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Abstract: As a new type of structurally functional material, aluminum foam is widely used in civil
engineering due to its excellent noise and energy reduction, thermal insulation, and fire protection
properties. However, systematic research into the mechanical properties, application technology,
and specification standards of aluminum foam materials in civil engineering application scenarios is
lacking. In this work, a special experimental study on the mechanical properties and deformation
mechanism of closed-cell aluminum foam materials in compression after fire was carried out. The
mechanism of deformation and failure of closed-cell aluminum foam was revealed, and the variation
in the mechanical properties of closed-cell aluminum foam with porosity, and heating temperature
were investigated. On the basis of the experimental results, the correlation function between material
parameters and material porosity in the Liu-Subhash constitutive model was established through
multiparameter regression analysis. Then, an intrinsic structure model of aluminum foam that can
consider porosity was proposed. The research results show that (1) the compression deformation
process of closed-cell aluminum foam specimens exhibits significant stage characteristics: a quasi-
elastic stage of quasi-elastic deformation of the matrix and cell structure — a plateau stage of cell
structure destabilization and damage — a densification stage of cell collapse and stacking. (2) As the
porosity decreases, the aluminum foam material becomes more resistant to compressive deformation
and shows better compressive mechanical properties overall. With an increase in the heat treatment
temperature, the elastic gradient, compressive proof strength, and plateau stress of the aluminum
foam material show a small decrease in the overall trend. (3) The predicted values of the intrinsic
structure model of closed-cell aluminum foam are in good agreement with the experimental results,
indicating that the model can efficiently characterize the stress—strain process of the material and
is referable.
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1. Introduction

Tunnels are an important part of high-grade highways and are affected by their semi-
enclosed structure. On the one hand, the noise convergence during vehicle traffic is strong,
and the sound pollution is serious [1]. On the other hand, once a fire accident occurs, it will
not only endanger the lives of the drivers and passengers inside the tunnel but also cause
damage to the tunnel structure. Therefore, improving the noise environment and prevent-
ing fire damage are important elements to realize high-quality service of highway tunnels
in the new era. Aluminum foam, as a new type of material integrating structure and func-
tionalization, has excellent energy absorption, vibration damping, sound absorption [2,3],
thermal insulation [4,5], and electromagnetic shielding properties and has been widely
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used in military and industrial fields [6,7]. Moreover, there have been considerable research
results on the preparation techniques [8-11] and mechanical properties [12-14] and the
constitutive relationship [15-17] of their materials in the corresponding scenarios. For
example, Cowie and Irausquin [18,19] investigated the microstructural characteristics and
damage modes of aluminum foam after impact through dynamic impact experiments. Liu
and Subhash [20] proposed a multi-parameter phenomenological model subjected to large
deformations, which fully reflects the stage characteristics of structural foams in the process
of compression deformation. Xi et al. [21] compared the variation function of the five
parameters of the Liu-Subhash model with temperature based on the experimental results
and established a static compression constitutive model for aluminum foam considering
the effect of temperature.

In recent years, aluminum foam materials have also attracted the attention of civil
engineering practitioners due to their excellent performance in noise reduction, energy
absorption, heat insulation, and fire prevention. The majority of engineers have made
active attempts to apply the materials to various infrastructure projects, and there are
now several application test sites. However, in general, the application of aluminum
foam materials in civil engineering is still in the exploration and testing stage, and there
is still a lack of large-scale promotion and application. The fundamental reason is that as
these are application innovation class materials, there is still a lack of systematic research
on the mechanical properties, application technology, and specification standards in civil
engineering application scenarios. For example, when aluminum foam is used as a fireproof
material in tunnel engineering, what are the mechanical properties of the material after a
fire? Few targeted results have been reported.

To this end, this paper focuses on the application scenario of aluminum foam in
tunneling. Special experimental research on the compressive mechanical properties and
deformation mechanism of aluminum foam materials after fire is carried out. Furthermore,
a quasi-static compressive constitutive model of aluminum foam considering porosity
based on the Liu-Subhash model was established by fitting the experimental data.

2. Design of the Experiment
2.1. Sample Preparation

A closed-cell aluminum foam material of 1060 aluminum was selected for the test,
which was made by Shandong High-speed High-tech Materials Technology Company
by the melt foaming method, with a porosity of 84.3%, 90.1%, 91.0%, and 94.1%, and the
average cell size was 5 mm. During the preparation of the sample, it was processed and
shaped by wire cutting, and the specimen size was 50 mm x 50 mm X 75 mm, as shown in
Figure 1.

Figure 1. Aluminum foam samples.
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2.2. High-Temperature Treatment of Specimens

The aluminum foam specimens were placed into an SX-B16103 chamber electric
furnace for high-temperature treatment. In the test, five temperature conditions were
considered in turn: 700 °C (exceeding the melting point of metallic aluminum), 600 °C,
400 °C, 100 °C, and 25 °C (no heating), with three specimens under each temperature
condition. The specific heating system is shown in Figure 2. During the heat treatment, the
aluminum foam specimens were first heated to the corresponding temperature, held for
3 h, and then the heating ended and the specimens cooled naturally to room temperature.
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Figure 2. Heating curve of aluminum foam.

2.3. Quasi-Static Compression Experiment

Quasi-static compression experiments were carried out sequentially after the high-
temperature treatment. The test platform was a WDW-50 microcomputer-controlled electro-
hydraulic servo universal testing machine, the set loading rate was 5 mm/min, the control
mode was displacement control, and the test indices were the loading force and compres-
sion displacement. The test system is shown in Figure 3.
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Figure 3. Test system.
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3. Experimental Results and Analysis
3.1. Compression Deformation Process Analysis

Figures 4 and 5 show the state changes of the aluminum foam sample in the whole

process of the quasi-static compression test, from which we obtained the following results:

@
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When the load is small (the strain is less than 0.05), the cell structure of aluminum
foam mainly deforms by elastic bending. However, the cell structure remains intact,
and the structure does not fail. The cell structure’s form can recover in time after
unloading, as depicted in Figure 4a,b.

As the load increases, and when the stress exceeds the compressive proof strength
of the aluminum foam’s cell wall, the aluminum matrix undergoes plastic defor-
mation. The cell structure cracks and expands, forming a yield zone, as shown in
Figures 4c and 5a.

With the further increase in the compression load, a larger range of yield zones appear
in the aluminum foam'’s cell wall structure, and part of the cell structure collapses,
as shown in Figure 4d,e. Thereafter, the aluminum foam’s cell collapses in a large
volume, as illustrated in Figure 4f,g. The cell structure is completely destroyed and
compacted, and the cell walls start to stack and squeeze each other, as presented in
Figure 5b. Owing to the complete disappearance of cells, the compression process
ends, and the force characteristics enter the densification stage from the plateau stage,
with a subsequent rapid increase in stress.

¢

A

g
el
’ ‘..

Figure 4. Compression deformation process of closed-cell aluminum foam: (a) ¢ = 0 initial stage,

(b) € = 0.05 elastic bending deformation of cells, (c) ¢ = 0.1 crack generation, (d) € = 0.2 collapse zone

appears, (e) € = 0.3 large-scale collapse, (f) ¢ = 0.4 collapse zone is fully formed, (g) € = 0.5 cells are

completely destroyed, and (h) & = 0.6 aluminum substrate stacking and pressing.
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(a)

Figure 5. SEM images of aluminum foam’s cells: (a) ¢ = 0.05 local crack generation and (b) ¢ =0.5

local aluminum matrix extrusion.

3.2. Stress—Strain Characteristics

The stress—strain curves of the closed-cell aluminum foam obtained from the quasi-
static compression test are shown in Figure 6. From the deformation process analysis
in Section 2.1, the compression deformation process of the aluminum foam specimens
exhibits significant stage characteristics, for which the test results (Figure 6) can be further
generalized to obtain the stress—strain characteristic curve, as shown in Figure 7.
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Figure 6. Uniaxial compressive stress—strain curve of aluminum foam: (a) 25 °C, (b) 200 °C, (c) 400 °C,
and (d) 600 °C.
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Figure 7. Calculation method of basic mechanical parameters.
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3.3.

Quasi-elastic stage: at the beginning of loading, the load is small, the aluminum foam
matrix and the cell structure are mainly subjected to elastic deformation, the strain is
small (Iess than 0.05), and the stress increases linearly.

Plateau stage: With the increase in force deformation of the aluminum foam matrix
and cell structure, the aluminum foam’s cell structure is damaged, some cells crack
and start to collapse, and the compression curve enters the plateau stage. In the
compression process, the aluminum foam’s cells first produce bending yielding, and
the cell wall structure does not immediately but slowly deforms until the cell space is
completely compressed. At this stage (strain is in the range 0.05-0.5), with the increase
in strain, the stress changes minimally, which reflects that the closed-cell aluminum
foam material has strong energy absorption characteristics.

With the continuous collapse of the aluminum foam'’s cells, the cells will be completely
compacted, the aluminum foam matrix starts to stack densely on top of each other,
and the compression curve enters the densification stage. In this stage, the stress rises
sharply, and the slope of the tangent line of the stress—strain curve increases with the
increase in strain.

Compression Mechanical Property Analysis

The basic mechanical parameters of the aluminum foam specimens at different stages

can be calculated as follows (Figure 7), as shown in Table 1.

Table 1. Basic mechanical property parameters of aluminum foam.

Porosity
T/°C MPa 84.3% 90.1% 91.4% 94.1%

Average Value Standard Average Value Standard Average Standard Average Standard
Deviation Deviation Value Deviation Value Deviation

E! 134.03 6.919 88.58 0.009 75.67 2.976 23.15 3.561

25 o2 3.69 0.102 1.86 0.120 1.55 0.105 0.54 0.067

o’ 4.67 0.077 1.94 0.007 1.46 0.066 0.67 0.073

E! 117.17 6.116 75.09 3.326 71.20 3.066 36.65 2.121

200 Uyz 3.18 0.132 1.66 0.030 1.48 0.067 0.67 0.057

o’ 4.03 0.011 1.81 0.034 1.48 0.059 0.73 0.062

ES! 122.12 6.133 81.36 4.646 61.62 2.957 28.13 1.895

400 o2 3.18 0.149 1.88 0.092 147 0.078 0.57 0.047

o’ 3.90 0.105 2.02 0.002 1.50 0.079 0.68 0.010

E! 115.95 5.394 71.50 0.207 72.41 4371 36.45 2.294

600 o2 3.83 0.172 1.73 0.003 1.47 0.083 0.76 0.058

o’ 4.85 0.282 1.98 0.069 1.49 0.102 0.78 0.069

LE,:

Elastic gradient, 2 oy: Compressive proof strength, and 0p1: Plateau stress.
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(1) Elastic gradient (Es): gradient of the elastic straight lines between stresses of 0.7- and
0.2-times plateau stress.

(2) Compressive proof strength (0,): compressive stress at a plastic compressive strain
of 0.01.

(3) Plateau stress (0): arithmetical mean of the stresses at smaller strain intervals be-
tween 0.2 and 0.4 compressive strain.

From this analysis, the following findings are realized:

(1) With an increase in the heat treatment temperature, the elastic gradient, compressive
proof strength, and plateau stress of the aluminum foam material generally show a
small decreasing trend. When the heating temperature is less than 600 °C, the compres-
sive mechanical properties of the aluminum foam material decrease to a lesser extent.
However, when the heating temperature reaches 700 °C, the structure of the closed-
cell aluminum foam changes, the aluminum foam specimen is seriously deformed,
and there is no experimental condition to complete the compression experiment.

(2) After the aluminum foam is heated to 200 °C, 400 °C, and 600 °C, its mechanical
parameters show a similar pattern, i.e., the mechanical parameters of aluminum foam
materials with lower porosity perform better. The reason is that with a decrease in
porosity, the aluminum matrix content of aluminum foam materials increases, the
percentage of pore volume decreases, the thickness of each cell wall increases, and
the resistance of aluminum foam specimens to compressive deformation is enhanced.
They show better compressive mechanical properties overall.

4. Constitutive Model of Closed-Cell Aluminum Foam Based on Experiment

In 2004, Liu and Subhash studied and proposed a foam material constitutive model
containing six parameters based on the stress—strain full process curves of metal foam

materials [20]:
P2€

e

c=P——
1p6+eP3£

T (ePsg - 1) )

In the equation, ¢ is the stress, and ¢ is the strain. P;(i = 1,---,6) are material
parameters, where P is the yield stress; P, and P; characterize the hardening properties of
the plateau stage; P, and P5 characterize the starting point of the densification stage and
the rate of stress change in the densification stage, respectively; and Py characterizes the
change in slope of the quasi-elastic stage.

Analysis of the above intrinsic structure model demonstrates that Pi(i=1,---,6) are
material constants. Liu and Subhash proposed to make C; = P;(i =1, -- ,5), P, = 1. Then,
Equation (1) can be further rewritten as follows:

1
e (e 1) ?)
e
In the equation, C;(i = 1,- - - ,5) are the combined material parameters.
The quasi-static stress—strain curves of aluminum foam with different porosity at room
temperature are fitted to obtain the values of the intrinsic model parameters of aluminum

foam materials with different porosity, as shown in Table 2 and Figure 8.

Table 2. Stress—strain curve fitting of aluminum foam specimens with different porosity at room temperature.

POI‘OSity/o/o Cl Cz C3 C4 C5
84.3% 3.48 90.48 89.60 —5.31 10.28
90.1% 1.86 84.86 84.87 —6.41 10.21
91.4% 1.46 83.45 83.45 —7.28 10.91

94.1% 0.66 79.68 79.59 —9.01 11.81
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Figure 8. Stress—strain curves of aluminum foam specimens with different porosity at room tempera-

ture (25 °C).

From the analysis of Table 2 and Figure 9, the parameters C;(i = 1,- - - ,5) all exhibit
variation characteristics related to the porosity of the specimen. Thus, these five parameters
can be considered a function of porosity 6. On the basis of the aforementioned experimen-
tal results, a monotonic compression constitutive model of aluminum foam considering

porosity can be obtained.
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Figure 9. Variation law of each parameter with porosity: (a) C1, Cy, and Cs; and (b) C4 and Cs.

In the equation, C;(0)(i = 1,- - - ,5) are the functions of porosity 6 on the parameters
of the aluminum foam material, which can be determined by fitting the experimental data.
The fitting results of this test are shown in Equation (4) and Figure 9.

—28.70 +27.7

—107.80 + 181.6

—98.80 4 173.3 @)
—35.50 + 24.9

15.20 — 2.6
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On the basis of the above constitutive model and its parameter values, the predicted

stress—strain curves for the porosities of 85.1%, 90.0%, and 91.8% are given in Figure 10. The
predicted results are in good agreement with the experimental results, indicating that the
constitutive model of closed-cell aluminum foam established in this paper can efficiently
characterize the stress—strain process of the material and is referable.

Stress(MPa)

10 7
—=— Experimental data !
— = Fitting formula curves /

0.0 0.2 0.4 0.6 0.8

Strain

Figure 10. Comparison of the calculated results of the constitutive model and the experimental results

of aluminum foam materials with different porosity at room temperature (25 °C).

5. Conclusions

@

@

®)

Quasi-static compression performance tests on closed-cell aluminum foam materials
after high-temperature treatment were carried out to reveal the mechanism of defor-
mation failure of the materials. The results showed that the compressive deformation
process of closed-cell aluminum foam specimens exhibited significant stage character-
istics, namely, a quasi-elastic deformation stage of the aluminum foam matrix and cell
structure — a plateau stage of the aluminum foam'’s cell structure destabilization and
damage — a densification stage of the aluminum foam’s cell collapse and stacking.
The variation law of the mechanical properties of closed-cell aluminum foam materials
with porosity and heat treatment temperatures was obtained. That is, with a decrease
in porosity, the aluminum matrix content of aluminum foam materials increased, the
thickness of cell walls increased, and the resistance of aluminum foam specimens to
compressive deformation was enhanced. They showed better compressive mechanical
properties overall. With an increase in the heat treatment temperature, the elastic
modulus, compressive proof strength, and plateau stress values of aluminum foam
materials generally demonstrated a small decrease in the trend of change. When the
heating temperature reached 700 °C, the closed-cell aluminum foam structure was
completely destroyed.

A constitutive model of closed-cell aluminum foam materials considering porosity
based on the experimental results was established. Likewise, in accordance with
the experimental results, the correlation function between material parameters and
porosity in the Liu-Subhash constitutive model was established using the method
of multiparameter regression analysis. Then, a constitutive model of aluminum
foam materials that can consider porosity was established. The validation results
showed that the model predictions were in good agreement with the experimental
results, indicating that the established modified constitutive model of closed-cell
aluminum foam can efficiently characterize the stress—strain process of the material
and is referable.
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