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Taking full advantage of intrinsic high strength of nano-reinforcements has been proven
difficult in a composite until the concept of strain matching was experimental verified in a
nanowire Nb/TiNi in-situ composite, which was obtained via solidifying eutectic Nb/TiNi
and subsequent severe wire drawing. However, the volume fraction of the

nano-reinforcement was dictated by eutectic reaction, which severely limited the
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development of high-performance composites. In this paper, the martensitic transformation
nanocomposites were successfully acquired with increased volume fraction and changeable
morphology of the nano-reinforcement through hot packaged ARB (PARB) and subsequent
wire drawing. The nano-reinforcement with lamellar configuration in the composite could
exhibit a large lattice strain of ~3.8%, which demonstrated the applicability and effectiveness
of the strain matching principle in nano-lamellar composite. The obtained composites show a
yield strength over 2.0 GPa and a quasi-linear elastic strain as larger as ~6.5% with adjustable

apparent elastic modulus from 30-50 GPa.

Key words: Packaged accumulative roll bonding, Shape memory alloy, Martensitic

transformation, Strain matching, Nanocomposite

1. Introduction

Bulk materials generally exhibit only about 10% of their possible theoretical capabilities for
strength. At the meantime, nano-dimensioned materials have been found to show high
strengths and elastic lattice strains approaching these theoretical limits [1-4]. Therefore, using
nano-dimensioned materials, e.g. nanowires and nanofibers, as reinforcements to create super
strong bulk composites has become a goal of many scientists in the recent decades. However,
practice has proven challenging to harness the extraordinary properties of nanomaterials in
bulk composites and these nanomaterial-reinforced bulk composites have all failed to deliver
the expected promises [5]. To overcome this challenge, a new concept of “strain matching”

was proposed by Hao et al. several years ago [6] by using a martensitic transformation matrix



to support the nano-reinforcement in a composite. By this concept, the martensitic
transformation in the matrix provides a unique environment of uniform crystallographic
lattice distortion of several percent at the atomic scale, which matches perfectly with the
uniform elastic lattice strains of the nano-reinforcement, thus to induce their close to ideal
strengths in the composite. Using this concept, they designed a nanowire Nb/TiNi composite
by a pseudo-eutectic solidification between TiNi and Nb and subsequent in-situ conversion of
the eutectic Nb into nanowires via severe wire drawing. In that composite, the Nb nanowires

achieved ultra-large elastic lattice strains of 6.7%, corresponding to a strength of ~7 GPa [6].

That work, and the new “strain matching” concept, signifies a breakthrough in overcoming
the long-standing challenge in nanocomposite design [7]. However, the material fabrication
method of in-situ nanowire conversion after pseudo-eutectic solidification imposes serious
limitations to the composite design. Firstly, the nano-reinforcement needs to have the ability
to form a pseudo-eutectic with TiNi. This drastically restricts the number of possible
candidate materials. Secondly, the volume fraction of the nano-reinforcement is dictated by
the pseudo-eutectic to only about 25% volume fraction of Nb and thus cannot be increased.
This limits the ultimate strength that can be achieved by the composites. Therefore, it is
obvious that ex-situ fabrication methods, which may offer the option to alter and control the

constituent volume fractions and morphologies of the composite.

Accumulative roll bonding (ARB) is the most effective method for producing bulk

nanocomposites. Traditional cold ARB has been used to fabricate Mg, Al and their alloys



[8-12] with the thickness reduction of 50% in a single rolling pass thanks to their low work
hardening rate, ensuring the metallurgical bonding of the stacked components and meanwhile
the refinement of microstructure. However, there has not been any successful report on
obtaining TiNi shape memory alloy (SMA) composite by cold ARB to date, because of strong
work hardening effect of SMA. Therefore, in this paper the hot packaged ARB (PARB) was
explored to fabricate martensitic transformation nanocomposite with the volume fraction and

morphology of the nano-reinforcements being controllable.

2. Experimental procedure

2.1 Materials and manufacturing

Commercial TiNi sheets and Nb sheets were used in this study. Small sheets of 50 x 100 mm?
in size were first cleaned to remove any surface contamination and then alternately stacked
and packed in a steel sheath constructed of 3.5 mm thick sheets. The package was then
evacuated and sealed before hot rolling at ~800 °C to bond the laminates. The diameter of the
rollers was 350 mm and the rolling speed was 30 rpm. For each rolling pass the thickness
reduction was ~ 90%. After that, the package was cut open and the bonded laminate
composite was cut into several pieces. The pieces were cleaned and stacked in a new steel
sheath and hot rolled again at 800 °C for a second pass. The procedure was repeated four
times to obtain the final Nb/TiNi lamellar composite in plate form of 1.0 mm in thickness.
Then thin strips of 1.0 x 1.0 mm? in cross section were cut from the composite plate along the
rolling direction by means of electrical discharge wire cutting. The strips then underwent cold

wire drawing using multiple dies to progressively reduce the wires to a 0.3 mm final diameter.



Process annealing was conducted at 750 °C for 5 min. Fig. 1 shows a schematic of the
fabrication process. In this study, two composite samples were prepared. One had a Nb
volume fraction of 33% and the other 49%. For the former, the initial thicknesses of the TiNi
sheet and Nb sheet were 0.2 mm and 0.1 mm, respectively. For the latter, both the TiNi and

Nb sheets had a thickness of 0.2 mm.
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Fig. 1. Schematic diagram of the hot packaged accumulative roll bonding process and wire

drawing

2.2 Testing and analysis

Quanta 200F SEM and Tecnai F20 TEM were used to observe the microstructure of the
composite. In-situ synchrotron high energy X-ray diffraction (HEXRD) measurements were
performed to study the deformation behavior of the constituents of the composite wires. The
experiments were conducted at the 11-ID-C beamline of the Advanced Photon Source at
Argonne National Laboratory, USA. High-energy X-ray with a beam size of 0.4 mmx0.4 mm

and a wavelength of 0.0108 nm was used to obtain two-dimensional (2D) diffraction patterns



in the transmission geometry. Tensile testing of the composite was carried out on a WDT-I1I
tensile testing machine with tensile strain rate of 1x102 s. The samples used were straight
wires of 70 mm in gauge length and 0.3 mm in diameter. For in-situ synchrotron

measurement, shorter samples of 20 mm in length were used.

3. Results and discussion

3.1 Microstructure

Fig. 2. Photos of multi-layered Nb/TiNi plate (a) and wire (b) with volume fraction of
nano-reinforcement Nb about 49%; High energy X-ray diffraction pattern of the composite

wire (c); SEM backscattered image of the cross section of the composite wire (d) (lighter



regions are the Nb layers and darker regions are the TiNi layers); TEM bright field image of

the longitudinal section of the composite wire (e).

Fig. 2 shows the photos of nano-laminar composite produced with volume fraction of
nano-reinforcement Nb about 49%. Fig. 2a is the composite plate produced by ARB and Fig.
2b is the composite wire formed after wire drawing. Fig. 2c is a 2-D high-energy XRD
pattern of the composite wire. The pattern is fully indexed to BCC-Nb and B2-TiNi. It also
reveals a strong texture of Nb <110> in the wire axial direction. Fig. 2d is an SEM
backscattered electron image of the cross section of the composite wire. The lighter regions
are the Nb nano-lamellae and the darker regions are TiNi layers. The cross-sectional
micrographs of the Nb/TiNi multilayer composite after each roll bonding pass are presented
in Fig. S1. Fig. 2e shows a TEM bright field image of the longitudinal section of the
composite wire. It can be seen that the thickness of the Nb nano-lamellae was further reduced
during wire drawing to ~30 nm. Detailed TEM examination revealed that the Nb - TiNi

interfaces were clean and free of defects or metallurgical impurities.

3.2 Synchrotron analysis
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Fig. 3. Micro-deformation behavior of Nb/TiNi nano-lamellae composite (49 vol% Nb). (a)
Evolution of the diffraction peaks of Nb-(220) and B2-(211) planes perpendicular to the
loading direction during tensile deformation. (b) 360°-integrated HEXRD patterns showing
the evolution of B19’-(001) diffraction peak during tensile deformation. (c) Evolution of the
lattice strain for Nb-(220) planes in the direction perpendicular to the loading direction with

the applied global strain.

High-energy synchrotron X-ray diffraction (HEXRD) was used to investigate the
micro-deformation behavior of the composite during tensile deformation. The results are
shown in Fig. 3. During the tensile deformation, the TiNi matrix underwent a stress-induced
martensitic transformation. As seen in Fig. 3a, the intensity of the B2-(211) diffraction peaks
decreased gradually with increasing the global strain. At 2.3% global strain, B19'-(001)
diffraction peaks appeared as seen in Fig. 3b. The B2-(211) diffraction peak disappeared
completely at 3.0% global strain. During the whole process, the Nb-(220) diffraction peaks
shifted progressively to higher d-spacing values with increased deformation. Fig. 3c shows

the d-spacing strains of the Nb-(220) planes calculated from the diffraction peak positions. It



reached a maximum of ~3.8%. This is ~2 times of the elastic lattice strains (~1.7%) achieved
in Nb nanowires in a nanowire Nb/Cu matrix composite [13, 14]. This difference is attributed
to the different mechanisms of deformation at the lattice level between the Cu matrix and the
TiNi matrix. The Cu matrix deforms by dislocation slip, which has a highly heterogeneous
lattice strain field. For such deformation, at the atomic scale, the local lattice strain is 100% at
the site of a dislocation and typically < 0.5% away from the dislocation. Such lattice strain
field is highly localized and does not match with the uniform elastic strain of 6~8% of solids
(the theoretical limits). Due to this mismatch, the embedded nanomaterials in this kind of
matrices are unable to be achieve ultra-large elastic strains close to the theoretical limits
intrinsic to their lattices. In contrast, the TiNi matrix deforms via martensitic transformation,
which is a crystallographic lattice change with a geometrical “strain” of ~7%. This
crystallographic strain is uniform at the atomic (lattice) level and matches well with the
theoretical limits of elastic strains of nanomaterials, both in magnitude and in atomic
uniformity. This match enables effective load transfer from the TiNi matrix to the embedded
nanomaterials, thus to allow them to achieve ultra-large elastic strains close to the theoretical
limits. The large elastic strain achieved in this Nb/TiNi nano-lamellae composite
demonstrates the applicability and effectiveness of the “lattice strain matching” principle in
harnessing the intrinsic large elastic strain limit of the nano-lamellar reinforcement in the

composite.

However, this elastic lattice strain of 3.8% in the Nb nano-lamellae is still much lower than

what has been achieved in Nb nanowires embedded in the same TiNi matrix, as reported



earlier [6]. This is attributed to the larger aspect ratio of the nanowire form than the
nanolamellar form. It has been reported that lager aspect ratio of the nano-reinforcement
gives higher efficiency for load transfer from the matrix to the nano-reinforcement [15-18].
However, PARB is required to produce composites of higher volume fractions of the
nano-reinforcement. Therefore, a strategy is needed to break the lamellae into discontinuous
fragments and then convert them into nanowire-like by wire drawing. Earlier studies have
shown that Nb nano-lamellae in the ARB Cu/Nb multilayer composite became thermal
unstable at above 700 °C [19-20] and will undergo spheroidization when the thickness of the
Nb layers was thinner than several tens of nanometer [21-23]. Based on this, we prolonged
the annealing time before the last rolling pass since then the thickness of Nb lamellae was
thin enough. Under the help of strong rolling force and long-time annealing, the Nb lamellae
were fragmented. Fig. S2a and S2c shows the microstructure of cross-section and
longitudinal-section of a Nb/TiNi composite plate (33 vol% Nb) after the fragmentation. It is
evident that the continuous Nb lamellae had been broken and some degree of spheroidization
had occurred, resulting in a structure similar to the eutectic structure of TiNi-Nb [7]. Fig. S2b
and S2d shows the microstructure of cross-section and longitudinal-section of the composite
wire after wire drawing. It is clear that the Nb fragments have been converted into
nanoribbons. HEXRD measurement indicated that these Nb nanoribbons achieved elastic
lattice strains up to 4.7% upon tensile deformation of the composite wire, as shown in Fig. S3.
This demonstrated that, although the Nb was a nanoribbon not a nanowire in shape, the load
transfer capability was still improved greatly due to the much larger aspect ratio of

nanoribbon than nano-lamella.



3.3 Mechanical performance
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Fig. 4. Mechanical behavior of the Nb/TiNi nanocomposite. (a) Tensile stress-strain curves of
the NDb/TiNi composites, the red line is for the composite of 49 vol% Nb nano-lamellae (NL)
and the blue line is for the composite of 33 vol% Nb nanoribbons (NR). (b) Comparison of
the yield strengths and Young’s moduli of different materials. (c) Comparison of the yield

strengths and elastic strain limits of different materials.

Fig. 4 shows the mechanical properties of both the nano-lamellae (NL) and the nanoribbons
(NR) NDb/TiNi composite wires. It is seen that the NL composite reached a tensile yield
strength of ~2.1 GPa, an elastic strain of 4.1%. The apparent elastic modulus, estimated as the
average slope of the stress-strain curve up to the yield point, was measured to be 51.2 GPa.
The NR composite reached a yield strength of 2.2 GPa, an elastic strain of 6.5%, and an
apparent elastic modulus of ~33.8 GPa. (This sample had been pre-deformed to 8% tensile
strain to encourage the coupling between the TiNi matrix and the Nb nanoribbons [6].) The
“lattice strain match” enables the coupling between the large elastic strain of Nb and the
transformation strain of TiNi matrix, and thus endow the composites large elastic strain. The

yield strength of the NR sample is nearly 30% higher than that of the in-situ Nb/TiNi



nanowire (NW) sample produced from eutectic solidification [6]. This is apparently related to
the 8% increase of the volume fraction of the Nb nano-reinforcement. Fig. 4b and 4c present
a comparison of the mechanical properties of the Nb/TiNi nanocomposites fabricated in this

study with other materials [7, 24-31]. It seen that the mechanical properties of the NL and NR

NDb/TiNi composites are superior than all the reported competitor materials.
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Fig. 5. Evolution of the load-sharing of the consisted components in the composites with
macroscopic strain (a) 49 vol% Nb nanolamellar (NL) composites and (b) 33 vol% Nb

nanoribbon (NR) composites

Based on the evolution of the elastic lattice strains of the Nb nano-reinforcement, the stress
endured by the nano-reinforcement can be computed. Given its volume fraction, the external
load the nano-reinforcement carried can also be estimated. Fig. 5 shows the load fractions
shared by the two constituent components in the two composites. It is seen that due to higher
volume fraction (49%), the Nb nanolamellae in the NL composite had a higher load sharing
at the beginning of the deformation than the Nb nanoribbons in the NR composite. However,
after deforming to 5% global strain, the load-sharing of the Nb nanolamellae reached 86%, by

an increment of 30%. In comparison, the load-sharing of the Nb nanoribbons in the NR



composite increased from 24% to 75% after 6% of global strain, with an increment of 51%.
This is apparently related to the higher elastic lattice strains achieved in the Nb nanoribbons,
and demonstrates the higher efficiency of load transfer of the nanoribbon morphology

compared to the nanolamellar one.

4. Conclusion

In this work, Nb/TiNi ex-situ nanocomposites with increased volume fraction and changeable
morphology of the nano-reinforcement were successfully fabricated by PARB method. This
overcomes the intrinsic volume fraction limitation of the nano-reinforcement in a composite
fabricated by in-situ eutectic solidification method. Large elastic lattice strains were achieved
in the Nb nanolamellae, demonstrating the applicability and effectiveness of the “lattice strain
matching” principle. In comparison, the Nb nanoribbons exhibited a higher elastic lattice
strain than the Nb nanolamellae, indicating higher internal load transfer efficiency for the Nb
nanoribbon geometry than the nanolamellar geometry. The Nb/TiNi nanocomposite achieved
a yield strength of 2.2 GPa and a quasi-linear elastic strain of ~6.5% with an apparent elastic
modulus of ~33.8 GPa. This work demonstrates a feasible route for the preparation of
martensitic transformation matrix nanocomposites with superior and adjustable mechanical

properties.
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