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A Transforming Metal Nanocomposite
with Large Elastic Strain, Low
Modulus, and High Strength
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Freestanding nanowires have ultrahigh elastic strain limits (4 to 7%) and yield strengths,
but exploiting their intrinsic mechanical properties in bulk composites has proven to be difficult.
We exploited the intrinsic mechanical properties of nanowires in a phase-transforming matrix
based on the concept of elastic and transformation strain matching. By engineering the microstructure
and residual stress to couple the true elasticity of Nb nanowires with the pseudoelasticity of a NiTi
shape-memory alloy, we developed an in situ composite that possesses a large quasi-linear
elastic strain of over 6%, a low Young’s modulus of ~28 gigapascals, and a high yield strength of
~1.65 gigapascals. Our elastic strain-matching approach allows the exceptional mechanical properties
of nanowires to be exploited in bulk materials.
t is challenging to develop bulk materials that
exhibit a large elastic strain, a low Young’s
modulus, and a high strength because of the
intrinsic trade-off relationships among these properties (1, 2). A low Young’s modulus in a singlephase material usually means weak interatomic
bonding and thus low strength. Because of the
initiation of dislocation activity and/or early failure caused by structural flaws, the elastic strain
of bulk metals is usually limited to less than 1%.
Because freestanding nanowires have ultrahigh
elastic strain limits (4 to 7%) and yield strengths
(3–9), it is expected that composites made with
nanowires will have exceptional mechanical properties. However, the results obtained so far have
been disappointing (10), primarily because the intrinsic mechanical properties of nanowires have
not been successfully exploited in bulk composites
(10–12). A typical example is the Nb nanowire–
Cu matrix composite, in which the nanowires are

I

well dispersed and well aligned, with strong interfacial bonding. The elastic strain limit achieved
in the Nb nanowires in this type of composite is
only ~1.5% (13, 14), far below what may be expected of freestanding nanowires (3–9).
To optimize the retention of nanowire properties in a composite, we hypothesize that the
matrix should not deform via sharp microscopic
defects such as cracks or dislocations but rather
should be rubbery or gluelike, which suggests
the use of a shape-memory alloy (SMA) as the
matrix. There are two main differences between
an SMA matrix and a conventional, plastically deforming metal matrix. First, macroscopically, SMA
supports a large pseudoelastic strain of ~7% by
stress-induced martensitic transformation (SIMT)
(15, 16), which is a strain magnitude comparable
to nanowire elasticity (3–9). Use of an SMA as
the matrix allows one to match the high pseudoelasticity of the SMA with the high elasticity of
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nanowires, as illustrated in Fig. 1A. Second, SIMT
and dislocation slip are fundamentally different
processes at the atomic scale. Whereas the inelastic
shear strain between two adjacent atomic planes
approaches 100% after dislocation slip (17), the
atomic-level inelastic or transformation strain is
~10% after SIMT in typical SMAs such as NiTi
(16). Therefore, inelastic strain incompatibilities
(which must be compensated for by the elastic
strain field to maintain cohesion) are much milder
at the SMA-nanowire interface than at typical
dislocation–piled-up interfaces.
To verify this hypothesis, we selected Nb
nanowires to be combined with a NiTi SMA.
The NiTi-Nb system with ~20 atomic % Nb undergoes eutectic solidification into a microstructure consisting of fine Nb lamellae (18), which
can be converted into Nb nanowires through severe plastic deformation. In this study, an ingot
with a composition of Ni41Ti39Nb20 (atomic %)
was prepared by means of vacuum induction
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initially aligned with this direction emitted pure
circularly polarized photons and remained invariant under scattering. Their superpositions, on
the other hand, became entangled with the scattered photon polarization. States that are invariant
under coupling to the environment are of interest,
not only because of their importance in the quantum measurement process but also because of
their potential use for quantum control purposes.
Invariant states can span decoherence-free subspaces in which quantum information can be
protected (21). It would be therefore interesting
to search for multi-spin states that are invariant
under photon scattering, and detection, by using
larger arrays of trapped ions.
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D, shows general comparisons of the elastic strain
limit, Young’s modulus, and yield strength of
NICSMA and other metals (1, 2, 23–25) and human bones (23). NICSMA occupies a unique spot

on a chart of the mechanical properties of various
bulk materials (fig. S9) and possesses good cytocompatibility (figs. S10 and S11) and corrosion resistance in a physiological environment (fig. S12).

Fig. 1. (A) Schematic of the design concept of NICSMA. Schematic tensile stress-strain curves of a highstrength metallic nanowire (I), an SMA (II), and a NICSMA (III). (B) A coil of NICSMA wire with a diameter
of 0.5 mm. (C) Transmission electron microscopy (TEM) image of a longitudinal section of NICSMA wire.
NW indicates nanowire. (D) Scanning TEM image of the cross section of NICSMA wire (bright regions, cross
sections of Nb nanowires; dark regions, NiTi matrix). (E) High-resolution TEM image of the interface
between the Nb nanowire and the NiTi matrix. (F) SAED pattern from a longitudinal section of NICSMA
wire. (G) Macroscopic appearance of a bundle of freestanding Nb nanowires. (H) Scanning electron
microscopy image of the freestanding Nb nanowires.

B

A

Fig. 2. Elastic strain limits of nanowires. (A) Evolution of the d-spacing strain with respect to the
applied macroscopic strain for the Nb (220) plane perpendicular to the loading direction in the NICSMA
wires in which the NiTi matrix deformed by SIMT and dislocation slip. The green curve (with a maximum
strain of 4.2%) corresponds to the sample shown in Fig. 1 with 60-nm-diameter Nb nanowires. The red
curve (with a maximum strain of 6.5%) corresponds to a different sample (fig. S7), with even narrower
Nb nanowires. (B) Comparison of the elastic strain limits of (a) Nb nanowires embedded in the matrix
deforming by dislocation slip (13, 14, 20–22), (b) Nb nanowires embedded in the matrix deforming by
SIMT, and (c) some freestanding nanowires (3–9).
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melting (fig. S1). Macroscopic wires of the
in situ composite (nanowire in situ composite
with SMA, hereinafter referred to as NICSMA)
with diameters of 0.3 to 1.0 mm were subsequently fabricated by forging, wire-drawing, and
annealing (Fig. 1B) (19). The typical microstructure of NICSMA (Fig. 1, C to E) consists of
Nb nanowires formed in situ with a mean diameter
of 60 nm, well dispersed and well aligned in the
NiTi matrix along the wire axial direction, with
well-bonded interfaces. The selected-area electron
diffraction (SAED) pattern (Fig. 1F) is indexed to
body-centered cubic Nb and B2-NiTi phases. The
phase components of the composite were further characterized by high-energy x-ray diffraction (HE-XRD) (fig. S2) and energy-dispersive
x-ray spectroscopic analysis (fig. S3). Both SAED
and HE-XRD demonstrate that the Nb nanowires
are well oriented with its [110] direction parallel to
the wire axial direction. Figure 1, G and H, shows
the morphologies of freestanding Nb nanowires
obtained by removing the NiTi matrix via electrolytic etching (fig. S4), revealing that the Nb
nanowires have lengths ranging from 1 to 100 mm
and a mean aspect ratio exceeding 100.
In situ synchrotron HE-XRD (fig. S5) was
carried out on NICSMA at room temperature. The
evolution of the diffraction peaks for B2-NiTi
(211) and B19′-NiTi (001) (fig. S6) indicates
that the NiTi matrix underwent an elastic deformation followed by SIMT during tensile loading. Figure 2A shows the evolution of d-spacing
strain with respect to the applied macroscopic
strain for the Nb (220) plane perpendicular to
the loading direction, illustrating that the Nb
nanowires exhibited a tensile elastic strain of
4.2% when embedded in the SIMT matrix. This
elastic strain limit of the Nb nanowires is comparable to that of freestanding nanowires (3–9).
Furthermore, the elastic strain limits of the nanowires embedded in the SIMT matrix increase
gradually with decreasing nanowire diameter.
The maximum elastic strain limit of the Nb nanowires observed (fig. S7) was 6.5% (the red curve
in Fig. 2A). In contrast, we found that, whenever
the NiTi matrix deformed by dislocation slip instead of by SIMT after the initial elastic deformation (fig. S8), the elastic strain limits of the
Nb nanowires are greatly reduced to ~1.3% (the
black curve in Fig. 2A). Figure 2B shows a comparison of the elastic strain limits of (a) Nb nanowires in the matrix deforming by dislocation slip
(13, 14, 20–22), (b) Nb nanowires in the matrix
deforming by SIMT, and (c) some freestanding
nanowires (3–9).
After pretreatment with a tensile strain cycle of 9.5%, the bulk NICSMA exhibited a
large quasi-linear elastic strain of over 6%, a low
Young’s modulus of ~28 GPa, and a high yield
strength of minimum 1.65 GPa within the temperature range of 15° to 50°C (Fig. 3, A and B).
In comparison with other known bulk metals with
low Young’s moduli—for example, Mg, Al, and
Ti alloys and gum metals (1, 2, 23, 24)—the yield
strength of NICSMA is superior. Figure 3, C and

Fig. 3. Typical macroscopic mechanical properties
of NICSMA. (A) Tensile stress-strain curves of a pretreated NICSMA at 15°, 30°, and 50°C. sS, yield
strength; E, Young’s modulus; ee, elastic strain limit.
(B) Cyclic tensile stress-strain curves of a pretreated
NICSMA at room temperature. (C) Comparison of
the yield strengths and elastic strain limits of different materials. (D) Comparison of the yield strengths
and Young’s moduli of different materials.

A

A

B

C

D

C

D

B
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Fig. 4. Microscopic responses of NICSMA revealed by in situ synchrotron
HE-XRD. (A) Evolution of the d-spacing strain for Nb (220) and B2-NiTi
(211) planes perpendicular to the loading direction during the pretreatment. (Inset) The macroscopic stress-strain curve of the pretreatment. (B)
Evolution of the diffraction peaks of Nb (220), B2-NiTi (211), and B19′-NiTi
(001) during the pretreatment. (C) Evolution of the d-spacing strain for Nb
(220) plane perpendicular to the loading direction during the subsequent
tensile cycle. (Inset) The cyclic stress-strain curve. (D) Evolution of the relawww.sciencemag.org
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tive intensity of the B19′-NiTi (001) diffraction peak during the subsequent
tensile cycle. The relative intensity is defined as the ratio of the integrated
area of the B19′-NiTi (001) diffraction peak at a given applied strain to
that of the B19′-NiTi (001) diffraction peak at the maximum applied strain.
(E) Evolution of the diffraction peaks of Nb (220), B2-NiTi (211), and B19′NiTi (001) during the subsequent tensile cycle. The B2-versus-B19′ peak
intensity changes continuously, indicating continuous SIMT throughout the
tensile loading.
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bution of the preexisting internal tensile stress
and the retained B19′ phase in the matrix. Upon
unloading, the NiTi matrix underwent a reverse
transformation from the stress-induced martensite to the parent phase (Fig. 4, D and E), introducing a small hysteresis in the stress-strain
curve resulting from energy dissipation during
the process. The experimental evidence presented
above demonstrates that the Nb nanowires experienced an ultrawide elastic strain of 4.2% –
(–1.4%) = 5.6%, which closely matches the
phase transformation strain of ~7% of NiTi. This
matching of elastic and transformation strains
results in the extraordinary properties of NICSMA.
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Terrestrial Accretion Under
Oxidizing Conditions
Julien Siebert,1* James Badro,2 Daniele Antonangeli,1 Frederick J. Ryerson2,3
The abundance of siderophile elements in the mantle preserves the signature of core formation.
On the basis of partitioning experiments at high pressure (35 to 74 gigapascals) and high temperature
(3100 to 4400 kelvin), we demonstrate that depletions of slightly siderophile elements (vanadium and
chromium), as well as moderately siderophile elements (nickel and cobalt), can be produced by core
formation under more oxidizing conditions than previously proposed. Enhanced solubility of oxygen in
the metal perturbs the metal-silicate partitioning of vanadium and chromium, precluding extrapolation of
previous results. We propose that Earth accreted from materials as oxidized as ordinary or carbonaceous
chondrites. Transfer of oxygen from the mantle to the core provides a mechanism to reduce the initial
magma ocean redox state to that of the present-day mantle, reconciling the observed mantle
vanadium and chromium concentrations with geophysical constraints on light elements in the core.
he depletion of siderophile (i.e., “ironloving”) elements in Earth’s mantle relative
to chondrites can constrain the redox state
of accreting materials during terrestrial accretion
and core differentiation (1–4). For example, metal-
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silicate partitioning experiments at atmospheric pressure indicate that the observed depletion
of slightly siderophile elements (SSEs) such as V
and Cr can only be produced at conditions more
reducing than those required to account for the
abundance of moderately siderophile elements
(such as Ni, Co, and W) or highly siderophile elements (5). Using metal-silicate partition coefficients
obtained at pressures up to 25 GPa, homogeneous
accretion models posit that metal-silicate equilibrium took place at the base of a deep terrestrial
magma ocean at a single oxygen fugacity ( fO2)
(6–8). However, the pressure-temperature (P-T )
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conditions required to produce the observed depletions for V and Cr (at the present-day f O2)
require temperatures that greatly exceed that of
the mantle liquidus (2, 4, 9, 10). Such conditions are physically inconsistent with the magma
ocean hypothesis, where the P-T conditions at
the base of a magma ocean necessarily lie between the mantle solidus and liquidus, thereby
creating a rheological boundary that enables the
metal to pond and equilibrate with the silicate melt.
To satisfy this rheological constraint and SSE
abundance patterns, recent models of core formation constrain metal-silicate equilibration to
the P-T conditions of the peridotite liquidus and
invoke early accretion of highly reduced materials
with a FeO-poor silicate component (2, 4, 10, 11).
These initially low f O2 conditions (~IW-4, corresponding to 4 log f O2 units below the ironwüstite buffer) enhance the siderophile character
of the SSEs at the relevant P-T conditions.
Subsequent, gradual oxidation of the mantle to
~IW-2 over the course of core formation is required to account for moderately siderophile element abundances and, most important, to reach
the current mantle FeO content [8 weight percent
(wt %) FeO in silicate]. Under reducing conditions, silicon is likely to be the only light element entering the core in large amounts (10–12).
This scenario relies on extensive pressure and
temperature extrapolation of SSE partitioning
data, as existing results are restricted to rela-
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In situ synchrotron HE-XRD was used to
characterize the deformation and phase transformation evolutions of the Nb nanowires and the
NiTi matrix, during the pretreatment (Fig. 4A,
inset) and the subsequent tensile cycle (Fig. 4C,
inset). After the pretreatment, the Nb nanowires
sustained an elastic compressive strain of –1.4%
(point D), whereas the NiTi matrix sustained an
elastic tensile strain of 1% (point E) (Fig. 4A).
There is also some retained B19′ phase in the
matrix (Fig. 4B). These results can be understood
as follows. Upon removal of the pretreatment
load, the plastically deformed Nb nanowires (A
to B in Fig. 4A) hindered the recovery of the
NiTi matrix because of the B19′→B2 transformation (15, 16), which caused large residual
strains in the nanowires and the SMA with some
retained B19′ phase. This demonstrates that strong
coupling between the nanowires and the matrix
took place during the pretreatment. In the subsequent tensile cycle (Fig. 4C), the elastic strain
achieved in the Nb nanowires was up to 5.6%
(A to B), consisting of the preexisting elastic
compressive strain of –1.4% (O to B) and an
elastic tensile strain of 4.2% (O to A). The NiTi
matrix went through continuous SIMT throughout the tensile loading and exhibited an ultralow
tangential effective modulus (Fig. 4, D and E)
rather than undergoing an initial elastic deformation followed by an abrupt SIMT transition,
as would occur in a monolithic SMA (16). The
continuous SIMT can be ascribed to the contri-

