
www.jzus.zju.edu.cn; www.springer.com/journal/11582
E-mail: jzus_a@zju.edu.cn

Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering)   2023 24(11):978-990

Experimental investigation on cenosphere-aluminum syntactic 
foam-filled tubes under axial impact loading

Li WANG1,2, Boyi ZHANG1,2*, Jian ZHANG1,2, Yuexin JIANG1,2, Wei WANG1,2, Gaohui WU3

1School of Civil Engineering, Harbin Institute of Technology, Harbin 150090, China 
2Key Lab of Structures Dynamic Behavior and Control of the Ministry of Education, Harbin Institute of Technology, Harbin 150090, China 
3Center for Metal Matrix Composites Engineering Technology, Harbin Institute of Technology, Harbin 150006, China

Abstract: A new syntactic foam material was prepared by screening three different average particle sizes of cenospheres (150, 
200, and 300 μm) from industrial waste fly ash. Axial impact testing on syntactic foam filler and foam-filled tubes was conducted 
using a drop hammer test machine. The effects of parameters, such as the size of cenospheres and the impact velocity, on the 
mechanism of deformation, mechanical characteristics, and capacity for energy absorption of the specimen were investigated. 
On this basis, the differences in compressive properties exhibited by the syntactic foam-filled tubes under the two loading 
conditions were investigated. The results indicate that with the decrease in the average diameter of cenospheres, the initial peak 
crushing load and mean crushing load of foam-filled tubes increase, while the compression efficiency decreases. The specific 
energy absorption (SEA) of the syntactic foam-filled tube can reach 25 J/g. With the increase of impact velocity, the SEA of the 
specimen increases slightly. It was demonstrated that the syntactic foam-filled tube exhibits a higher effective energy absorption 
ratio under impact loading compared to quasi-static loading.

Key words: Cenosphere-aluminum syntactic foam; Crashworthiness; Mechanical properties; Absorption of energy

1 Introduction 

Over the past decades, in the face of frequent 
traffic accidents, there has been much research on 
energy-absorbing components to prevent personal in‐
juries. Thin-walled tubes have attracted extensive atten‐
tion because of their convenient preparation and good 
energy absorption capacity (Xu et al., 2017; Zou et al., 
2017; Sun et al., 2018; Ferdynus et al., 2019; Mansor 
et al., 2022; Zha et al., 2022). Significant research has 
been undertaken on the crushing behavior of thin-
walled tubes with various cross-sections, including 
triangular tubes, round tubes, square tubes, and corru‐
gated tubes (Wu et al., 2016; Zhang et al., 2018; Wang 
et al., 2019; Sadsighi et al., 2022; Ghahremanzadeh 
and Pirmohammad, 2023).

To further improve the characteristics of compo‐
nents for energy absorption, metallic foams (Sun et al., 

2016; Liu ZF et al., 2017; Zhang et al., 2021) and poly‐
meric foams (Yan et al., 2014; Hussein et al., 2017; 
Liu Q et al., 2017; Sarkabiri et al., 2017; Ghamarian 
and Azarakhsh, 2019) are usually inserted in thin-
walled tubes as fillers. Djamaluddin et al. (2015) used 
non-dominated sorting genetic algorithm (NSGA-II) 
to optimize the design of the crashing behavior of an 
empty double-tube, a foam-filled empty tube, and a 
foam-filled double-tube under axial and oblique impact 
loadings. Results showed that the crashworthiness of 
the foam-filled double-tube was about 12% better than 
that of the others. Hu et al. (2018) presented an alumi‐
num foam-filled tri-tube and noted that the outer tube’s 
diameter and wall thickness had a strong impact on 
the energy absorption capacity of specimens. The re‐
search by Hu et al. (2018) showed that for the alumi‐
num foam-filled tri-tube, the influence of the outer tube’s 
wall thickness on the energy absorption performance 
of the specimen was very obvious. Abedi et al. (2018) 
investigated polyurethane foam-filled grooved tubes 
with circular cross-sections. The results showed that 
when the groove distance is large, the manner of defor‐
mation of the foam-filled tube tends to be the diamond 
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mode, and when the groove distance is small, the de‐
formation mode tends to be the concertina mode. 
Movahedi and Linul (2017, 2021), Linul et al. (2018), 
and Movahedi et al. (2018) conducted much experi‐
mental research on the compression behavior of alumi‐
num alloy foam-filled tubes at elevated temperatures. 
The effect of temperature on the mechanical properties 
of foam-filled tubes was explored in depth. Moham‐
madiha and Ghariblu (2018) studied the axial dynamic 
energy absorption properties of a foam-filled free in‐
version tube. According to deformation theory, they 
derived analytical formulas for the instantaneous re‐
versal load of a foam-filled tube during free inversion 
by applying a new theoretical model. Duarte et al. 
(2018) analyzed the mechanical performance of ex‐
tremely thin-walled aluminum alloy in-situ foam-filled 
tubes and pointed out that during the preparation pro‐
cess, the thermal treatment of the thin-walled tubes 
can enhance their ductility and reduce the probability 
of crack formation.

Compared with traditional foam-filled tubes, the 
crashworthiness of syntactic foam-filled tubes needs 
further study. Several scholars have carried out re‐
search on the influences of the syntactic foam prepara‐
tion method (Kemény et al., 2022) and loading direc‐
tion (Su et al., 2019) on the compressive properties of 
foam-filled tubes. Movahedi et al. (2022) further dis‐
cussed the deformation mode of functionally graded 
metal syntactic foams under high-speed impact load‐
ing. Fly ash cenosphere is a kind of common industrial 
waste, which is gradually being used in the prepa‐
ration of composite materials (Mondal et al., 2009; 
Braszczyńska-Malik et al., 2017). The cenosphere-
aluminum syntactic foam not only has excellent energy 
absorption capacity, but also has a certain bearing ca‐
pacity (Doddamani et al., 2015; Manakari et al., 2016; 
Zhang et al., 2016; Garcia et al., 2018). Combining this 
material with metal tubes to prepare foam-filled tube 
specimens can both reduce environmental pollution and 
reduce the preparation cost of composite foam, and 
will have broad application potential.

The crushing behavior of cenosphere-aluminum 
syntactic foam under an axial quasi-static load has 
been studied (Wang et al., 2021). This paper investi‐
gates the mechanical properties of syntactic foam-filled 
tubes under axial low-velocity impact loading. The 
effects of impact load velocity and the average particle 
size of cenospheres on the energy absorption capacity 
of the specimens are analyzed. The differences in 

deformation modes and energy absorption ratios of 
syntactic foam-filled tubes under different loading con‐
ditions are indicated. The organization of this paper is 
as follows. Section 2 introduces the preparation of the 
syntactic foam, the geometric parameters of specimens, 
and the loading scheme of the test. The evaluation 
indexes of the specimen under impact loading, such 
as initial peak crushing load, mean crushing load, and 
specific energy absorption (SEA), are analyzed in 
Section 3. Section 4 compares the foam-filled tube’s 
crashworthiness under impact and quasi-static loads, 
and conclusions are presented in Section 5.

2 Materials 

2.1 Material and specimen

Pressure infiltration was employed to create the 
cenosphere-aluminum syntactic foam used in this test. 
There are three types of cenospheres (58.8% SiO2, 
26.1% Al2O3) (mass fraction), with typical particle sizes 
of 150, 200, and 300 μm, which were obtained by 
screening industrial fly ash. Then, the molten 1199Al 
(0.005% Cu, 0.003% Fe, and 0.0025% Si (mass frac‐
tion) balanced with Al as the main alloying element) 
was injected into the mold with cenosphere preforms, 
and gradually pressurized so that the voids of preforms 
were filled with liquid aluminum. The preparation 
method of the material is shown in Fig. 1.

The thin-walled empty tube used in the experi‐
ment is 6063 aluminum alloy seamless tube with outer 
diameter of 20 mm, wall thickness of 1.2 mm, and 
height of 30 mm. The material properties of 6063 
aluminum alloy (0.51% Si, 0.64% Mg, and 0.27% Fe 
balanced with Al as the main alloying element) were 
obtained through uniaxial tension test, as shown in 
Fig. 2a. The stress–strain (σ-ε) curve of 6063 alumi‐
num alloy shows four main stages: elastic stage, 
yield stage, strain-hardening stage, and fracture stage. 
Cenosphere-aluminum syntactic foam is used as the 
filler, and each type of cenosphere has an average par‐
ticle size of 150, 200, and 300 μm. The stress–strain 
curves of the three types of cenosphere-aluminum 
syntactic foam (150SF, 200SF, and 300SF) are shown 
in Fig. 2b. The stress–strain curve of syntactic foam 
shows typical three-stage characteristics: linear elastic 
stage, plastic plateau stage, and compression densifi‐
cation stage (Duarte et al., 2018).
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The syntactic foam specimens used in the experi‐
ment are shown in Fig. 3. Fig. 4 is the diameter distri‐
bution of cenospheres. The microstructure of syntac‐
tic foam is shown in Fig. 5. In the figure, bright areas 
are the aluminum matrix, and dark areas are ceno‐
spheres, which maintain a complete appearance and 
are spread equally throughout the aluminum matrix. 
The geometries and dimensions of specimens are listed 
in Table 1. In the specimen number, AX indicates axial 
impact, and T1.2 indicates that the tube wall thickness 
is 1.2 mm. The numbers 150, 200, and 300 indicate the 
different types of cenosphere-aluminum syntactic foam 
with varying average particle sizes. The numbers 5 
and 6 represent the impact velocities of 5 and 6 m/s. 
AX-150-6, AX-200-6, and AX-300-6 respectively 
represent different syntactic foam cylinder specimens, 
and the others are foam-filled tubes.

Fig. 3  Specimens used in impact test: (a) syntactic foam 
filler; (b) syntactic foam-filled tubes

Fig. 2  σ-ε curves of material: (a) aluminum alloy; (b) syntactic 
foam

Fig. 1  Preparation method of cenosphere-aluminum syntactic 
foam: (a) preparation flow chart; (b) preparation process 
diagram
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2.2 Experimental scheme

The axial impact experiment was conducted on 
the INSTRON 9250HV drop hammer test machine. 
The experimental set-up is shown in Fig. 6. The maxi‐
mum drop height of the drop hammer is 4 m. The 
upper part of the testing machine is additionally pro‐
vided with a spring, which can increase the initial speed 
of the drop hammer. The maximum impact speed of 
the drop hammer can reach 10 m/s. Through the built-
in optical acquisition system, the test machine can 
obtain the displacement of the drop hammer during 
the entire impact process. At the same time, the accel‐
eration sensor installed on the indenter can collect the 
acceleration of the drop hammer. The testing machine 
can be controlled in two ways: impact speed and im‐
pact energy. After determining the weight of the drop 
hammer, the system will automatically adjust the height 
of the drop hammer and the compression length of the 
spring. The relationship between the impact speed of 
the drop hammer and the initial potential energy is as 
follows:

v t =
2 ( )mgh +

1
2

k(Dl)2

m
 (1)

where vt is the impact speed, h is the initial height of 
the drop hammer, m is the weight of the drop hammer, 
Δl and k are the compression and elastic modulus of 
the spring, respectively, and g is the acceleration under 
gravity.

In this experiment, the impact mass is 22.71 kg. 
The impact velocities are 5 and 6 m/s. Specific param‐
eters are shown in Table 1.

3 Impact experiment results 

3.1 Failure mode

3.1.1　Syntactic foam filler

Fig. 7 illustrates the final shape of three syntactic 
foam fillers. Under the impact loading with a velocity 
of 6 m/s, the three kinds of filler were completely col‐
lapsed and expanded radially in a crushed shape.

3.1.2　Syntactic foam-filled tubes

The foam-filled tubes also show concertina failure 
mode under impact loading, as shown in Fig. 8. Com‐
pared with the cenosphere-aluminum syntactic foam 
bearing the impact load alone, due to the restraining 

Fig. 6  Experimental set-up

Fig. 5  Microstructure of syntactic foam

Fig. 4  Diameter distribution of cenospheres
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effect of the aluminum tube on the filler, the foam-
filled tubes maintain their integrity without collapse. 
With the increase of impact velocity, the axial defor‐
mation of the specimen increases obviously, but the 
failure mode basically does not change. It is notewor‐
thy that specimen AX-T1.2-300-5 exhibits different 
deformation mechanisms under impact loading. This 
may be due to errors in the preparation and process‐
ing of the syntactic foam, which makes the specimen 
have certain initial defects. Under the impact load, the 
folds are concentrated on one side of the specimen.

Fig. 9 is a comparison between the final shape 
of specimen AX-T1.2-150-6 (Fig. 9a) and specimen 
AX-T1.2-300-6 (Fig. 9b). It was found that at the same 

impact velocity, the axial distortion of the foam-
filled tube increases with the increase of the average 
particle size of cenospheres in the filler. The specimen 
AX-T1.2-150-6 only forms a fold in the middle, while 
the specimen AX-T1.2-300-6 forms a fold at the upper 
and lower ends. This is because part of the filler in 
the specimen AX-T1.2-150-6 is broken under the 
impact load, so that the deformation is concentrated 
in the middle part of the foam-filled tube. This indi‐
cates that the porosity of the syntactic foam rises as 
the diameter of the cenospheres in the filler grows, 
increasing the compression deformation capacity of 
the foam-filled tube.

3.2 Dynamic mechanical properties

3.2.1　Load-displacement curves

The load-displacement curves of each set of speci‐
mens acquired in the experiment are shown in Fig. 10. 
Three kinds of syntactic foam filler exhibit typical 

Fig. 9  Comparison between the final shapes of specimens: 
(a) AX-T1.2-150-6; (b) AX-T1.2-300-6

Table 1  Geometric parameters of specimens

Specimen No.

AX-150-6

AX-200-6

AX-300-6

AX-T1.2-150-5

AX-T1.2-200-5

AX-T1.2-300-5

AX-T1.2-150-6

AX-T1.2-200-6

AX-T1.2-300-6

Outside diameter 
(mm)

–

–

–

20

20

20

20

20

20

Wall thickness 
(mm)

–

–

–

1.2

1.2

1.2

1.2

1.2

1.2

Average diameter of 
cenosphere (μm)

150

200

300

150

200

300

150

200

300

Height 
(mm)

30

30

30

30

30

30

30

30

30

Impact velocity 
(m/s)

6

6

6

5

5

5

6

6

6

Drop mass 
(kg)

22.71

22.71

22.71

22.71

22.71

22.71

22.71

22.71

22.71

Fig. 7  Specimens after impact loading: (a) AX-150-6; 
(b) AX-200-6; (c) AX-300-6

Fig. 8  Specimens after impact loading: (a) AX-T1.2-150-5; 
(b) AX-T1.2-200-5; (c) AX-T1.2-300-5; (d) AX-T1.2-150-6; 
(e) AX-T1.2-200-6; (f) AX-T1.2-300-6
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three-stage features of elastic stage, plastic plateau stage, 
and densification stage under impact load (Fig. 10a). 
This may be because the impact resistance of the 
specimen is distinctly improved by the aluminum tube, 
so that the impact load fails to compress the specimen 
to the densification stage. Compared with the peak 
load, the load of three types of syntactic foam in the 
plateau stage is relatively close. In the densification 
stage, the load of 300SF far exceeds the load of the 

other two kinds of syntactic foam. This is because the 
porosity of 300SF is the largest and the specimen be‐
comes the densest under the impact load.

The characteristics of load–displacement curves 
of syntactic foam-filled tubes (150SFFT, 200SFFT, 
300SFFT) under two kinds of impact velocities are 
basically the same, but there is no densification stage 
in the curves (Figs. 10b and 10c). Unlike the syntactic 
foam that bears the impact load alone, the foam-filled 
tubes show obvious strength differences during the 
plateau stage. Of the different types of foam-filled tubes, 
the compression stroke of 300SFFT is the largest, while 
the compression stroke of 150SFFT is the smallest.

In this study, a set of parameters are proposed 
and compared to assess the crashworthiness of energy-
absorbing materials and components under impact load 
(Hanssen et al., 2000; Hou et al., 2007; Guler et al., 
2010; Sun et al., 2010). The relevant experimental pa‐
rameters for all specimens are summarized in Table 2. 
The following is the definition of the energy absorp‐
tion efficiency f (Hanssen et al., 2000):

f =
∫

0

s

F(s)ds

Fmax H
 (2)

where F(s) is the impact loading, s is the compression 
stroke, Fmax is the maximum impact loading in the 
range [0, s], and H is the height of the specimen. As 
the compression stroke lengthens, so does the energy 
absorption efficiency. The effective compression stroke 
Sef is defined as the corresponding compression stroke 
when the energy absorption efficiency achieves its 
greatest value (Fig. 11). In the case of some load–
displacement curves with no densification tendency, 
the effective compression stroke is taken as the entire 
compression stroke.

3.2.2　Peak crushing loading

The peak crushing loading Fp of foam-filled tubes 
and syntactic foam under axial impact loading is pre‐
sented in Fig. 12. The figure shows that the peak crush‐
ing loading of 150SFFT is the highest, and the peak 
crushing loadings of 200SFFT and 300SFFT decrease 
sequentially. The aluminum tube restricts the cracking 
and radial expansion of the filler, which enhances the 
peak crushing loading of the foam-filled tube.

Fig. 10  Load-displacement curves of specimens: (a) AX-6; 
(b) AX-T1.2-5; (c) AX-T1.2-6
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3.2.3　Mean crushing loading

The mean crushing loading Fm primarily repre‐
sents the specimen’s load level during the energy 
absorption process, which is described as (Sun et al., 
2010):

Fm =
∫

0

Sef

F(s)ds

Sef

. (3)

The mean crushing loading of syntactic foam and 
foam-filled tubes under axial impact load is shown in 
Fig. 13. The variation trend of the mean crushing load‐
ing of specimens is basically consistent with that of 
the initial peak crushing load. However, the mean crush‐
ing loads of three kinds of syntactic foam filler are 
closer, among which the mean crushing load of 150SF 
is only 13.6% higher than that of 200SF. The restrain‐
ing effect of the aluminum tube on the syntactic foam 
filler can significantly increase the mean crushing load‐
ing of the specimen. The mean crushing loading of the 
foam-filled tube is enhanced by 156% on average when 
compared to the syntactic foam filler. The increase in 
impact velocity has little effect on the mean crushing 
loading of the specimen.

Table 2  Mechanical properties of the syntactic foam specimens

Specimen type

AX-150-6

AX-200-6

AX-300-6

AX-T1.2-150-5

AX-T1.2-200-5

AX-T1.2-300-5

AX-T1.2-150-6

AX-T1.2-200-6

AX-T1.2-300-6

Peak crushing 
loading, Fp (kN)

30.0

20.7

12.6

64.2

43.6

36.6

66.9

47.6

33.0

Mean crushing 
loading, Fm (kN)

12.5

11.0

6.8

31.8

22.5

18.3

33.3

24.2

19.4

CLE

41.7

53.4

54.0

49.5

51.7

50.0

49.8

50.9

58.8

Effective energy 
absorption, Wef (J)

276.8

239.9

136.6

282.9

277.0

276.1

407.8

394.9

398.9

SEA (J/g)

18.9

15.3

9.8

17.4

15.8

16.6

25.1

22.0

23.9

CLE: crushing load efficiency

Fig. 13  Mean crushing loading of specimens

Fig. 11  Energy absorption efficiency curve and load–
displacement curve

Fig. 12  Peak crushing loading of specimens
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3.2.4　Crushing load efficiency (CLE)

The ideal energy-absorbing structure can not 
only fully absorb the impact energy, but also ensure 
the stability of the bearing capacity. CLE is an evalua‐
tion index of load consistency under impact load, de‐
fined as (Hanssen et al., 2000):

CLE =
Fm

Fp

´ 100%. (4)

Fig. 14 plots the CLE of each specimen. When 
the impact velocity is 5 m/s, the CLE of the three 
types of foam-filled tubes varies little. When the impact 
velocity is 6 m/s, it can be found that the syntactic 
foam and foam-filled tubes gradually increase in CLE 
as the particle size of the cenospheres increases, which 
means that the initial impact effect of the specimen 
decreases.

3.3 Capacity for energy absorption

3.3.1　Effective energy absorption

The effective energy absorption Wef mainly mea‐
sures the energy absorption capacity of the sample 
in the plastic deformation stage. Its definition is as 
follows (Sun et al., 2010):

Wef = ∫
0

Sef

F(s)ds. (5)

Fig. 15 depicts the effective energy absorption of 
each sample. Combined with the experimental phe‐
nomena, it can be found that the aluminum tube can 
restrain the deformation of the syntactic foam filler 

to avoid being crushed and can greatly boost the 
specimen’s effective energy absorption. Since none of 
the load–displacement curves of the foam-filled tubes 
reaches the densification stage, the effective energy 
absorption of the specimen is only related to the im‐
pact velocity. Under the same impact velocity, the dif‐
ference in effective energy absorption of various foam-
filled tubes is not obvious.

Fig. 16 compares the load–displacement super‐
position curve of the syntactic foam filler (AX-150-6) 
and the empty aluminum tube (ET) with the load–
displacement curve of specimen AX-T1.2-150-6. The 
shaded area is the increment of effective energy absorp‐
tion caused by the interaction effect. The percentage 
of effective energy absorption due to the interaction 
effect in each specimen is shown in Fig. 17. It can be 
found that the interaction effect between the syntactic 
foam filler and the aluminum tube is gradually en‐
hanced with the decrease of the average particle size 
of cenospheres under the impact load.

Fig. 14  CLE of specimens

Fig. 16  Interaction effect of specimen AX-T1.2-150-6

Fig. 15  Effective energy absorption of specimens
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3.3.2　Specific energy absorption (SEA)

The SEA represents the amount of energy absorbed 
per unit mass of sample in the effective compression 
stroke, and is defined as follows (Sun et al., 2010):

SEA =
Wef

Dm
=

∫
0

Sef

F(s)ds

Dm
 (6)

where Δm is the mass of the specimen. The SEA of 
several types of specimens under impact loading is 
depicted in Fig. 18. The results indicate that, as the 
particle size in the filler increases, the SEA of the spec‐
imen decreases. Each syntactic foam-filled tube has 
an SEA of over 15 J/g, of which the SEA of 150SFFT 
reaches 25 J/g. As shown in Fig. 19, the syntactic foam-
filled tube (specimen AX-T1.2-150-6) exhibited better 
energy absorption capacity under low-velocity impact 
loading compared to the polyurethane foam-filled tube 

(Pirmohammad et al., 2019), aluminum foam-filled tube 
(Salehi et al., 2021), and zinc foam-filled tube (Salehi 
et al., 2021). This is because the cenospheres in the syn‐
tactic foam can absorb more energy during the pro‐
cess of being crushed and compacted under impact load 
(Zhang et al., 2016). With the increase in impact veloc‐
ity, the SEA of the specimen is slightly increased.

4 Comparative analysis of foam-filled tubes 
under different loading 

To compare the deformation failure mode, me‐
chanical characteristics, and energy absorption per‐
formance of foam-filled tubes under impact loading 
and quasi-static loading, specimen AX-T1.2-150 was 
selected for a quasi-static compression test. The quasi-
static compression test was carried out on a universal 
testing machine with the loading speed of 1.8 mm/min.

4.1 Comparison of deformation modes

The deformation process of the specimen AX-T1.2-
150 is presented in Fig. 20. The plastic deformation 
of the specimen is relatively concentrated, and only 
one fold is generated in the middle of the specimen 
under the impact loading. However, under quasi-static 
loading, three folds are uniformly formed along the 
height of the specimen, indicating that the plastic de‐
formation of the specimen is greater. At the end of the 
quasi-static loading process, due to the asymmetric de‐
formation of the specimen, the wall tube is partially 
torn. This is mainly due to machining errors and the 
inhomogeneity of materials, which lead to certain initial 
defects in the specimen. Compared with the impact 

Fig. 17  Percentage of effective energy absorption due to the 
interaction effect

Fig. 19  SEA of different kinds of foam-filled tubes

Fig. 18  SEA of specimens
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load, the loading rate of the quasi-static load is lower, 
which leads to more internal defect development of 
the material, and the tube wall cracks.

4.2 Comparison of mechanical characteristics 
and energy absorption performance

Fig. 21 shows the load–displacement curves of 
specimen AX-T1.2-150 under quasi-static loading and 
impact loading with impact velocity of 6 m/s. Table 3 
is a comparison between the mechanical properties of 
specimen AX-T1.2-150 under two loading modes. As 
a result of the strain rate effect, the peak crushing load 
of the specimen under impact loading is 1.93 times of 
the quasi-static loading, and the mean crushing load 
also increases slightly.

To compare the energy absorption capacity of speci‐
mens under different loading modes more intuitively, 
the effective energy absorption ratio η is calculated as 
follows:

η =
Wef

W t

 (7)

where Wt is the total energy applied by the test instru‐
ment during loading. The energy absorption capacity 
of specimen AX-T1.2-150 under two loading modes 
is shown in Fig. 22. It can be found that the effective 
energy absorption ratio of the syntactic foam-filled tube 
under impact loading is significantly higher than that 
under quasi-static loading, reaching 97.8%. Cenosphere-
aluminum syntactic foam exhibits a higher stress level 
and energy absorption capacity under impact load‐
ing and is an excellent cushioning energy absorption 
material.

5 Conclusions 

In this study, axial impact tests were carried out 
on different types of cenosphere-aluminum syntactic 
foam-filled tubes, and the failure mode of deforma‐
tion, mechanical characteristics, and energy absorption 
performance of specimens under impact loading were 
studied. The influence of parameters such as pore size 
in syntactic foam and impact velocity was analyzed. 
On this basis, the crushing characteristics of foam-filled 

Fig. 22  Energy absorption capacity of specimen AX-T1.2-150 
under quasi-static loading and impact loading

Fig. 20  Deformation mode of specimen AX-T1.2-150: (a) quasi-static loading; (b) impact loading

Table 3  Mechanical properties of specimen AX-T1.2-150 

under quasi-static loading and impact loading

Loading mode

Quasi-static loading

Impact loading

Peak crushing 
load (kN)

34.6

66.9

Mean crushing 
load (kN)

27.9

33.3

Fig. 21  Load–displacement curve of specimen AX-T1.2-150 
under quasi-static loading and impact loading
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tubes under different load conditions were compared 
and analyzed. The main findings include:

(1) Three kinds of syntactic foam-filled tubes 
buckled outwards in a concertina mode under impact 
loading, but the position and number of folds were dif‐
ferent. With the increase of the pore size of syntactic 
foam filler, the plastic deformation capacity of the speci‐
men increased.

(2) The aluminum tube can effectively limit the 
cracking of the filler, so that the initial peak crushing 
load and mean crushing load of the specimen were 
significantly improved. The increase in impact velocity 
had little effect on the mechanical properties of the 
specimen.

(3) The SEA of all cenosphere-aluminum syn‐
tactic foam-filled tubes under two impact velocities was 
higher than 15 J/g, and the SEA of 150SFFT reached 
25 J/g, which is better than that of ordinary aluminum 
foam components.

(4) The peak load of 150SFFT under axial impact 
loading was 1.93 times that under quasi-static compres‐
sion, and the mean crushing load increased slightly. 
The stress level of the material was increased under 
the impact loading, so the effective energy absorption 
ratio of the specimen reached 97.8%.
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