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A B S T R A C T   

For composite materials applied for energy absorption and vibration/noise reduction, it is of particular signifi-
cance to clarify the role of strain rate and temperature on their mechanical properties. Here we present a study on 
the effects of strain rate (from 10− 3 s− 1 to 1 s− 1) and temperature (from room temperature to 350 ◦C) on the 
compressive properties of a 3-D printed Mg–NiTi interpenetrating-phase composite, which features high energy 
absorption efficiency and good damping capacity. Within the regimes of strain rate and temperature, the com-
posite constantly exhibits a stable stress plateau on the stress-strain curves, yet displays markedly different 
damage mechanisms depending on the specific strain rate and temperature. The 3-D interpenetrating-phase 
architecture promotes an effective stress transfer in the composite and resists the propagation of local dam-
ages, thereby conferring a high strengthening efficiency and outstanding damage tolerance. The unique com-
bination of mechanical properties makes the composite appealing for applications under various conditions, 
especially for absorbing mechanical energy and reducing vibrations and noise.   

1. Introduction 

Magnesium (Mg) and its alloys are promising among lightweight 
metals owing to their remarkably high specific (i.e., normalized by 
density) strength and stiffness, good biocompatibility and unique 
biodegradability [1,2]. Mg alloys also demonstrate excellent damping 
properties which outperform those of most other metallic materials, and 
as such are appealing for reducing vibrations and noise [3,4]. However, 
the structural applications of Mg alloys are limited by their relatively 
low strengths at both ambient and elevated temperatures, especially 
when compared to widely used steels and aluminum alloys. Strength-
ening can be achieved in Mg alloy systems, by alloying, thermo-
mechanical processing, or making Mg-based composites through the 
introduction of reinforcements [1,2,5–8]. Nevertheless, the resultant 
materials often display a clear decrease in their damping capacities, 

especially when compared to pure Mg [9–11]. This is caused by the fact 
that the strength and damping capacity of metals originate principally 
from two contradictory strategies, respectively that of the obstruction 
and promotion of dislocation motion [9–13]. 

This conflict has been effectively overcome in our recent study by 
developing a Mg-based interpenetrating-phase composite reinforced 
with a 3-D printed Nitinol (NiTi) scaffold [14]. The bi-continuous nature 
of constituent phases allows for an effective stress transfer within them, 
thereby promoting a potent strengthening effect by the Nitinol while 
maintaining the good damping properties of pure Mg. The damping 
capacity of the composite can be additionally enhanced by the easy 
occurrence of local deformation and damage at the weak interfaces 
between the two phases. A stable stress plateau can also be achieved in 
the composite under compression owing to the confinement of local 
damages within each phase, thereby leading to a high energy absorption 
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efficiency. Moreover, the composite after deformation can recover its 
initial shape and strength to a large extent, simply through heat treat-
ment. This is attributed to the shape memory effect caused by the 
martensite-to-austenite phase transformation in the Nitinol which 
compensates for the low creep resistance of the Mg matrix [15,16]. Such 
characteristic makes it possible to repeatedly absorb a large amount of 
mechanical energy which is highly desirable for resisting impact and 
reducing vibrations. 

Potential industrial applications of the Mg–NiTi interpenetrating- 
phase composite are clearly apparent in automotives, where the multi-
ple sources of vibrations can lead to high strain rates exceeding 1 s− 1, 
with the temperature ranging from ~175 ◦C, e.g., in transmission cases, 
to over 300 ◦C in engine pistons [6]. Our previous study revealed that 
the damping capacity of the composite can be continuously enhanced 
with increasing temperature [14]. To provide a basis for safety-critical 
design, it is of importance to clarify any effects of strain rate and tem-
perature on the mechanical properties, especially the strength, energy 
absorption efficiency, and damage mechanisms. Moreover, as the com-
posite is intended for use in applications involving energy absorption 
and vibration reduction, the compressive loading state was taken as the 
central concern of the current study. 

2. Materials and methods 

2.1. Composite fabrication 

The Mg–NiTi interpenetrating-phase composite was fabricated into a 
cubic shape of dimensions of 10 × 10 × 10 mm3, using a two-step 
procedure involving the 3-D printing of a Nitinol scaffold via selective 
laser melting and subsequent pressureless infiltration of a Mg melt into 
the scaffold [14]. In particular, the Nitinol scaffold was printed in the 
form of rhombic dodecahedrons, which represents a common architec-
ture in natural materials [17,18]. The Mg and Nitinol phases are 
bi-continuous and interpenetrated in 3-D space in the composite such 
that each phase will retain integrity after removal of the other one. A 
small amount of Mg2Ni precipitates and Ti-rich phase are formed, 
respectively, at the grain boundaries within the Mg matrix and near the 
interfaces between the Mg and Nitinol phases [14]. This is caused by the 
diffusion of nickel near the surfaces of the Nitinol scaffold into the Mg 
matrix. Full details about the fabrication and microstructure of the 
composite can be found in Ref. [14]. 

2.2. Characterization 

Cubic samples were ground and polished to dimensions of ~9 × 9 ×
9 mm3. Uniaxial compression tests were performed on these samples at 
ambient room temperature and elevated temperatures of 200 ◦C and 
350 ◦C using an Instron 5982 testing system (Instron Corp., USA) 
equipped with an incubator to achieve constant temperatures. The 
samples were placed in the incubator for 20 min prior to mechanical 
testing for tests at elevated temperatures. The compression testing was 
carried out under displacement control with the strain rates fixed at 
10− 3 s− 1, 10− 2 s− 1, 10− 1 s− 1 and 1 s− 1 at each temperature. For com-
parison, samples of the constituent phase, with the same dimensions 
were also tested under the same conditions, specifically pure Mg solid-
ified from the infiltration temperature and the 3-D printed Nitinol 
scaffold (with no Mg infiltration). At least three tests were repeated for 
each combination of strain rate and temperature. Results are presented 
in form of mean ± standard deviation. 

To explore the nature of the damage mechanisms, a set of samples 
was compressed at different strain rates and temperatures to a constant 
strain of 15% before unloading. Their surface morphologies were then 
examined using an Inspect F50 field-emission scanning electron micro-
scope (SEM) (FEI, USA) operating at an accelerating voltage of 20 kV. 

3. Results 

3.1. Compressive properties: effects of strain rate and temperature 

Figs. 1–3 show the compressive engineering stress-strain curves for 
the Mg–NiTi interpenetrating-phase composite along with those for pure 
Mg and the Nitinol scaffold at different strain rates and temperatures. 
Rule-of-mixtures approximations by simply treating the composite as 
the sum of Mg and Nitinol scaffold are also presented for comparison, as 
indicated by the dash curves. To be specific, the stress at a given strain in 
the composite, σROM, was approximated by summing that of pure Mg, 
σMg, weighted by its volume fraction, VMg, onto the stress in the Nitinol 
scaffold at the identical strain, σNiTi, following the relationship σROM =

σMgVMg + σNiTi, where the volume fraction of Mg matrix in the composite 
was measured to be 64.1% [14]. It is seen that the composite invariably 
displays a stable stress plateau up to a strain of over 40% at all strain 
rates and temperatures, both after yielding and before the later steep 
increase in stress. Such behavior is common in porous materials and 
often suggests a high potency for energy absorption [18–22]. The 
stresses in the composite exceed those in the constituents over the ma-
jority of the strain range. It is noted here that the low Young’s modulus 
of the composite at room temperature may be related to the weak in-
terfaces between Mg and Nitinol phases which tend to cause easy sliding 
as reported for Mg–Fe composite [23–27]. The weak grain boundaries in 
the Mg matrix, due to the presence of Mg2Ni precipitates [14], may also 
play a role in lowering the modulus. In comparison, the stress plateau 
can be obtained in pure Mg only at room temperature. The stress tends to 
exhibit a continuous increase with strain at elevated temperatures. Such 
a stress response is unfavorable for energy absorption applications 
where the applied stress generally remains stable during material 
deformation [5–8,15,20,21]. Additionally, the energy absorption effi-
ciency of the Nitinol scaffold at room temperature can be degraded 
because of the obvious stress drop after reaching the peak stress. This 
appears to be caused by the buckling deformation or collapse of struts in 
the scaffold [14,18–22]. Such stress drop becomes far less evident at 
higher temperatures, implying an improved mechanical stability of the 
scaffold. 

The maximum transmitted stress, σtr, and energy absorption effi-
ciency, Ea, are two key parameters for evaluating the energy absorption 
performance of materials. In case of the presence of a stable stress 
plateau, σtr and Ea are defined respectively as the peak stress at the 
plateau stage and the area under stress-strain curve before the stress 
rises to the level of σtr again [14,22], as illustrated in Fig. 1a. Alterna-
tively, for materials where the stress continuously increases with strain, 
e.g., for pure Mg at elevated temperatures, σtr can be determined ac-
cording to the intersection between tangents of the near linear sections 
before and after the steep stress increase [20,21], as illustrated in 
Fig. 3a. Ea can then be quantified by the area under the stress-strain 
curve up to the strain corresponding to σtr. 

Fig. 4 presents the variations of σtr and Ea as a function of strain rate 
at different temperatures for the Mg–NiTi composite as compared to 
pure Mg and the Nitinol scaffold. At given temperatures, σtr tends to 
increase monotonically with increasing strain rate in the composite and 
pure Mg. Such dependence can be described according to the empirical 
relationship in form of σtr = Kε̇m, where ε̇ is the strain rate and K and m 
are material constants which are temperature dependent [21,28–30]. At 
room temperature, the composite displays a markedly lower value of m 
(0.019) than those of bone (0.044–0.058) and dealloying-based met-
al-polymer composites (0.037–0.044) [31], implying a lower sensitivity 
of compressive properties to strain rate. With increase in temperature, 
the parameter m displays an increasing trend for the composite, indi-
cating an improvement of the strain rate sensitivity. With respect to the 
energy absorption, the value of Ea exhibits a general increasing trend 
with increase in strain rate at all temperatures for both the composite 
and pure Mg. The values of σtr and Ea for the two materials are decreased 
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Fig. 1. Compressive engineering stress- 
strain curves of the Mg–NiTi 
interpenetrating-phase composite at varying 
strain rates at room temperature. The results 
for pure Mg, the Nitinol scaffold, and their 
combination according to the rule-of- 
mixtures are also shown for comparison. 
The stresses on each curve are presented in 
form of mean ± standard deviation from 
those at equal strains for at least three 
samples. The maximum transmitted stress, 
σtr, and energy absorption efficiency, Ea, of 
the materials are indicated in (a) for the 
presence of a stable stress plateau [14,22].   

Fig. 2. Compressive engineering stress-strain curves of the Mg–NiTi interpenetrating-phase composite at varying strain rates at 200 ◦C as compared to pure Mg, the 
Nitinol scaffold, and their combination according to the rule-of-mixtures. 
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Fig. 3. Compressive engineering stress-strain curves at varying strain rates at 350 ◦C for the Mg–NiTi interpenetrating-phase composite and its constituents of pure 
Mg and the Nitinol scaffold along with their combination according to the rule-of-mixtures. Values of σtr and Ea, for materials where the stress continuously increases 
with strain, are indicated in (a) [20,21]. 

Fig. 4. Variation of the maximum transmitted stress, σtr , and energy absorption efficiency, Ea, as a function of strain rate, ε̇, at varying temperatures for (a) the 
Mg–NiTi interpenetrating-phase composite and its constituents of (b) pure Mg and (c) the Nitinol scaffold. The fitting results for the parameter m according to σtr =

Kε̇m for the Mg–NiTi composite and pure Mg are presented in (a) and (b). 
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as the temperature rises. Significantly, the composite is capable of 
absorbing a large amount of mechanical energy with Ea exceeding 100 
MJ m− 3 at all the strain rates tested at room temperature. 

In contrast, the Nitinol scaffold displays an increasing maximum 
transmitted stress σtr with increase in temperature, yet does not show a 
clear temperature dependence for Ea. Such variations are considered to 
be associated with the unique phase constituents and deformation 
mechanisms of Nitinol which would likely be quite different depending 
on the specific strain rate and temperature. The characteristic start and 
finish temperatures for the austenite-to-martensite phase transformation 
during cooling, Ms and Mf , in the present Nitinol were ~64 ◦C and 
~14 ◦C, respectively, as shown in Fig. S1 in the Supplementary Mate-
rials. The start and finish temperatures for the reverse transformation 
during heating, As and Af , are ~56 ◦C and ~92 ◦C, respectively. As such, 
the Nitinol scaffold comprises martensite and remaining austenite pha-
ses at room temperature, but is composed almost entirely of austenite 
phase at elevated temperatures of 200 ◦C and 350 ◦C. In addition to the 
plastic deformation in the individual phases, the applied stress may even 
induce austenite-to-martensite phase transformation in the scaffold 
which would also be dependent on strain rate and temperature [16,32, 
33]. Therefore, the combined effects of strain rate and temperature may 
cause variations in a mixture of distinctly different deformation mech-
anisms in Nitinol, e.g., dislocation slip in the austenite and martensite 
phases, stress-induced austenite-to-martensite phase transformation, 
and twinning in the martensite phase [16,32–38], thereby leading to 
varying mechanical properties. 

3.2. Constitutive analysis: strain rate and temperature sensitivities 

The compressive true stress-strain curves of the three materials, 
shown in Fig. S2–S4, are analyzed below to quantitatively elucidate the 

strain rate and temperature sensitivities of their mechanical properties. 
Specifically, the flow behavior of metallic materials at strain rate ε̇ and 
absolute temperature T can be described according to the hyperbolic 
sine-type Arrhenius relationship following [21,39–42]: 

ε̇=A
[
sinh

(
ασf

)]nexp( − Q /RT) = Zexp( − Q /RT) (1)  

where σf is the flow stress, R is the universal gas constant, and A and α 
are material constants. The stress exponent, n, and apparent activation 
energy, Q, are two key parameters depicting the effects of strain rate and 
temperature with their values negatively correlated, respectively, with 
the strain rate and temperature sensitivities of the flow stress [39–42]. 
The Zener-Holloman parameter Z, with Z = A[sinh(ασf )]

n
=

ε̇exp(Q /RT), is introduced for mathematical simplification in deter-
mining n [41,42]. To quantify the parameter α, Eq. (1) can be approx-
imated, respectively, using an exponential relationship at relatively high 
stress level and a power law relationship at relatively low stress level as 
[40,41]: 

ε̇=
{

Ahexp
(
γσf

)
exp( − Q/RT) (high  stress  level)

Alσf
β exp(− Q/RT) (low  stress  level) (2)  

where Ah and Al are material constants, akin to A, corresponding 
respectively to high and low stress levels. α can be determined as α = γ/β 
from the newly introduced parameters γ and β which can be readily 
obtained by data fitting. 

As shown in Fig. 5a and b, the peak flow stress σp, i.e., the maximum 
value of flow stress on the true stress-strain curves before final steep 
stress increase (Fig. S2–S4), for the composite and its constituents at 
relatively high and low stress levels can be well described according to 
Eq. (2). It is noted here that, for the composite and pure Mg, the high and 
low stress levels correspond to testing temperatures of room 

Fig. 5. Fitting results for the flow behavior 
of the Mg–NiTi interpenetrating-phase com-
posite as compared to pure Mg and the 
Nitinol scaffold. (a, b) Relationships between 
the peak flow stress σp and strain rate ε̇ for 
the three materials at their relatively (a) 
high and (b) low stress levels. (c) Fitting of 
ln[sinh(ασp)]-1/T relationships at different 
strain rates for the Mg–NiTi composite in 
determining the apparent activation energy 
Q. The results for pure Mg and the Nitinol 
scaffold are shown in Figure S5. (d) Fitting 
of lnZ-ln[sinh(ασp)] relationships for the 
three materials in determining the stress 
exponent n.   
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temperature and 350 ◦C, respectively, in view of the decreasing trend of 
their flow stress with rising temperature. Nevertheless, the test tem-
perature of 350 ◦C and room temperature are considered for the high 
and low stress levels for the Nitinol scaffold because of its opposite 
dependence of flow stress on temperature. 

The parameters γ and β can be determined, respectively, as the re-
ciprocals of slopes for σp-lnε̇ at high stress level and lnσp-lnε̇ at low stress 
level, giving the values of α. Additionally, the apparent activation en-
ergy, Q, can be obtained by differentiating the logarithmic form of Eq. 
(1) as: 

Q=R
[
∂lnε̇

/
∂ln

[
sinh

(
ασf

)]]

T

[
∂ln

[
sinh

(
ασf

)]/
∂(1/T)

]
ε̇ (3) 

For each material, the value of ∂ln[sinh(ασp)]/∂(1 /T) can be deter-
mined as the average of the slopes of fitting lines for ln[sinh(ασp)]-1/ T, 
which are nearly the same at different strain rates, as shown in Fig. 5c 
and S5. The value of∂lnε̇/∂ln[sinh(ασp)] can be determined as the average 
reciprocal of the slopes of fitting lines for ln[sinh(ασp)]-  lnε̇ at different 
temperatures, as shown in Fig. S6. By incorporating Q, the parameter Z 
for different strain rates and temperatures can be obtained from Z =

ε̇exp(Q /RT). As such, the parameters A and n can be determined using 
the intercept and slope of the fitting lines for lnZ-ln[sinh(ασp)] according 
to Eq. (1), as shown in Fig. 5d. The fitting results for all these parameters 
are listed in Table S1 in the Supplementary Materials. The values of 
these parameters for pure Mg conform well to those reported in litera-
ture [39,41], indicating a good validity of the above analysis. 

As shown in Fig. 6a–c, the general varying trends of peak flow stress 
with strain rate and temperature can be well expressed by Eq. (1) for all 
the three materials, despite the fact that the relatively lower goodness- 
of-fit for the Nitinol scaffold can be associated with the changes in the 
deformation mechanisms discussed above. Fig. 6d presents a direct 
comparison of the strain rate and temperature sensitivities of the peak 
flow stress for the three materials, which are negatively correlated with 

the stress exponent n and apparent activation energy Q, respectively. It 
is seen that the Mg–NiTi interpenetrating-phase composite displays the 
largest Q, implying the lowest temperature sensitivity of the flow stress. 
Also, the parameter n of the composite exceeds that of pure Mg by 
~90%. These results suggest a markedly enhanced stability of the 
compressive properties in the composite with respect to strain rate and 
temperature as compared to the Mg matrix. This clearly is achieved 
through the introduction of the continuous Nitinol scaffold 
reinforcement. 

3.3. Damage mechanisms 

Our previous study has revealed that the damage processes in the 
Mg–NiTi interpenetrating-phase composite under quasi-static compres-
sion at a strain rate of 10− 3 s− 1, originates at room temperature prin-
cipally from the grain boundary cracking of the Mg matrix near the 
Mg2Ni precipitates [14]. As the damage evolves, this is followed by the 
interfacial separation between the Mg and Nitinol and the cracking (to 
destruction) of the Nitinol scaffold with the increase in compressive 
strain [14]. Here the morphology of damage in the composite was 
further examined to discern the effects of strain rate and temperature on 
the dominant damage mechanisms. In view of the potential applications 
for energy absorption, all the samples for this particular characterization 
were pre-compressed to a fixed strain of 15% which approximately 
corresponds to the onset of stress plateau on stress-strain curves. 

Fig. 7 shows representative surface morphologies of the composite 
after compression at different strain rates and temperatures; these 
demonstrate a distinct dependence of damage mechanisms on the strain 
rate and temperature. At a low strain rate of 10− 3 s− 1, grain boundary 
cracking of the Mg matrix is consistently the prime damage mechanism 
at varying temperatures. This is largely associated with the presence of 
Mg2Ni precipitates at the grain boundaries [14]. With increase in strain 
rate, interfacial cracking between Mg and Nitinol plays an increasing 

Fig. 6. Theoretical description about the 
peak flow stress and its sensitivities to strain 
rate and temperature. Dependences of peak 
flow stress on strain rate at varying tem-
peratures for (a) the Mg–NiTi 
interpenetrating-phase composite, (b) pure 
Mg, and (c) the Nitinol scaffold described by 
the theoretical model according to Eq. (1). 
(d) Comparison of the strain rate and tem-
perature sensitivities of the peak flow stress 
for the three materials in terms of stress 
exponent n and apparent activation energy 
Q.   
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role in causing damage at room temperature up to 200 ◦C. This suggests 
an enhanced incompatibility of deformation between the two phases 
which can be likely ascribed to the micro-inertia in heterogeneous ma-
terials at dynamic loading conditions [43–45]. The precipitation of a 
Ti-rich phase at the interfaces also plays a role in promoting the inter-
facial cracking [14]. Specifically, both grain boundary cracking and 
interfacial cracking occur in the composite at 200 ◦C at strain rates of 
10− 2 s− 1 and 10− 1 s− 1. The coexistence of the two modes implies a 
gradual transition of the damage mechanisms with varying strain rate 
and temperature. 

The damage in the composite at 350 ◦C and for strain rates below 1 
s− 1 is still governed by the grain boundary cracking in the Mg matrix. 
Nevertheless, the detailed characteristics of the cracking of the grain 
boundaries are largely dependent on temperature. The cracks are pri-
marily localized at a limited number of grain boundaries at room tem-
perature; however, they are more uniformly distributed as the 
temperature increases. This is consistent with the general trend in metals 
that grain boundaries tend to become less resistant to fracture at 
elevated temperatures [15,39,41]. With the further increase of strain 
rate up to 1 s− 1 at temperatures of 200 ◦C and 350 ◦C, the composite 
displays a dominant damage mode of shear cracking, which is likely 
caused by the localized heat accumulation generated from the instan-
taneous plastic deformation [46–49]. In this case, the global fracture of 
the composite necessitates the penetration of shear bands and cracks 
through both the Mg and Nitinol phases. However, owing to their 
interpenetrating-phase architecture in 3-D space, the propagation of 
shear bands and cracks can be effectively arrested at the Nitinol scaffold, 
especially at room temperature. This crack arresting feature is highly 
favorable for absorbing mechanical energy in the composite under 

Fig. 7. Representative damage morphologies of the Mg–NiTi composite after compression at different strain rates and temperatures. All the samples were com-
pressed to a fixed strain of 15%, which corresponds to the onset of the stress plateau, and then unloaded for characterization. 

Fig. 8. Dominant damage mechanisms in the Mg–NiTi interpenetrating-phase 
composite as a function of strain rate and temperature. The damage mecha-
nisms were categorized into three regions representing grain boundary cracking 
of the Mg matrix, interfacial cracking between Mg and Nitinol phases and shear 
cracking. The insets show the schematic illustrations of correspond-
ing mechanisms. 
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dynamic loading. Therefore, the damage mechanisms of the composite 
can be categorized into three typical regions as a function of the strain 
rate and temperature, as illustrated in Fig. 8. It is noted here that there 
are gradual transitions or a mixture of mechanisms, instead of sharp 
changes, between adjacent regions at their boundaries as indicated by 
the dashed curves. 

4. Discussion 

The above results clearly demonstrate a large dependency of the 
compressive properties of the Mg–NiTi interpenetrating-phase compos-
ite on strain rate and temperature which are markedly different from 
those for pure Mg and the Nitinol scaffold. Such characteristics are 
significant for potential applications of this composite, e.g., for 
absorbing mechanical energy or reducing vibrations and noise, where 
varying strain rates and temperatures are frequently involved. The 
unique feature of this composite stems essentially from the combination 
of its two constituents and their 3-D interpenetrating-phase architecture. 
On the one hand, in contrast to the easy creep and obvious weakening of 
pure Mg at elevated temperatures, the compressive properties of the 
composite are remarkably less sensitive to temperature at different 
strain rates, as inferred by the much higher value of the apparent acti-
vation energy Q (Fig. 6d). This is largely associated with the low tem-
perature sensitivity of the properties in the Nitinol phase which can even 
be improved with increasing temperature (Fig. 4b). As such, the Nitinol 
scaffold within the composite plays an increasing role in carrying load 
and absorbing mechanical energy with increase in temperature. The 
stress transfer within the Nitinol scaffold and the Mg matrix, and that 
between them, can be facilitated, respectively, by the bi-continuous 
nature of the two phases and their 3-D interpenetrating-phase archi-
tecture. This helps promote an effective reinforcing role of the Nitinol 
scaffold in the composite. Such a feature differs markedly from the case 
for composites containing discrete reinforcements where the strength-
ening effect of reinforcements can be notably degraded when the matrix 
becomes weakened [5–8,12]. 

On the other hand, the Mg–NiTi composite constantly exhibits a 
stable compressive stress plateau at different strain rates and tempera-
tures, which is favorable for energy absorption under various conditions. 
The 3-D interpenetrating-phase architecture plays a critical role in 
enhancing the damage tolerance of the composite, thereby generating 
the stable stress plateau for effective energy absorption. First, mechan-
ical damages, especially at the early stages, can be confined to each 
individual constituent of the Mg and Nitinol owing to their interpene-
tration and mutual partition in 3-D space. This helps retard the occur-
rence of outright failure in the entire composite caused by critical 
propagation of damage across the two phases. Specifically, the propa-
gation of grain boundary cracks out of the Mg matrix inevitably en-
counters the barriers induced by the Nitinol scaffold, as shown in Fig. S7. 
Second, the continuous nature of the Nitinol scaffold can effectively 
mitigate the weakening effects caused by grain boundary cracking and 
creep of the Mg matrix. Additionally, interfacial cracking between the 
Mg and Nitinol phases cannot lead to a complete separation of them 
because they are interpenetrated and geometrically interlocked. The 
composite can thus retain its structural integrity even when the inter-
facial cracks penetrate into the Nitinol scaffold [14]. Moreover, the 3-D 
interpenetrating-phase architecture also functions to resist global frac-
ture of the composite under dynamic loading conditions as it necessi-
tates the propagation of shear bands and cracks through the Nitinol 
scaffold (Fig. S7). The contact and further compaction between adjacent 
struts of the Nitinol scaffold after it ruptures lead to the increase of stress 
with strain, thereby causing the termination of the stress plateau. 

Fig. 9 shows a direct comparison of the compressive properties, in 
terms of the maximum transmitted stress σtr and the energy absorption 
efficiency Ea, for the current Mg–NiTi composite, pure Mg and the 
Nitinol scaffold at different strain rates and temperatures. Typical 
property ranges of other metallic materials at room temperature are also 

plotted to provide a clearer recognition [7,8,14–22,28,50]. The theo-
retical limit of Ea, as indicated by the dashed line, corresponds to the 
ideal case of energy absorption for materials where the stress constantly 
equals σtr at the entire range of strain up to 100% [22]. It is noted here 
that most Mg alloys are inferior to pure Mg in absorbing mechanical 
energy, despite their higher strengths, as they usually display marked 
strain-hardening behavior with continuously rising stress-strain curves, 
or they simply fail with less plastic deformation [19,21,50], in either 
case lacking a stress plateau. It can be seen that the Mg–NiTi composite 
outperforms its constituents in both σtr and Ea over the majority of tested 
strain rate and temperature ranges (except for the condition of 1 s− 1 at 
200 ◦C). In particular, the energy absorption efficiency of the composite 
is much closer to the theoretical limit as compared to most Mg and 
aluminum alloys. Its compressive properties, specifically the energy 
absorption efficiency, are even comparable to those of some steels, such 
as the Q235 low-carbon steel [19], which have far higher densities. 
Moreover, our previous study has revealed that the composite has 
outstanding damping capacities under varying strain amplitudes at 
room to elevated temperatures [14]. The excellent combination of these 
properties may help expand the potential use of this composite to a 
much broader range of applications, from quasi-static to dynamic 
loading conditions and from room to elevated temperatures, particularly 
for applications involving energy absorption and vibration/noise 
reduction. 

5. Conclusions 

The compressive properties of our Mg–NiTi interpenetrating-phase 
composite, with special reference to their dependences on strain rate 
and temperature, are investigated here and compared to the corre-
sponding properties of its constituents, that of pure Mg and Nitinol 
scaffold. Based on this study, the following conclusions can be drawn: 

(1) The composite demonstrates an effective energy absorption effi-
ciency at varying strain rates and temperatures which is charac-
terized by the presence of a stable stress plateau on the stress- 
strain curves up to large strains of more than 40%. The plateau 
stress exceeds those for the individual constituents as well as their 
combination according to the rule-of-mixtures. 

Fig. 9. Comparison of the maximum transmitted stress σtr and energy ab-
sorption efficiency Ea under compression for the Mg–NiTi interpenetrating- 
phase composite with those of other typical metallic materials [7,8,14–22,28, 
50]. The theoretical limit for energy absorption, which corresponds to the ideal 
case where the stress constantly equals σtr over the entire range of strain up to 
100%, is indicated by the dashed line [22]. 
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(2) The composite exhibits different compressive properties and 
various damage mechanisms depending on different strain rates 
and temperatures; these include grain boundary cracking of the 
Mg matrix, interfacial cracking between the Mg and Nitinol 
phases, and shear cracking. The maximum transmitted stress and 
energy absorption efficiency display a general increasing trend 
with increase in strain rate or decrease in temperature. The strain 
rate and temperature sensitivities of compressive properties are 
much lower in the composite as compared to pure Mg, indicating 
an enhanced stability for the composite.  

(3) The 3-D interpenetrating-phase architecture plays a central role 
in ensuring an effective strengthening effect of the Nitinol scaf-
fold and resisting damage evolution in the composite, thereby 
endowing it with remarkable damage tolerance for potent energy 
absorption. The good combination of properties, i.e., the 
maximum transmitted stress, energy absorption efficiency and 
damping capacities, makes the Mg–NiTi interpenetrating-phase 
composite appealing for applications under various conditions 
where different strain rates and temperatures may be involved, 
especially for energy absorption and vibration/noise reduction. 
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