; but for silicone
oil, nonhydrostaticity starts to strengthen around 10GPa. In
both cases, the shear stress builds up high enough to trigger the
NiTi martensitic phase transition at 15GPa and 10 GPa for
Neon and silicone oil, respectively. It is clear that the anoma-
lous compression behavior of Nb is directly driven by the
interfacial stress from the martensitic transformation of the
NiTi matrix (Fig. S3 of supplementary material).

Fig. 3(b) shows the pressure-volume (P-V) relation of
the Nb phase and corresponding fitting and calculation
results. We calculated the unit cell volume of the cubic struc-
ture Nb phase based on the (110), (200), and (211) lattice
spacings. The data from 0.8 GPa (the first data point) to
10 GPa are fitted by the third-order Birch-Murnaghan equa-

tion of state (EOS)’

v\ T v\ T
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where % is the ratio of the unit cell volume at pressure p to
ambient pressure, K is the bulk modulus at ambient condi-
tions, and K’ is its pressure derivative. The least-square fit-
ting yields K= (170 = 3) GPa, and K’ =(3.7 = 0.2), which
also agrees with previous experimental reports and theoreti-
cal calculations.® The data outside the fitting region is an
extrapolation from this EOS and plotted in a dashed line in
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FIG. 3. Compression behavior of Nb

nanowires with Neon as a pressure
transmitting medium. (a) The pressure-
d-spacing plots of three different
crystallography  planes. (b) The
pressure-volume data of Nb (black line
with hollow circles). The red dotted
line represents the fitted result using
the third order Birch-Murnaghan equa-
tion of state.
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Fig. 2(d) as a reference. The unit cell volume of the Nb nano-
wires deviates obviously between the experimental data
and calculation result beyond 17.64 GPa; especially, where a
mild volume expansion occurs when pressure increases from
17.64 GPa to 21.41 GPa. In order to reveal the underlying
mechanism of this abnormal volume expansion at high pres-
sure, we analyze the pressure-induced martensitic transfor-
mation of the NiTi matrix and compression behaviors of the
B2 and B19’ phases below.

Fig. 4 shows the progression of the pressure-induced
phase transition from B2 to B19’ and the compression behav-
iors of the B2 and B19’ phases. The intensity evolution of
(110)p, was used to characterize the extent of the phase tran-
sition, as shown in Fig. 4(a). It is clear that the NiTi matrix
phase transition started at 12.7 GPa and lasted to ~30GPa;
however, the volume expansion of the Nb phase emerged at
17.64 GPa, when most of B2 phase had already transferred to
the B19’ phase. If the NiTi phase transition triggered the vol-
ume expansion of Nb, they should happen at the same pres-
sure. One possibility is that the martensitic transformation of
the NiTi matrix is discontinuous due to the inhibition of the
Nb nanowires and only partial B2 grains transfer to the B19’
phase initially due to mild shear strain induced by the Neon
pressure medium. Thus, only a small portion of the Nb nano-
wires next to the B19’ grains expand while the rest remain
under compression. On average, the d spacings of the lattice
planes of both Nb and NiTi (including B2 and B19’) still
shrink, but slightly deviate from the ideal compression curve.
Fig. 4(b) shows the relative compression rates of the NiTi-
B2 and NiTi-B19’ phases, represented by the d-spacing
evolutions of (110)g, and (111)g;y, respectively. From the
beginning to 17.64 GPa, the relative d spacing of (111)g o
remains almost consistent with (110)g,, suggesting they
share a uniform deformation behavior. Beyond 17.64 GPa,

10
Pressure (GPa)

1 Il
1% 20 25 35

most of the B2 phase transforms to the B19’ phase, an anom-
alous lattice plane expansion is also observed in (110)g,, and
meanwhile the B19" phase shows a much steeper compres-
sion ratio due to the softening transformation.

Fig. 5 shows a series of schematic diagrams to illustrate
the underlying micro-mechanism of the anomalous volume
expansion behavior of Nb. The studied composite sample
contained thousands of Nb nano-wires. We defined two mac-
roscopic directions that correspond to the longitudinal (LD)
and transverse directions (TD) of the Nb nanowires’ drawing
direction at the sample preparation stage. In the low-pressure
region (Fig. 5(a)), three phases coexist in the composite
particle: NiTi-B2 (major phase, blue area), NiTi-B19’ (minor
phase, blue shadow), and Nb nano-rod (orange area). With
increasing pressure (Fig. 5(b)), the NiTi-B2 phase begins to
transform to the NiTi-B19’ phase from ~12.7 GPa and the
corresponding lattice changes from a cubic (Pm-3m) to a
monoclinic (P2;/m) structure. During this martensitic trans-
formation, shear deformation produces an elongation strain.
Following the texture analysis on the studied materials, the
NiTi-B2 phase shows a (111) fiber texture and the Nb nano-
wires present a strong (110) fiber texture in the LD (Fig. S4
of supplementary material). It is reasonable to believe the
crystallographic relationship between NiTi-B2 and Nb is
mainly (111)g || (110)np. It is well known that the relation-
ship between B2 and transformed B19’ is (111)g, + (021)g o/
based on the crystallographic relationship of the martensitic
transformation.'” At ambient pressure, the d-spacing of
(021)g1or (0.1878 nm from PDF card 65-7711) is 8% longer
than (111)g, 0.1740 nm from PDF card 18-0899). In addition,
we calculated the d-spacing of (021)go and (111)g,, which is
0.1750 nm and 0.1484 nm, separately under the high pressure
of ~12.7GPa (the elastic moduli of (021)g;o and (111)g,
are 187 GPa and 86.3 GPa, respectively''). Apparently, an

12 1.01 . .

FIG. 4. Compression behavior of the
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FIG. 5. Schematic diagrams show the
internal stress evolution during the
NiTi matrix phase transformation. (a)
Three phases (B2, B19” and Nb) coex-
ist at the initial state of the composite
under the just-loaded pressure of
0.8GPa. (b) The beginning of the
phase transformation from NiTi-B2 to
LD B19' at 12.7GPa. (c) Most of the B2
phase has transformed to the B19
phase at 17.64 GPa.

elongation is produced by phase transformation (B2—B19")
in the LD and consequently, the adjacent Nb nanowires are
under tensile strain in the LD due to the interface shear
stresses, as shown in Fig. 5(b) (double arrows). In the TD,
internal stresses (indicated by a series of single arrows shown
in Fig. 5(c)) are produced by an abrupt change in the NiTi
matrix compressibility due to phase transformation softening.
It is known that the tangent modulus of NiTi during transfor-
mation is close to zero.'” Moreover, the bulk modulus and
Young’s modulus of the B19" phase are both smaller than the
B2 phase.'? During the initial stage of transformation (from
12.6 GPa to 17.64 GPa), the compressibility of the NiTi matrix
is dominated by the B2 phase, because the discontinuously-
transformed B19’ phase is constrained by the B2 phase, as evi-
denced by the uniform-deformation behavior of both phases,
shown in Fig. 5(b). Thus, transformation softening is hindered
at this stage. Once pressure exceeds 17.64 GPa, most of the
B2 phase has transformed to the B19' phase (Fig. 5(c)) and
the constraint is released as evidenced by the abrupt change
in the compression ratio of (111)g;y, shown in Fig. 4(b).
Subsequently, the interface stress in the TD is produced by
the intense contraction of the B19' phase due to transforma-
tion softening and bulk modulus reduction (from B2 to
B19'). The internal stress also leads to an elongation of the
Nb nanowires in the TD. In conclusion, internal interface
stress during the last stage of transformation (from 17.64 GPa
to 21.41 GPa) expands the unit cell volume of the Nb phase.
As pressure increases continuously, the transformation
effects weaken as the phase transition ends and the volume
of the Nb phase decreases again.

In summary, we observed the anomalous compression
behavior of Nb nanowires embedded in a NiTi matrix during
the NiTi martensite transition. The volume of the Nb nano-
wires showed a mild expansion from 17.64 GPa to 21.41 GPa
with a good hydrostatic pressure medium (Neon), and an
abrupt expansion at much lower pressure with a high viscos-
ity pressure medium (silicone oil). This volume expansion
was triggered by the martensitic transformation of the NiTi
matrix that emerged at 12.7 GPa. The volume expansion of
Nb observed in the Nb/NiTi composite at higher pressure
uncovers the nanoscale interfacial effect on the mechanical
properties of the nano-structured composite under high pres-
sure. This study provides direct evidence of the underlying
micro-mechanism of multiphase alloys’ compression behav-
iors and promotes the design of materials in a high-pressure
environment.

A Mao-Bell type symmetric diamond-anvil cell, with a
pair of 300 um culet sized diamond anvils, was used to gener-
ate a high-pressure environment for a Nb nanowire embedded

in a NiTi alloy. A 100 um diameter hole was drilled at the
center of the stainless steel gasket and preindented to a thick-
ness of around 40 yum to form the sample chamber. The com-
pressed composite powder pellet (about 40 um L x 20 um
W x 20 um H) was loaded in the center of the sample cham-
ber with a Neon pressure transmitting medium. We used three
ruby spheres (5—8 um in diameter) as our pressure standards,
placed in different positions to monitor the pressure distribu-
tion inside the sample chamber (Fig. S5 of supplementary
material). For comparison, we also prepared one cell with a
similar geometry but used silicone oil as the pressure medium
instead.

In-situ high-pressure XRD measurements were carried out
at the 16BM-D station of the High-Pressure Collaborative
Access Team (HPCAT), at the Advanced Photon Source,
Argonne National Laboratory. The monochromatic x-ray beam
at wavelength 0.3444 A was focused to ~15 um  (vertical)
x 5 yum (horizontal) in full width at half maximum (FWHM).
The diffraction patterns were collected using a MAR345 image
plate, with a typical exposure time of 5—10min. Each diffrac-
tion pattern was collected after the pressure was adjusted and
stabilized to ensure steady pressure during our XRD measure-
ments. The two-dimensional diffraction patterns were inte-
grated with the FIT2D program to produce diffraction profiles
of intensity versus d-spacing.

See supplementary material for an A series of XRD pat-
terns at different pressures; a detailed analysis of the XRD
patterns, and compression behavior of Nb nanowires with
silicon oil as a pressure-transmitting medium; inverse pole
figures of the NiTi matrix and Nb nanowires; and an optical
microscopy image of the samples.
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