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3D printed Mg-NiTi interpenetrating-phase composites
with high strength, damping capacity, and energy

absorption efficiency
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Itis of significance, but still remains a key challenge, to simultaneously enhance the strength and damping capacities
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in metals, as these two properties are often mutually exclusive. Here, we provide a multidesign strategy for defeat-
ing such a conflict by developing a Mg-NiTi composite with a bicontinuous interpenetrating-phase architecture
through infiltration of magnesium melt into three-dimensionally printed Nitinol scaffold. The composite exhibits
a unique combination of mechanical properties with improved strengths at ambient to elevated temperatures,
remarkable damage tolerance, good damping capacities at differing amplitudes, and exceptional energy absorp-
tion efficiency, which is unprecedented for magnesium materials. The shape and strength after deformation can
even be largely recovered by heat treatment. This study offers a new perspective for the structural and biomedical

applications of magnesium.

INTRODUCTION

Lightweight magnesium and magnesium alloys are distinguishable
among metallic materials due to their high specific strength and
specific stiffness, i.e., strength and stiffness normalized by density
(1, 2). However, their load-bearing applications are limited by their
low strengths at both ambient and elevated temperatures and rela-
tively poor ductility as compared to other structural metals, e.g.,
steels and aluminum alloys. By contrast, magnesium and magnesium
alloys exhibit outstanding damping characteristics, which outper-
form most other metallic materials because of the easy twinning,
easy motion of dislocations, and weak dislocation pinning at defects
or impurities (3, 4). This makes them promising for applications
involving the dissipation of mechanical energy and for reducing
vibrations. In this context, it is important to improve the strength of
magnesium (and magnesium alloys) without compromising such
high damping capacity. However, the strength and damping capacity
are often mutually exclusive properties, as common strengthening
approaches in magnesium invariably lower the damping capacity
(1, 2, 5-11). This is essentially an embodiment of the general trade-off
relationship between strength and plasticity in metals (12). Such a
conflict is also pertinent for magnesium-based composites, which
are reinforced by dispersing a second phase in the magnesium
matrix. These composites usually exhibit a reduced ductility due to
the discontinuous nature of the reinforcement with the resulting
local stress concentrations in the matrix (5, 9, 13-15). In addition,
as with most engineering materials, the original shape and strength
of magnesium alloys and composites can rarely be recovered once
inelastic deformation or damage has occurred. It would thus be
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highly desirable in the quest for enhanced durability if the notion of
shape memory or self-recovery could be realized in Mg-based ma-
terials, which could further open possibilities for engineering smart
versions of these materials and structures with new functionalities.

To address these issues, we propose here a multidesign strategy,
which encompasses the deliberate modulation of the phase constitu-
tion and architecture of magnesium composites together with the
development of feasible fabrication techniques to accomplish it.
First, we selected a reinforcing phase to strengthen the magnesium,
in the form of the shape-memory Nitinol alloy, which among metals
has relatively good damping capacities (16). This alloy exhibits an in
situ reversible martensite-to-austenite phase transformation at ele-
vated temperatures where the magnesium creeps at minimal stress
levels (16, 17); the internal stress produced by this transformation
can provide the driving force for the shape recovery of the composite.
Second, we designed a three-dimensional (3D) interpenetrating-phase
architecture such that the separate constituent phases are topologi-
cally bicontinuous and interconnected (18, 19). In this respect, the
structural integrity and continuity of the Nitinol alloy are necessary
for generating an improved strengthening efficiency and adequate
recovery in the composite by promoting effective load transfer. Such
a structure may also facilitate the achievement of a sound damping
capacity and an enhancement in damage tolerance (19, 20). Third,
we used a two-step process of additive manufacturing of a Nitinol
scaffold and subsequent pressureless infiltration of the magnesium
melt into the scaffold to fabricate the Mg-NiTi composite. Additive
manufacturing provides a viable means for controlling the 3D archi-
tectures of the Nitinol reinforcement within the final composite. Melt
infiltration is enabled by the large temperature gap between the
melting points of Nitinol and magnesium (i.e., 1310° and 648°C,
respectively) along with their minimal mutual reaction or solubility
at moderately higher temperatures than the melting point of
magnesium (21).

This study presents a proof of concept of how to simultaneously
achieve high strength, exceptional damping capacity, good energy
absorption efficiency, and a remarkable self-recoverable capabil-
ity in a Mg-NiTi interpenetrating-phase composite. Our objective
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resides not only in creating an unprecedented combination of prop-
erties in magnesium-based materials, which is appealing for struc-
tural and biomedical applications, but also in providing a new design
concept and fabrication approaches that could be applicable to engi-
neer other material systems for improved performance.

RESULTS
Formation and microstructure
Figure 1A illustrates the formation process of the Mg-NiTi
interpenetrating-phase composite. The controlled architecting of
the Nitinol reinforcement in the composite in the form of rhombic
dodecahedrons was achieved through 3D printing of the Nitinol
scaffold in line with the stereolithographic model. A dense composite
was generated by infiltration of the scaffold with the magnesium melt
and subsequent solidification. X-ray tomography (XRT) volume
renderings of the infiltrated composite (Fig. 1B) reveal a complete
filling of the open pores in the scaffold by the magnesium. The spatial
distribution of the Nitinol scaffold within the composite, as indicated
by the filtered signal by excluding magnesium (Fig. 1C), demon-
strates the bicontinuous nature of both constituent phases and their
mutual interpenetration in three dimensions. The volume fraction
of Nitinol in the composite was determined to be ~35.9% by XRT.
The density of the composite was measured to be 3.21 g cm™; as this
conforms to the value calculated from the rule-of-mixtures, this im-
plies that the volume content of unfilled pores was negligible.
Scanning electron microscopy (SEM) micrographs of the Mg-NiTi
composite (Fig. 2A) further reveal the absence of obvious structural
flaws, e.g., pores or microcracks, in both constituents and at their
interfaces. The composite principally comprised magnesium and
Nitinol with no evidence of notable amounts of other phases, as
shown by the x-ray diffraction (XRD) pattern in the inset. Never-
theless, magnified SEM imaging indicated the emergence of new
phases at the interfaces between the two constituents and at the grain
boundaries of the magnesium matrix (Fig. 2B). Energy-dispersive
x-ray spectroscopy (EDS) measurements showed that the Ti and Ni
elements were relatively enriched, respectively, in the interfacial
phase between the magnesium and Nitinol and in the intergranular
magnesium precipitates (Fig. 2C). The latter phase was determined
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Fig. 1. Formation and 3D architecture of Mg-NiTi interpenetrating-phase composite. (
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to be Mg,Ni by microzone XRD analysis (21), as shown in Fig. 2D.
Such a redistribution of elements, specifically the deficiency of nickel
at the interfacial region between the constituents, is presumed to be
caused by the diffusion of Ni atoms from Nitinol into the magnesium
to form the Mg,Ni phase during infiltration.

Ambient-temperature mechanical properties

Figure 3A shows a representative engineering compressive stress-
strain curve for the Mg-NiT1i interpenetrating-phase composite mea-
sured at ambient temperature. The stress-strain curves for pure
magnesium, solidified from the infiltration temperature along with
the composite, and the 3D printed Nitinol scaffold (without Mg
infiltration) are also presented for comparison. The stress in the com-
posite increases after initial yielding at ~80 MPa, before displaying
a plateau or slight decrease after reaching a maximum of ~320 MPa
and before exhibiting a progressively increasing trend at strains
above ~35%. Hence, the composite demonstrates markedly higher
stresses, at a specific strain, than for pure magnesium or the Nitinol
scaffold, which are well above estimates from the rule-of-mixtures.
The successive loading-unloading stress-strain curves for the com-
posite, shown in Fig. 3B, reveal the hysteresis effect as manifested by
the detectable circumscribed area in the stress-strain hysteresis loop
during each unloading-reloading cycle. This implies that the imposed
mechanical energy can be additionally dissipated by mechanisms
beyond merely plasticity or damage, in particular, involving inter-
nal friction (22), in the composite during cyclic loading-unloading
conditions.

The variation in the characteristic energies (Econsumed> Edissipateds
and El,tic) under the curve at each loading cycle, as schematically
illustrated in the inset in Fig. 3B, can provide insight into the defor-
mation processes in the composite. As shown in Fig. 3C, the mechan-
ical energy consumed by irreversible deformation (Econsumed) €-8-»
plasticity in magnesium and damage in the precipitates, presents an
initial increasing trend with loading cycles or applied stress but be-
comes almost constant at roughly 150 MPa (point A), i.e., 15 cycles,
before increasing again. Such a transition is presumed to be caused
by global yielding of the Nitinol phase, as subsequent work hardening
tends to decrease the plastic deformation in the composite over an
equal increase of stress. The elastically restored energy (Eelastic) and

NiTi scaffo!d
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A) Schematic illustration of the fabrication process of the Mg-NiTi

interpenetrating-phase composite by 3D printing of a Nitinol scaffold and subsequent pressureless infiltration of the scaffold with magnesium melt. SLM, selective laser
melting. (B and C) XRT volume renderings of (B) the infiltrated composite and (C) Nitinol reinforcement in the form of rhombic dodecahedrons within the composite,

obtained by filtering out the signal from the magnesium.
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Fig. 2. Microstructure and phase constitution of the Mg-NiTi interpenetrating-phase composite. (A and B) SEM images of (A) Mg-NiTi composite and (B) magnified
micrograph of the interfacial region between the Nitinol and magnesium phases. The inset in (A) shows the XRD pattern of the entire composite. a.u., arbitrary units.
(C) Area distributions of Mg, Ti, and Ni elements obtained by EDS measurements in the region corresponding to the SEM image in (B). (D) Microzone XRD pattern of the
precipitates at the grain boundaries of the magnesium matrix. The characteristic diffraction peaks of the crystallographic planes of magnesium and Mg;Ni phases are

indicated in the figure.

viscoelastically dissipated energy (Egissipated) display similar variations
in the form of a continuous increase to a steady level with a transi-
tion point (point B) conforming exactly to the onset of the stress
plateau on the monotonic stress-strain curve (Fig. 3A). This is
believed to result from the exhaustion of the work-hardening ability
and the occurrence of critical damage in the composite, which
limit any further increase in strength and internal friction. Hence,
the subsequent deformation becomes dominated by the evolution
of irreversible damage. The composite exhibits a high energy dis-
sipation ratio, i.e., the proportion of dissipated energy in the total
energy, exceeding 24% over a wide range of stress above 80 MPa,
as shown in the inset. This implies a good damping capacity of
the composite.

Figure 3D presents the variations in true compressive stress and
corresponding work-hardening rate, i.e., the derivative of true stress
with respect to true strain, as a function of the true strain in the
Mg-NiTi composite. The entire deformation process can be divided
into five stages. In stage I, both magnesium and Nitinol are princi-
pally deformed elastically. The onset of global plastic deformation
in the magnesium can be determined from the initial yielding of
composite, which occurs at ~80 MPa. After that point, the composite
displays a mixed mode of deformation synergized from the plasticity
of the magnesium and elasticity in the Nitinol (stage II). Stage III
ensues with the yielding of Nitinol at ~150 MPa (point A in Fig. 3C).
At this stage, both constituents are plastically deformed and
work hardened. The strong hardening behavior of the Nitinol leads
to some recovery in the work-hardening rate of the composite. (For
comparison, the deformation behavior of 3D printed dense Nitinol,
using the same parameters as for the Nitinol scaffold, is shown in
fig. S1.) After reaching the stress maximum of ~320 MPa (at a true
stress of ~280 MPa), the true stress begins to decrease because
of diminished work hardening and the evolution of irreversible
damage (stage IV). The large deformation with true strain exceed-
ing ~45% produces a complex stress state and constrained friction
at the contact interfaces between the composite and the compressive
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platens (18). This results in the final stage where the true stress dis-
plays a slightly increasing trend with strain (stage V).

Damaging process and mechanisms

The Mg-NiTi composite was successively compressed to increasing
strains of 2, 5, 10, 15, and 30%, unloaded at each strain, and then
examined by SEM to investigate the evolution of damage. Figure 4
(A to E) shows the representative morphologies of the damage, spe-
cifically associated with development of cracks in the composite at
differing strains during compressive deformation. The damaging
process and mechanisms are schematically illustrated in Fig. 4F.
Initial damage at 2% strain occurred in the form of intergranular
cracking of the magnesium matrix adjacent to the Mg,Ni precipi-
tates (Fig. 4A). With an increase in strain to 5%, partial separation
between the magnesium and Nitinol was apparent at the Ti-rich
interfacial phase (Fig. 4B). These results demonstrate a higher
tendency of damage associated with the precipitates introduced during
melt infiltration process.

As the strain increased to 10% where the stress approached its
maximum, microcracks formed in the Nitinol skeleton at locations
such as pores, incomplete melt powder inclusions, and regions of
inadequate fusion between adjacent layers (Fig. 4C). These defects
are not fully understood in terms of their formation mechanisms
and are seemingly unavoidable in 3D printed metals (23-25). The
interfacial cracks were seen to invade the Nitinol skeleton and to
cause its splitting at 15% strain (Fig. 4D). This deteriorated the con-
tinuity and integrity of the Nitinol reinforcement and resulted in
a drop in stress on the stress-strain curve (stage IV in Fig. 3D).
Further compression to ~30% strain led to the destruction of the
Nitinol skeleton, specifically at its nodes, because of the coalescence,
linkage, and extension of cracks throughout the struts (Fig. 4E).
This was accompanied by substantial plastic deformation of the
magnesium matrix; however, the composite still remained intact,
owing to its interpenetrating-phase architecture, and retained to a
large extent its load-bearing capacity.
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Fig. 3. Ambient-temperature mechanical properties and deformation process of the Mg-NiTi composite. (A) Representative engineering compressive stress-strain
curve of interpenetrating-phase composite at ambient temperature and its comparison with those of the pure magnesium, Nitinol scaffold, and their combination accord-
ing to the rule-of-mixtures. (B) Cyclic loading-unloading stress-strain curves for the composite up to the stress maximum for monotonic compression. The inset illustrates
the characteristic energies under the curves at each loading cycle. (C) Variations of specific energies with loading cycles during the cyclic loading-unloading process. A
and B denote the transition points, respectively, for the consumed energy by irreversible deformation (A) and for the elastically restored and viscoelastically dissipated
energies (B). The inset shows the energy dissipation ratios as a function of the loading cycles. (D) Variations in the true compressive stress and nominal work-hardening
rate with true strain for the five stages of the deformation process in the composite. It is noted that the general varying trend of work-hardening rate remains constant,
although its absolute value may be underestimated because of the difficulty in fully eliminating the deformation from the compressive platens.

High-temperature and dynamic mechanical properties

In addition to the strengthening effect at ambient temperature, the
Mg-NiTi interpenetrating-phase composite can sustain markedly
higher stresses (at equal strains) than its individual constituents at
elevated temperatures of 200° and 350°C; this further applies to the
combinations of its constituents according to the rule-of-mixtures
(Fig. 5, A and B). With increasing temperature, the strength of pure
magnesium is known to markedly decrease, leading to creep de-
formation at low stress levels. In contrast, the load-bearing capability
of Nitinol scaffold is relatively independent of the temperature,
remaining essentially constant up to 350°C. Hence, with increasing
temperature, the strength of the entire composite, as indicated by
the plateau stress (defined in fig. S2), becomes increasingly deter-
mined by the Nitinol phase; consequently, it displays far less a deterio-
ration in strength at higher temperatures than pure magnesium.
Specifically, the plateau stresses of the composite are more than 200
and 120 MPa at 200° and 350°C, which are respectively ~56 and
~26% higher than those predicted by the rule-of-mixtures. The
apparent stress drop in the composite at strains exceeding ~25% strain
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is presumed to be caused by the global instability or destruction of
the Nitinol framework (22, 26, 27).

Figure 5 (C and D) shows the measured damping properties of
the composite, compared to those of the pure magnesium and Nitinol
scaffold, at strain amplitudes of 0.001 and 0.1%, representing rela-
tively weak and strong vibrations, respectively, at temperatures from
ambient to 350°C. The corresponding damping properties for mod-
erate amplitude of 0.01% are shown in fig. S3. The composite can be
seen to exhibit good damping capabilities, as indicated by a high
internal friction, Q' which is defined using the tangent value of the
phase angle between the stress and strain measured by dynamic me-
chanical analysis (DMA), exceeding 0.02 and 0.08, respectively, at
amplitudes of 0.001 and 0.1% at ambient temperature. Specifically,
the internal friction was more than 5 and 12 times, respectively,
higher than that of pure magnesium and the Nitinol scaffold for
strain amplitudes of 0.001% below 100°C, implying a unique potency
of the Mg-NiTi composite in minimizing weak vibrations. For strong
vibrations, which are more stringent but widespread in practical
applications, the composite invariably has better damping capacities
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Intergranular cracking = Interfacial cracking ==p NiTi scaffold damage == Crack invasion to NiTi = NiTi scaffold destruction
Fig. 4. Mechanisms of damage in the Mg-NiTi interpenetrating-phase composite during deformation. (A to E) Representative SEM micrographs of damage in the
composite at successively increasing engineering compressive strains of (A) 2%, (B) 5%, (C) 10%, (D) 15%, and (E) 30%. The arrows in (C) indicate microcracks that prefer-
entially form at defects in the Nitinol skeleton. (F) Schematic illustrations of the damage evolution process in the composite during compressive deformation.
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Fig. 5. High-temperature and dynamic mechanical properties of the composite along with its shape recovery behavior. (A and B) Representative engineering
compressive stress-strain curves of the Mg-NiTi composite at (A) 200°C and (B) 350°C, compared with those of pure magnesium, Nitinol scaffold, and their combinations
according to the rule-of-mixtures. (C and D) Variations in the internal friction of the composite from ambient temperature up to 350°C, as measured by DMA at strain
amplitudes of (C) 0.001% and (D) 0.1% and a frequency of 1 Hz. The damping properties of pure magnesium and the Nitinol scaffold are also shown for comparison. The
arrows indicate the damping extrema of the composite at ~150°C. (E) Deformation recovery ratio, i.e., the ratio of recovered to total deformation, in the form of elastic
recovery and by heat treatment of the composite at different compressive strains. Vertical columns, with their midpoints along the x axis indicating specific strains, are
used here for clarity. The conditions and mechanisms for the shape recovery behavior are illustrated in the inset, with the symbols M and A representing martensite and
austenite, respectively. (F) Compressive stress-strain curves for the composite after it had been repeatedly deformed to ~4.5% strain and then recovered via heat treat-
ment for up to five times. The deformation recovery ratios at each recovery time are given in the inset.
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than its constituents over the entire temperature range. The internal
friction of the composite displayed a global increasing trend with
increasing temperature at both amplitudes, with an extremum at
around 150°C, as indicated by the arrows, which may result from
the martensite-to-austenite phase transformation of the Nitinol
phase (16). The internal friction of the Nitinol scaffold also showed
a sudden rise at ~110°C, which conforms exactly to the onset of the
damping extremum of the composite. The appearance of a damping
extremum for pure magnesium at around 230°C, which is particu-
larly noticeable for 0.001% amplitude, is deemed to be caused by the
activation of grain boundary sliding (28). Such an improved internal
friction, accompanied by a simultaneous strengthening effect in the
composite, is rarely attainable in traditional magnesium alloys and
their composites (5-11).

Shape recovery behavior

In addition to the synergetic enhancement in both strength and
damping capacities, the Mg-NiTi interpenetrating-phase composite
is capable of recovering to a large extent its initial shape after deforma-
tion. This can be achieved by heating the composite to a temperature
range where the Nitinol and magnesium exhibit a martensite-to-
austenite phase transformation and creep deformation, respectively
[the characteristic temperature range for the phase transformation
of Nitinol at heating was measured to be 60° to 100°C by differential
scanning calorimetry (DSC), as shown in fig. S4, which is slightly
lower than that in DMA maybe because of the absence of vibration
stress]. The driving force for shape recovery produced by such a
transformation can markedly surpass the creep resistance. Specifi-
cally, the nominal recovery stress of the Nitinol scaffold exceeds
70 MPa at 350°C, which is around four times higher than the plateau
stress of the magnesium (~18 MPa) (Fig. 5B). As shown in Fig. 5E,
the imposed deformation can almost be fully recovered by ~99% and
by more than 60% for samples compressed to 4.5 and 10% strains,
respectively, revealing a high potency for shape recovery. In addi-
tion, around one-fifth of the deformation can still be recovered even
when the composite has been substantially deformed by a 40% strain.
As shown in the inset, the three critical requirements for the achieve-
ment of this unique shape recovery behavior in the composite include
(i) the heat-induced martensite-to-austenite phase transformation
of Nitinol, (ii) the creep deformation of magnesium at lower stress,
and (iii) an effective load transfer between the two phases enabled
by the interpenetrating-phase architecture. It is also possible to
partially recover the shape of the Mg-NiTi composite at ambient
temperature owing to its elastic and viscoelastic characteristics.
However, this effect becomes markedly less prominent as the applied
deformation increases. The deformation in the Nitinol scaffold
cannot be fully recovered by elasticity when the strain exceeds 2%,
as manifested by the loading-unloading stress-strain curves of the
scaffolds compressed to different strains shown in fig. S5.

The shape recovery behavior of the composite is additionally
accompanied by some degree of restoration of its mechanical proper-
ties, specifically strength. As shown in Fig. 5F, the stress correspond-
ing to 4% strain (relative to the sample’s initial height) can retain
~90% of its original value in a composite sample, which has been
deformed and recovered repeatedly by five times. The recovery
potency in shape, as manifested by the ratio of recovered to total
deformation, displays a decreasing trend with increasing cycles of
deformation and recovery (inset). Nevertheless, the applied defor-
mation can still be recovered by more than 60% after the fifth defor-
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mation cycle. This indicates a good stability for the recovery behavior
of the Mg-NiTi composite in both shape and strength.

DISCUSSION

The strength and damping capacity at ambient to elevated tempera-
tures are two of the most important mechanical properties of mag-
nesium and magnesium alloys for applications involving lightweight
structural materials. However, the simultaneous enhancement of
these properties, specifically in terms of strengthening magnesium
without compromising its damping capacity, still remains a key
challenge (5-11). This is because the strength and damping capacity
originate principally from two contradictive strategies—the respective
obstruction and promotion of dislocation motion (4, 5); accordingly,
these properties are invariably mutually exclusive. In particular,
magnesium-based composites strengthened by discrete reinforce-
ments, e.g., particles, fibers, and whiskers, often exhibit decreased
damping capacity and ductility than their unreinforced matrix
materials (13-15). However, our success in attaining both high
strength and good damping capacities in the current Mg-NiTi
interpenetrating-phase composite can be attributed to the multiple
designs of its chemical and architectural characteristics.

On the one hand, the Nitinol reinforcement exhibits markedly
higher strengths than the magnesium matrix at ambient to elevated
temperatures and can be notably work hardened during the
large plastic deformation of its martensitic phase (fig. S1) (16). This
endows the composite with a high apparent work-hardening ability
to realize a higher strength. As the temperature rises, the Nitinol
skeleton plays an increasing role in carrying load in the composite,
as its strength is less sensitive to temperature (Nitinol displays an
insignificant decrease in strength up to 400°C) (29). This acts to
diminish any weakening effect in the Mg-NiTi composite caused by
creep deformation of the magnesium matrix. In addition, the mark-
edly higher melting point of Nitinol compared to magnesium offers
a wide range of temperatures to conduct the infiltration process.
The weak precipitates resulting from the limited reaction between
magnesium melt and the Nitinol during infiltration, i.e., the Ti-rich
interfacial phase and the Mg,Ni phase at the grain boundaries of
magnesium matrix, may serve as prime sites for microyielding
and thus promote the damping capacities of the composite (22).
It has been revealed that microdamage and even microcracks,
which are preferentially formed at the precipitates in the current
composite, could help absorb more mechanical energy by enabling
new damping mechanisms such as the friction at the microcrack
surfaces (22, 30).

On the other hand, the 3D interpenetrating-phase architecture
plays a key role in enhancing the mechanical properties, by retain-
ing structural integrity and resisting the development of damage in
the current Mg-NiTi composite. The bicontinuity of the Nitinol re-
inforcement and magnesium matrix is respectively beneficial for
generating substantial strengthening and damping capacities in the
composite by permitting effective stress transfer within each phase.
The spread of damage, specifically from plastic deformation in the
magnesium and cracking in the Nitinol, can be confined by the
interlocking and partition between the two phases (Fig. 4). This leads
to a controlled damaging process, which avoids catastrophic failure,
and thereby engenders a high damage tolerance and energy absorp-
tion efficiency in the composite. The detrimental effects caused by
easy precipitate fracture can also be mitigated by such means. In
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contrast, the development of plastic damage throughout the magne-
sium matrix could result in global failure of composites with discrete
reinforcements (13-15). In addition, the interpenetrating-phase
architecture can act to relieve the stresses and exert constraint on
the Nitinol reinforcement skeleton. This helps improve the mechan-
ical stability and strength of the Nitinol structure, specifically as
compared to traditional porous scaffolds, which commonly fail by
the easy buckling of their struts (12, 14). The bicontinuous nature
of constituent phases and their interpenetration are also critical for
the shape recovery process by promoting effective load delivery and
enhancing the deformation compatibility between them.

To demonstrate that a combination of superior mechanical prop-
erties, i.e., strength, damping capacities, and energy absorption effi-
ciency, has been achieved in our Mg-NiT1i interpenetrating-phase
composite, we provide a comparison in Fig. 6 with other materials
with the strength represented using the maximum transmitted stress
(5-11,13-15, 19, 20, 26, 27, 31-38). The maximum transmitted stress
and energy absorption efficiency, which are two basic parameters
for evaluating the energy absorption performance of materials, are
defined using the peak stress at the plateau stage and the area under
the stress-strain curve before the steep stress rise, respectively (the
detailed definition methods are illustrated in fig. S2) (31, 38). It can
be seen that our composite outperforms the majority of magnesium
alloys, metal and polymer foams and microlattices, and other com-
monly used energy-absorbing materials, e.g., elastomers, plastics,
and lead alloys, with respect to the combination of the efficiency
and load-bearing ability for energy absorption (Fig. 6A). Specifically,
the Mg-NiTi composite exhibits a stable plateau stage on the stress-
strain curve, which is widespread in cellular materials but is rarely
attainable in dense metals. Note that dense metals usually display
continuously rising stress-strain curves, which are unfavorable for
energy absorption applications, as the applied stress generally does
not exceed the material’s yield strength during energy absorption
(36, 37). This leads to a high-energy absorption efficiency in the
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composite, which surpasses the general ranges for magnesium,
aluminum, and titanium alloys and is comparable to that of steels.
Among the magnesium-based alloys and composites, in general,
relatively good damping capacities with internal friction more than
0.04 (for 0.1% strain amplitude with a frequency of 1 Hz at ambient
temperature) can only be generated at low strength levels not exceed-
ing 220 MPa (Fig. 6B). The distinct damping capacity with internal
friction exceeding 0.08 in conjunction with a high strength higher than
320 MPa in the current composite breaks through the traditional
benchmark of properties for magnesium-based materials. The proper-
ties of the Mg-NiTi composite also substantially exceed the strength,
damping capacity, and energy absorption efficiency of simple mix-
tures of its constituents. Moreover, the material is capable of recover-
ing its initial shape and strength to a large extent after deformation,
simply by heat treatment, due to the martensite-to-austenite phase
transformation in the Nitinol, which compensates for the low creep
resistance of the magnesium matrix. The combination of the out-
standing mechanical properties, i.e., strength, damping capacities,
and energy absorption efficiency, with such shape-memory or
even self-healing characteristics, endows this lightweight Mg-NiTi
interpenetrating-phase composite with a broad range of potential
applications, specifically for reducing vibrations and resisting impacts.

CONCLUSIONS

In summary, a new Mg-NiTi interpenetrating-phase composite has
been developed by pressureless infiltration of a 3D printed reinforced
scaffold of Nitinol with a magnesium melt. Mechanically, the com-
posite exhibits an improved strength at ambient to elevated tem-
peratures, exceeding that of a rule-of-mixtures estimate of its
constituents, and displays excellent resistance to damage. These
characteristics are accompanied by a synergetic enhancement of its
damping capacity at differing strain amplitudes and a high-energy
absorption efficiency, which are rarely attained in monolithic and
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Fig. 6. Comparison of the properties of the Mg-NiTi composite with other materials (5-11, 13-15, 19, 20, 26, 27, 31-38). (A) Energy absorption per unit volume versus
the maximum transmitted stress for the Mg-NiTi composite, magnesium alloys, and a wide range of other materials, specifically those commonly used for energy absorp-
tion (79, 20,26, 27,31, 34, 35,37, 38). SRM, shape-reconfigurable materials. (B) Internal friction at 0.1% strain amplitude with a frequency of 1 Hz at ambient temperature
along with the strength of the Mg-NiTi composite and other magnesium-based alloys and composites (5-11, 13-15, 32, 33, 36).
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composite magnesium alloys. Moreover, both the initial shape and
strength of composite can be largely recovered after deformation by
heat treatment owing to the coupling of the martensite-to-austenite
phase transformation in Nitinol with the low creep resistance of the
magnesium matrix. Specifically, the Nitinol skeleton provides for a
high work-hardening ability and offers the driving force for self-
recovery of the composite; it additionally enables the infiltration
process for fabrication. The bicontinuous interpenetrating-phase
architecture plays a critical role in ensuring a potent strengthening
effect by the Nitinol reinforcement while promoting good damping
capacities by permitting effective load transfer. It also functions to
resist the evolution of damage in the constituents throughout the
microstructure, which promotes the composite’s high-energy absorp-
tion efficiency and facilitates the recovery process. The unprecedented
combination of mechanical properties in a magnesium-based material
makes the composite a promising candidate for structural and bio-
medical applications, particularly in situations that require reduced
vibrations and resistance to impacts. The temperature-responsive na-
ture may even offer new promise for thermally reconfigurable or ther-
mally strengthened structures. We anticipate that the current design
concept and fabrication techniques could be extended to other alloy
systems, e.g., W-Cu composites as high-voltage electrical contacts and
heat sinks (39), for generating improved properties and functionalities.

MATERIALS AND METHODS

Architectural design

A stereolithographic 3D model with Voronoi tessellation of face-
centered cubic polyhedra, termed rhombic dodecahedrons, was
created for the porous Nitinol scaffold using the Pro/Engineer 5.0
software (Parametric Technology Corporation, USA). Such an
architecture is frequently used in a wide range of natural materials,
e.g., honeycombs, diamond, and garnet minerals, and has been in-
tensively investigated in terms of its mechanical properties and me-
chanics, specifically for materials made by additive manufacturing
(23,24, 26, 27). The scaffold was designed to contain 3 x 3 x 3 arrays
of unit cells, with each cell having a dimension of 3.33 mm X
3.33 mm x 3.33 mm. The model was then sliced and processed using
the commercial Materialise Magics 21.0 software (Materialise,
Belgium) into layers with a thickness of 50 um.

3D printing

Sequential printing of sliced layers was carried out by selective laser
melting technique using a Realizer SLM 100 machine (Realizer
GmbH, Germany) equipped with a Yb:YAG fiber laser. Nitinol
powders with a median diameter of ~35 um (AMC Powders Co.,
China) were used for printing. Before printing, the chamber was
purged with high-purity argon gas until the oxygen content was lower
than 0.1% to minimize oxidation. The substrate was preheated to
200°C to reduce residual stress, avoid cracking, and ensure a good
dimensional accuracy of the printed scaffold (23, 40). The layer
thickness of the powders was set to be 50 um, i.e., the same as that
of the sliced layers in the digital model. The printing process was
conducted using a laser power of 175 W and at a scanning speed of
750 mm/s. The scanning direction was rotated by 90° between layers.

Melt infiltration
Pressureless infiltration of the magnesium melt into the 3D printed
Nitinol scaffold was performed in a high-purity graphite crucible at
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800°C, i.e., some 150°C higher than the melting point of magnesium,
for 10 min in flowing argon gas using a SRYL-2300/9 graphite resist-
ance furnace (Jvjing Instrument, China), and then cooled in furnace.
Before infiltration, the Nitinol scaffolds and magnesium blocks were
ultrasonically cleaned in acetone to reduce contamination.

Microstructural characterization

The density of the infiltrated composite was measured using the
Archimedes method. The phase constitution was examined by XRD
using a Bruker D8 Advance x-ray diffractometer (Bruker AXS,
Germany) with Co-Ka radiation. Microzone XRD analysis was also
conducted using a Bruker D8 Discover x-ray microdiffractometer
(Bruker AXS, Germany) with Co-Ko radiation at an accelerating
voltage of 40 kV using an x-ray beam with 0.5 mm in diameter. SEM
imaging was performed using a LEO Supra-35 field-emission SEM
(LEO, Germany) operating at an accelerating voltage of 20 kV. EDS
measurement was carried out using an Oxford Model 7426 spectrom-
eter (Oxford Instruments, UK) equipped with the microscope.

XRT imaging

The 3D architecture of the Mg-NiTi composite was characterized by
XRT imaging using an Xradia Versa XRM-500 3D x-ray microscope
(Xradia, USA) operating at an accelerating voltage of 80 kV. The
sample was rotated by 360° around the normal axis of the x-ray
source and detector and imaged every 0.225° to generate 1600 slices
of 2D projections. The 3D volume renderings were reconstructed
by inversing these projections based on the Fourier back-projection
algorithm. The spatial resolution of the 3D image was ~12 um per
pixel. Images were processed and analyzed using the Avizo Fire 7.1
software (Visualization Sciences Group, France).

Mechanical testing

Samples for mechanical testing were ground and polished to dimen-
sions of ~9 mm x 9 mm in cross section and ~8 mm in height.
Quasi-static uniaxial compression tests were performed at ambient
temperature, 200°C, and 350°C with a fixed strain rate of 10> s™"
using an Instron 5982 testing system (Instron Corp., USA). For cyclic
compression, a sample was loaded and unloaded repeatedly at a
fixed strain rate of 10> s™! to create a constant increase in stress of
~10 MPa at each cycle until reaching the plateau stage on the stress-
strain curve for monotonic compression. A series of 3D printed
Nitinol scaffolds without infiltration were compressed to different
strains and then unloaded at the same strain rate. DMA was per-
formed at ambient temperature up to 350°C, on samples with the same
dimension as that used for the compression testing, using a Gabo
Eplexor 4000N dynamic thermomechanical analyzer (NETZSCH,
Germany). This was conducted in compression mode by applying a
sinusoidal cyclic load at a frequency of 1 Hz and with dynamic strain
amplitudes of 0.001, 0.01, and 0.1%, respectively.

Shape recovery measurement

The shape recovery process of the deformed Mg-NiTi composites
was accomplished by treating them at 350°C for 3 hours. Samples
with differing degrees of deformation, i.e., by compression to roughly
4.5,7.5,10, 15, 20, 25, 30, and 40% strain on the stress-strain curves,
were recovered and gauged before and after the recovery treatment.
In addition, a sample was repeatedly compressed at ambient tem-
perature to a strain of ~4.5% of its original height, unloaded, and
then recovered via heat treatment by up to five times to examine the
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potency and stability of the recovery behavior of composite in terms
of the shape and strength of the test sample. The thermal behavior of
the Nitinol scaffold was characterized by DSC analysis using a Q20
calorimeter (TA Instruments, DE) with a heating rate of 10 K/min.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/19/eaba5581/DC1
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