
HAL Id: hal-01896700
https://hal.science/hal-01896700

Submitted on 16 Oct 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Compressive performance and deformation mechanism
of the dynamic gas injection aluminum foams

Ningzhen Wang, Eric Maire, Xiang Chen, Jérôme Adrien, Yanxiang Li, Yasin
Amani, Lei Hu, Ying Cheng

To cite this version:
Ningzhen Wang, Eric Maire, Xiang Chen, Jérôme Adrien, Yanxiang Li, et al.. Compressive perfor-
mance and deformation mechanism of the dynamic gas injection aluminum foams. Materials Charac-
terization, 2019, 147, pp.11-20. �10.1016/j.matchar.2018.10.013�. �hal-01896700�

https://hal.science/hal-01896700
https://hal.archives-ouvertes.fr


1 

 

Compressive performance and deformation mechanism of the 

dynamic gas injection aluminum foams 

Ningzhen Wang1, Eric Maire2, Xiang Chen1, 3, *, Jérôme Adrien2, Yanxiang Li1, 3, Yasin Amani2, 

Lei Hu1, Ying Cheng1 

1Department of Materials Engineering, School of Materials Science and Engineering, Tsinghua University, Beijing, 100084, China 

2INSA de Lyon, MATEIS CNRS UMR5510, Université de Lyon, 69621 Villeurbanne, France 

3Key Laboratory for Advanced Materials Processing Technology (MOE), Tsinghua University, Beijing, 100084, China 

*Corresponding author: Tel: +86 10 62786355, E-mail: xchen@tsinghua.edu.cn 

Abstract: The dynamic gas injection method with high-speed horizontal oscillation could reduce 

the cell size and improve the cell quality of aluminum foams, so it is of interest to study the 

compressive performance and deformation mechanism of the foams produced with this process. 

In-situ compression in X-ray tomography was used for this research. Results have shown that the 

plateau stresses of bulk aluminum foams prepared by the dynamic gas injection method are in the 

range of 0.3 ~ 11 MPa. When the cell size is reduced to around 1 mm, the plateau stress could 

reach 22 MPa. In addition, the brittle deformation characteristics of aluminum foams in the 

quasi-static compression process are obvious. The dynamic gas injection method could greatly 

improve the mechanical properties of aluminum foams, and aluminum foams prepared by this 

method have a better compressive performance compared to that prepared by static method even 

at the same relative density. The uniformity of the cell size and sphericity also affects the 

mechanical properties. The result of in-situ compression shows that there are two main failure 

modes for cell walls of aluminum foams: the fracture after buckles of the cell walls and the direct 

fracture of the cell walls. The aluminum foams prepared by the dynamic gas injection method 

could have a wide application prospect due to its superior compressive performance. 

Key words: aluminum foam, gas injection method, mechanical properties, in-situ compression, 

deformation mechanism 

1 Introduction 

Closed-cell aluminum foams are a kind of foam structure with closed cellular pores inside the 

aluminum or aluminum alloy [1]. They have attracted some attention due to their light weight, 

good energy absorption, noise reduction and electromagnetic shielding performances [2]. There 

are three different zones in the stress-strain compressive curves of aluminum foams: linear elastic 

region, stress plateau region (plastic deforming) and densification region [3]. The area under the 

stress-strain curve corresponds to the energy that aluminum foams can absorb. Because the stress 

remains almost constant with increasing strain in the plateau stage, aluminum foams can absorb a 

lot of energy in the deformation process [4-7]. In the case of closed-cell aluminum foams, the 

entrapped gas inside the cells also plays an important role in the dynamic compression, which 

extends their application in impact and explosion-proof domains [8, 9]. Good energy absorption 

properties of closed-cell aluminum foams make them have wide applications in automotive, 

aerospace and military industries. [2, 10]. Mechanical properties of aluminum foams are 

influenced by their relative density [9, 11], matrix [12, 13], the microstructure of the cell walls 

[14], cell shapes [15] and cell size [16]. These factors are largely related to the preparation 

methods of closed-cell aluminum foams [17-20].  
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Gas injection is one of the main methods to produce closed-cell aluminum foams [1]. The 

process involves injecting gas directly into the molten aluminum or aluminum alloy containing 

ceramic particles [21, 22]. Compared to the widely used melt foaming method (Alporas) in the 

industry [1], gas injection method has the advantage of permitting continuous production. [18]. An 

aluminum foam prepared by gas injection method has some key microstructural features, such as 

an oxide film in the cell walls caused by the oxidizing gas [23], the A356 matrix which is usually 

used [24], and ceramic particles which are necessary for the bubbles stability [25]. These features 

can affect the cell structures and cell wall microstructures of aluminum foams, and certainly affect 

the compressive performance [14]. Therefore, it is necessary to study the compressive 

performance of aluminum foams prepared by gas injection method.  

Static gas injection method means the gas injection needle was in static condition during the 

preparation process for uniform cells [7, 11]. In order to reduce the size of bubbles and then 

improve the mechanical properties of gas injection aluminum foams, some dynamic methods were 

applied in the gas injector, such as the rotating or reciprocating of the gas injector developed by 

Cymat [22, 26], ultrasonic oscillation used by Aluhab [27], mechanical vibration generated by a 

stepper motor [28] and the high-speed horizontal oscillation [29]. The mechanical properties of 

some gas injection aluminum foams have been reported, such as the static gas injection aluminum 

foam [11, 30], Aluhab prepared by ultrasonic oscillation method [31] and aluminum foam 

prepared by rotating gas injector [32]. There have also been some research about Cymat aluminum 

foams, but their cell size uniformity was not satisfactory [33, 34]. Dynamic gas injection method 

assisted with high-speed horizontal oscillation could significantly reduce the cell size and improve 

the cell quality [29], so the compressive performance and deformation mechanism of this dynamic 

gas injection aluminum foam deserve to be studied in detail.  

The energy absorption performance of the aluminum foam is related to the failure modes of 

cells [35]. The modes usually contain the formation of plastic hinges, tearing, fracture and 

buckling of cell membranes [15, 35]. At present, methods for characterizing cell deformation 

mainly include photographs of the deformation process [30], scanning electron microscope (SEM) 

[36], and X-ray tomography [33, 37, 38]. Cell deformation is difficult to be observed clearly by 

the pictures in compression due to the resolution limit [30]. The effective test zone of SEM 

method is usually small [36]. More importantly, the two methods mentioned above could only 

show the deformation of cells in the outer surface of the sample. In fact, the deformation of each 

cell can be affected by the surrounding cells, and the deformation of cells in outer surface is not 

that representative due to fewer constraints compared to the internal cells. Some researchers used 

finite element simulations based on the model from X-ray tomography to study the cell 

deformation, but it is hard to consider all factors in the simulation of the compressive process [33, 

37]. C. Petit et al. [38] used the in-situ test coupled with X-ray tomography in the study of 

open-cell aluminum foam, and showed that this can be a proper way to characterize the cell 

deformation. The deformation process of the internal foam structure can be obtained through 

X-ray tomography during compression test which allows one to study the cell deformation 

mechanism quantitatively. 

In this paper, the compressive performance and deformation characteristics of aluminum 

foams prepared by dynamic gas injection method assisted with high-speed horizontal oscillation 

was studied by standard compressive tests, and it was compared with the mechanical properties of 

aluminum foams prepared by static gas injection method. The cell deformation mechanism of the 
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dynamic gas injection aluminum foams was studied by in-situ compressive tests assisted with 

X-ray tomography.  

2 Experimental Procedures 

2.1 Standard compressive test of aluminum foams 

In the preparation of aluminum foams used for the compressive test, first the commercial 

A356 alloy was melted as 700 °C, and Al2O3 particles with the size of 10 μm and the fraction of 

10 vol.% were added into the aluminum alloy melt assisted with mechanical stirring. Then, the 

compressed air was injected into the melt by a gas injection system, bubbles could detach from the 

gas injection needle and rise to the melt surface. Finally, the solidified foam could be collected 

from the surface of the melt. In order to reduce the cell size of aluminum foams, a high-speed 

horizontal oscillation was applied into the gas injection needle, which has been described in detail 

in the literature [29], and the dynamic gas injection method mentioned below all refer to this 

method.  

Ten bulk foam samples with porosity between 75 % and 95 % prepared by the dynamic gas 

injection method were chosen for compressive tests, their porosity distribution is shown in Table 1. 

In order to facilitate the analysis, the relative density was also used as a variable during the study 

of mechanical properties of aluminum foams, and the relationship between porosity and relative 

density is shown in Eq. 1. The cell diameter of the foam samples for compression is in the range 

of 2-12 mm. Foam samples were cut into a cylindrical or rectangular shape. In order to ensure that 

every foam has at least 10 cells in each direction, the sample size was mainly determined by the 

cell size of the aluminum foam. In addition, several aluminum foams prepared by static gas 

injection method were also compressed for comparison, but the data on the compressive 

performance of static gas injection aluminum foams mainly comes from literature [11]. 

Table 1 Porosities of aluminum foams used for compressive test 

Foam Number 1 2 3 4 5 6 7 8 9 10 

Porosity (%) 75.9 77.8 81.0 82.1 84.3 85.3 88.8 91.7 91.9 95.0 

*

d

s

(1 ) 100%P



                               (1) 

where Pd is the measured porosity of aluminum foam. ρ* is the overall density of the aluminum 

foam, which is calculated from the weight and volume of the foam sample. ρs is the density of the 

matrix material (equal to 2.685g/cm3).  

Compressive tests were conducted on a WDW-200E electronic universal testing machine, 

and the loading rate was 4 mm/min. The strain rate of every foam sample was in quasi-static 

compressive condition at this loading rate. The load-displacement data during the compression 

could be obtained after the test, and then the nominal stress σ and nominal strain ε can be 

calculated by Eqs. (2) and (3), respectively.  

=
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A
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0

=
h
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                                  (3) 

where F is the load obtained from the compression experiment. A is the loading area of the foam 

sample. Δh is the deformation of the sample along the compression direction, namely the 
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displacement obtained from the experiment. h0 is the original height of the sample.  

A schematic stress-strain curve of aluminum foam during compression is shown in Fig. 1. It 

can be divided into three stages: elastic deformation stage (Ⅰ), stress plateau stage (Ⅱ) and 

densification stage (Ⅲ). The energy absorption capacity of an aluminum foam is usually 

characterized by the densification strain energy WD, and its compressive performance is usually 

represented by the plateau stress σP. ε0 is the strain corresponding to the first peak stress in the 

curve. εD is the densification stain, namely the strain at the end of the plateau region. Densification 

strains of most samples in this paper were determined by the extreme point of the energy 

absorption efficiency–strain curve, and the detailed calculation process is detailed in [39]. For the 

aluminum foam with large cells (usually larger than 10 mm), the severe collapse of cell walls will 

lead to large fluctuation in the stress-strain curve, and then the densification strain determined by 

the above calculation method will not be accurate. Therefore, densification strains of aluminum 

foams with large cells were re-determined manually. Then, the densification strain energy and 

plateau stress of aluminum foams could be calculated by Eqs. (4) and (5), respectively.  
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Fig. 1. A schematic compressive stress-strain curve of an aluminum foam  

2.2 X-ray tomographic characterization and in-situ compressive test 

In order to study the effect of cell parameters on the compressive properties of aluminum 

foams, some foam samples were scanned by X-ray tomography before being compressed. A 

laboratory X-ray tomography equipment described in [40] was used in this study. The resolution 

during the scanning was 50 μm per voxel. Fiji software was used to process the reconstructed 3D 

images. The pore morphology of the foam sample could be obtained by a home-made plugin 

called “Param 3D” from the binarized 3D image. In order to avoid the influence of cell connection 

after binarization, cells were splitted by using “3D watershed split” plugin in Fiji first, and then 

the morphological parameters of every splitted cell could be obtained by “Param 3D” plugin. The 

detailed cell characterization process was described in [41].  

The X-ray tomography equipment was also used for the in-situ compressive test. One 

aluminum foam sample with uniform small cells was placed in an aluminum tube with an inner 

diameter of 15 mm and a wall thickness of 1 mm. This tube is almost transparent to the X-ray. A 
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force sensor was attached to the upper surface of the sample through a grip in the aluminum tube, 

and the tube containing the sample was connected to a motor. Then, the assembled device was 

placed on the rotating stage of the X-ray equipment. The detailed description of the compression 

rig is given in [38, 40]. Due to the limitation of the aluminum tube size, the dimension of the foam 

sample for in-situ compression are 8 mm in length, 8 mm in width and 10 mm in height. The 

average cell diameter of the sample is about 1 mm, so there are enough cells along the 

compression direction. The loading rate of the compression was 0.005 mm/s, so the in-situ 

compression is in the quasi-static condition. The sample was scanned 19 times throughout the 

compression process, and the resolution of each scan was 8 μm per voxel. The compressive 

process was stopped during the X-ray scanning, which takes about half an hour for each scan. In 

order to observe the initial deformation of cells more clearly, the interval of the first 12 X-ray 

tomography scans was 60 s, namely the sample was compressed 0.3 mm between two scans. The 

interval of the subsequent 7 scans was 100 s, namely the sample was compressed 0.5 mm between 

two scans. After the whole compression process, the load-displacement data during X-ray 

scanning could be removed according to the load values. Then, the continuous load-displacement 

curve could be obtained.  

3 Results and discussion 

3.1 Compressive performance of dynamic gas injection aluminum foams 

Fig. 2 shows quasi-static compression stress-strain curves of aluminum foams in Table 1, and 

the bulk aluminum foams were all prepared by the dynamic gas injection method with high-speed 

horizontal oscillation. The three-stage characteristics are observed in stress-strain curves of all 

aluminum foams especially fluctuations in the stress plateau stage. It can also be seen that the 

level of the plateau stress increases with decreasing porosity. The plateau stress is usually used to 

represent the mechanical properties of aluminum foams, and it can be increased from 0.3 MPa to 

11 MPa when the porosity is reduced from 95 % to 75 %. The dot-dash line in Fig. 2 shows that 

the densification strain of aluminum foams roughly decreases with decreasing porosity. It is 

mainly because the reduced porosity leads to the increased volume fraction of the solid phase, and 

this causes the earlier densification stage during the compression test.  
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Fig. 2. Stress-strain curves of aluminum foams prepared by the dynamic gas injection method 
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Fig. 3(a) shows energy absorption-strain curves of aluminum foams with different porosities 

before densification stage. It can be seen that the energy absorbed by aluminum foams increases 

with increasing strain. The energy absorption also increases with decreasing porosity under the 

same strain, which is consistent with the variation of the plateau stress with porosity. Fig. 3(b) 

shows the variation of densification strain energy with relative density of aluminum foams. 

Although the densification strain decreases with the increase of relative density (i.e. the decrease 

of porosity), the densification strain energy increases with increasing relative density, which is 

mainly due to the increased plateau stress. Therefore, the aluminum foam with high relative 

density should be used when huge amount of energy needs to be absorbed. 
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Fig. 3. (a) Energy absorption-strain curves of aluminum foams with different porosities. (b) 

Variation of densification strain energy with relative density of aluminum foams 

 

Fig. 4 shows the deformation morphologies of an aluminum foam with the porosity of 85 % 

during compression as observed by optical macrography from the outside of the sample. Fig. 4(b), 

(c) and (d) show the layer by layer collapse of cells in the stress plateau stage, and the strain 

localization. There are some fluctuations in the plateau stage of stress-strain curves of gas 
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injection aluminum foams, as shown in Fig. 2. The fluctuation is the sudden drop of stress caused 

by the sudden collapse of a certain layer of cells during compression process, which is ultimately 

due to the brittleness of the aluminum foam. Fig. 4(e) shows that when the compression proceeds 

around the densification strain, several wide cracks along the axial direction appear in the outer 

layer of the specimen, which are certainly caused by the brittleness of the foam. When almost all 

cells are compacted, some cell walls in the outer layer peel off under the influence of these cracks, 

as shown in Fig. 4(f).  

 

Fig. 4. Deformation morphologies of an aluminum foam during compression 

Nominal strains from (a) to (f) are 0 %, 10 %, 20 %, 40 %, 60 %, 80 % 

According to the previous analysis, the brittle deformation characteristics of aluminum foams 

prepared by the dynamic gas injection method is obvious. The brittleness is mainly caused by 

three factors. (1) Due to the addition of ceramic particles (Al2O3) during the preparation process, 

there are many ceramic particles in the cell walls of aluminum foam [23, 29]. There are also oxide 

films covering the cells walls due to the effect of oxidizing gas source (air) [23]. These brittle 

components will cause the brittleness of cell walls. (2) A356 aluminum alloy has been used as the 

matrix in the preparation, and the coarse eutectic silicon phase in the alloy contributes to the 

brittleness of the foam [29, 42]. (3) The thickness difference between normal cell wall and Plateau 

border is relatively bigger in the aluminum foams prepared by gas injection method [41]. Thinner 

normal cell wall makes the cell easier to collapse during the compression. These three reasons 

cause the brittleness of gas injection aluminum foams, and then some fluctuations appear in the 

stress-strain curve.  

3.2 Effects of preparation methods and cell structures on the compressive 

performance of gas injection aluminum foams 

Fig. 5 shows variation of plateau stress with relative density of aluminum foams prepared by 

the dynamic gas injection method (GIdyn) and static gas injection method (GIsta) in compression, 

and some compressive results of aluminum foams prepared by static method have been published 

in [11]. The axes are scaled logarithmically in Fig. 5 for the better comparison. The application of 
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high-speed horizontal oscillation method could reduce the cell size of aluminum foams, and 

significantly increase the relative density accordingly, then the mechanical properties of aluminum 

foams could be increased, as shown in Fig. 5. More importantly, the aluminum foam prepared by 

dynamic gas injection method has a higher plateau stress than that prepared by static method even 

at the same relative density. According to Gibson and Ashby’s theory [3], the relation between the 

plateau stress and relative density of aluminum foam could be fitted with a power function [43, 

44]. Eqs. (6) and (7) show the plateau stress-relative density fitting results of aluminum foams 

prepared by dynamic and static gas injection methods, respectively. It could be seen from Fig. 5 

that two points with low relative density for static method do not fit well with the line. It is 

because cell size is usually large and uneven under low relative density condition, and more 

internal defects will exist on the cell walls, then the internal defects will lead to the instability of 

mechanical performance.  
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Fig. 5. Variation of plateau stress with relative density of aluminum foams prepared by different 

gas injection methods 

Plateau stresses of different gas injection aluminum foams both increase with the increase of 

relative density. According to the fitting lines in Fig. 5, the intercept of the fitting line of GIdyn is 

bigger that of GIsta. Moreover, since the relative density of the aluminum foam is always less than 

1, the smaller slope of the fitting line of GIdyn would also cause higher plateau stress. Therefore, 

the compressive performance of aluminum foams prepared the dynamic method would always 

higher than that prepared by static method at the same relative density. The movement state of the 

gas injector is nearly the only difference between the two methods in Fig. 5. It could cause 

different cell structures and ceramic particles distributions in cell walls, and then lead to different 

properties of the two kinds of aluminum foams. In terms of cell structure, aluminum foams with 

smaller cell size could be obtained by dynamic method at the same relative density condition, 
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which is conductive to higher mechanical performance [30]. In terms of performance of cell walls, 

the rising path of bubbles in the dynamic gas injection system would be longer compared to that in 

static method, then more ceramic particles probably be absorbed in the cells walls, so higher 

mechanical performance would be obtained. In summary, due to the better cell wall performance 

and smaller cell size, the aluminum foam prepared by dynamic gas injection method has better 

mechanical properties compared to that prepared by static method even at the same relative 

density.  

In order to further study the influencing factors of compressive performance of aluminum 

foam, three samples with similar porosity (similar relative density) were selected, two were 

prepared by dynamic gas injection method with high-speed horizontal oscillation and one was 

prepared by the static method. The X-ray tomography was used to characterize the cell structure of 

these three samples. Table 2 shows the cell parameters of three foams, and they are named 

according to their preparation method. Pd is the measured porosity obtained by relative density in 

Eq. (1), PCT is the calculated porosity from 3D tomography images, and d  is the average 

diameter of cells calculated by Fiji software in Table 2. It could be seen that Pd and PCT for the 

three samples are both around 85 %, their difference lays mainly in the cell size.  

Quasi-static compression stress-strain curves of the three aluminum foams are shown in Fig. 

6. The fluctuations in the plateau stage of the curves are obvious as expected. The plateau stresses 

of Dyn-1 Dyn-2 and Sta-1 are 5.1 MPa, 4.4 MPa and 2.9 MPa, as shown in Table 2. The Sta-1 

aluminum foam has the lowest plateau stress and the biggest average cell size. However, the 

average cell size of Dyn-1 is bigger than that of Dyn-2, but Dyn-1 has the highest plateau stress. 

Therefore, when the porosity is similar, the mechanical performance of aluminum foams is not 

completely determined by the average cell size.  

Table 2 Cell parameters and compressive performance of three aluminum foams with similar 

porosity 

Number Preparation method Name Pd (%) PCT (%) d (mm) σP (MPa) 

1 Dynamic gas injection Dyn-1 84.3 85.5 3.45 5.1 

2 Dynamic gas injection Dyn-2 85.3 84.6 2.79 4.4 

3 Static gas injection Sta-1 85.9 85.2 4.55 2.9 

 
Fig. 6. Stress-strain curves of three gas injection aluminum foams with the porosity of 85 % 
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Fig. 7 shows distributions of equivalent diameter and sphericity of cells in the three 

aluminum foams illustrated in Fig. 6 and Table 2. The result was based on each individual 3D cell 

data obtained by Fiji software. Color of the scatter represents the number of cells with 

corresponding diameter and sphericity in the sample. When colors in the upper part of the color 

bar are mainly gathered in a certain position, it means the cell size and sphericity distributions of 

the foam sample are relatively uniform. Actually, the cell characterization results of the three 

samples have been mentioned in [41], which are listed here for further comparison. It can be seen 

that most cells in Dyn-1 sample have a diameter of about 4 mm, and the sphericity is concentrated 

around 0.8. While the diameter of most cells in Dyn-2 sample is between 1.5 ~ 4.5 mm, and the 

sphericity is mainly distributed in the range between 0.6 ~ 0.8. Therefore, the more uniform cell 

size and sphericity distributions of Dyn-1 are the main reason for its higher plateau stress. 

However, Sta-1 sample also shows a uniform cell diameter and sphericity distributions, but its 

plateau stress is still lower than Dyn-1. This is related to its cell wall performance and larger 

average cell size caused by static preparation method mentioned previously.  

 

 

Fig. 7. Distributions of equivalent diameter and sphericity of cells in the three aluminum foams 

with a porosity around 85 % 

 

3.3 Analysis of cell deformation by in-situ compressive test of aluminum foam 

In order to study the deformation mechanism of the aluminum foam prepared by the dynamic 

gas injection method, a representative aluminum foam with a dimension of 8 mm × 8 mm × 10 

mm was compressed assisted by in-situ observation through X-ray tomography. After obtaining 

the 3D cell structure of the foam sample by X-ray tomography, the equivalent parameter of every 

splitted cell in the foam sample could be obtained by home-made plugins in Fiji software. Fig. 8(a) 

shows the frequency of cell size distribution in the foam sample, and most cell diameters are 

concentrated in 1 ~ 1.4 mm. The average cell diameter is 1.19 mm, so the cell size of the 
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aluminum foam is relatively uniform. The overall porosity of the sample calculated by the 

tomography result is 70.9 %. In order to analyze the porosity uniformity in the foam, the 3D 

volume is divided into a number of 8 μm thick (a voxel) slices along x, y and z directions, and Fig. 

8(b) shows the calculated porosity of each slice along the three directions. It can be seen that the 

porosity of each slice in each direction is almost between 66 % ~ 74 %. Therefore, pores are 

distributed relatively evenly throughout the foam sample. When there are few structural defects in 

the aluminum foam, the mechanical properties of small-size and large-size samples are similar 

[45]. The uniform cell size and porosity distributions indicate that there are few structural defects 

in the aluminum foam for in-situ compression. So the mechanical performance of the small size 

foam (8 mm × 8 mm × 10 mm) could represent the performance of bulk foam samples.  

 

 

Fig. 8. (a) Distribution of the equivalent cell diameter of the foam sample for in-situ compression, 

(b) Porosity distribution of the foam sample along the three directions 

 

Fig. 9 shows the quasi-static stress-strain curve of the aluminum foam during in-situ 

compression, and the densification strain calculated by the energy absorption efficiency-strain 

curve is also shown in Fig. 9. The three-stage compression feature is also observed in the 

stress-strain curve. There are also some fluctuations in the stress plateau stage. The amplitude of 

the fluctuations is gradually decreasing, which is mainly because broken cell walls will enter the 

interior of the non-deformed cells as the compression proceeds. Table 3 lists the calculated 

performance parameters of the aluminum foam according to Fig. 9. The plateau stress of the gas 



12 

 

injection aluminum foam could reach 22 MPa and the densification strain energy could reach 11 

MJ/m3 when the cell size is reduced to around 1 mm and sufficiently uniform. Compared to the 

best results in Fig. 2 and 3, it can be seen that the mechanical performance is nearly doubled. 

Therefore, reducing the cell size (usually the relative density will increase accordingly) and 

improving its uniformity are effective ways to improve the mechanical properties of an aluminum 

foam.  

 

Fig. 9. Stress-strain curve of the aluminum foam during in-situ compression 

 

Table 3 The performance parameters of the aluminum foam for in-situ compression 

Parameters Values  Parameters Values 

Porosity (%) 70.9  Densification strain (%) 55.6 

Average cell diameter (mm) 1.19  Densification strain energy (MJ/m3) 11.1 

First peak stress (MPa) 21.7  Plateau stress (MPa) 21.6 

 

In order to study the failure mechanism of the aluminum foam in cell level, a slice which 

belongs to the xz plane in the middle of the y direction in the coordinate system shown in Fig. 10 

is selected, and the cell deformation process in this slice is shown in Fig. 11. Because the cell 

deformation may be affected by the surrounding cells, the deformation of internal cells which are 

more general were chosen for study. It can be found that there are mainly two failure forms of cell 

walls:  

 

Fig. 10. The coordinate system used to analyze the morphology of a certain slice 
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Fig. 11. The cell deformation process in the slice located in the middle of the y-direction 

 

(1) The cell walls first appear buckled, then they fracture under the shear or tensile stress. A (or 

B), C and D are typical cell walls failure in this form during the collapse of three layers of 

cells, respectively, and their morphologies after deformation are shown as A’ (or B’), C’ and 

D’. This failure is caused by pressure directly transmitted to the cell walls. Fig. 12 shows the 

deformation process of cell walls A and B, the lengths of the walls are both around 0.8 mm. 

Cell wall A is rather aligned compared to the compression direction and then first buckles 

under the compressive load, and then it is torn apart; Cell wall B first buckles, and then 

fractures under the shear stress.  

 

Fig. 12. The failure mode of the cell walls with buckles first and then fracture 
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(2) The direct fracture of the cell walls. This failure is usually caused by the inconsistent 

deformation of cells on both sides of the cell wall, as described by cell walls E and F in Fig. 

11. The cell walls fracture under the tensile or shear stress. Fig. 13 shows the deformation 

process of cell wall E, the length of which is about 0.6 mm. It can be seen that cell wall E 

directly fractures under the shear stress.  

 

Fig. 13. The failure mode of the cell wall with direct fracture 

 

The two main failure modes of the cell walls are relatively simple, which is also related to the 

brittleness of the gas injection aluminum foam. Failures of the cell walls could contribute to the 

energy absorption of aluminum foams. In addition, the friction between the cell walls after the 

cells are compacted also contributes to the energy absorption [35, 36], as shown in the region G in 

Fig. 11.  

4 Conclusions 

1) The bulk aluminum foams prepared by the dynamic gas injection method with high-speed 

horizontal oscillation have the porosities of 75 % ~ 95 %, and their plateau stress is in the 

range of 0.3-11 MPa. The plateau stress and densification strain energy both increase with the 

increase of relative density (namely the decreasing of porosity). There are some serrated 

waves in the plateau stage of stress-strain curves, which is mainly caused by the brittleness of 

aluminum foams prepared by gas injection method. The ceramic particles, oxide films, coarse 

eutectic silicon phase in the matrix, and the relatively thin normal cell wall contribute to the 

brittleness of the aluminum foam.  

2) The dynamic gas injection method with high-speed horizontal oscillation could greatly 

reduce the cell size of aluminum foams and increase the relative density, and then the 

mechanical properties of aluminum foams can be improved. Moreover, due to the better cell 

wall performance and smaller cell size, the aluminum foam prepared by the dynamic gas 

injection method has better mechanical properties compared to that prepared by static method 

even for the same relative density. For aluminum foams with the same preparation process 

and the similar relative density, the more uniform cell size and sphericity distributions lead to 

higher mechanical properties of aluminum foams.  

3) When the cell size of the aluminum foam prepared by the dynamic gas injection method is 

reduced to around 1 mm and relatively uniform, the plateau stress of the foam could reach up 

to 22 MPa, and the densification strain energy could reach 11 MJ/m3. The results of the 

in-situ compressive test show that there are two main failure modes for cell walls of gas 

injection aluminum foams: the fracture after plastic buckling of the cell walls and the direct 

fracture of the cell walls.  
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