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Abstract: In order to explore the evolution of physical and mechanical properties and acoustic
emission (AE) characteristics of aluminum foam under fatigue and quasi-static compression from
a microscopic point of view, the AE monitoring technology was used to analyze the deformation,
hardening, and energy absorption characteristics of open-cell aluminum foam under quasi-static
compression at different rates (2, 10 and 50 mm/min) and fatigue loading tests with different peak
stress ratios k (k = maximum stress/yield stress) by means of MTS fatigue testing machine and CCD
camera. The results indicated that under different compression rates, the AE ring down count had the
same trend as the engineering stress–strain response of the specimens, the AE ring down count rate
at the plastic deformation stage showed the same performance as the work hardening rate, and the
AE energy absorption efficiency corresponded well to the experimental results. The specimen entered
the densification stage with the stability of AE count and the decrease in energy absorption efficiency.
During the fatigue tests of different k values, the change trend of strain was consistent with the
response of acoustic emission characteristic parameters, and the fatigue compression damage caused
by the deformation process of the specimen can be monitored by the change in AE characteristics.
The AE characteristics can dynamically monitor the compression process and provide a new research
method and idea for the study of mechanical properties of aluminum foam.

Keywords: open-cell aluminum foam; fatigue testing; mechanical properties; deformation character-
istics; acoustic emission

1. Introduction

As a porous metallic material with dual function and structure, aluminum foam has
excellent properties such as sound absorption, heat insulation, electromagnetic shielding,
low density, and high impact energy absorption capacity because of the existence of a large
number of internal pores. Thus, it has extensive engineering application prospects in the
fields of automobile, marine engineering, construction, and aerospace [1–3]; therefore, the
in-depth study of its mechanical properties is very necessary.

In recent years, based on the pore size, porosity, relative density, heat treatment, and
other parameters of open-cell aluminum foam materials, many scholars have systematically
analyzed the mechanical properties of aluminum foam metal under static compression,
dynamic compression, and impact conditions, and investigated the damage caused by
deformation, sound absorption, energy absorption, and other mechanical characteristics
of aluminum foam [4–10]. The theoretical, experimental, and simulation research status
of lightweight porous metals and their sandwich structures were analyzed and discussed
under quasi-static and dynamic impact loads by Jing et al. [11]. The results demonstrated
that the transition process of foam metal materials from the elastic deformation stage to the
plastic deformation stage and from the plastic deformation stage to the densification stage
is slow and has no obvious characteristics. Thus, it is difficult to accurately define the yield
and densification strains. Some scholars [12–14] proposed that the densification strain can
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be defined by the theoretical empirical formula, the strain corresponding to the tangent
intersection of the curve of the plastic platform stage and the densification stage, and the
strain corresponding to the maximum point of the energy absorption efficiency-strain curve.
Thus, the densification strain can be determined by using the aforementioned procedure.
The impact energy generated by the foam material and absorbed by the object during the
free fall process was calculated and deduced by Milts J et al. [15]. To evaluate the energy
absorption performance of the aluminum foam, they also proposed the energy absorption
efficiency and the ideal energy absorption efficiency. The energy absorption efficiency is
broadly used in the study of the energy absorption performance of various aluminum
foams [16–19].

As the demand for aluminum foam applications is increasing and working conditions
are becoming more complex, the determination of mechanical properties under fatigue load-
ing conditions is also drawing more attention. Researchers have now explored the fatigue
damage mechanism of foam materials based on experimental and numerical simulations.
Zhao, Fan, and Linul [20–22] showed that the fatigue damage of closed-cell aluminum foam
has a large dispersion under tensile and compressive fatigue tests. They found that the
inhomogeneous cell structure is the reason for the large dispersion of fatigue crack propaga-
tion in closed-cell aluminum foam, and the obtained S-N curve can efficiently describe the
fatigue of foam materials. To study and predict the service life of open-cell aluminum foam,
low-cycle fatigue experiments were conducted on the specimen using sinusoidal cyclic
loading by Salimi and Jigh et al. [23,24]. The results indicated that the aluminum foam
material has a good fatigue loading capacity. Salimi [23] also suggested that in the stress
range below 90% of the corresponding yield stress (R = 0), low-cycle fatigue hardly occurs.
On this basis, the compressive fatigue properties of open-cell aluminum foam with porosity
of 50%, 60%, and 70% were examined by Yang et al. [25]. They found that the fatigue
strength of the specimen decreases linearly with the increase in porosity, and the initiation
and propagation of fatigue cracks are the main failure mechanism of aluminum foam under
compressive fatigue loading. Zhou et al. [26] observed and discussed the fatigue test results
of open-cell aluminum foam from macro and micro perspectives, analyzed the effects of
different heat treatments on the fatigue behavior of foam, and finally, put forward a simple
compression–compression fatigue mechanism. Yan et al. [27]. investigated the fatigue
performance of an Aluminum Foam Sandwich (AFS) structure and found that the fatigue
failure of the structure is caused by the fatigue failure of the aluminum foam core. They
also found three types of fatigue damage mechanisms by scanning electron microscopy.
Ingraham et al. [28]. confirmed that the fatigue failure mode of Alporas aluminum foam
under multiple strain amplitudes is independent of the strain amplitude, but it is caused by
dense auxiliary crack propagation according to Digital Image (DIC) results. The material
follows the Coffin–Manson relationship.

Acoustic emission (AE) is a dynamic non-destructive testing technique with high
sensitivity and wide applicability, which can reveal the deformation and damage state of a
specimen by collecting the elastic waves generated by the release of strain energy during
the deformation and damage process [29]. It is commonly employed in the inspection of
metallic materials and rocks. Numerous scholars [30–37] have monitored and characterized
the damage behavior of gears, steel structures, foam metals with different matrix materials
and preparation methods, and composite metal materials. The damage evolution charac-
teristics are sensitively captured by predicting and measuring the compressive behavior
and deformation mechanism, fatigue crack propagation, and residual life of parts through
the variation characteristics of acoustic emission signals. The technique is also extensively
utilized in the study of damage caused by deformation mechanisms in rocks [38–41]. While
aluminum foam has similar pore characteristics to rocks and has the properties of metallic
materials at the same time, little research has been carried out on open-cell aluminum foam,
and completed studies on the compression and fatigue properties of open-cell aluminum
foam using AE techniques are considerably sparse in China and abroad [42,43].
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At present, aluminum foam has a wide range of engineering applications, and AE
technology can dynamically monitor the loading process of the specimens, while research
on open-cell aluminum foam carried out by domestic and foreign scholars using AE
technology is rather scarce. In this study, the AE technique was employed to carry out
experimental studies of quasi-static compression of open-cell aluminum foam at different
rates and fatigue compression tests with different peak stress ratios. The results indicate that
the damage characteristics, energy changes, and hardening characteristics of the specimen
under compression are correlated with the AE ring down count, energy cumulation, and
AE count rate. This enables the AE technique to provide a new research method and idea
for further research and analysis of aluminum foam applications in engineering, and the
AE technique has good potential for application in dynamic monitoring of the microscopic
properties and failure mechanisms of aluminum foam under complex working conditions.

2. Experimental Scheme

The experimental materials were open-cell aluminum foam provided by a man-
ufacturer. The composition of ZL102 alloy is shown in Table 1, and the manufactur-
ing process of the specimen is shown in Figure 1. The pore size was 3–5 mm, the
density was 1.2 ± 10% g/cm3, the relative density was 0.44, and the specimen size was
20 mm × 20 mm × 20 mm. To ensure that the basic parameters of the material were con-
sistent, all specimens were cut from the same aluminum foam plate material. Quasi-static
compression test and fatigue test were conducted on the MTS809.25 testing machine. The
quasi-static compression rates were 2 mm/min, 10 mm/min, and 50 mm/min, and the fatigue
test was loaded with a sine wave load with a frequency of 10 Hz (Figure 2). A constant fatigue
load cycle ratio of R = 0.1 (R = σmin/σmax) was adopted, and the peak stress ratio was defined
as k = σmax/σy, where σy(6 MPa) is the yield stress and k was chosen as 1.0, 1.1, 1.2, and 1.3,.
Each group of experiments was repeated three times, a total of 9 specimens were subjected to
quasi-static compression test, and fatigue tests were conducted on a total of 12 specimens.

Table 1. Composition of ZL102 alloy (%).

Si Cu Mn Ni Cr Fe Al

10~13 ≤0.3 ≤0.5 <0.06 <0.06 ≤1 Residual
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The AE instrument was the AMSY-6 type of Vallen, Germany. The sensor probe
model was VS150-RIC. The specific parameters are shown in Table 2, and the resonant
frequency response curve is shown in Figure 3, the threshold value was set to 40 dB, and
the sampling rate was 1 MHz. The load and displacement data of the test machine were
recorded simultaneously by using the external channel of the AE instrument. The metal
material with the Kaiser effect was utilized in the base, and multiple loading and unloading
cycles were carried out before the test to reduce the AE signal interference generated by the
base during the experiment. The AE sensor was fixed on the base, and the sensor position is
shown in Figure 1. The Vaseline coupling agent was applied on the surface of the specimen
as a medium for transmitting acoustic signals. In this way, the elastic wave could effectively
penetrate the measured object and effective detection could be achieved.

Table 2. VS150-RIC transducer probe parameters.

Resonant frequency 50~500 kHz, central frequency 150 kHz;
Temperature range −40 ◦C~ + 80 ◦C;

Gain 34 dB~50 Ohm, Umax = 10 Vpp;
Average sensitivity 90 dB

Power Support +28 VDC, 21 mA (No signal); 55 mA
(
10 Vpp ∼ 50 Ohm);

Noise impact Introduced noise 23 dB per five seconds
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Figure 3. Resonant frequency response curve of VS150-RIC sensor probe.

Note that the surface deformation of aluminum foam was observed and recorded by a
CCD camera.

3. Experimental Results of Quasi-Static Compression
3.1. Engineering Stress–Strain Curve

The engineering stress–strain curve of open-cell aluminum foam obtained by quasi-
static compression test is displayed in Figure 4. The results suggested that the engineering
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stress–strain curves obtained at different compression rates were the same, showing four
stages of the elastic stage, the yield stage, the strengthened stage, and the densification
stage [2,44]. There was no obvious distinction between the yield stage and the densifica-
tion stage, and there was no evident yield point between the elastic stage and the yield
stage [45]. The stress growth rate and stress value in the elastic deformation stage at the
low compression rate were greater than those at the high compression rate. In the yield
stage, the stress increased slowly with the strain, and the differences in the stress values
at different compression rates were small. This indicated that the strain rate had little
influence on the plastic deformation stage.
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3.2. Deformation Characteristics of Surface Images

The surface images obtained by the CCD camera at different compression rates are
exhibited in Figure 5. The results showed that obvious plastic deformation occurred in the
thin wall of the cell pores and ribs of the specimen in the yield stage (Figure 5, ε = 5%). At
the beginning of densification, the cells started to collapse, and shear slip bands with an
angle of 45◦ to the compression axis appeared on the surface, and multiple crushed bands
appeared locally with the increase in strain (Figure 5, ε = 25%). As the strain increases, the
collapsed cells would be completely densified. Furthermore, the localization of deformation
observed in this study was likely due to the inhomogeneous distribution of stresses within
the specimen caused by its lower density [43], as the deformation curve of 50 mm/min
compression suggested.

3.3. AE Response

The AE ring down count is the number of oscillations of the signal which crosses the
threshold and can be calculated based on cumulative counts and count rates. This signal is
easy to process and is widely employed for the evaluation of microscopic AE activity.

Figure 6 depicts a typical time-domain waveform of an AE event and its related
parameters.

Figure 7 displays the relationship between the engineering stress–strain curve and
AE ring down counts obtained during quasi-static compression of open-cell aluminum
foam. The results demonstrated that the ring down count values were larger in the elastic
stage, due to the large signal generated at the moment of contact between the indenter
and the specimen at the beginning of loading. Then the ring down count value exhibited a
decreasing trend, indicating a decrease in the frequency of internal acoustic emission source
events, such as the propagation of (micro) cracks within the specimen, and a reduction in the
activity of the events, which was due to the entry of the specimen into the work hardening
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stage [46]. Finally, the ring down count values exhibited a gentle change trend after entering
the compaction stage. The ring down count value was high and widely distributed at
the smaller compression rate, suggesting that a smaller relative deformation rate of the
specimen, more adequate deformation (the elastic wave released) and a larger cumulative
value of the oscillation frequency of the AE signals [47]. At the larger compression rate, the
ring down count value and distribution region were smaller at the smaller compression
rate, indicating that because of the larger relative rate of deformation of the specimen, the
region of elastic wave release was reduced during deformation. When the strain gradually
increased, the ring down count gradually tended to level off, suggesting that the area of
elastic deformation was less and that the specimen entered the compaction stage.
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Figure 6. A representative AE waveform.
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Figure 7. Engineering stress–strain curves and AE ring down count relationships at various compres-
sion rates: (a) 2 mm/min; (b) 10 mm/min; (c) 50 mm/min.

3.4. AE Energy Count and Energy Absorption Efficiency

AE energy count [16,48,49] is considered to be proportional to the square of the
amplitude value of the waveform in which the AE event is detected, which reflects the
intensity of the AE event and is related to the strain rate or microscopic deformation
mechanism of the material.

Figure 8 depicts the relationship between the engineering stress–strain curves and
AE energy counts of open-cell aluminum foam during quasi-static compression tests.
The results demonstrated that the energy counts in the elastic stage were generally high
and the values fluctuated widely. This was attributed to the small deformation of the
weak pore wall and prism in the structure, which resulted in the change in the cell shape
(2% strain, see Figure 5). With the increase in strain, the energy count fluctuated less, and a
number of high-energy burst-type AE signals were generated between the strain of 5–20%,
indicating that the structure was fractured due to deformation of the specimen, with stress
concentrations occurring in the weak areas of the prisms and pore walls (5% and 16% strain,
see Figure 5). In the slip zone with a 45◦ angle to the compression direction of the specimen,
the collapse deformation of the cell pores was obvious. Then, the specimen began to
enter the densification stage. As the compression rate increased, the value of the energy
count decreased, and the high energy burst-type signal also diminished, indicating that the
deformation of the pore wall differed at different compression rates or there were some
averaging effect, such as signal attenuation caused by experimental devices or other factors.
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Figure 8. Engineering stress–strain curves and AE energy count relationships at various compression
rates: (a) 2 mm/min; (b) 10 mm/min; (c) 50 mm/min.
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The AE energy (Es) is the area under the wave envelope of the AE signal. The
cumulative energy counts of the AE signal in a certain period of time can be defined by the
AE signal parameter (Vms) as follows [17,18]

Es ∝
∫ t2

t1

V2
rmsdt =

∫ t2

t1

Vmsdt (1)

where Vrms is the root mean square voltage value of AE, and Vms is the mean square voltage
value of AE. Through the AE energy count value, the AE energy absorption efficiency
(Ee(AE)) can be calculated as follows:

Ee(AE) =
1

σm
·Es (2)

where σm is t the corresponding engineering stress value. The energy absorption perfor-
mance of aluminum foam can be evaluated by energy absorption efficiency. The integral
area under the engineering stress–strain curve represents the energy absorbed per unit
volume. That is:

W =
∫ εm

0
σdε (3)

where εm is an arbitrary strain. The energy absorption efficiency (Ee) [15,16] is defined as the
ratio of the energy absorbed by the unit volume of aluminum foam to the corresponding
stress, which is usually employed to determine the optimal energy absorption state of
aluminum foam. That is:

Ee =
1

σm

∫ εm

0
σdε (4)

Figure 9 exhibits the energy absorption efficiency curves of the open-cell aluminum
foam specimens at different compression rates. The results indicated that the energy
absorption efficiency remained stable during complete elastic deformation, and began to
increase slowly in the yield stage. When the stress exceeded yield strength, the deformation
of the specimen entered the hardening stage, and the energy absorption efficiency began to
increase substantially. The energy absorption efficiency reached the maximum at a stress of
about 12 MPa, which was about the strain when the cell pores of the corresponding specimen
began to collapse (i.e., the strain was about 25%), where ∆σ1 = 1MPa and ∆σ2 = 0.6MPa,
within the experimentally allowed error range. The decrease in energy absorption efficiency
indicated that the plastic deformation region of the specimen lessened and the material
entered the densification stage. Subsequently, the energy absorption efficiency diminished
with the increase in strain during the densification stage. The energy absorption efficiency at
low compression rates was greater than that at high compression rates, suggesting that the
compression rate had a greater influence on the absorption efficiency.
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The AE energy absorption efficiency curve [18,50] obtained by Equation (2) is shown
in Figure 10. The energy change curve of the AE signal had the same trend as the energy
absorption efficiency curve of aluminum foam. At lower compression rates, fewer regions
of plastic deformation occurred per unit of time, and the energy release process was slow
but sufficient, which thus released more AE energy from acoustic emission.
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3.5. Work Hardening Rate

The relationships between the work hardening rate, AE ring down count rate, and
engineering strain of the specimen during quasi-static compression are displayed in Figure 11.
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Figure 11. Acoustic emission count rate versus work hardening rate at various compression rates.
(a) 2 mm/min. (b) 10 mm/min. (c) 50 mm/min.

The AE ring down count rate is the ratio of ring down counts to signal acquisition
time, also known as the AE count rate, and is the number of ringing that occurs per unit of
time (”Seconds”) [29]. The work hardening rate reflects the relationship between stress and
strain as plastic deformation increases, and most stress–strain curves follow the Holloman
equation [51], which can be deduced from the following equation [50]:

θ =
dσ

dε
(5)

where dσ and dε are the stress and strain increments.
The results showed that the AE ring down count rate and the work hardening rate

both had a slow decreasing trend during the plastic deformation stage. This was due to the
grain boundary sliding [52] during the deformation of the specimen in the strengthened
stage, the entanglement of dislocations, the elongation, fragmentation, and fibrosis of the
grains, and the residual stress in the metal, so that less elastic waves were released during
deformation and the ring down count rate decreased.
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4. Analysis of Fatigue Test Results
4.1. AE Response

From the results of quasi-static compression tests, when the nominal strain was at 10%,
the material deformation gradually began to make a transition from the hardening stage to
the dense stage. Considering the results of Shunmugasamy [7], when the nominal strain
reaches 10%, the number of cycles at this time is considered as the fatigue life.

Figure 12a–d shows the relationship between the AE ring down count, nominal strain,
and the number of cycles of loading for the fatigue test of open-cell aluminum foam at peak
stress ratios (k) of 1.0, 1.1, 1.2, and 1.3, respectively. The results revealed that the ring down
counts at different k values all followed the same trend as the strain variation. At k = 1.0,
the AE ring down count consisted of three stages before the specimen reached the fatigue
life score. The first stage (0–3000 cycles) exhibited a rapid increase in strain and a rise in
the ring down count; the second stage (3000–73,000 cycles) displayed a stable strain of
about 7% with a continuous and stable change in the ring down count; the third stage
(73,000–80,000 cycles) exhibited another rapid increase in strain to 10% with a simultaneous
increase in the ring down count. At k = 1.1, k = 1.2, and k = 1.3, the changes in AE ring
down counts were divided into two stages before the specimens reached fatigue life. The
ring down count also raised rapidly at the beginning of loading, and the strain increased
quickly to 9%, 10%, and 11%, respectively. Subsequently, the strain grew slowly and the
ring down count did not fluctuate considerably, and the specimens reached the fatigue life
at about 2000, 500, and 300 cycles, respectively.
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Figure 12. AE ring down count versus the number of cycles and strain at different k values: (a) k = 1.0;
(b) k = 1.1; (c) k = 1.2; (d) k = 1.3.
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4.2. CCD Surface Images of Fatigue Test

Figures 13–16 display the surface images acquired by the CCD camera during fatigue
testing of open-cell aluminum foam specimens at different peak stress ratios k.
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The results manifested that the specimen was substantially deformed due to the
compression of the pore wall and bars when the strain reached about 5%, and the strain
cumulated with the increase in the number of cycles, and when the strain reached 10%,
the specimen began to become dense. At k = 1.0, the shear deformation of the pore wall
and fascia was small. At k = 1.1, the shear deformation of the pore walls and bars was
uniform and no obvious collapse zone or deformation zone appeared. At k = 1.2, some of
the cell pores were closed due to compression (Figure 15c). At k = 1.3, the specimen already
exhibited obvious collapse deformation zones at 5% strain due to a larger load, the collapse
of the pore walls, and severe shear deformation of the pore edges (Figure 16b).

The comparison of the macroscopic mechanisms of surface deformation of fatigue
specimens at different peak stress ratios revealed that at larger peak stress ratios (k = 1.3,
and k = 1.2), significant plastic deformation and collapsed deformation bands occurred in
the cell struts and walls of the specimen at the beginning of loading. At smaller peak stress
ratios (k = 1.1, and k = 1.0), the strain cumulated rapidly at the beginning of loading, the
shape of the specimen cell pore changed significantly, and the pore wall shear deformation
was small. As the loading continued, the rate of strain change slowed down, no collapse
area or deformation band appeared, and the specimen deformation was manifested by
compression deformation of the pore walls and part of the cell struts.

4.3. AE Cumulative Energy of Fatigue Test

Figure 17 shows the relationship between the logarithm of AE cumulative energy
count and the strain during fatigue loading. The results showed that the AE cumulative
energy counts under different peak stresses followed the same growth trend in the rapid
growth stage of strain rate, and gradually converged to the same value until the strain
rate slowed down. Subsequently, as the strain slowly increased, the AE cumulative energy
counts at different k values began to increase to a maximum value with a similar growth
curvature. When fatigue failure was reached (10% strain), the smaller the k value, the
greater the AE cumulative energy count.
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Figure 17. The AE cumulative energy count versus strain for different peak stress ratios.

5. Conclusions

Through macroscopic analysis of CCD images and monitoring of AE microscopic
response of open-cell aluminum foam specimens during quasi-static and fatigue compres-
sions, the relationships between AE characteristic parameters and stress–strain, microscopic
deformation mechanism, fatigue failure, and compression energy were investigated and
the following conclusions were drawn:

(1) The AE response during quasi-static compression at different compression rates were
consistent with the trend of stress–strain variation. At low compression rates, the AE
ring down counts were continuous and serried, and more high energy burst-type AE
signals appeared when the cytosol collapsed and fractured in the structure. At high
compression rates, the AE ring down counts were continuous and sparse, with larger
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relative rate of deformation and fewer high energy burst-type AE signals during the
collapse of the cytosol.

(2) The work hardening rate curve in the plastic deformation stage of the specimen had
the same trend as the AE count rate, and the energy absorption efficiency had the
same trend as the AE energy absorption efficiency during quasi-static compression.
The engineering strain was around 25%, the energy absorption efficiency reached the
maximum, and the energy absorption efficiency of the dense stage decreased.

(3) The responses of AE characteristic parameters were consistent with the fatigue varia-
tion pattern of open-cell aluminum foam during fatigue loading with different peak
stress ratios. The fatigue failure under high peak stress originated from local col-
lapse due to plastic strain cumulation, and the fatigue failure under low peak stress
stemmed from shear deformation of the overall pore wall of the specimen.

(4) During fatigue loading, the deformation of open-cell aluminum foam entered the
densification stage after reaching the fatigue life, the AE cumulative count reached its
maximum value, the energy cumulative count was large at the low peak stress ratio,
and the relative energy was large.

It was found that the response of AE ring down counts can be matched to the stress–
strain response in each stage of fatigue loading of aluminum foams, and that the response
of AE energy count could well-characterize the fatigue energy absorption characteristics of
aluminum foams. Therefore, the AE technique can be considered to be more widely applied
to the dynamic monitoring of fatigue damage characteristics of complex aluminum foam
structures, which provides a new research idea for the subsequent study of multi-scale
mechanical analysis of complex aluminum foam sandwich structures.
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