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Abstract

The high-strain-rate mechanical response of Mg alloy/SiC, composite foams has received increased attention in recent years
due to their light weight and potential to absorb large amounts of energy during deformation. Dynamic compressive proper-
ties of closed-cell Mg alloy/SiC,, composite foams with different relative densities (0.162, 0.227 and 0.351) and different
SiC, additions (0, 4 and 8 wt%) have been investigated using Split-Hopkinson pressure bar. It is shown that peak stress and
energy absorption capacity significantly increase as the relative density increases at the range of testing strain rates. Peak
stress and energy absorption display strain rate dependence. The peak stress of specimens with 0 wt% and 4 wt% SiC particles
additions grows with increasing strain rate. Meanwhile, the increment in the peak stress of specimens with 8 wt% addition is
not significant with strain rate increasing. The increase in strain rate increases the energy absorption capacity. The suitable
amount of SiC particles addition has great advantages over increasing the peak stress and energy absorption capacity at the
high strain rate. The strain-rate-sensitive matrix, cell morphology, morphological defects and gas pressure have an impact
on the strain-rate sensitivity of Mg alloy/SiC,, composite foams.

Keywords Mg alloy - SiC particles - Mg alloy/SiC,, composite foam - Split-Hopkinson pressure bar system (SHPB) -
Dynamic compressive

1 Introduction

Foamed metallic materials have become potential mate-
rials for lightweight multifunctional applications due to
their excellent physical and mechanical properties [1, 2].
Because of the cellular structure, closed-cell metal foams
exhibit an excellent damping capacity, an outstanding sound
and noise isolation and a great energy absorption [3, 4]. In
practical applications, metal foams are usually subjected to
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high-strain-rate compressive loads. Therefore, it is neces-
sary to investigate the compressive behavior of metal foams
under dynamic compression.

Among different kinds of metallic foams, majority of the
works have been focused on Al foams and its alloy foams
[5—-13]. Many researchers have investigated the mechanical
properties of Al foams under high strain rate impact loading,
but there exist contradictory opinions. Compressive strength
of some closed-cell Al foams is strain rate dependent over
varying strain rates [5-9]. Alporas (manufactured by a melt
route) has been reported to exhibit a strain-rate sensitivity [8,
9], and the particulate SiC/Al- SigMg composite foam has
been found to be more sensitive to strain rate than Al and Al
alloy foams [10]. On the other hand, other researchers have
showed that the compressive strength of Al foams is appar-
ently insensitive to strain rate. Kenny [11] and Wang et al.
[12] have found that the strain-rate dependence of plateau
stress for open-cell Al foam is negligible. Moreover, alulight
(manufactured by a powder route) is insensitive to strain
rate [13]. This arises mainly because of their different foam
structures (cell shapes and sizes), porosities, homogeneity
of cell walls and defects in the cell walls and fabrication
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methods of foams. Previous studies have shown that the
property of the cell wall material, the morphology of the cell
and the preparation method might affect the high-strain-rate
mechanical response of metal foams.

Recently, Mg and Mg alloy foams with the matrix density
approximately two-thirds of aluminum show more promising
for ultra-light metal structural materials and multifunctional
materials [14]. A few recent investigations have been carried
out on the compressive properties of Mg and Mg alloy foams
[15-17] at low loading rates. However, there is a scarcity
of studies focusing on the dynamic behavior of Mg alloy
foams [18, 19]. Limited work is found about the effect of
relative densities and SiC particles on the dynamic mechani-
cal behavior of closed-cell Mg alloy/SiC,, composite foams.
Therefore, further investigations are needed to examine the
combined effects of strain rates, relative densities and SiC
particles on the dynamic mechanical properties of Mg alloy/
SiC, composite foams, i.e., peak stress and energy absorp-
tion capacity.

The aim of the study reported here is to investigate the
strain rate sensitivities of Mg alloy/SiC,, composite foams
and the effects of relative densities and mass fraction of SiC
particle on the dynamic compressive property. To achieve
this goal, closed-cell Mg alloy/SiC,, composite foams with
uniform cell distribution and small size diameter were fab-
ricated using MgCOj; as the foaming agent and SiC;, as the
stabilizing agent. The Split-Hopkinson pressure bar (SHPB)
technique was applied to measure the dynamic compres-
sive behavior. After evaluation on the dynamic compressive
behavior, mechanisms for the effects are discussed to be ben-
eficial to the applications of Mg alloy/SiC, composite foams.

2 Experimental
2.1 Materials and Specimens

Closed-cell Mg alloy/SiC,, composite foams were fabricated
by the melt foaming process. After Mg—Al-Ca alloy (12 wt%
Al, 3 wt% Ca) was melted, the SiCp stabilizing agent (80 pm)
was added into the melt at 580 °C, with a stirring rate of
2000 rpm for 300 s. Then, the MgCO; (100 pm) foaming
agent mixed with Al,O; particles (100 pm) at a mass ratio
of 1:1, as an assistant dispersive agent, was added into the
melt together at 580 °C, at the stirring rate of 1500 rpm
for a certain time limit. The melt was put in a furnace at
620 °C for 180 s. The Mg alloy/SiC,, composite foams were
obtained after the melt was taken out and cooled to room
temperature. When using different fabrication parameters,
such as the foaming agent content and stirring time for add-
ing the foaming agent, the Mg alloy/SiC, composite foams
with density in a range of 0.20-0.78 g/cm® were generated.

The effect of fabrication parameters on preparation of the
composite foams has been discussed in another paper [20].

2.2 Structure Characterization

The composite foams were cut into @ 10 mm X 8 mm by an
electric discharge machining method. The specimen’s den-
sity was determined through its mass and physical dimen-
sions. Its relative density (RD) is defined as the value which
is the density of composite foams divided by the density of
Mg alloy matrix. The equation is given as follows:

p
RD » , 1)
where p and p, are the densities of the composite foams and
the cell wall material, respectively.

The average diameter of cells was measured based on
counting 600 cells according to Image-Pro Plus software.
The microstructural features in composite foam were
observed by scanning electron microscopy (SEM) on a
microscope (Ultra Plus, Zeiss, Germany) equipped with
an energy-dispersive X-ray spectroscopy (EDS) apparatus
(X-Max, Oxford Instruments, England).

2.3 Mechanical Testing

Cylindrical specimens of the diameter D =10 mm and length
1=8 mm were machined from the Mg alloy/SiC, composite
foam for high-strain-rate compression tests. All the speci-
mens were lubricated to further minimize the interfacial fric-
tion. High-strain-rate compression tests were performed on
Split-Hopkinson pressure bar system (SHPB) at strain rates
ranging from 700 to 2500 s~ .

The SHPB is made of solid cylindrical aluminum bars
with the diameter of 12.5 mm. The lengths of striker, inci-
dent and transmitted bars are 200 mm, 900 mm and 900 mm,
respectively. A schematic graph of the typical SHPB system
can be found in Refs. [21, 22]. The specimen is sandwiched
between the end of incident bar and the front of transmit-
ted bar. The strain gauges mounted at the bars measure the
strain waves in these bars, from which the resisting force and
deformation rate of the specimen can be calculated under
the assumption of uniaxial elastic stress wave propagation
[19, 21-24].

3 Results and Discussion
3.1 Morphology Observation

Figure 1 shows the macrostructure and microstructure of
closed-cell Mg alloy/SiC,, composite foams with 4 wt% SiC,
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Fig. 1 Macrostructure and microstructure of closed-cell Mg alloy/SiC,, composite foams with 4 wt% SiC,;: a the present closed-cell foam with a

relative density of 0.227, b, ¢ distribution of SiCp in the cell wall of foams

addition. A typical foam structure is shown in Fig. 1a. Note
that the density was controlled by the processing parameters
during the direct foaming process. The average diameter of
cells was measured to be ~0.8 mm according to the Image-
Pro Plus software. As shown in Fig. 1b, c, the uniform dis-
tribution and non-agglomeration of SiC particle in the cell
wall indicate the good wettability at the SiC-Mg alloy melt
interface, and the interface is distinct. Furthermore, hetero-
geneities and morphological defects such as uneven cell-wall
thickness and fractured/missing cell walls are observed in
the cell structure.

3.2 Effect of Relative Densities on Dynamic
Compressive Response

Figure 2a—c shows engineering stress—strain plots under
dynamic compression at different strain rates and rela-
tive densities. It is observed that compressive stresses at
any fixed relative density increase with the strain rate.
The Mg alloy/SiC, composite foams with different rela-
tive densities (RD=0.162, 0.227 and 0.351) exhibit an
increase in peak stresses with strain rate up to 2500 s™!. A
critical strain rate is not observed. The critical strain rate
means that the peak stress does not gain beyond this strain
rate. Overall, higher increment in peak stress is observed
for higher relative densities as the strain rate increases.

@ Springer

This shows an agreement with the reported results of the
Al alloy foam [22], which is a higher density foam that
exhibits a significant increase in compressive stress under
dynamic compression.

In this study, peak stress (0p,,) is also termed as the elas-
tic collapse stress (o). Figure 3 shows the variation of peak
stress as a function of strain rates at different relative densi-
ties. When the strain rates are 800 s~', 800 s~ and 700 s,
it is found that the peak stress of specimens is around 5.7,
12.1 and 28.3 MPa corresponding to the relative densities
of 0.162, 0.227 and 0.351, respectively. Meanwhile, the
peak stress of specimens is around 9.3, 19.9 and 48.7 MPa
when the strain rates are 2500 s~!, 2500 s~! and 2100 s~!,
respectively. It is noted that peak stress of specimen with
relative density of 0.351 increases the most. The peak stress
of specimen with relative density of 0.351 is enhanced by
20.4 MPa as the strain rate increases from 700 to 2100 s~
This may be attributable to the additional effect of the gas
pressure in the closed cell as described in other studies [10,
21]. In the lower-density Mg alloy/SiC,, composite foam
specimens, more cell walls are thin and easy to be “blown
out” at higher strain levels, which allow the gas to escape.
As densities of Mg alloy/SiC,, composite foam specimens
increase, the cell walls become stout and restrict the escape
of gas. Thus, the gas pressure may contribute more to the
strain-rate sensitivity of high relative density Mg alloy/SiC,
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Fig.2 Dynamic compressive stress—strain response of Mg alloy/SiC,, composite foam with different relative densities: a 0.162, b 0.227, ¢ 0.351
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Fig.3 Peak stress against strain rates at different relative densities

composite foams than that of low relative density Mg alloy/
SiC, composite foams.

Wang et al. [5] investigated the dynamic behaviors of
aluminum foam subjected to impacting loading at tempera-
tures ranging from 298 to 773 k. The results illustrated that
strain rate effect at elevated temperature was more sensi-
tive than that at room temperature. The deformation of alu-
minum foam under dynamic loading mainly resulted from

the plastic bending of the cell wall at elevated tempera-
tures, but there existed more buckling, tearing and debris
profiles at room temperatures. The deformation of Mg
alloy/SiC,, composite foams in this study under dynamic
loading is similar to that of Al foam at room tempera-
tures. Dannemann et al. [6] tested the dynamic compres-
sion behavior of Alporas (a closed-cell aluminum) at strain
rate ranging from 400 to 2500 s~!. A strain rate effect was
verified for Alporas. The strain-rate effect is attributed
to gas pressure and the kinetics of gas flow through the
cell structure and was more significant for a high-density
Alporas foam, which is consistent with the results of this
paper. Zhao et al. [7] studied the impact response of Al
foams made from two different manufacturing processes
(IFAM and Cymat) at speed of 10 m/s. For the IFAM
aluminum foam, a rate sensitivity has been observed and
the deforming mode is successive folding; for the Cymat
foam, no rate sensitivity is observed and the deforming
mode is cell wall fracture, which provides support for the
fact that the micro-inertial effect in the successive folding
process is an important factor for the rate sensitivity of Al
foam. However, Deshpande and Fleck [13] consider that
the micro-inertial effect plays little role in enhancing the
strength of metallic foam due to the bending deformation
mode attributed to the large number of imperfections in
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metallic foam. Meanwhile, The Mg alloy/SiC, composite
foams is brittle. The deformation under dynamic loading
mainly results from buckling, tearing and debris profiles
of cell wall. Therefore, the micro-inertia effect thus has a
negligible effect on the rate sensitivity of Mg alloy/SiC,
composite foams.

In the compressive test, the needed energy of any foam
specimen up to the specific strain is defined as the energy
absorption capacity [22]. Under compressive tests, energy
absorption (E) is given as the area under stress—strain
curve from O to a specific strain &; and calculated by the
following expression:

E=/i6(£)d£, 2)
0

where o (¢) is the stress under the strain € and ¢; is the
selected strain. According to Eq. 2, energy absorption capac-
ity of Mg alloy/SiC, composite foams has been evaluated for
different strain rates and relative densities. Figure 4 shows
the energy absorption capacity of Mg alloy/SiC,, composite
foams at the strain of 8% with strain rate ranging from 700
to 2500 s~! for different relative densities. It can be found
that the energy absorption capacity is strongly influenced
by strain rate. When the strain rate is ranging from 700 to
2500 s~!, the increment in the energy absorption capacity is
higher as the relative density increases. At the testing strain
rate range, the energy absorption capacity of specimen with
relative density of 0.351 increases the most as the strain rate
increases. For the specimen with relative density of 0.351,
the energy absorption capacity increases from 1.21 MJ/m?
at a strain rate of 700 s™! to 3.08 MJ/m> at 2100 s~
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Fig.4 Energy absorption capacity of Mg alloy/SiC,, composite foams
versus strain rates with the relative densities of 0.162, 0.227 and
0.351, respectively
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3.3 Effect of SiC, on Dynamic Compressive
Response

The effect of the different SiC particles additions on dynamic
mechanical property of Mg alloy/SiC,, composite foams
with the relative density of ~0.18 in the strain rate range
8002500 s~! is shown in Fig. 5. In Fig. 5a, b, the peak stress
increases with the increase in strain rate. The peak stress is
sensitive to the strain rate when the SiC particles addition
is 0 wt% and 4 wt%. Compared with specimens with 0 wt%
SiC particles addition, specimens with 4 wt% SiC particles
addition have apparent high peak stress at the same strain
rate. It proves that suitable amount of SiC particle addition
has great advantages for increasing the peak stress at the
high strain rate. It can be interpreted that the peak stress of
Mg matrix alloy composites reinforced by SiC particle is
higher than that of Mg matrix alloy due to the strengthen-
ing effect of SiC particles. It has been discussed in detail in
another article [25]. Meanwhile, the additional effect of the
gas pressure in the closed cell [10, 21] of the specimens with
4 wt% SiC particles addition plays a greater role than that of
the specimens with 0 wt% SiC particles addition. The cell
wall with 4 wt% SiC particles addition is hard to be “blown
out.” On the contrary, it is worth noting that the peak stress
does not show a significant increasing trend with strain rate
increasing in Fig. 5c. The peak stress of specimens with
8 wt% SiC particles is insensitive to the strain rate. For the
limited thickness of cell wall, increasing SiCP content has a
limited strengthening effect. On the contrary, the greater the
mass fraction of SiC particles is, the more brittle the com-
posite foams are. In Mg alloy/SiC, composite foam speci-
mens with 8 wt% SiCp addition, more cells are too brittle and
easy to be “blown out” at higher strain levels. It allows the
gas to escape and weakens the additional effect of the gas
pressure in the closed cell. Thus, the increment in the peak
stress of specimens with 8 wt% SiC, addition is not evident
with increasing strain rate.

It is shown that the peak stress of specimens with differ-
ent SiC,, additions changes with the strain rate increasing
in Fig. 6. It is worth noting that peak stress of specimens
with 0 wt% and 4 wt% SiC, additions increases with the
increase in strain rate; the peak stress of specimens with
8 wt% SiC, addition does not show a significant increas-
ing trend with increasing strain rate. The peak stress of
specimens with 0 wt%, 4 wt% and 8 wt% SiCp additions
is enhanced by 2.94 MPa, 5.19 MPa and 0.63 MPa as the
strain rate increased from 800 to 2500 s~!. The increment
in specimens with 0 wt% and 4 wt% SiC particles additions
is an order of magnitude higher than that of specimens with
8 wt% SiC, addition. It is obvious that the increment in the
peak stress of specimens with 4 wt% SiC particles addition
is higher than that of specimens with 0 wt% SiC particles
addition with strain rate increasing. It can be predicted that
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Fig. 5 Dynamic compressive stress—strain response of Mg alloy/SiC,, composite foam with different SiC, additions: a 0 wt%, b 4 wt%, ¢ 8 wt%
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Fig.6 Variation in the peak stress of specimens with different SiC,
additions with increasing strain rates

suitable SiC, addition in the Mg alloy/SiC,, composite foams
increases the strain rate sensitivity of specimens.

Yu et al. [10] studied the dynamic compressive behaviors
of SiC/AlSigMg composite foams at the strain rate ranging
from 600 to 1600 s~'. The experimental results showed that
SiC,/AlSigMg composite foams had a strain rate effect and
was more sensitive to the strain rate than Al and Al alloy
foams. The yield stress of the composite foams with different

SiC particles addition at high strain rate increased with the
increase in the volume fraction of SiC particles. SiC, par-
ticles played a strengthening effect in SiC/AlSigMg com-
posite foams. Meanwhile, SiC,, particles made the compos-
ite foams more brittle because the addition of SiC particles
leads to more interface. The mechanism of SiC particles in
dynamic compression process of SiC /AlSiyMg composite
foams is the same as that of Mg alloy/SiC,, composite foams.
However, the peak stress of specimens with 8 wt% SiC parti-
cles is insensitive to the strain rate in this study, which is not
observed in the other studies [10, 25]. This may be caused
by that the ceramic particle content in the other studies still
does not exceed the critical value.

Figure 7 shows the energy absorption capacity of Mg
alloy/SiC, composite foams with different SiC,, additions
at the strain of 8% with strain rate ranging from 800 to
2500 s~ It can be found that the energy absorption capac-
ity increases with strain rate increasing. When the strain
rate is ranging from 800 to 2500 s~!, the increment in the
energy absorption capacity of specimens is 0.215, 0.382 and
0.131 MJ/m? corresponding to the SiC,, addition of 0, 4 and
8 wt%. At the testing strain rate range, the energy absorption
capacity of specimen with 4 wt% SiC, addition grows the
most as the strain rate increases. Compared with the speci-
mens with different relative densities, the increment in the
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Fig.7 Energy absorption capacity of Mg alloy/SiC,, composite foams
versus strain rates with different SiC,, additions

energy absorption capacity of the specimens with different
SiC, additions is small.

Figure 8 shows the compressive final morphologies of Mg
alloy/SiC,, composite foams with 8 wt% SiC,, with strain rate
ranging from 800 to 2400 s~!. The composite foams produce
many crushed fragments at strain rate of 2400 s~'. When the
strain rate increases from 800 to 2400 s~!, more and more
fragments are observed, which indicates that the composite
foams display brittle fracture behavior. The brittleness of the
Mg alloy/SiC, composite foams induces the stress oscilla-
tions during compression, which is in agreement with the
observations in Figs. 2 and 5.

Figure 9 demonstrates the SEM image of the fracture sur-
faces in the fragments of the Mg alloy/SiC, composite foams
after the dynamic compression. The cracks in the weak link
and defects in the cells are shown in Fig. 9a. Meanwhile,
cracks occur at multiple locations along the cell wall result-
ing in the fracture and collapse of the cell wall. It is shown
that fracture and collapse occur on the cell wall resulting in
producing crushed fragments in Fig. 9b, which is in agree-
ment with the observations in Fig. 8. In addition, the cell

1300 s™

800s™

edge is more prone to fracture and collapse (shown from
Fig. 9c, d) than the plateau border. The fracture and col-
lapse occur along the cell edge, while plateau border is still
relatively intact.

3.4 Mechanisms of the Strain-Rate Sensitivity of Mg
Alloy Foam

The exact mechanisms of the strain-rate sensitivity of Mg
alloy/SiC,, composite foam have not been established. The
most prevalent explanation is that metal foam with a rate-
sensitive matrix is strain rate sensitive [26]. In addition, cell
morphology and morphological defects also play a crucial
rule in the rate sensitivity of metal foam [8, 19, 26]. The
strain rate dependence of mechanical strength for Mg and
Mg alloys has been demonstrated [27-29]. Thus, the strain-
rate-sensitive matrix contributes to the increase in the peak
stress of Mg alloy/SiC,, composite foams at high strain rates.
For the closed-cell Mg alloy/SiC,, composite foam, pressuri-
zation of the gas within the cells and movement of the gas
through the cells as cell walls rupture, i.e., the gas pressure
effect, also lead to strain rate dependency of Mg alloy/SiC,
composite foam. Morphological defects such as microcracks
and mutilated cells are inevitable in the specimen as well.
The defects allow the gas to escape. As discussed previously,
it is clear that the strain-rate sensitivity of Mg alloy/SiC,
composite foam also can be attributed to the strain-rate-sen-
sitive matrix. Moreover, cell morphology and morphological
defects also play a crucial rule in the strain rate sensitivity
of Mg alloy/SiC, composite foam. Based on the discussions
above, the stress of Mg alloy/SiC, composite foam at high
strain rates is mainly composed of three parts. An equation
on stress at high strain rates is given by

O = Oy + 0cs + 0Gps 3)
where o is the stress of Mg alloy/SiC,, composite foam at
high strain rates, oy, is the stress influenced by the Mg alloy/
SiC, matrix, ocg is the stress affected by cell structure and
ogp 18 the stress impacted by the gas pressure. The major

*

7 w2
1600s™ 24008

Fig. 8 Dynamic compressive final morphologies of Mg alloy/SiC,, composite foams with 8 wt% SiC,, with different strain rates
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Fig.9 SEM image of the fracture surfaces in the fragments of the Mg alloy/SiC, composite foams after the dynamic compression: a cracks in
the cell walls, b—d the fracture and collapse of the cell wall. (Note: arrows indicate the cell edge, the boxed-in area of the figure (d) is plateau
border)

effect among them is different at variation of high strain
rates, relative densities and SiCp addition.

4 Conclusions

Dynamic compressive mechanical properties of closed-cell
Mg alloy/SiC,, composite foams have been investigated
under dynamic loading with different relative densities
(0.162, 0.227 and 0.351) and different SiCp additions (0, 4
and 8 wt%). Split-Hopkinson pressure bar was used to study
the dynamic compression behavior. The conclusions were
drawn as follows.

1.

For similar strain rates, peak stress and energy absorp-
tion capacity are higher for higher relative densities.
Specimen with relative density of 0.351 has the highest
peak stress and energy absorption capacity.

For all densities, the peak stress and energy absorption
capacity increase with the strain rate. Peak stress and
energy absorption display strain rate dependence. At the

testing strain rate ranges, the higher the relative den-
sities are, the higher the increment in peak stress and
energy absorption capacity will be, when the strain rate
increases. Both peak stress and energy absorption capac-
ity of specimen with relative density of 0.351 increase
the most as the strain rate increases.

The peak stress of specimens with 0 wt% and 4 wt% SiC
particles additions increases with strain rate increasing.
Meanwhile, the increment in the peak stress of speci-
mens with 8 wt% addition is not evident with increas-
ing strain rate. The energy absorption capacity increases
with strain rate increasing. At the testing strain rate
ranges, the increment in the energy absorption capac-
ity of specimen with 4 wt% SiC, addition is the most
as the strain rate increases. The suitable amount of SiC
particles addition has a great advantage for increasing
the peak stress and energy absorption capacity at the
high strain rate.
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