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Abstract: A NiTi@Mg interpenetrating phase composite with high strength and lightweight was prepared by additive 
manufacturing (AM) and infiltration technology, and the interface bonding, three-point bending properties and cyclic 
compressive properties of NiTi@Mg composites were investigated. The results show that the metallurgically bonded 
interface is formed at the NiTi/Mg interfaces. The bending strength and compressive strength of the NiTi@Mg 
composite are 2.5 and 1.7 times higher than those of the NiTi scaffold, respectively. During the bending deformation 
process, a large number of dislocations are observed to accumulate in the soft Mg area at the interface. Furthermore, the 
finite element model showed that the stress accumulation area, where the bending crack is initiated, is located at the 
interface of NiTi and Mg. The strengthening mechanism of NiTi@Mg composites is attributed to the twinning 
strengthening of Mg and heterogeneous structure strengthening. 
Key words: metal composites; NiTi@Mg; bending properties; finite element simulation; strengthening mechanism 
                                                                                                             
 
 
1 Introduction 
 

Composite materials have emerged as an 
important research topic in material science. They 
achieve an excellent combination of properties and 
functions by the synergistic contribution of each 
constituent phase [1]. In the majority of composites, 
load-bearing responsibility is assigned to a stiff and 
strong phase (hard phase), while load transfer 
between the hard phases and the guarantee of 
structural stability are facilitated by a weak matrix 
(soft phase) [1]. However, the hard phases are 
mostly isolated in these traditional designs, such as 

heterogeneous lamella-structured composites [2], 
fiber-reinforced composites [3], and particle- 
reinforced composites [4]. Notwithstanding these 
designs can be endowed with good performance in 
specific loading directions, their performance will 
be greatly reduced in a more complex multi-axis 
states due to the lack of continuous reinforcement. 
An example is that fiber-reinforced composites 
exhibit higher strength under unidirectional tensile 
loading. Therefore, a continuous reinforcement 
design is deemed important for the preparation of 
composites with integrated structural stability and 
avoiding the introduction of weak directions. 

A new design scheme, the interpenetrating 
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phase composites, has attracted the attention of 
researchers in recent years [5,6]. These composites 
are composed of two phases with topological 
interconnection throughout the whole structure. It 
has been consistently demonstrated in several 
studies that interpenetrating phase composites allow 
each constituent phase to be interconnected, which 
makes the optimal contribution to the mechanical 
properties of composites and provides an exciting 
alternative to the traditional designs (e.g., 
discontinuously reinforced composites) [1,6,7]. As 
such, interesting combinations of properties and 
functions can be achieved by the synergy of the two 
phases. For instance, composite materials with a 
completely interconnected three-dimensional 
network structure exhibit high strength, toughness, 
and wear resistance [8,9]. The reason for this is the 
continuous and distorted distribution of crystal 
packets within the network structure, which 
effectively inhibits the crack propagation in 
three-dimensional space [8]. It should be pointed 
out that the majority of interpenetrating phase 
composites in these studies are prepared by 
traditional strategies, such as mechanical mixing 
[10,11], powder metallurgy [12], hot pressing 
molding [13,14], and grouting molding [15]. To our 
disappointment, traditional methods for preparing 
composites exhibit insufficient controllability of the 
structure, resulting in limited mechanical or 
functional properties [16,17]. 

Additive manufacturing (AM), as exemplified 
by selective laser melting (SLM), is a technology 
capable of accurately manufacture complex 
structures and individualized shapes, making it an 
ideal method for preparing porous metals [18]. This 
is particularly effective in producing porous metal 
scaffolds with pre-designed architectures, thereby 
providing opportunities for ideal structural design. 
However, selective laser melting molding is limited 
and hindered in the preparing composites. For 
instance, selective laser melting for metals is 
restricted to a single ingredient (although material 
system is composed of multiple components). The 
process becomes significantly complicated when 
multiple types of ingredients are involved [6].     
To address the issues, the fabrication of 
interpenetrating NiTi@Mg composites is divided 
into two steps: (1) preparing porous NiTi scaffolds 
using the selective laser melting method, and     
(2) infiltrating the scaffolds with a Mg melt. NiTi 

and Mg are chosen as ingredients due to the fact 
that NiTi alloy has low elastic modulus, good shape 
memory effect, and superelasticity, which can be 
applied in biomedical implant devices, actuators, 
and energy-damping structures. Additionally, NiTi 
alloy can release strain energy through stress- 
induced martensitic transformation during 
deformation [18,19]. While Mg possesses high 
specific strength, stiffness, and good damping 
properties, making it ideal for applications 
involving mechanical energy dissipation, vibration 
damping, energy absorption, and noise reduction [5]. 
Moreover, during deformation, Mg twinning plays 
an important role in hindering dislocation 
movement, buffering microcrack growth, and 
preventing catastrophic fracture [20]. However, the 
interface situation of Mg and NiTi materials 
remains unclear, and the corresponding deformation 
mechanism of the interface is still a research gap. 
Therefore, it is necessary to further explore the 
toughness mechanism of composite structures to 
provide guidance for the design of composite 
structural materials with excellent mechanical 
properties and functions. The initiation and 
propagation of interface cracks can significantly 
impact the strength and elongation of composite 
structures. Consequently, understanding the 
bonding situation and deformation mechanism of 
the composite structure interface can aid in the 
development of interpenetrating phase composite 
materials with higher strength and ductility. 

This study reports the infiltration of Mg into  
a 3D printed NiTi scaffold to obtain 3D 
interpenetrating phase heterostructures composite 
materials. The mechanical properties and fracture 
behavior of the heterostructures are analyzed 
through three-point bending experiments, cyclic 
loading experiments, and finite element simulations. 
Focused ion beam (FIB) and transmission electron 
microscope (TEM) techniques are utilized to reveal 
the formation and failure mechanism of the 
NiTi@Mg interpenetrating phase heterostructures 
interface, providing guidance for designing 
composite structural materials with superior 
mechanical properties and novel functionalities. 
 
2 Experimental 
 
2.1 Fabrication of composite 

This work employed two distinct metallic 
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materials: nickel-titanium (NiTi) powder and pure 
magnesium (Mg) powder. Spherical NiTi powder, 
with an average particle size of 35 μm, was utilized 
to fabricate scaffolds through selective laser melting 
(SLM) technique. NiTi scaffolds, comprising 10 × 
10 × 30 arrays (with each cell size of 3.3 mm × 
3.3 mm × 3.3 mm), were created using a Bolite 
SLM S210 machine (Bolite, China). The laser beam 
diameter during the SLM printing process was set 
to be 75 μm, and the layer thickness of the powders 
was 50 μm. The printing process was performed at 
a laser power of 200 W, and the scanning speed was 
set to be 1000 mm/s. This SLM process facilitated 
the fabrication of controlled NiTi reinforcement 
structures in interpenetrating phase composites. 
Subsequently, the Mg melt was infiltrated into the 
scaffold using a high-pressure chamber. Specifically, 
the NiTi scaffold and Mg were placed in the same 
crucible and maintained at 800 °C in a resistance 
furnace (OTF−1200X Kejnig, China) at a pressure 
of 10 MPa for 30 min, followed by cooling with the 
furnace. The heating process was conducted under 
the protection of an argon atmosphere, thereby 
enabling the preparation of NiTi@Mg inter- 
penetrating phase heterostructure composites while 
avoiding Mg oxidation. Figure 1 illustrates the 

detailed manufacturing process diagram of 
NiTi@Mg interpenetrating phase composites. 

 
2.2 Mechanical properties test 

A WDW-50 (Shanghai Bairuo, China) 
multifunctional mechanical testing machine was 
employed to conduct three-point bending and cyclic 
loading/unloading tests at ambient temperature. The 
dimensions of the three-point bending specimen 
were 30 mm × 10 mm × 10 mm, and the dimensions 
of the cyclic loading/unloading specimen were 
10 mm × 10 mm × 10 mm. The three-point bending 
test was carried out at a strain rate of 0.5 mm/min. 
The cyclic compression samples were subjected to 
10 loading/unloading cycles with a 2% strain 
increment. To ensure data reproducibility, at least 
three independent tensile samples were tested for 
each condition. The fracture morphologies were 
examined by scanning electron microscopy (SEM) 
and TEM. The hardness distribution at the NiTi/Mg 
interface was measured by the Lab Testing Tech 
THV-1D Vickers micro-hardness tester. The 
indentation load was set at 0.49 N with a residence 
time of 15 s. Randomly selected samples were 
tested at no less than five distinct positions, and the 
average value was recorded. 

 

 
Fig. 1 Schematic illustration of fabrication process of NiTi@Mg interpenetrating phase composites, including 
preparation of NiTi metal stents by selective laser melting, and subsequent infiltration of scaffold with Mg melt 
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2.3 Structural characterization 
The morphology of the NiTi scaffold and the 

NiTi@Mg interpenetrating phase structure, as well 
as the microstructure of fractured samples, were 
analyzed via SEM (JEOL JMS−7900F). SEM 
samples were prepared by mechanically grinding 
with 400−5000 mesh silicon carbide sandpaper, 
followed by polishing with colloidal Al2O3. The 
microstructure and energy dispersive spectroscopy 
(EDS) at the interface of the NiTi@Mg composite 
structure was examined using TEM (FEI Talos 
F200X) at 200 kV. TEM samples at the NiTi/Mg 
interface were prepared using the focused ion  
beam (FIB) method with a voltage of 30 kV 
(Thermoscientific Scions2). The observation areas 
included the NiTi/Mg interface before and after 
compression, respectively. Geometric phase 
analysis (GPA) was computed using custom GPA 
plugins in Gatan Digital Micrograph (DM) 
software. 
 
2.4 Finite element modelling 

The geometric models and dimensions of the 
three-point bending and compression tests were 
identical to those described in Section 2.2. Finite 
element simulations were conducted using 
commercial software, Abaqus 2021/CAE. The 
geometry of the three-point bending simulation 
loading system consisted of a loading probe, 
NiTi@Mg composite structure, and two rigid fixed 
supports. The loading rate of 0.5 mm/min was 
selected to match the experimental conditions. The 
compression simulation involved loading on 
volume elements of the NiTi@Mg composite 
material, with compression applied along the y-axis 
at a rate of 0.5 mm/min. Both the top and bottom 

anvils were approximated as rigid bodies with very 
high elastic moduli during numerical simulation. 
Additionally, the loading probe geometry during the 
simulation was modelled as a 3D−deformable− 
shell−planar structure. 
 
3 Results 
 
3.1 Microstructure and interfacial characteristics 

Figure 2 displays the SEM images of the    
Ni scaffold and the NiTi@Mg interpenetrating 
structure, along with the hardness distribution at the 
NiTi/Mg interface. As can be observed in Fig. 2(a), 
the NiTi sample exhibits a cubic unit cell structure, 
where each unit cell has a size of 3.3 mm × 
3.3 mm × 3.3 mm. Additionally, a large amount of 
splashed powder was observed in the porous NiTi 
scaffold, which increased the surface area of the 
scaffold and provided favorable conditions for the 
subsequent combination of NiTi and Mg [6].    
The macro morphology of the NiTi@Mg inter- 
penetrating structure formed by infiltrating Mg into 
porous NiTi scaffolds is shown in Fig. 2(b). The 
light-dark contrast areas represent the scaffold 
(NiTi) and the filler (Mg), respectively. Notably, no 
obvious defects are observed in either region of 
light-dark contrast, which verifies that thermal 
infiltration can prepare dense NiTi@Mg 
interpenetrating structures. The volume fractions of 
the filler and scaffold are approximately 50% each, 
which effectively prevents strain localization of the 
Mg fillers [15]. Moreover, no apparent macroscopic 
cracks and pores are found at the interface of the 
composites, indicating that the Mg fillers and NiTi 
scaffolds were effectively bonded. 

Figure 2(c) shows the Vickers micro-hardness 
 

 
Fig. 2 (a) SEM images of SLM porous NiTi scaffolds; (b) SEM images of NiTi@Mg interpenetrating structure;      
(c) Vickers hardness of NiTi scaffold region and Mg filler region in (b) (Metallurgical bonding between hard phase NiTi 
scaffold and soft phase Mg filler) 
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of the scaffold (NiTi) and filler (Mg) of the 
NiTi@Mg composite. It can be observed that the 
micro-hardness of the Mg filler region (HV 69.46) 
is significantly lower than that of the scaffold 
region (HV 239.60). To a certain extent, this 
indicates that the deformation resistance of the 
filling area is smaller than that of the scaffold area. 
This matching of soft and hard regions can more 
effectively resist deformation [21]. 

To verify the bonding between NiTi scaffolds 

and the Mg fillers at the microscale, FIB was used 
to prepare TEM samples at the interface. The 
microstructure and composition distribution at the 
NiTi/Mg interface were measured by TEM and the 
results are shown in Fig. 3. It is found that there  
are significant differences in the microstructure 
between filler (Mg) and scaffolds (NiTi) at the 
interface, and the coarse grains and fine grains are 
identified as hexagonal close-packed (hcp) Mg   
and body-centered cubic (bcc) NiTi, respectively, by 

 

 
Fig. 3 TEM images for interface of NiTi@Mg sample: (a) Bright-field image; (b, c) [ 2110]  zone axis high resolution 
transmission electron microscope (HRTEM) and selected-area electron diffraction (SAED) pattern of Mg filler in (a); 
(d, e) [111] zone axis HRTEM and SAED pattern of NiTi in (a); (f−h) STEM-EDS mapping images of interface region 
between NiTi scaffolds and Mg filler (The distribution spectra of Ni, Ti and Mg elements in the area are shown in (f), (g) 
and (h) respectively) 
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high resolution transmission electron microscopy 
(HRTEM) and selected area electron diffraction 
(SAED), as shown in Figs. 3(b, c) and (d, e). In fact, 
no visible microcracks were found at the NiTi/Mg 
interface, and the well-bonded microscopic 
interface is demonstrated in the TEM brightfield 
image (Fig. 3(a)). In addition, dendritic laths with a 
width of ~100 nm are precipitated at the interface of 
Mg and NiTi. These laths have a similar effect to 
the macroscopic sputtered powder (see Fig. 2(b)), 
i.e., increasing the roughness between the scaffold 
and filler, which provides an ideal condition for 
interface strengthening [6]. Figures 3(f−h) show the 
elemental mapping of Ni, Ti, and Mg, respectively. 
Elemental Ni and Ti are found both in the scaffold 
and filler area, which is attributed to the diffusion of 
Ni and Ti during the infiltration of the Mg into the 
scaffold. In addition, a small amount of Mg is also 
observed in the NiTi scaffolds. These results 
indicate that the interpenetrating NiTi@Mg 
specimens with metallurgical bonding interfaces are 
successfully prepared by SLM and infiltration, 
which will affect the mechanical properties of the 
scaffolds to some extent [5]. 
 
3.2 Mechanical properties 

To assess the mechanical properties of the 
composites, three-point bending and cyclic loading 
compression experiments are conducted on the NiTi 
scaffolds and NiTi@Mg interpenetrating phase 
composites. The typical load−displacement curves 
are presented in Fig. 4(a). The three-point bending 
tests exhibit an initial linear increase in load− 
displacement curves, which indicates elastic 
deformation behavior. 

After reaching the yield point of NiTi scaffolds 

and NiTi@Mg interpenetrating phase composites, 
the load and displacement continue to increase 
linearly. However, the load of the NiTi@Mg 
interpenetrating phase composite increases more 
prominently with displacement due to the hardening 
behavior of the interpenetrating phase composite 
after yielding [22]. The fracture resistance of both 
the NiTi scaffolds and the NiTi@Mg interpenetrating 
phase composites drops rapidly when the force 
reaches the peak load, and the samples deform 
severely until fracture occurs. Additionally, the 
bending strength and fracture absorption energy of 
the samples are demonstrated in Fig. 4(b). The NiTi 
scaffold exhibits a bending strength of 170 MPa, 
while the NiTi@Mg interpenetrating phase 
composite exhibits a bending strength of 432 MPa. 
The fracture absorption energies of the scaffold and 
interpenetrating phase composite are 16.49 and 
41.33 J/mm2, respectively. This result indicates that 
the NiTi@Mg interpenetrating phase composites 
possess much higher bending strength and energy 
absorption ability during the fracture process. 
Generally, this phenomenon can be attributed to the 
back stress generated by the filler [16,21,23]. 
During the three-point bending test, three 
characteristics can be observed in almost all 
materials: (1) Deformation initially occurs on the 
top surface in contact with the load, and the 
sample’s cross-section may become elliptical,    
(2) The compressed part bends as the load increases 
continuously, and localized wrinkling occurs where 
the top surfaces meet and persist until failure, and 
(3) The material’s ability to withstand load decreases 
rapidly when the curve reaches the peak load and 
exceeds the peak load displacement, indicating that 
the bottom of the material is broken [24]. 

 

 
Fig. 4 (a) Typical load−displacement curves of NiTi scaffolds and NiTi@Mg interpenetrating phase composites;     
(b) Bending strength and fracture energy of NiTi scaffolds and NiTi@Mg interpenetrating phase composites (Compared 
with NiTi scaffold, NiTi@Mg interpenetrating phase composites have higher peak load and absorption energy) 
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Figure 5(a) depicts the stress−strain curves of 
NiTi scaffolds and NiTi@Mg interpenetrating phase 
composites under cyclic loading, and a similar  
trend is observed in ten-cycle compression tests  
of scaffolds and composites. The detectable 
circumscribed region in the stress−strain hysteresis 
loop indicates the presence of a hysteresis effect, 
which is more pronounced at higher strains. Under 
low strain compressive loads, the hysteresis loop is 
small, but it increases with strain. NiTi scaffolds 
exhibit a lower hysteresis effect than NiTi@Mg 
interpenetrating phase composites, as demonstrated 
in Fig. 5(b). These findings suggest that the 
hysteresis effect becomes more prominent as the 
applied strain increases, enabling additional 
dissipation of mechanical energy under cyclic 
loading/unloading conditions, in addition to 
dissipation through plasticity or damage [5]. 

To gain a deeper understanding of the 
deformation process of the interpenetrating phase 
composites, the characteristic energies, namely 
Econsumed (irreversible deformation of mechanical 
energy consumption), Edisipated (energy dissipated by 

viscoelasticity), and Eelastic (energy of elastic 
recovery), are calculated for each loading cycle 
curve shown in Fig. 5(c). As illustrated in Fig. 5(d), 
the Eelastic and Edissipated values of NiTi scaffolds and 
NiTi@Mg interpenetrating phase composites 
exhibit similar changes, reaching a steady state. 
However, after ten loading−unloading cycles,   
the Eelastic and Edissipated values for NiTi@Mg 
interpenetrating phase composites are significantly 
higher than those for NiTi scaffolds, and their 
growth rate is also greater. A high Eelastic is generally 
associated with high dissipation energy [5,22,25]. It 
should be noted, however, that the Econsumed of 
NiTi@Mg interpenetrating phase composites is 
higher than that of NiTi scaffolds in the early stage, 
but after ten cycles of loading−unloading, their 
values become almost equal, implying that the Mg 
matrix can coordinate deformation during the 
plastic deformation stage [5]. 

 
3.3 Fracture morphology 

Figure 6 presents the SEM fracture morphologies 
of NiTi scaffolds and NiTi@Mg interpenetrating 

 

 
Fig. 5 Cyclic loading−unloading stress−strain curves of NiTi scaffolds and NiTi@Mg interpenetrating phase composites 
compressed to different strains: (a) Loading−unloading stress−strain curves compressed to different strains of 2%, 4%, 
6%, 8%, 10%, 12%, 14%, 16%, 18% and 20%; (b) Stress−strain curves of composite at the 10th deformation;       
(c) Schematic diagram of mechanical energies distribution; (d) Variations of mechanical energy with loading cycle 
during cyclic loading−unloading process 
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Fig. 6 SEM images of fracture surface morphology of NiTi scaffolds and NiTi@Mg interpenetrating phase composites: 
(a) Fracture surface of porous NiTi scaffolds; (b) Zoom-in image of boxed area in (a); (c) Fracture surface of NiTi@Mg 
interpenetrating phase composites; (d) Boundary cracking between NiTi and Mg 
 
phase composites after three-point bending test. The 
fracture surface of NiTi scaffolds shows a large 
number of micro-cracks (Fig. 6(a)) and dimples 
(Fig. 6(b)). The presence of dimples indicates that 
the NiTi scaffold has ductile fracture characteristics. 
However, these micro-cracks can act as initiation 
sites for fracture or preferred sites for crack 
propagation, leading to accelerated sample failure 
[26]. Similarly, dimples are found in the NiTi 
matrix of the NiTi@Mg interpenetrating phase 
composites, but the number of micro-cracks is 
significantly reduced compared to Fig. 6(a) (see 
Fig. 6(c)). Therefore, the infiltration of Mg alters 
the fracture mode of the NiTi scaffold, enhancing 
both fracture strength and plasticity. Moreover, 
cleavage planes and secondary cracks are present in 
the fractured regions of the Mg fillers, indicating 
typical transgranular fracture modes [27]. The 
propagation of secondary cracks is caused by the 
local stress variations during deformation. 
Additionally, visible cracks appear at the Mg and 
NiTi interface of the NiTi@Mg interpenetrating 
phase composites, which is largely due to stress 
transfer at the heterointerface [11]. 

Cross-sectional morphologies of the fractured 

sample (Fig. 7) were analyzed to investigate the 
crack initiation and propagation paths, revealing the 
presence of irregularly-shaped extended cracks and 
secondary cracks of the Mg filler and the interface 
cracks of NiTi/Mg near the fracture. The crack 
distribution of the cross-section indicates that the 
crack initiation of the NiTi@Mg interpenetrating 
phase composites takes place at the Mg filler and 
the NiTi/Mg interface, with secondary cracks or 
longer crack propagation paths consuming more 
energy during the fracture process [28]. The change 
in irreversible deformation energy (Econsumed) is 
shown in Fig. 5(d) to support this observation. 

In order to gain deeper insights into the 
formation and propagation of cracks, transmission 
electron microscopy (TEM) samples of the 
deformed interfacial region were prepared using 
focused ion beam (FIB), as depicted in Figs. 8(a) 
and (b). A comparison of the microstructure in the 
deformed interfacial region with the undeformed 
area (Fig. 3(a)) revealed that the Mg filler exhibited 
numerous irregular dark regions, resulting from 
dislocation entanglement that led to the formation 
of high-density dislocations. This observation was 
made in the bright-field image of Fig. 8(c) at the 
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Fig. 7 SEM images of NiTi@Mg interpenetrating structure: (a) Crack propagation morphology in Mg filler; (b) Zoom- 
in image of boxed area in (a); (c) Crack distribution of fracture section; (d) Zoom-in image of boxed area in (c) 
 

 

Fig. 8 Microstructures of deformed NiTi/Mg interface: (a) Fracture morphologies of NiTi@Mg interpenetrating phase 
composites; (b) NiTi/Mg interface sample obtained from (a) by FIB; (c) TEM image of NiTi/Mg interface at deformed 
region; (d) HRTEM image of Mg matrix and inset giving Fourier transform diffraction spectrum; (e) Interface as 
{1101}  compression twin plane; (f) Plots of strain components εxx obtained by GPA: x1// [1101] , x2// [ 1010]  (The 
inset in (f) shows strain values in the A to B interval) 
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white circle-marked area. This finding suggests that 
the interface of the NiTi@Mg interpenetrating 
phase composites undergoes severe plastic 
deformation during deformation [7,15]. The 
dislocation source of the 3D interconnect interface 
is believed to have originated in the soft region   
of Mg. While the hard and adjacent soft zones 
undergo simultaneous deformation, the deformation 
primarily affects the Mg matrix of the soft zone [5]. 
This difference is thought to be due to the unequal 
dislocation transport in terms of slip direction and 
Burgers vector, resulting from the difference in the 
slip system [15]. The slip system of Mg alloys is 
generally limited, and dislocation accumulation 
within grains or at grain boundaries can be easily 
detected during plastic deformation [29]. To 
accommodate deformation during loading, the Mg 
filler is twinned, as depicted in Figs. 8(d) and (e). 
Mechanical twinning can increase the number of 
dislocations slip channels and reduce the effective 
slip distance, thus contributing to the occurrence  
of work hardening during deformation [30]. 
Additionally, the strain partitioning behavior at the 
mechanical twin interface was investigated using 
the gradient of the phase angle (GPA), which was 
calculated from the Fourier transform image in 
Fig. 8(e) by two non-collinear g-vectors. The strain 
distribution is depicted in Fig. 8(f), where high- 
density strain is observed at the twin interface and 
( 1010)  twins, with strain ranging from −0.16 to 
0.32. Moreover, stress concentration of dislocation 
accumulation is also a critical consideration in Mg 

alloys during deformation [31]. 
 
3.4 Finite element modelling 

In addition to evaluating the microscopic and 
local damage, this study also considers the 
macroscopic damage behavior of NiTi@Mg 
interpenetrating phase composites under stress. To 
this end, a three-dimensional nonlinear quasi-static 
finite element model is developed in Abaqus/ 
Explicit to simulate three-point bending and 
compression experiments. This model combines the 
concept of attribute and damage theory and is 
capable of capturing the damage development 
process of the composites [1,15,32,33]. The 
mechanical properties of NiTi and Mg materials are 
modeled, as shown in Figs. 9 and 10. 

The behavior of the NiTi@Mg interpenetrating 
phase composites under bending and compressive 
loads was analyzed using Von Mises stress 
distribution. Figure 9 presents the simulation results 
of the three-point bending test, where the maximum 
equivalent stress is observed in the middle area of 
the load concentration. Specifically, the hard NiTi 
scaffold bears a larger force during deformation 
resistance, with a maximum stress of approximately 
600 MPa, while the soft Mg filler generates a 
certain back stress [16,21,23]. This behavior is 
similar to that of the “hard brick-and-soft mortar” 
structure, where a strong back-stress hardening 
effect occurs between the connected “brick” and 
“mortar” domains [16]. 

 

 
Fig. 9 Three-point bending simulation: (a) Geometric modeling of three-dimensional loading system; (b) Three-point 
bending finite element model; (c) Von Mises stress distribution 
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Fig. 10 NiTi@Mg composites structural compression simulation results: (a) Geometric modeling of three-dimensional 
loading system; (b) Compression finite element model; (c−e) Evolution of stress and interfacial crack over load history 
and final damage pattern 
 

During bending and compression, cracks are 
observed at the interface of NiTi and Mg, as shown 
in Fig. 9(c) by the red arrows, which is consistent 
with the experimental results of fracture surface 
(Fig. 6) and cross section (Fig. 7). These interface 
cracks are attributed to the accumulation of 
dislocations at the interface during plastic 
deformation and stress concentration. When the 
stress exceeds the critical shear stress, subsequent 
crack initiation and propagation occur [16]. 

Figure 10 depicts the results of quasi-static 
compressive finite element simulation of NiTi@Mg 
interpenetrating phase composites. As shown in 
Figs. 10(c−e), the inhomogeneity of stress 
distribution in the NiTi@Mg model increases with 
the rise of loading. The stress concentration 
primarily occurs at the contact position between the 
NiTi support and anvil, which is indicated by the 
red arrow in Fig. 10(e). Generally, the failure of 
composite materials initiates the location with high 
stress concentration [15,33]. For instance, JEONG 
et al [15] demonstrated that the damage of FeCr/Mg 
composites takes place preferentially in the soft 
domain where the stress concentrates. Furthermore, 
it is noticeable that the cracks typically appear at 

the contact interface in the longitudinal direction of 
the soft and hard regions, and the cracks propagate 
further with increasing compression. Usually, the 
crack begins at the location with maximum tensile 
stress. Hence, the compression damage, dC, can be 
described by Eq. (1), which is capable of capturing 
the development of compression fracture in the 
simulation process [34]:  

C
C

CU
1 σd

σ
= −                             (1) 

 
where σC is the compressive stress, and σCU is the 
compressive strength. 
 
4 Discussion 
 
4.1 Interface formation and strengthening 

mechanism 
The interfacial bonding force is a crucial factor 

that determines the mechanical properties of 
composites [16]. Typically, the heterogeneous 
nature of composite materials leads to plastic 
incompatibility, resulting in the preferential 
formation of micro-cracks at the interface [5,8]. 
When the stress exceeds the interface bonding 
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strength, micro-cracks are formed at the interface, 
leading to material failure due to high stress 
concentration [16,33]. Therefore, to obtain 
composites with exceptional mechanical properties, 
3D printing and metallurgical perfusion are 
combined to prepare metallurgically bonded Mg 
and NiTi interfaces, which has been demonstrated 
in earlier studies [5,15]. The macroscopic bonding 
is achieved by fully immersing splashed NiTi 
powders in the Mg filler, thereby enhancing the 
binding force between the magnesium fillers and 
the NiTi scaffolds (Fig. 2(b)). Microscopically, 
TEM analysis of the interface reveals that the two 
materials, Mg and NiTi, diffuse and form 
metallurgical bonds (Fig. 8). Notably, no apparent 
voids are found in the scaffold or filling area, 
indicating that Mg provides suitable conditions for 
atomic diffusion during casting, consistent with 
other composite materials prepared under different 
fabrication conditions [13]. These findings confirm 
that appropriate atomic diffusion and metallurgical 
bonding between heterogeneous materials are the 
primary reasons for the excellent mechanical 
properties of composites. 

Strength and fracture toughness are two vital 
mechanical properties for structure materials, yet 
they often exhibit a mutually exclusive relationship 
with each other [6]. Composite strengthening is an 
effective approach to improve the properties of 
alloys, achieving high strength and ductility 
combinations through the synergistic contribution 
of different phases [10]. The interpenetrated 
structure obviously endows NiTi@Mg with higher 
strength and fracture energy compared to NiTi 
scaffolds (Figs. 4 and 5). The good fracture energy 
of NiTi@Mg composites primarily arises from the 
following three aspects: (1) The bicontinuous  
nature and interpenetration of NiTi and Mg in 
three-dimensional space allow for an effective 
stress transfer within and between each phase; the 
deformation and cracking of the weak Mg phase are 
limited, resulting in the retarded fracture of the 
entire composite. (2) Microcrack initiation and 
propagation are localized within the Mg matrix and 
at the interface between constituents in the NiTi and 
Mg composites. Cracks inevitably encounters to the 
NiTi scaffold during propagation (Figs. 7 and 11), 
and the NiTi matrix can release strain energy 
through stress-induced martensitic transformation, 
thus avoiding premature fracture caused by the 

accumulate of dislocations [18,19]. Additionally, it 
can direct the growing crack to deflect and twist, 
promoting an increase in strength and toughness [6]. 
(3) The formation of deformation twins (DTs) in the 
Mg matrix involves a highly correlated inelastic 
shearing process, wherein adjacent atomic planes 
slip in the same way compared with ordinary 
dislocation plasticity [20]. This process absorbs 
elastic strain energy and delays the rapid expansion 
of shear bands and the generation of microcracks, 
thereby improving ductility. 

Furthermore, the enhanced strength of the 
NiTi@Mg composites can be discussed by     
two aspects: heterostructure strengthening and 
deformation twins strengthening. 

(1) Heterostructure strengthening mechanism 
In fact, in the NiTi@Mg interpenetrating 

composites, the difference in physical properties 
between NiTi scaffolds and Mg fillers makes the 
stress and strain field distribution different in 
various parts of the composites. Taking NiTi@Mg 
as an example, the density of NiTi (6.5 g/cm3) is 
about three times greater than that of Mg (1.7 g/cm3), 
and the elastic modulus and Poisson ratio are also 
different either. Therefore, Fig. 9(c) and Fig. 10(e) 
show that the NiTi scaffolds suffer higher stress 
under high load, followed by NiTi/Mg interface and 
Mg matrix. However, non-uniform deformation of 
the NiTi scaffold (hard region) and Mg filler (soft 
region) leads to the production of positive stress  
in the hard zone and back stress in the soft     
zone, resulting in a heterogeneous deformation 
strengthening effect [15]. This effect enhances the 
yield strength and work hardening rates while 
maintaining inherent ductility [21,23], as evidenced 
by the significant dislocation accumulation in   
the Mg filler at the deformed interface (Fig. 8). 
Additionally, the mutual permeability and 
interconnectivity of Mg and NiTi compositions and 
structures in three-dimensional space facilitate 
stress transfer between each phase and mutual 
restraint during deformation. For instance, during 
crack propagation, Mg fillers are impeded by the 
NiTi strengthened phase interface, delaying the 
fracture of composite structural materials [6]. This 
observation supports the notion of heterogeneous 
deformation strengthening due to the constraints of 
adjacent soft/hard regions during deformation 
[5,15]. Consequently, the strength of the NiTi@Mg 
composites is enhanced by the mutual strengthening 
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of the microstructures with different characteristics 
during the deformation process [15,35]. 

(2) Twin strengthening mechanism 
One of the key factors contributing to the 

enhanced strength of interpenetrating hetero- 
structured composites such as NiTi@Mg is the 
occurrence of deformation twinning within the Mg 
filler. The formation of mechanical twins, labeled as 
{1101}  twin systems by inverse fast Fourier 
transform (IFFT), as observed in Figs. 8(d) and (e) 
confirms this phenomenon. Deformation twinning 
is a common mode of plastic deformation for 
materials with hexagonal close-packed (HCP) 
structures, such as Mg alloys, due to the limited slip 
system [29]. It has been shown to be a prevalent 
mode of plastic deformation, especially when the 
slip mechanism is impeded [36]. Additionally, twin 
interfaces can enhance mechanical properties by 
interacting with dislocations and exhibiting greater 
mechanical stability compared to conventional 
grain boundaries [37]. As such, twinning 
strengthening is considered one of the primary 
reasons for the improved strength observed in 
NiTi@Mg interpenetrating phase composites. 
 
4.2 Damaging process and mechanism 

NiTi@Mg interpenetrating phase composites 
exhibit significantly improved mechanical 
properties compared to NiTi scaffolds. In the elastic 
stage (Stage I), there is no apparent plastic 
deformation at the interface of NiTi@Mg 
composites, but the soft zone undergoes high strain 
and dislocations slip and accumulate at the NiTi/Mg 
interface, generating back stress in the soft zone 
(Fig. 8(c)). This is the main factor responsible for 
the high yield strength of composite structural 
materials [21]. As deformation progresses, elastic 

deformation transforms into plastic deformation 
(Stage II). The NiTi hard region hinders dislocation 
transfer in the Mg soft region, and a large number 
of dislocations accumulate near the interface 
between the NiTi hard region and the Mg soft 
region [21,23]. Consequently, Mg at the NiTi/Mg 
interface region undergoes severe deformation, 
leading to the formation of cracks at the interface 
and a weakening of the coordinated deformation 
ability of the interface, as observed in the fractured 
SEM images (Figs. 6 and 7). This can be attributed 
to an interface detachment mechanism. However, in 
the soft region observed using TEM, Mg can 
undergo coordinated deformation through the 
mechanical twinning (Fig. 8), which mitigates   
the initiation and propagation of cracks to some 
extent [38]. As a result, cracks at this stage exist in 
the form of micro-cracks, which gradually expand 
to macro-cracks with increasing load (Fig. 7(d)). 
When the loading force reaches its peak, macroscopic 
cracks propagate rapidly, breaking the continuity of 
the sample structure (Stage III) [39]. The fracture 
process of NiTi@Mg interpenetrating phase 
composites is illustrated in Fig. 11. The damage 
process of composite materials under stress is 
constantly evolving, and the evolution process can 
be defined according to damage criterion (d) [40]:  

f f
eq eq eq

f 0
eq eq eq

( )
( )

d
δ δ δ
δ δ δ

−
=

−
                        (2) 

 
where δeq is the equivalent strain, 0

eqδ  is the initial 
equivalent displacement, and f

eqδ  is the 
displacement at which the material is completely 
damaged. 

The stress distribution and the location where 
cracks tend to form during the damage process can 
be detected through finite element simulations. It is 

 

 
Fig. 11 Fracture mechanism of NiTi@Mg interpenetrating phase composites 
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commonly believed that the region of crack 
formation and stress concentration correspond with 
each other [32]. Bending simulations have also 
revealed that stress is concentrated near the loading 
position and occurs perpendicular to the loading 
direction on the beam. This is attributed to the fact 
that stress concentration often occurs in the beam 
position of the loading area, as depicted in Fig. 9(c). 
Experimental evidence in Fig. 7 has shown that this 
stress concentration leads to the formation of cracks. 
These findings are consistent with the discovery by 
LOSCH et al [41] that cracks tend to form in 
regions of high strain concentration which were 
identified by digital volume correlation analysis 
during compression of CrMnNi−Mg composites. As 
a result, the heterogeneous deformation between 
soft and hard zones in NiTi@Mg interpenetrating 
phase composites leads to mechanical 
incompatibility during deformation [14]. The 
deformation of Mg and NiTi occurs simultaneously, 
which creates a stress gradient near the interface to 
coordinate the differentiated strain, as shown in 
Figs. 9 and 10. These characteristics provide further 
evidence that interpenetrating composites offer 
greater reinforcement than scaffolds. 
 
5 Conclusions 
 

(1) A 3D interconnected NiTi@Mg composite 
was synthesized by combining 3D printing with 
infiltration, realizing the mutual diffusion of 
components to form a metallurgically bonded 
NiTi/Mg interface. 

(2) The Mg filler plays a crucial role in 
promoting the lightweight design and strengthening 
effect of the interpenetrating phase composites, 
while facilitating effective load transfer and 
achieving high-energy absorption efficiency. 

(3) The measured bending strength of the 
NiTi@Mg interpenetrating phase composite is 
432 MPa, which is 2.5 times higher than that of the 
NiTi scaffold. The high compressive strength is 
attributed to the interpenetrating morphology and 
the strong back stress effect in the soft/hard regions. 

(4) During the deformation process of the 
NiTi@Mg interpenetrating phase composites, 
mechanical incompatibility arises due to the 
heterogeneous deformation between the soft and 
hard regions, leading to preferential dislocation 
plugging and crack initiation in the soft Mg region. 

This observation is consistent with the numerical 
analysis results obtained for bending and 
compression. 
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摘  要：采用增材制造(AM)与熔渗技术相结合，开发一种新型高强轻质互穿相复合材料 NiTi@Mg，并对 NiTi@Mg

复合材料的界面结合、三点弯曲和循环强化性能进行研究。结果表明，在 NiTi−Mg 界面处形成了冶金结合界面。

与 NiTi 支架相比，NiTi@Mg 互穿相复合材料的弯曲强度提高了 2.5 倍，压缩强度提高了 1.7 倍。在弯曲过程中，

观察到大量位错堆积在界面处的软 Mg 区域。此外，有限元模型显示，弯曲过程中裂纹萌生的应力集中区位于 NiTi

与 Mg 的界面处。NiTi@Mg 复合材料的强化机制归因于 Mg 的孪生强化和异质结构强化。 

关键词：金属复合材料；NiTi @ Mg；弯曲性能；有限元模拟；强化机制 

 (Edited by Xiang-qun LI) 


