
 

 

 

Trans. Nonferrous Met. Soc. China 31(2021) 636−647 

 
Magnesium composites with hybrid nano-reinforcements: 

3D simulation of dynamic tensile response at elevated temperatures 
 

Xia ZHOU1, Zi-fan LIU1, Feng SU1, Ya-fu FAN2 
 

1. State Key Laboratory of Structural Analysis for Industrial Equipment, 

Department of Engineering Mechanics, Dalian University of Technology, Dalian 116024, China; 

2. G&F Impact Engineering and Materials Technology Co., Ltd., Yantai 264003, China 
 

Received 4 September 2020; accepted 25 January 2021 
                                                                                                  

 
Abstract: 3D numerical simulations of dynamical tensile response of hybrid carbon nanotube (CNT) and SiC 
nanoparticle reinforced AZ91D magnesium (Mg) based composites considering interface cohesion over a temperature 
range from 25 to 300 °C were carried out using a 3D representative volume element (RVE) approach. The simulation 
predictions were compared with the experimental results. It is clearly shown that the overall dynamic tensile properties 
of the nanocomposites at different temperatures are improved when the total volume fraction and volume fraction ratio 
of hybrid CNTs to SiC nanoparticles increase. The overall maximum hybrid effect is achieved when the hybrid volume 
fraction ratio of CNTs to SiC nanoparticles is in the range from 7:3 to 8:2 under the condition of total volume fraction 
of 1.0%. The composites present positive strain rate hardening and temperature softening effects under dynamic loading 
at high temperatures. The simulation results are in good agreement with the experimental data. 
Key words: magnesium matrix composites; hybrid nanosized reinforcements; dynamic mechanical properties; 
numerical analysis 
                                                                                                             

 

 

1 Introduction 
 

Magnesium (Mg) matrix nanocomposites are 
now considered having broader application 
prospects than conventional Mg alloy in the 
automobile, aerospace and communication 
industries due to their high specific strength and 
good combination of strength and ductility [1]. 
Currently, the research on mechanical properties 
and failure mechanisms of nanosized particulate 
and whisker reinforced Mg-based composites at 
low strain rates has achieved some results [2−5]. 
However, it is not clear enough to understand their 
dynamic mechanical response because their 
mechanical behavior and deformation mechanism 
under dynamic loading are quite different from 
those under quasi-static loading [6,7]. Although 

there are many qualitative studies on dynamic 
mechanical properties of a monolithic Mg alloy, 
dynamic tensile properties and constitutive behavior 
of the monolithic Mg alloy and its composites are 
rarely reported [8] and dynamic tensile stress−strain 
behavior of Mg matrix nanocomposites needs to be 
further studied. Therefore, it is of important 
theoretical and practical significance to carry out 
the research on the tensile mechanical properties 
and constitutive behavior of Mg alloy and its 
composites, especially Mg based nanocomposites 
under dynamic loading conditions. 

Although there has been a lot of research in 
Mg-based composites at present, these studies have 
mainly focused on the preparation process, micro- 
structure characterization and static mechanical 
properties [3,9]. The research on the dynamic 
mechanical properties of Mg-based nanocomposites  
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has rarely been reported [10] and a limited number 
of existing investigations on dynamic response are 
mostly based on the experimental procedure [6,10]. 
In our previous work [11], novel hybrid AZ91D 
based nanocomposites reinforced with CNTs and 
nanosized SiC particles were developed and the 
significant enhancement in quasi-static tensile 
response of the hybrid composites has been 
achieved due to the introduction of hybrid 
nano-reinforcements. So far, no effort has been 
made to study dynamic tensile behavior of Mg 
matrix hybrid nanocomposites fabricated by 
ultrasonic cavitation process. In addition, the reason 
for the improved dynamic response of the Mg 
hybrid composites still needs further studies [6]. In 
order to quantitatively analyze static and dynamic 
mechanical behavior of Mg alloy and other metal 
matrix composites, micromechanical finite-element 
approach based on a typical representative volume 
element (RVE) model is often adopted [4]. Some 
scholars [12−15] have simulated the elastic and 
plastic mechanical behavior of metal matrix 
composites under axial tension or compression by 
using an ideal 2D or 3D RVE model. MENG and 
WANG [12] investigated the effect of cohesive 
strength and cohesive failure on particle reinforced 
metal matrix composites under quasi-static axial 
tensile loading based on micromechanics based 3D 
RVE finite element model. DASTGERDI et al [15] 
established a 2D RVE-based micromechanical 
model for mechanical behavior of particle- 
reinforced Mg based nanocomposites considering 
debonding damage and analyzed the stress−strain 
behavior of the nanocomposites under quasi-static 
axial tensile loading. In these cases, the model is 
simplified, and the effects of the random 
distribution of reinforcements in 3D space and 
reinforcement−matrix interfaces are not fully 
considered. Therefore, it is very important to 
establish a RVE model close to the real structure of 
the composites for predicting the dynamic 
mechanical response of the composites. 3D 
numerical analysis of dynamic mechanical behavior 
of Mg matrix nanocomposites based on the RVE 
model with randomly distributed hybrid 
nanoreinforcements has not been reported. 

In the present work, CNTs and SiC nano- 
particles are assumed to distribute in the Mg alloy 
randomly. The 3D RVE model is generated by 
developed Python algorithm. The interface behavior 

between nanosized reinforcements and the matrix is 
represented by a bilinear cohesive zone model, 
while cohesive behavior is surface based. 
Numerical modelling of dynamic tensile properties 
of AZ91D Mg-based nanocomposites reinforced 
with hybrid CNTs and SiC nanoparticles is carried 
out under different strain rate and temperature 
conditions. The aim of this work is to study the 
effects of interface characteristics and hybrid 
nanosized reinforcements on dynamic mechanical 
properties of the Mg composites and discuss the 
hybrid strengthening mechanism by comparison of 
simulation results and experimental data. 
 
2 Finite element modeling 
 
2.1 3D finite element model of Mg based hybrid 

nanocomposite 
3D RVE model of randomly distributed CNTs 

and SiC nanoparticles reinforced Mg matrix hybrid 
composites was generated based on Python 
programming and random sequential adsorption 
(RSA) modeling method [16]. In order to ensure a 
continuity of reinforcements in any direction and a 
given reinforcement volume fraction, partial 
reinforcements beyond the boundaries of the model 
were chopped and moved in parallel to the interior 
of the model. In the RVE model, the hybrid 
reinforcements did not overlap and intersect with 
each other, and they were not in contact with    
the model boundary. The programming algorithm 
for generating random hybrid reinforcement 
distribution RVE is shown in Fig. 1. 

The size of 3D RVE model is 1.0 μm × 
1.0 μm ×1.0 μm. The diameter of SiC nanoparticle 
is 80 nm, while CNT is 40 nm in diameter and 
800 nm in length. Cohesive elements with 2 nm in 
thickness are introduced along the interfaces to 
simulate interface behavior in the composites. 
Figure 2 shows two 3D microstructure models of 
the hybrid CNTs and SiC nanoparticles reinforced 
Mg alloy matrix composite with exactly same 
volume fraction and hybrid ratio. The two models 
both have a total volume fraction of 1% and a 
volume fraction ratio of 8:2 for CNTs and SiC 
nanoparticles. Figures 2(a−c) show random 
distributions of CNTs and SiC nanoparticles in the 
composite, while Figs. 2(d−f) show clustered 
distributions of CNTs and SiC particles in the 
composite. The degree of reinforcement clustering  
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Fig. 1 Flowchart of method to generate RVE model 
 
in the simulated microstructures was quantified by 
the coefficient of variance of the mean near- 
neighbor distance (COVd) technique [17]. The 
COVd is defined as: COVd=σd/d, where 2

d  is the 
variance in the mean near-neighbor distances of 
every particle, and d is the average of the mean 

near-neighbor distances for all particles. The higher 
the COVd is, the more “clustered” the distribution 
of the reinforcements is. YANG et al [18] claimed 
that it was a random particle distribution as the 
value of COVd approached to 0.36. Therefore, 
Figs. 2(c) and 2(f) show a random distribution and a 
clustered distribution, respectively. 

3D dynamic simulation based on the RVE 
model was performed using ABAQUS/Explicit.  
The matrix was meshed with 4-node linear 
tetrahedron (C3D4) elements, and the cohesive and 
reinforcements were meshed with 8-node brick 
(C3D8R) elements. The meshes of the 
reinforcements were refined to ensure numerical 
accuracy. The minimum mesh size of 8 nm was 
chosen for SiC nanoparticles, while the minimum 
mesh size of 4 nm along the radial direction and 
20 nm along the axis direction were chosen for 
CNTs. The model comprised of 655112 tetrahedral 
elements, 30339 hexahedral elements and 161627 
nodes in Fig. 2(b). 

 
2.2 Material properties and interface cohesion 

parameters 
The material parameters used in the dynamic 

simulation are given in Tables 1−4. Table 1     
and Table 2 present the Johnson−Cook (J−C) 

 

 

Fig. 2 RVE model (a) and FE mesh models (b) of composites and hybrid reinforcements with random distribution 

(COVd=0.38) (c); RVE model (d) and FE mesh models of composites (e) and hybrid reinforcements with clustered 

distribution (COVd=0.72) (f) (Two models have the fixed total volume fraction of 1% and fixed volume fraction ratio of 

CNTs to SiC nanoparticles of 8:2) 
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Table 1 Johnson−Cook parameters for extruded AZ91D 

magnesium alloy 

A/MPa B/MPa n C m 

230 465.3 0.3617 0.03499 1.547 

 

Table 2 Material parameters for AZ91D magnesium 

alloy 
Temperature, 

 T/°C 
Elastic modulus, 

E/GPa 
Poisson 
ratio, υ 

Density,
ρ/(kgꞏm−3)

25 45 0.35 1820 

100 39.7 0.35 1820 

150 37.6 0.35 1820 

200 35.5 0.35 1820 

250 33.4 0.35 1820 

300 31.3 0.35 1820 

 
Table 3 Material parameters for CNTs 

Density, ρ/(kgꞏm−3)  
Elastic modulus, E/GPa 

Axial Transverse

1800  1000 100 

Poisson ratio, υ  Shear modulus, G/GPa 

Axial Transverse  Axial Transverse

0.25 0.21  500 1 

 
Table 4 Material parameters for SiC 

E/GPa υ ρ/(kgꞏm−3)  

400 0.2 3200 

 

constitutive model parameters [19] for hot extruded 
AZ91D Mg alloy and material parameters for 
AZ91D at different temperatures, respectively; 
while Table 3 and Table 4 list material parameters 
for CNTs [20−22] and SiC nanoparticles [23], 
respectively. 

The cohesive behavior for the interfaces 
between Mg matrix and reinforcements was 
described by the cohesive model based on our 
earlier molecular dynamics simulations. The 
cohesive parameters [24,25] are listed in Table 5. 
 
Table 5 Cohesive zone model parameters 

Interface 

Normal-only 
mode 

 
 

Shear-only mode Fracture 
energy/
(Jꞏm−2)Normal 

stress/MPa 
 

1st shear 
stress/MPa 

2nd shear 
stress/MPa

SiC−Mg 2000  50 50 0.6 

CNT−Mg 1000  1000 1000 6 

2.3 Boundary conditions and loads 
In the dynamic tensile simulation at elevated 

temperature, the solution of the finite element RVE 
model was carried out by applying a predefined 
temperature field on it since the temperature on the 
model was uniform. Because all planes in the RVE 
model must maintain a flat surface during the 
deformation caused by external loads, appropriate 
periodical boundary conditions were imposed to  
the RVE faces. The boundary conditions can be 
expressed as follows: 

 
u(0, y, z)=u(0, 0, 0) on x=0                  (1) 

 
u(a, y, z)=u(a, 0, 0) on x=a                  (2) 

 
v(x, 0, z)=v(0, 0, 0) on y=0                  (3) 

 
v(x, a, z)=v(0, a, 0) on y=a                  (4) 

 
w(x, y, 0)=0 on z=0                        (5) 

 
( ,  , ) ( (0,  0,  )) on  =zw x y a ε a w a z a          (6) 

 
where u, v and w are the displacements of the node 
in the x, y and z directions, respectively. u , v  and 
w  are the speeds of the node in the x, y and z 
directions, respectively. zε is the strain rate for the 
specimens deformed in dynamic tension simulation 
based on the model, and a is the original length of 
the cubic RVE model. 
 
3 Calculation results and discussion 
 
3.1 Effect of reinforcement volume fraction and 

hybrid ratio 
Figure 3 shows the stress−strain curves of the 

Mg matrix hybrid nanocomposites reinforced with 
different total volume contents and volume fraction 
ratio of CNTs to SiC nanoparticles of 8:2 at a 
temperature of 100 °C and a strain rate of 1000 s−1 
based on the random reinforcement distribution 
model. As can be seen in Fig. 3, flow stresses of the 
composites increase slightly with the increment of 
the volume fraction of hybrid reinforcements. 
Figure 4 shows the von Mises stress contours in the 
random distribution RVE model for the Mg matrix 
nanocomposites containing 1.0 vol% reinforcement 
under the same conditions at the final moment. It is 
shown that the stress range distributions within   
the nanocomposites (Figs. 4(a, b)) lie between the 
AZ91D matrix alloy (Fig. 4(c)) and hybrid 
reinforcements (Fig. 4(d)). A gradient of the stress 
distribution from the matrix to the interface and  
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Fig. 3 Stress−strain curves of Mg matrix hybrid 

nanocomposites with different total reinforcement 

volume contents and volume fraction ratio of CNTs to 

SiC nanoparticles of 8:2 at 100 °C and strain rate of 

1000 s−1 

 
then to the hybrid nano-reinforcements is observed 
for the model. The maximum stress of 7556 MPa is 
found to occur at the surface of the CNTs oriented 
approximately 45° from the directions of tensile 
loading. Although the stress concentration at the 
SiC nanoparticles is much lower than that in the 
CNTs, it should be noted that the SiC nanoparticle  

reinforcements can significantly increase the matrix 
mechanical strength by more effectively promoting 
the dislocation aggregation in the Mg alloy matrix 
and the matrix grain refinement [26]. This shows 
that stress transfer between matrix and hybrid 
reinforcements happens during the deformation of 
matrix. In addition, the stress in matrix is more 
uniform than that in the hybrid reinforcements 
except at the neighboring region of the 
reinforcement–matrix interface. 

The stress−strain curves of the Mg matrix 
nanocomposites with random reinforcement 
distributions and different volume fraction ratios  
of hybrid CNTs to SiC nanoparticles at different 
temperatures and strain rates are shown in Fig. 5, in 
which the table lists the critical mechanical 
properties of the hybrid nanocomposites. It can be 
found from Fig. 5 that although the total volume 
fraction of reinforcements is the same, the 
mechanical properties of the composites with 
different hybrid ratios are different. When the 
hybrid volume fraction ratio of CNTs to SiC 
nanoparticles is 8:2 and 7:3, the mechanical 
properties of the composites are closed to each 
other. However, when the hybrid volume fraction 
ratio of CNTs to SiC nanoparticles is 2:8 and 4:6, 

 

 
Fig. 4 von Misses stress contours in model for Mg matrix nanocomposites containing 1% total reinforcement    

volume fraction and volume fraction ratio of CNTs to SiC nanoparticles of 8:2 at 100 °C and strain rate of 1000 s−1:      

(a) 3D composites; (b) Cross section of composites; (c) Matrix alloy; (d) Hybrid reinforcements 
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Fig. 5 Stress−strain curves of composites with different volume fraction ratios of CNTs to SiC nanoparticles at different 

temperatures and strain rates: (a) 100 °C, 1000 s−1; (b) 200 °C, 1000 s−1; (c) 100 °C, 2000 s−1; (d) 200 °C, 2000 s−1 

 

the mechanical properties of the composites are 
relatively poor. Because the total volume fraction of 
reinforcements is small, the stress−strain curves of 
the composites with different hybrid volume ratios 
are slightly different. But, it still can be found that 
the mechanical properties of the composites are 
better at the same strain rate and different 
temperatures (Figs. 5(a, b) and Figs. 5(c, d)) or at 
the same temperature and different strain rates 
(Figs. 5(a, c) and Figs. 5(b, d)) when the hybrid 
volume fraction ratio of CNTs to SiC nanoparticles 
is in the range from 7:3 to 8:2. This shows that the 
CNTs play a dominant enhancement role, while the 
synergistic effect [27] of the hybrid reinforcements 
and competition between temperature softening and 
strain rate hardening also have important influence 
on the mechanical properties of the composites. 

As shown in Fig. 6, AZ91D alloy based hybrid 
nanocomposites with random reinforcement 
distributions displays obvious hybrid reinforcement 
effect at room temperature and higher strain rate. 
The tensile flow stress and yield strength of the 

 
Fig. 6 Stress−strain curves of composites with 1% total 
volume fraction of single and hybrid reinforcemts at 
25 °C and 1000 s−1 
 
AZ91D Mg matrix hybrid composites are enhanced 
compared with single form of SiC or CNT 
reinforced Mg matrix composites under the same 
reinforcement volume fraction condition. This is 
because when hybrid CNTs and SiC nanoparticle 
reinforcements with suitable volume ratio are 
incorporated in the Mg matrix, the van der Waals 
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attractive forces between the same kinds of 
nanosized reinforcements will be reduced and thus 
the homogeneous dispersion of hybrid 
reinforcements is improved. However, the hybrid 
reinforcement is entangled with each other due to 
the CNT with the increased CNT content in the 
hybrid reinforcement. In addition, higher hybrid 
ratio of CNTs to SiC nanoparticles in the present 
work is also beneficial for the enhanced synergistic 
strengthening of hybrid reinforcements by dominant 
load-transferring of CNT and load-bearing of SiC 
nanoparticles, and for their interfacial bonding with 
magnesium alloy matrix [11]. 
 
3.2 Temperature effect 

Fig. 7 shows the stress−strain curves of Mg 
matrix hybrid nanocomposites with random 
reinforcement distributions and total volume 
fraction of 1% and volume fraction ratio of CNTs to 
SiC nanoparticles of 8:2 at different temperatures 
and a strain rate of 1000 s−1. It can be seen that the 
flow stresses of the Mg matrix nanocomposites 
decrease with the increase of temperature, showing 
the obvious temperature softening effect of the 
composites. Figure 8 shows the corresponding  
von Mises stress contours in the Mg matrix 
nanocomposites. It can also be seen that the 
maximum stress in the composites (Figs. 8(a, b)) is  

 

 
Fig. 7 Stress−strain curves of Mg matrix hybrid 

nanocomposites with total reinforcement volume fraction 

of 1% and volume fraction ratio of CNTs to SiC 

nanoparticles of 8:2 at different temperatures and strain 

rate of 1000 s−1 
 
7461 MPa, while the maximum stress in the matrix 
alloy (Fig. 8(c)) is 455.6 MPa. The average value of 
the maximum stress in hybrid CNTs and SiC 
nanoparticles is significantly higher than that in the 
matrix, indicating that the composites still have 
good load bearing capacity even at higher 
temperatures (200 °C) due to the presence of a 
suitable proportion of hybrid reinforcement and 
their synergistic effect. 

 

 

Fig. 8 von Misses stress contours in model for Mg matrix hybrid nanocomposites containing total reinforcement volume 

fraction of 1% and volume fraction ratio of CNTs to SiC nanoparticles of 8:2 at 200 °C and strain rate of 1000 s−1:    

(a) 3D composites; (b) Cross section of composites; (c) Matrix alloy; (d) Hybrid reinforcements 
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3.3 Effect of strain rate 

Figure 9 shows the stress−strain curves of  
Mg matrix hybrid nanocomposites with random 
reinforcement distributions and total volume 
fraction of 1% and volume fraction ratio of CNTs to 
SiC nanoparticles of 8:2 at 100 °C and different 
strain rates. As can be seen in Fig. 9, dynamic 
tensile properties of the composites are not sensitive 
to the changes in strain rates when strain rate is 
increased from 500 to 1000 s−1. However, the flow 
stresses of the composites increase with the increase 
of strain rates when the strain rate is larger than 
1000 s−1. The positive dependence of the flow stress 
on the strain rate may be associated with slip along 
non-basal planes and the increasing strengthening 
effect of added hybrid nanoreinforcements with 
strain rate. In particular, the flow stress of the 
composites reaches the maximum value when the 
strain rate is 3000 s−1. 

 
4 Validation of numerical simulation 
 

To further verify the accuracy and applicability 
 

 
Fig. 9 Stress−strain curves of Mg matrix hybrid 

nanocomposites with total reinforcement volume fraction 

of 1% and volume fraction ratio of CNTs to SiC 

nanoparticles of 8:2 at 100 °C and different strain rates 

of simulation models, the simulation results were 
compared with the experimental results. During 
dynamic tensile test, the AZ91D alloy based hybrid 
composites with total reinforcement volume 
fraction of 1.0 % and volume ratios of CNTs to SiC 
nanoparticles of 8:2 were fabricated by using 
self-designed semisolid stirring assisted ultrasonic 
cavitation and subsequent hot extrusion   
processes [11]. The tensile test specimens for the 
AZ91D alloy based hybrid nanocomposites were 
wire-cut from the extruded rods with their axes 
parallel to the extrusion direction and were 
machined into dog-bone geometry with a gauge 
length of 10 mm and a diameter of 4 mm. The 
dynamic tensile properties of the hybrid composite 
specimens at different temperatures were tested by 
using a SHTB set-up (Fig. 10) with a heating device. 
The typical macroscopic fracture morphology of the 
composite specimen after high-temperature 
dynamic tensile test is shown in Fig. 11. 

The theoretical analysis model of the split 
Hopkinson tensile bar techniques is based on 
one-dimensional stress wave theory [28]. According 
to the one-dimensional theory of the linear elasticity 
stress wave and its hypothesis in which the stress 
and strain are assumed to be uniform in the hybrid 
nanocomposites, i.e. the wave propagation in 
composite specimen can be ignored, continuous 
records of the mean stress σs(t) vs time, strain εs(t) 
vs time, and strain rate s ( )t  vs time can be 
simultaneously recorded. Thus, the stress−strain 
relationships of the composite specimens at 
different strain rates can also be obtained:  

s t
s

( ) ( )
EA

t t
A

                             (7) 

 

  0
s i t 0

s

2
( ) ( ) ( ) d

tC
t t t t

l
                    (8) 

 
0

s i t
s

2
( ) [ ( ) ( )]

C
ε t ε t ε t

l
                      (9) 

 

 
Fig. 10 Schematic diagram of SHTB apparatus with heating system 
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Fig. 11 Fracture surface macrophotograph of tensile 

specimen at strain rate of 1000 s−1 and temperature of 

100 C 

 
where E, A, 0 ( / )C E   and ρ denote the elastic 
modulus, cross section area, sound speed and 
density of the bars, respectively, which are 
supposed to be identical; while As and ls represent 
respectively the initial cross section area and the 
length of the composite sample. The incident strain 
wave generated upon impact is represented by εi, εr 
is the reflected one and εt is the transmitted one. If 
the sample deforms uniformly and is in dynamic 
equilibrium, there exists a relationship among the 
three, i.e. εi(t)+εr(t)=εt(t) [29]. 

Figure 12 shows comparisons between model 
predictions and macroscopically-measured tensile 
stress−strain curves of the composites at different 
temperatures and strain rates. Figure 12(a) shows 
the stress−strain curves obtained from the finite 
element simulations based on the random 
distribution model and the real experiments at 
elevated temperatures (100, 150 and 200 °C) and a 
strain rate of 1000 s−1. It can be found from 
Fig. 12(a) that the experimental results are slightly 
higher or lower than those obtained by numerical 
simulation, but the deviation is relatively small. For 
example, agreement between the numerical and 
experimental data is fairly good at the temperature 
of 150 °C and strain rate of 1000 s−1. Figure 12(b) 
illustrates the stress−strain curves obtained from the 
two finite element simulations based on the random 
and clustered distribution models and the 
experiment data at 150 °C and 1000 s−1. From 
Fig. 12(b), it can be seen that the model with 
random reinforcement distributions has higher 

 

 
Fig. 12 Comparison between predictions of random 

distribution model and experiment results at different 

temperatures and 1000 s−1 (a), between predictions of 

random and clustered distribution models and 

experiment result at 150 °C and 1000 s−1 (b), and 

between simulation result obtained from random 

distribution model and experiment result at room 

temperature (25 °C) and 1500 s−1 (c) 

 
ultimate tensile stress and strain to failure, which is 
closer to the experimental result. However, there are 
considerable differences in the strain to failure and 
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failure stress between the simulated result based on 
the clustered distribution model and the 
experimental result, due to the weakening effect of 
reinforcement clustering on matrix. Figure 12(c) 
shows comparison between numerical predictions 
based on the random distribution model and 
experimental results at room temperature and a 
strain rate of 1500 s−1. As can be seen in Fig. 12(c), 
the experimental values are slightly higher than 
those obtained by numerical simulation in the initial 
stage, but the experimental results are in good 
agreement with the numerical predictions after 
yielding. This demonstrates that numerical 
simulation results are reasonable and credible 
within a certain range of error although there is 
some deviation between numerical predictions and 
experimental results. 

Figure 13 shows the von Misses stress contour 
and equivalent plastic strain contour at ε=0.12 
obtained from the random distribution model of Mg 
matrix hybrid nanocomposites containing total 

reinforcement volume fraction of 1% and volume 
fraction ratio of CNTs to SiC nanoparticles of 8:2 at 
100 °C and strain rate of 1000 s−1. It is shown that 
the microcracks initiate from the interface and 
propagate in the matrix near to the interface during 
plastic deformation. When the microcracks are 
connected due to continuous increase in external 
loading, the curved cleavage crack with secondary 
cracks is finally formed in the composite. 

In addition, it can also be seen from the 
contour of the composite that the fracture 
morphology shows quasi-cleavage river pattern 
with secondary cracks, which is similar to those 
observed from SEM images in Fig. 14. However,  
a mixed fracture characteristic of brittle and  
ductile with a small quantity of dimples is    
noted from Fig. 14(b) on fractographs of local 
region in the composites. This may be related    
to the coupled effects of nano-reinforcement 
strengthening, temperature softening and strain rate 
hardening. 

 

 
Fig. 13 von Misses stress contour (a) and equivalent plastic strain contour (b) at ε=0.12 in random distribution model 

for Mg matrix hybrid nanocomposites containing total reinforcement volume fraction of 1% and volume fraction ratio 

of CNTs to SiC nanoparticles of 8:2 at 100 °C and strain rate of 1000 s−1 

 

 

Fig. 14 SEM micrographs of fracture surfaces of AZ91D Mg-based composite containing total reinforcement volume 

fraction of 1.0% and volume fraction ratio of CNTs to SiC nanoparticles of 8:2 at 100 °C and strain rate of 1077 s−1 
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5 Conclusions 
 

(1) The dynamic response of the Mg based 
hybrid nanocomposite is influenced by its 
microstructure and dynamic loading conditions. The 
Mg matrix hybrid composites exhibit improved 
dynamic performance when the total volume 
fraction of reinforcements is 1.0% and the volume 
fraction ratio of CNTs to SiC nanoparticles is in the 
range from 7:3 to 8:2. This may be mainly 
attributed to the significant role in CNT load 
transfer and the synergistic effect of hybrid 
nano-reinforcements.  

(2) When the strain rate is larger than 1000 s−1, 
the composites show positive strain rate sensitivity 
with the increase of strain rate, but the increase in 
strain rate sensitivity is relatively slowly. 

(3) The dynamic mechanical properties of the 
composites decrease with the increase of 
temperature, which shows the temperature 
softening effect of the composites. 

(4) The simulation results show good 
agreement with the experimental data, validating 
the effectiveness of the method proposed in the 
present work. 
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镁基纳米混杂复合材料的高温动态拉伸响应三维模拟 
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摘  要：采用三维代表体元方法，并考虑界面内聚力，对碳纳米管和纳米 SiC 混杂增强 AZ91D 镁合金基复合材

料在 25~300 °C 动态拉伸响应进行三维数值模拟，并将模拟结果与实验数据进行比较。结果表明，在不同温度下，

该纳米复合材料整体动态拉伸性能随着碳纳米管和纳米 SiC颗粒的总体积分数和混杂体积分数比的增加而提高。

在总体积分数为 1.0%的情况下，当碳纳米管和纳米 SiC 颗粒的混杂体积比为 7:3~8:2 时，混杂强化效应最大。镁

基混杂纳米复合材料在高温动载荷作用下表现出正的应变率硬化和温度软化效应，模拟结果与实验数据吻合   

较好。 

关键词：镁基复合材料；纳米混杂增强体；动态力学性能；数值分析 
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