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ABSTRACT:

Nanowires (or nanoribbons) were identified as the most potential structural reinforcements
for composites due to their ultrahigh strength, but it is difficult to transcribe their ultrahigh
strength into composite. Here, an in-situ W nanoribbbons-NiTi matrix composite was fabricated
by mechanical reduction of a W-NiTi ingot, and the micromechenical deformation behavior was
studied by in-situ high energy X-ray diffraction during tensile loading-unloading. It is revealed
that the large elastic deformation of the W nanoribbons in a NiTi matrix is dictated by and
synchronized with the martensitic transformation of the matrix. The bearing strength of the W
nanoribbons, up to 11.6 GPa, was achieved in this composite. A significant load transfer took
place from the matrix to the nanoribbons, exhibiting the characters of locality and rapidity. The
stress fraction carried by the W nanoribbons with the volume fraction of 3% is up to 45% for the

strength of the composite.
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1. Introduction

The mechanical performance of the composites reinforced with one-dimensional (1-D)
structural reinforcements strongly depends on the bearing strength of reinforcements [1,2]. It is
regarded that the bearing strength mainly depends on the intrinsic load carrying capacity of
reinforcements and the load transfer capacity from matrix to reinforcements [3,4]. Nanowires (or
nanoribbons) were identified as one of the most potential 1-D structural reinforcements, since
their ultrahigh strength [5-8] can render ultrahigh load carrying capacity, and the large long-
diameter ratio and the high specific surface area can efficiently contribute to high load-transfer
efficiency [9,10]. Many researches have been performed to exploit the high bearing strength of
nanowires embedded in bulk composites, aiming to achieve exceptional mechanical properties of
the composites [11-13]. However, most of the results obtained are far away from expectation
[14,15]. The reasons are usually attributed to the inadequate dispersion, imperfect alignment of
the nanowires [16] and the poor interface bonding [17,18], significantly hindering the load

transfer from matrix to nanowires [19].

It is reported that for an in-situ Cu-Nb nanocomposite wire [20], where the Nb nanowires
are well dispersed and aligned in Cu matrix with well-bonded interfaces, the maximum elastic
strain of Nb nanowires achieved is just 1.5%. It is calculated that the bearing strength of Nb
nanowires is 1.4 GPa (omax=1.5%x%93 GPa), far below what may be expected of the freestanding
nanowires [6]. This result implies that in addition to the above-mentioned reasons, there should
be other critical reasons for the deficiency of the ultrahigh bearing strength of nanowires in this
type of composite where the metal matrix plastically deforms by dislocation slip. For this, we
considered that the highly localized lattice distortion induced by the dislocations in conventional

metal matrix easily triggers large strain mismatch at the nanowire-matrix interfaces, in turn



resulting in the high local stress concentration and causing premature local plastic deformation of
the nanowires [21,22]. Consequently, the ultrahigh bearing strength of the nanowires cannot be
achieved in the conventional composite design strategy. This drawback hinders the further

improvement of mechanical properties of the nanowires reinforced metal matrix composites.

We recently proposed a new concept of “lattice strain matching” at atomic scale between
the stress-induced martensitic transformation (SIMT) distortion (~8%) of metal matrix [23] and
the elastic strain of nanowires (4-7%) [6,7]. Instead of deforming by dislocation slip, SIMT
deformed via lattice shearing of the transforming metal matrix, which can uniformly distribute
stress on the nanowires and expel stress concentration at the nanowire-matrix interfaces, thus
favoring to exploit the ultrahigh bearing strength of the embedded nanowires [24]. Based on this
concept, the ultra-large elastic strains (4.2~6.5%) of Nb nanowires were achieved in NiTi matrix
which deformed by the SIMT, rendering the composites with extraordinary mechanical
properties [22]. It is known that the bearing strength of nanowires depends on the product of the
elastic strain limit and the Young’s modulus. Unfortunately, Nb nanowires in the transforming
metal matrix can exhibit the ultra-large elastic strain of 6.5%, but their bearing strength is still
relatively low due to their low Young’s modulus (87 GPa [25]), which is about 5.65 GPa
(6.5%x%87 GPa). To our knowledge, W has the highest Young’s modulus in all reported metals,
up to 400 GPa [26], over four times as high as that of Nb. It is envisioned that the W nanowires
in the transforming metal matrix might also display an ultra-large elastic strain in the

transforming metal matrix and possess the gigantic bearing strength.

In this study, we designed and fabricated an in-situ W-nanoribbons/NiTi-matrix composite.

It is revealed that the ultrahigh bearing strength of the W nanoribbons, up to 11.6 GPa, was



achieved in this composite. It is found that the stress fraction carried by the W nanoribbons with

the volume fraction of 3% is up to 45% for the strength of the composite.
2. Materials and methods
2.1 Material

An ingot of 7 kg with a composition of NisssTisssW3 (at. %) was prepared by means of
vacuum induction melting. Since W has an ultrahigh melting point of ~3400°C and cannot be
directly melted with NiTi, the commercial Ni-20 at.%W alloy was selected to provide the W
component instead of pure W due to its lower melting point (~1600°C). The raw materials used
here were of commercial purity Ni (99.96 wt.%), Ti (99.90 wt.%) and NisW (99.90 wt.%),
supplied by Beijing Purui Advanced Material Technology Co. Ltd. and Beijing Tian-Long
Tungsten & Molybdenum Co. Ltd. The ingot was hot forged at 850 °C into a bar of 8 mm in
diameter and then hot-drawn into a thick wire of 1.4 mm. Finally, the hot-drawn wire was cold-

drown into a thin wire of 0.25 mm in diameter with intermediate annealing at 700°C. The test
samples were cut from this thin wire and subsequently annealed at 450°C for 20 min followed by

air cooling.

2.2 Methods

High-energy X-ray diffraction (HE-XRD) was carried out at the 11-ID-C beamline of the
Advanced Photon Source (Argonne National Laboratory, IL). In-situ uniaxial tensile testing was
performed by a screw-driven loading system operated in displacement control. The sample
macroscopic stress was recorded by an Omega load cell. The general experimental setup is
shown in Fig. 1. The wire specimen was irradiated by a parallel beam of 105.698 KeV photons

(corresponding to a wavelength of A, 0.1173 A), with approximate dimensions 0.5 x 0.5 mm?.



Complete Debye rings from the SMA matrix and the W nanowires were recorded using a 2D
Perkin-Elmer amorphous silicon detector at a distance of 1700 mm behind the sample, operating
in full mode and providing a pixel size of 200x200 um? with 16 bit dynamic range. Otherwise,
Pure CeO2 powder (NIST Standard Reference Material SRM-674a), positioned the same place
as the sample wire, was used to calibrate the sample-detector distance and other relevant
parameters, such as the accurate beam center and detector tilt.
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Figure 1 Schematic of experimental in-situ tensile setup at 11-ID-C, APS, ANL

The methodology used here to calculate strains and stresses from the Debye ring patterns
is similar to those from Refs [27,28]. Each diffraction spot or ring corresponds to the specific
crystallographic direction while the azimuthal angle () depends on the orientation of the set of
planes relative to the sample wire. Such as, 1D diffraction patterns of the sample perpendicular
to the stretching direction can be obtained at the angle of 90°, and transverse direction at 0°. For
selected crystallographic reflection, the Bragg peaks were fitted using a Gaussian function to find
the peak positions which are corresponding to the interplanar spacing (d,) of different
crystallographic directions. Then if applied macro-strains were present, the relationship between

the lattice strain of the diffracting crystallites in a specific azimuthal direction and the shift of the



peak positions can be described by: &=(d"™-qlk)/ dikt where d*! is the interplanar spacing

when the sample is under strain-free condition.

3. Results and discussion

Figure 2. Microstructure of the W-nanoribbons/NiTi-matrix composite. (a) Backscattered electron microscopy
(BSEM) image of the NiTi-W ingot (bright regions, W; dark regions, NiTi). (b) BSEM image of the longitudinal
section of the forged NiTi-W alloy bar; (c) BSEM observation of the cross section (Inset: higher-magnification

view). (d) TEM observation of a longitudinal section (Inset: the corresponding selected area electron diffraction



(SAED)). (e) 2-D HE-XRD spectra. (f-g) Inverse pole figures of W nanoribbons and NiTi matrix (LD is the

longitudinal direction and RD is the radial direction).

Fig. 2a shows the SEM image of the NiTi-W ingot, consisting of W micro-particles
dispersed into the NiTi matrix. Then W micro-particles were stretched into slender shape by
forging, shown in Fig. 2b. Finally, the W micro-strips were dawned into nanoribbons, which
have twist cross-sections with 30-60 nm in thickness and 100-1000 nm in width, and a mean
aspect ratio exceeding 50, as shown in Fig. 2c. The volume fraction of W nanoribbons is ~3%,
estimated from BSEM observations. The W nanoribbons are well dispersed and aligned along
wire axial direction in the NiTi matrix, shown in Fig. 2d. Transmission electron microscopy
(TEM) image indicates that the grain sizes of NiTi matrix are ranging from 40 nm to 80 nm. HE-
XRD pattern of the composite without applied stress, shown in Fig. 2e, can be fully indexed to a
body-centered cubic (bcc) W and a B2 austenitic phase NiTi. The uneven distribution of
diffraction intensity along the Debye-Scherrer rings in the pattern indicates that both the W
nanoribbons and NiTi matrix have the crystal textures. Inverse pole figures in Fig. 2f-g show that
the W nanoribbons have a strong <110> fiber texture while the B2-NiTi matrix has a week <111>
texture along wire longitudinal direction. Hence, the elastic strain of the W nanoribbons along
loading direction can be indicated by the lattice strain of the W (110) perpendicular to the wire

axial direction.
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Figure 3. In-situ HE-XRD results of the composite during tensile loading-unloading. (a) The macroscopic stress-

strain curve of the composite. (b) Evolution of the diffraction peaks of W (110), B2-NiTi (211) and B19'-NiTi (001)

perpendicular to the loading direction. (c) Evolution of B2-NiTi (211) lattice strain and B19’-NiTi (001) d-spacing



perpendicular to the loading direction. (d) Evolution of the diffraction peak area of NiTi-B2 (211) and NiTi-

B19'(001) peaks. (e) Evolution of the lattice strain of W (110) perpendicular to the loading direction.

Fig. 3a presents the stress-strain curve of the composite with applied strain of 7.8%.
According to the curve shape, the loading curve may be divided into three stages (O-A, A-B and
B-C) and the unloading curve may also be divided into three stages (C-D, D-E and E-F). It is
evident that the composite exhibits a typical pseudo-elastic deformation with upper and lower
stress plateaus, similar to that of pseudoelastic binary NiTi alloy. The stress of the upper plateau
is of 700 MPa and the stress of the lower plateau is of 200 MPa, thus consequent on a large stress
hysteresis of 500 MPa. It is noted that both of the lengths of the upper (A-B) and lower (D-E)
stress plateaus of the composite are ~3.3%, much shorter than those of conventional NiTi (6-8%).
Fig. 3b shows the in-situ 1D diffraction spectrums recorded in the longitudinal direction of the
composite during the tensile loading and unloading. Fig. 3c shows the evolutions of B2-NiTi
(211) lattice strain and B19°-NiTi (001) d-spacing along the loading direction with respect to the
applied strain. Since the B19’-NiTi phase formed originally during tensile loading was subjected
to a tensile stress, the d-spacing value of the original B19’-NiTi phase cannot be served as the
reference value (d%) [29]. The B19’-NiTi (001) d-spacing instead of lattice strain was used in this
study. Fig. 3d shows the diffraction peak areas of B2-NiTi (211) and B19’-NiTi (001) versus the

applied strain.

During the initial loading stage (O-A), the lattice strain of B2-NiTi (211) linearly increased
by 1.31% with increasing applied strain, reflecting the tensile elastic deformation of the NiTi
matrix. With increasing applied strain from point A to 4.1% in stage A-B, both the lattice strain
and diffraction peak area of B2-NiTi (211) remained almost constant. With continuous loading

from 4.1% to 4.54%, the B2-NiTi (211) diffraction peak abruptly disappeared and the B19’-NiTi



(001) diffraction peak appeared. After that, the B19’-NiTi (001) diffraction peak remained
constant. These observations indicate that the NiTi matrix underwent the stress-induced
martensitic transformation (B2—B19’) in the Luders-like manner in the upper stress plateau
(stage A-B) [30], where the martensitic transformation in the matrix did not occur at the X-ray
observation point until the deformation from 4.1% to 4.54%. When the applied strain increased
to the end of the upper stress plateau (Point B), it is seen that the B2-NiTi (211) diffraction peak
did not completely disappear, as shown in Fig. 3b. It indicates that a portion of B2-NiTi phase in
the matrix was retained, which should be the feasible reason for the shorter length of the upper
stress plateau (stage A-B in Fig 3a). In stage B-C, the d-spacing of B19’-NiTi (001) gradually
increased with increasing the applied strain (Fig. 3c), indicating the elastic lattice elongation of
B19’-NiTi phase. At the same time, the area of B2-NiTi (211) peak decreased continually by
~20%, conversely the area of B19’-NiTi (001) peak further increased by the same mass (Fig. 3d).
These indicate that the retained B2-NiTi phase gradually transformed into B19’-NiTi phase with

increasing the applied strain in the stage B-C.

During the unloading stage C-D, both the d-spacing and peak area of B19’-NiTi (001)
gradually decreased with decreasing the applied strain, while the peak area of B2-NiTi (211)
gradually increased (Fig. 3c-d). These suggest that the NiTi matrix underwent simultaneously the
tensile elastic recovery and the reverses martensitic transformation to some extent in the initial
unloading stage. These observations are different from those of the reported binary NiTi that
usually only underwent the tensile elastic recovery in this stage [30]. When unloading to the
beginning of the lower stress plateau (point D), a portion (~30 vol.%) of B19’-NiTi matrix had

undergone the reverse martensitic transformation (B19’—B2), which leads to the shorter length

of the lower stress plateau. During unloading from 4.35% (Point D) to 2.38%, the d-spacing and



peak arca of B19’-NiTi (001), and the peak area of B2-NiTi (211) almost remained constant.
With continuous unloading from 2.38% to 2.16%, the B19’-NiTi (001) peak abruptly
disappeared and the peak area of B2-NiTi (211) rapidly increased, as shown in Fig. 3d. After that,
both the lattice strain and peak area of B2-NiTi (211) remained constant. These results indicate
that the NiTi matrix underwent the reverse martensitic transformation in the Luders-like manner
in the lower stress plateau (stage D-E), where the reverse transformation in the matrix did not
occur at the X-ray observation point until the unloading from 2.38% to 2.16%. In the final
unloading stage E-F, the B2-NiTi (211) lattice strain decreases linearly with decreasing applied
strain, reflecting the tensile elastic recovery of the matrix. At the end of unloading (Point F), the
tensile elastic strain of 0.35% was retained in the matrix along the loading direction, indicating
that the matrix was subjected to the internal tensile stress from the nanoribbons after the

unloading.

Fig. 3e shows the evolution of W (110) lattice strain along the loading direction with respect
to the applied strain. During the initial loading stage (O-A), the lattice strain of W (110) linearly
increased by 1.32% with increasing applied strain, reflecting the tensile elastic deformation of
the W nanoribbons. With increasing applied strain from 1.73% to 4.1% in stage A-B, the tensile
lattice strain remained almost constant. With continuously increasing applied strain from 4.1% to
4.54%, the tensile lattice strain of the W nanoribbons showed a sudden increase from 1.32% to
2.78%. The increment is up to Ae]; =1.46%, which is more than 3 times larger than that of the
applied strain (4.54%-4.1%=0.44%) over the same period. It is evident that the sudden increase
of the lattice strain of the W nanoribbons coincided with the decrease of B2-NiTi (211)
diffraction peak and the appearance of B19’-NiTi (001) diffraction peak, as shown in Fig. 3c.

These results explicitly demonstrate that the occurrence of the large lattice strain of the W



nanoribbons was dictated by the stress-induced martensitic transformation of the NiTi matrix.
Because the martensitic transformation of the NiTi matrix has locality and rapidity, the large
elastic deformation of W nanoribbons in the matrix also exhibits these two characteristics, which
is quite different from the elastic deformation behavior of freestanding nanowires. With
increasing applied strain from B to C, the lattice strain of the W nanoribbons increased by 0.22%,
much smaller than the applied strain (7.8%-4.97%=2.83%), indicating that the W nanoribbons

underwent a proportion of tensile plastic deformation in this deformation stage.

During the unloading stage C-D, the W nanoribbons performed a tensile elastic recovery.
After that, with unloading from 4.35% to 2.38% in stage D-E, the W (110) lattice strain remained
almost constant. With decreasing applied strain from 2.38% to 2.16%, the W nanoribbons
suddenly suffered a compressive strain of Ae}'s = -0.83%, near 4 times larger than the change of
the applied strain (2.38%-2.16%=0.0.22%). It is seen that the decrease of the lattice strain of the
W nanoribbons firmly accompanied with the reverse martensitic transformation of the NiTi
matrix, as shown in Fig. 2d-e, demonstrating that the decrease in the lattice strain of the W
nanoribbons is dictated by the reverse martensitic transformation of the NiTi matrix. During
unloading from 2.16% to 1%, the W (110) lattice strain remained almost constant. At the end of
the unloading (point F), it is apparent that the W nanoribbons sustained a compressive lattice
strain of -0.95%. This result can be understood that the plastically extended W nanoribbons
hindered the recovery of the NiTi matrix because of the reverses martensitic transformation
during the unloading, which caused the large residual compressive elastic strains in the

nanoribbons and the residual tensile elastic strains in the matrix.
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Figure 4. (a) Evolution of the phase bearing stress of the W nanoribbons and the NiTi matrix upon the tensile
loading; (b) Comparison of the phase bearing strength of the W nanowires achieved in this composite with those of
other hard inclusions (including particulates [31,32], lamellae [24,33-36], wiskers [27,37] and nanowires [20,22,38])
embedded in metal matrices. (¢) Evolution of the stress fraction carried by the W nanoribbons and the NiTi matrix
as a function of applied strain upon the tensile loading. (d) Schematic of the elastic deformation distribution of the
composite upon loading stage O-A.

Fig. 4a shows the evolution of the bearing stress of the W nanoribbons and the NiTi matrix
during the tensile loading. The bearing stress of the nanoribbons was estimated by the function
(G11 = EM™ glkl) [39], whereas the Young’s modulus of W along <110> used as reference state is
E10= 389 GPa [40], while the bearing stress of the NiTi matrix was calculated according to
Mixture Law (oniti=(cappi-owXVw)/Vniti). During the initial loading stage (O-A), the bearing
stress of the W nanoribbons increased up to 5.1 GPa, more than 8 times as large as that of the

NiTi matrix. Then the bearing stress of the W nanoribbons abruptly increased from 5.1 GPa to



10.8 GPa, while the bearing stress of the matrix decreased from 0.57 GPa to 0.42 GPa, when the
matrix deformed by the SIMT. This result indicates that an immense load transfer from the
matrix to the nanoribbons occur suddenly as the matrix underwent the SIMT, which exhibits
obvious locality and rapidity. At the end of the loading (point C), the bearing strength of the W
nanoribbons is estimated up to 11.6 GPa, which is over 8 times larger than that of the Nb
nanowires in Cu matrix and even about twice as high as that of the Nb nanowires in the

transforming NiTi matrix.

It is noted that the bearing strength of the W nanoribbons in the transforming NiTi matrix is
also significantly higher than other known hard inclusions, no matter particulates [31,32],
lamellae [24,33-36], whiskers [27,37] and nanowires [20,22,38] embedded in conventional
metal matrices plastically deforming by dislocation slip, as shown in Fig. 3b. It is considered that
the achievement of the ultrahigh bearing strength of the W nanoribbons may be attributed to the
lattice strain matching at the atomic scale between the SIMT distortion (3~10%) of the matrix
and the elastic strain of the nanoribbons [22]. The SIMT deformed via lattice shearing of the
NiTi matrix can uniformly distribute stress on the W nanoribbons and expel stress concentration
at nanoribbon-matrix interfaces, favoring to high effective load transfer from the matrix to the

nanoribbons [24].

Fig. 4c shows the evolution of the load partitions of the W nanoribbons and the NiTi matrix
during the tensile loading. In the initial loading stage (O-A), the stress fraction carried by the W
nanoribbons decreased from ~25% to 20% with increasing the applied strain, indicating that a
small amount of load was transferred from the W nanoribbons to the NiTi matrix. This result
may be attributed to the uneven elastic deformations in the composite. It is evident that the W

nanoribbons do not penetrate the entire composite along the wire axial direction, and the



Young’s modulus of the W nanoribbons is much higher than that (~50 GPa [41]) of the NiTi
matrix. For this situation, it is easy to understand that the elastic strain (¢”) of the matrix between
the tips of two W nanoribbons was larger than that (¢”) of the W nanoribbons during the initial
elastic loading, as shown in Fig 4d. When the applied strain increased to 4.1%, it is seen that the
stress fraction carried by the W nanoribbons abruptly increased from 20% to 45%, meanwhile
the stress fraction carried by the NiTi matrix decreased from 80% to 55%. These indicate that a
significant load transfer from the NiTi matrix to the W nanoribbons took place when the matrix
underwent the SIMT. During the loading stage B-C, the stress fraction carried by W nanoribbons
gradually decreased from 45% to 30%, while the stress fraction carried by NiTi matrix increased
from 55% to 70%. For this, it is considered that the bearing stress of the NiTi matrix
significantly increased during this deformation stage, while the bearing stress of the W
nanoribbons remained almost constant (Fig. 4a), resulting in the decrease in the stress fraction
carried by the nanoribbons. Overall, it is found that the stress fraction carried by the W

nanoribbons with the volume fraction of 3% can be up to 45% for the strength of the composite.
4. Conclusion

An in-situ W-nanoribbons/NiTi-matrix composite was fabricated by mechanical reduction of
a W-NiTi ingot. It is revealed that the large elastic deformation of the W nanoribbons in a NiTi
matrix is dictated by and synchronized with the stress-induced martensitic transformation of the
matrix. The bearing strength of the W nanoribbons, up to 11.6 GPa, was achieved in this
composite. A significant load transfer from the matrix to the nanoribbons took place during the
martensitic transformation of the matrix, exhibiting the characters of locality and rapidity. It is
demonstrated that the stress fraction carried by the W nanoribbons with the volume fraction of 3%

IS up to 45% for the strength of the composite.
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