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Traditional techniques for manufacturing aluminum matrix syntactic foams (AMSFs), such as stir casting
and powder metallurgy procedures, may yield undesired pores. There is scope to study the energy
absorption characteristics of AMSFs at varying strain rates. Comprehending these characteristics is
essential for effectively using these materials in many industrial applications. This study fills the gap by
employing a novel method, such as hot compaction, to achieve density close to theoretical calculations. The
impact of ceramic particles and volume fraction on AMSFs is studied under uniaxial compression loading
at varying strain rates (1-2700 s~ '). Also, deformation responses of AMSFs were observed using high-speed
imaging for high-strain rate (HRS) tests. The stress—strain response indicates a positive shift in strain
during dynamic loading and the maximum energy absorption properties achieved up to 72.34 and 78.92%
for low- and high-strain rates, respectively. Further, the matrix failure is contributing to the hardening and
deformation behavior at high-strain rates, offering valuable insights into the AMSF performance under

different loading situations.

Keywords energy absorption, foams, fractography, mechanical
properties

1. Introduction

Research on aluminum matrix syntactic foams (AMSFs),
including ceramic hollow microparticles embedded in a metal
matrix, has grown to decrease density and improve mechanical
and acoustic characteristics. This lightweight material has
attracted considerable interest in the automotive, acrospace, and
marine sectors because of its low density, prolonged plateau
region, and toughness under quasi-static loading (Ref 1-6).
However, modern engineering constructions must exhibit
exceptional performance when subjected to dynamic loading
in addition to static loading.

Quasi-static research in the literature has examined AMSFs,
emphasizing synthesis techniques (Ref 7-10), the effect of
hollow particle size, and volume fraction (Ref 8, 11, 12), and
loading in various environmental circumstances. Research on
utilizing the liquid method to create syntactic foams has been
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ongoing for many years. Gupta et al. examined the mechanical
characteristics of glass-based syntactic foams and documented
a peak value of 27.8 MPa achieved by the liquid approach (Ref
13). This technology has been adapted to resolve the problems
identified in the liquid pathways, such as undesired pores and
inclusions in the matrix. Pen et al. reported the quasi-static
compression behavior of the Al-Al,05; SFs produced using the
gravity casting technique. A maximum energy absorption
capacity of 48.92 MJ/m® was reported (Ref 7). Further, the
AMSFs are made using the pressure infiltration technique by
Zhang and Zhao to improve the distribution of the hollow
particles. The SFs are further analyzed at different strain rate
conditions (Ref 9).

Another study found that small hollow sphere-filled SFs
have high compressive strength, which makes them appropriate
for structural purposes. In contrast, bimodal and large hollow
spheres filled with SFs are ideal for energy absorption due to
their lower stress levels and potential for increased energy
absorption through longer damping routes and constrained
deformation (Ref 14). Zhang and Zhao presented a detailed
analysis of the monotonous and cyclic loading on AMSFs. In
this work, the densification strain is significantly influenced by
the volume fraction of the hollow particles in monotonous
loading (Ref 15). The hardening rate and the energy absorption
are studied to understand the effect of particle types and size,
processing techniques, and loading conditions in porous
materials. Xia et al. reported Al-Si foam’s energy absorption
and hardening rate properties concerning different space
holders (Ref 16).

Comprehending the dynamic characteristics of cellular
materials is crucial for substituting traditional materials in the
automotive and aerospace sectors. Alvandi-Tabrizi and Rabiei
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researched composite metal foam, which shows enhanced
mechanical characteristics such as elastic modulus, strength,
and energy absorption when subjected to high-speed impacts as
opposed to quasi-static loading conditions. This enhancement is
attributed to the effects of trapped air and microinertial forces
within the foam’s structure, with impact speed playing a crucial
role in amplifying these effects. At the same time, sample size
does not directly affect dynamic behavior as long as specific
cell density criteria are met to avoid edge effects (Ref 17).
Balch et al. performed dynamic compression studies at
2300 s~' on aluminum-ceramic microspheres with a peak
stress of 248 MPa. The cenosphere particles significantly
contribute to the stiffness of the syntactic foams during
dynamic loadings. Fan et al. predicted the dynamic compres-
sive strength of polymer SFs reinforced with different ceno-
sphere sizes (Ref 18). Another study on the effect of particle
size on the dynamic response was reported by Geol et al.,
which showed enhanced mechanical strength with different
percentages of the cenospheres introduced in an aluminum
matrix (Ref 19). The matrix and reinforcement of the samples
are examined under micro-CT tomography (Ref 20). In another
study, silicon carbide-based hollow particles induced SFs with a
1.819 g/em® density showed a maximum compressive strength
of 181 MPa (Ref 21). The various combinations of matrix and
reinforcements yield at least a 10-30% rise in peak stress
observed under dynamic compression (Ref 22-24).

The synthesis techniques adopted to produce the SFs need
constant improvement to enhance the mechanical properties
and energy absorption. Previous studies indicate the necessity
of comprehending alumina-reinforced aluminum-based syntac-
tic foams under various stress circumstances. Also, the effect of
alumina hollow particles under various loading conditions and

their deformation response should be discussed in detail. This
work attempts to produce the AMSFs using newly adopted
techniques such as hot compactions. The study examines the
impact of varying the strain rates on hollow particles’ volume
percentage and diameter. The low- and high-strain rate
properties are captured to study the effect of brittle alumina
particles in a soft matrix material such as aluminum. The
hardening behavior and energy absorption properties of the
AMSFs are studied for samples tested at 2700 s ' and
compared against the low-strain rate (1 s~') results. The
deformed behavior is examined using DIC, and samples are
tested to understand the deformed behavior. These studies on
Al-Al,O5 syntactic foams at high-strain rates help understand
relative density’s effect and material response under various
loading conditions.

2. Materials and Methods

2.1 Synthesis of AMSFs

The AMSFs is hot compaction, which is done by loading the
powder mixture of matrix and alumina particles in a die and
producing AMSFs in a single step. The raw materials
aluminum powder and alumina hollow particles are procured
from SRL Pvt. Ltd. and KD Refractories Co. Ltd., respectively.
The material composition details are alumina hollow parti-
CleSfA1203 > 99, SIOZ < 018, NaQO < 015, FeZO3 <

0.15, and Al-99.88%. The as-received hollow particles are
segregated into three average particle sizes (250, 500, and
750 um) for further processing, as shown in Fig. 1. Later, the
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Fig. 1 As-received scanning electron images of alumina hollow particles of different sizes: (a) 250 mm, (b) 500 mm, and (c) 750 mm

Journal of Materials Engineering and Performance



aluminum powder (particle size < 50 um) is mixed with the
hollow particles as per the volume fraction (10, 20, and 30%)
using a vibratory mixing jar. After mixing for 15 min for each
batch, the composite mixture is collected and transferred to a
stainless-steel die assembly. The entire assembly is kept under
the heating chamber attached to the compression testing
machine. The entire powder die assembly is heated to 450 °C
of the matrix material with a heating rate of 8 °C per minute.
Throughout this process, three thermocouples are connected
directly to the outside surface of the die to monitor the
temperatures. After reaching the set (450 °C) temperature, the
uniaxial load is applied up to 60 MPa for 10-min holding time.
A detailed illustration of the synthesis technique and heating,
the loading sequence adopted, and the produced sample is
shown in Fig. 2(a), (b), and (c). Later, the samples are cooled in
atmospheric conditions, holding the load applied till the
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assembly reaches room temperature. Nine samples of each
condition are prepared by varying the volume fraction (10, 20,
and 30%) and particle size (250, 500, and 750 pum). The
corresponding sample ID details are provided in Table 1.

2.2 Microstructure and Density

The processed samples are examined using the freeze-
fracture method to understand the distribution of the hollow
particles inside the matrix. This method is discussed in our
earlier works (Ref 2, 11). The surface of the samples and
particles is examined using field emission scanning electron
microscopy (FE-SEM) instrument. Later, the theoretical density
of the AMSFs is obtained using the following equation:

pr = (pupVs) + pu(1 = V) (Eq 1)
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Fig. 2 (a) Schematic of hot compression technique adopted to produce AMSFs, (b) heating and compression sequence adopted, and (c)

produced AMSF

Table 1 Experimental density and theoretical density of syntactic foam materials

Sample Volume  Average particle Hollow particle Theoretical Experimental Percentage deviation Relative
1D fraction size, mm density, g/cm3 density, g/cm3 density, g/cm3 in the density density
#1 10 250 0.71 2.51 2.52 0.40 0.93
#2 20 250 0.71 231 2.30 0.43 0.85
#3 30 250 0.71 2.11 2.17 2.76 0.8
#4 10 500 0.66 2.5 2.49 0.40 0.92
#5 20 500 0.66 2.30 2.28 0.88 0.84
#6 30 500 0.66 2.09 2.11 0.95 0.78
#71 10 750 0.51 2.49 2.47 0.81 0.91
#8 20 750 0.51 227 2.25 0.89 0.83
#9 30 750 0.51 2.05 2.09 1.91 0.77
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Fig. 3 Typical stress—strain, hardening rate curve, and energy absorption efficiency

The subscripts T, HP, and m denote densities of AMSFs,
hollow particles, and matrix. Further, using the Mettler Toledo
density kit, the experimental density of the AMSFs was
measured. The average density data reported in this study are
obtained from five repetitions of different samples.

2.3 Mechanical Studies

2.3.1 Quasi-Static Compression. To probe the deforma-
tion behavior of AMSFs and to understand the role of particle
size and volume fraction, compression studies are performed on
nine different samples at different strain rates. The quasi-static
(1 s7! strain rate) mechanical studies are conducted using
Zwick Roell Z100 of load cell capacity 5 kN at room
temperature. Before testing the samples, the top and bottom
faces of the cylindrical samples are polished and lubricated to
avoid friction between the plates and samples. The initial
dimensions of the samples are recorded. Later, the stress versus
strain data are obtained from the system-generated load versus
displacement curves. The sample dimensions are 13 mm in
diameter and 8 mm in height for all the test conditions.

2.3.2 Dynamic Compression. The high-strain rate stud-
ies are performed on the split Hopkinson pressure bar (SHPB)
instrument at strain rates 900, 1800, and 2700 s~! at room
temperature. The SHPB instrument comprises two Al7075
alloyed bars of 2000 mm length and 28 mm diameter each. A
projectile of similar material and cross-sectional dimensions is
selected using a compressed air gun to propel at different
velocities. The projectile hit the incident bar at the desired
speed during the test. The signal transmitting in the incident bar
is reflected at the interface of the specimen and incident bar.
The remaining signal is transmitted through the specimen
(which induces plastic deformation) and later into the trans-
mitted bar in the form of the transmitted signal. The strain

gauge captures the impact loading caused due to striking from
the bar. The instantaneous amplitude data from reflected and
transmitted bars are later analyzed to attain the stress—strain
data of individual samples. A representative strain gauge signal
data and strain versus strain rate plot for 2700 s~ are shown in
Fig. 15 in Appendix. The phantom camera recorded the
deformation process during the high-strain rate testing. Later,
the DIC analysis was performed using open source Ncorr, a 2D
image correlation software in MATLAB, to analyze the discrete
images to develop a correlation between the deformed and
undeformed samples. Further details on construction and
equations to evaluate the material properties are discussed
elsewhere (Ref 1, 25-27).

2.3.3 Energy Absorption Properties. In this work, the
performance of the AMSFs is explored in three directions:
stress—strain curve, hardening rate, and energy absorption
efficiencies for samples tested at different rates. The informa-
tion on energy absorption (EA) and specific energy absorption
(SEA) properties of a material is crucial in selecting materials
for structural applications. The EA information is obtained by
measuring the area under the stress—strain curve (Ref. Eq 3) up
to the maximum strain. Similarly, the SEA quantifies a
material’s energy absorption per unit mass. The SEA is usually
measured by normalizing the EA with the density of the
material.

The schematic of the model stress—strain data and its
properties are shown in Fig. 3. The hardening rate of a material
is studied by taking the derivative of the stress—strain data. The
ideal energy absorption efficiency (I-EAE) data can be
measured by normalizing the EA using the product of
corresponding stress—strain values (Ref 16, 28-30).

HR — Joode

- (Eq 2)
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where p, g, and ¢ are the density, stress, and strain data of
AMSFs

3. Experimental Results

3.1 Microstructure and Density of AMSFs

Figure 4(A), (B), and (C) shows representative micrographs
of three different sizes (250, 500, and 750 um) of AMSFs. It is
observed that the particles are firmly attached to the matrix
materials post-freeze-fracture, particularly for low particle size
samples with no evidence of undesired pours in the matrix. The
response may be attributed to the processing technique. As the
particle size increases, particle fractures. Also, the particles
(750 pum) escape, leaving a void in the matrix, as shown in
Fig. 4, represented by a red pointer. The theoretical, experi-
mental, and corresponding relative density of all the samples
are shown in Table 1. The relative density of the SF is measured
by normalizing with the density of the matrix material (2.71 g/
cm?). It is observed that with an increase in the size of the
hollow particle, the density of the particle decreases. This
phenomenon may contribute to the density variation for
different volume fractions of the SF materials. As the particle
size increases, the volume fraction increases, and the density of
the syntactic foam decreases. The produced SFs show little
deviation from the theoretical density and indicate that
controlled porosity is achieved. This can be attributed to the
processing technique adopted.

3.2 Compressive Studies

In earlier studies, some SFs showed better energy absorption
properties under compression low-strain rates (0.001 s~ ') (Ref
2, 4, 21). However, the performance of high-strain rates is
seldom discussed for aluminum alumina systems as a function
of size and volume fractions. Further sections discuss the quasi-
static and dynamic performance of AMSFs and corresponding
energy absorption efficiencies under different strain rates.

Figure 5(a), (b), (¢), (d), (e), (1), (g), (h), and (i) displays the
experimental stress—strain data of AMSFs at different strain
rates. In Fig. 5, the volume fraction of the hollow sphere size is
changed along the columns, and along rows, the size of the
alumina hollow spheres is increased. In the linear elastic region,
the deformation of AMSFs followed the same trend irrespective
of the strain rate without significant deviation. Figure 5 also
depicts the notable change in the yield point concerning the
change in the strain rate. The stress—strain data followed a
smooth transition from linear elastic to plastic regions in all
studies without stress drops. The hollow particles tend to
fracture during the plateau region, and the pores inside the
matrix may be filled. However, this behavior does not
significantly affect the stress values during the deformation,
resulting in the material’s hardening behavior. The maximum
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Fig. 4 Representative freeze fractures of 10% volume fraction of
AMSFs are shown for (A) 250 mm, (B) 500 mm, and (C) 750 mm
diameters

stress values at low and high strains are 184 and 288 MPa,
respectively, at 0.45 strain. This hardening behavior is explored
in detail later. Further, the slope of the curve follows a trend
based on the hollow particles’ size, volume fraction, and strain
rate at which the samples are tested.

The deformation curves of the samples tested at higher strain
rates showed a similar trend to the quasi-static tests up to the
densification region. The typical strain observed in the samples
corresponding to the deformation rate falls between 10-20% for
900 s~ ' and 20-30% for 1800 s~ '. At a maximum strain rate of
2700 s~ ', the AMSFs deformed up to 40-50% strain. This
behavior indicates early densification of the AMSFs compared
to quasi-static deformation, irrespective of size and volume
fractions.



300 300 = 300
..... #1-1s" r ceeee #2-157"! g ceees #3-157!
250 4 = = #1-900s" : 250 4 = = '#2-900s! S 250 4 = = #3-900s"
=+ #1-1800 5! 4 = #2-1800s" s =+ #3-1800s" H
= 200 | ——#1-27005" S 200 { ——#2-2700" 5200 | ——#3-27005"
=] a a .;.
150 s S 150 o« - > 150
g o . S 2 s 4=
& iy 1 = Sl = 1 -
@ 100 - Uy @ 100 R @ 100 - T e
'.a"'u I ey | T T
£ i . . 72 ey .
50 - fr . N 50 : . 50 ' I
- L]
] ] l . :
0 T T T T T 0 — T T T T 0 T AT T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 04 05 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
(a) Strain (mm/mm) (b) Strain (mm/mm) (c) Strain (mm/mm)
300 7 300 7 300
..... #4-1s"! s coees #5151 ¢ ceces #6-1571 i
250 4 = = '#4-900s™ 250 { = = ‘#5-900s™ / 250 { = = '#6-900s" i
— . #4-1800s K - #5-1800s™ V4 -+ #6- 18005 )
2 200 { = #4-2700s' d 2 200 { = #5-2700s" s S 200 { = #6-2700s" s
a - A
% 150 ; % 150 % 150
z 2 ) 2 aw z
5] . S 5] ~ 19 o
& s . & > & - e
@ 100 X @ 100 - 7 e . @ 100 o I
f25 : A2 | 7o .
50 { ! . 50 - : . 50 - .
' ' R 1
' | 1 I ' .
0 — —* T T T 0 A T T T T 0 - — T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 04 05 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
(d) Strain (mm/mm) (e) Strain (mm/mm) (f) Strain (mm/mm)
300 300 300
..... #7-1s" ceese #8151 / ceees #9-1 51
250 { = = #7-900s" 250 { = = '#8-900s" ; 250 { = = '#9-900s" .
=+ #7-1800s ¥ = #8-1800s ‘/ =+ #9-1800s '
= 200 | ——#7-2700s" = 200 { —#8-2700s R S 200 { = #9-2700s" r
& & & i
2 150 7 ) 2 150 - 4 . 2 150 .
3 o o - 3 3 04
£ /4 = -t £ 1
@» 100 20 @ 100 1% . w104 e
. - I e .
.0 01 . v 0] g i
50 ‘ . 50 - : . 50 { fo , [
| ] - -
] | i ] l : .
0 —* —* T 1 T 0 —t T T T T 0 T T 0 T T
0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6

0.0
Strain (mm/mm) (h)

@

Strain (mm/mm)

Strain (mm/mm)

@

Fig. 5 Compressive stress—strain data of AMSFs at different strain rates of different sample IDs (a) #1, (b) #2, (c) #3, (d) #4, (e) #5, (f) #6, (g)

#7, (h) #8, and (i) #9

The yield strength data measured are considered at 0.2%
offset to the linear region of the stress—strain curve, and the
average plateau stress values for all the samples are shown in
Fig. 6. The yield stress values have followed an increasing
trend with a rise in strain rate. This behavior is similar across
different particle sizes. However, in samples tested at a
particular strain rate (for example, at 2700 s~ ' strain rate),
there is a drop in the yield stress values with an increase in the
volume fraction and particle size. The AMSFs exhibit the
maximum yield strength of 151.62 and 196.39 MPa tested at 1
and 2700 s~ strain rates, respectively. Figure 6(a), (b), and (c)
also suggests that the overall yield strength of AMSFs
decreases with a decrease in relative density, typically between
0.77 and 0.93.

Similarly, the average plateau stress values of AMSFs, as
shown in Fig. 6(d), (e), and (f), followed a decreasing trend
with an increase in the volume fraction and particle size. The
AMSFs tested at medium strain rates (900 and 1800 s~ ') show
minor deformation. This results in low plateau stress values.

Statistically, the maximum deviation in the average plateau
stress value among the low- and high-strain rates is observed at
low-volume fractions. However, as shown in Fig. 5, the
maximum strain obtained for lower volume fractions has
shown early densification and low strains with larger particles.
This behavior needs to be further studied to understand the
overall effect of the particle size and volume fraction on the
mechanical response at various strain rates.

After deformation, the cross-sectional image of the samples
using SEM and their respective EDX spectrum is obtained. A
representative image and EDX spectrum of sample #3 tested at
a high-strain rate are shown in Fig. 7. The arrows indicate the
compression direction of the sample tested. Figure 7(a), (b),
and (c) shows the particle deformation pattern of samples tested
at three strain rates (900, 1800, and 2700 s~ 1), respectively.
The particles tested at 900 s~ ' show fractured particles without
complete failure of the shell structure of hollow particles.

Similarly, the residual amount of hollow particles is
observed in the sample tested at 1800 s~'. However, at higher
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Fig. 6 Compressive properties of AMSFs, including yield stress and average plateau stress of three different sizes: (a, d) — 250 mm, (b, ¢)

— 500 mm, and (c, f) — 750 mm

strain rates (2700 s '), the hollow particles are fractured
entirely due to the brittle nature and the dynamic loading of the
material. Also, the material is not entirely dense, and the gap is
retained due to particle failure. This deformation behavior of
AMSFs is attributed to the amount of plastic flow of the matrix
materials, the brittle nature of Al,O; hollow particles, and
sample loading.

4. Discussions

This section presents a detailed discussion of the AMSFs
from the viewpoint of hardening, energy absorption, and
deformation. The deformation behavior of the samples is
explored using the fracture images of the samples tested under
high-strain rate conditions. The hardening rate and energy
absorption properties are measured in Section 2.3.2.

Journal of Materials Engineering and Performance

4.1 Hardening Rate

To probe the hardening behavior of the AMSFs, the derivate
of the stress—strain data is calculated and presented in Fig. 8(a),
(b), (¢), (d), (e), (D), (g), (h), and (i). These curves are plotted to
the maximum strain obtained from respective stress—strain data,
reported by Xia et al. and others (Ref 16, 28, 31). The initial
stage of the HR curves showed a sudden drop representing the
linear elastic region of the stress—strain data. Later, a rise in the
HR values means the hardening of the material. The data for all
the conditions are greater than zero, and this behavior indicates
a constant rise in HR without any stress drops. It is observed
from Fig. 8 that the HR decreased with an increase in volume
fraction and formed a local plateau region for quasi-static tests.
The HR behavior is not evident in samples tested at medium
strain rates (900 and 1800 s~ '). After the initial stage, the curve
followed quasi-static behavior. This indicates that the strain
hardening in the samples is more significant beyond 1800 s~
across all the samples of AMSFs.



Fig. 7 Representative cross-sectional images of AMSFs sample #3
EDX spectrum of (c)

In contrast to low and medium strain rates, the high-strain
rate curve continues to increase after the initial drop in HR data.
This hardening behavior is significant with an increase in
volume fraction. Also, the deviation between the low- and high-
strain rates is evident at low densities. For example, the
deviation in the low- and high-strain rate data for sample #9
(relative density — 0.77) is higher than in sample #1 (relative
density — 0.93). Collectively, the AMSFs have shown the
hardening behavior prominently at 2700 s™' strain rates.
However, the hardening behavior is not dominant at lower
strain rates, which may be attributed to the material’s response.

4.2 Energy Absorption Properties

The EA and SEA values for all the samples tested at low-
and high-strain rates are shown in Fig. 9(a), (b), (c), (d), (e), (f),
(g), (h), and (i), as shown in Section 2.3.3. All the measure-
ments are considered up to 40% strain for assessment purposes,
as shown in Table 2. The EA of quasi-static and dynamic tests
followed a decrease in trend with relative density. The
maximum EA and SEA data at low- and high-strain rates are
52.76 MJ/m® and 21.47 kJ/kg and 69.90 MJ/m’ and 28.45 kJ/
kg (Sample #7), respectively. Similarly, with an increase in the
volume fraction of the particles, the energy absorption
decreases for different sizes of hollow particles. This suggests
that the volume fraction of the particles shows the minimum
effect on energy absorption. But, the energy absorption rises
with the increase in particle size. It is observed that, at 40%
strain, the EA and SEA data of AMSFs showed better
performance under dynamic loading. This behavior suggests
that the AMSF performance is superior under dynamic loading
(2700 s~ "). However, further analysis is required to understand
the overall performance of the samples.

Element Weight% Atomic%
0K 54.82 67.18
AlK 45.18 32.82

tested at (a) 900 s~', (b) 1800 s', (c) 2700 s~' strain rates, and (d) the

The I-EAE data provide the maximum mechanical energy;
the sample absorbs under large deformation. The I-EAE values
in Table 2 are obtained by taking mean values between the 5%
and 40% strain data (plateau region). In general, the efficiency
of a material is based on the slope of the stress—strain curve in
the plateau region (Ref 11). The lower the slope of the curve,
the higher the efficiency. Figure 5 qualitatively suggests that the
particles of smaller diameters and high-volume fractions may
have more efficiency due to the less hardening in the plateau
region. Also, the efficiency trend of all the size ranges increases
in terms of volume fraction. This trend is prominently observed
in SFs with small particles.

Under dynamic loading, the maximum strain attained is less
than the sample’s densification strain. As shown in Fig. 16 in
Appendix, the EAC is considered at 40% strain, as explained in
the previous section. Compared to static tests for low-volume
fractions, the EAC data have increased under dynamic loading.
However, the results are not encouraging for higher volume
fractions. There is a drop in EAC values for all the size ranges.
This behavior can be attributed to the catastrophic failure of the
alumina ceramic hollow particles under dynamic loading. This
behavior may also lead to the structural failure of these
samples.

The ideal energy absorption data as shown in Table 2 of the
AMSFs are encouraging up on its counterpart (quasi-static
condition). There is no significant drop in the absorption
efficiency, even at a high-strain rate (2700 s™'). The overall
energy absorption has improved since there is an improvement
in the yield stress data followed by a smooth transition to the
plateau region without any stress drops during the deformation.
Also, it is observed that concerning the volume fraction of the
particles, there is a rise in the [-EAE for both quasi-static and at
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a high-strain rate. This accounts for the significant role of the
volume fraction irrespective of the particle size. Maximum
efficiency is attained at higher volume fractions, attributed to
the particles’ volume fraction and their uniform deformation
without significant stress drops. This may account for the
reduction in the slope of the stress—strain curve and the increase
in the overall absorption energy. The EA data of previous
studies on aluminum matrix syntactic under different loading
conditions against the current study are compared in Fig. 10.
The data show that the AMSFs have outperformed some
literature data under quasi-static and dynamic loadings. Also,
the energy absorption properties have shown enhancement
compared to the earlier literature works as shown in Fig. 10.
This behavior may be attributed to the processing route and the
microsize alumina reinforcements.

4.3 Compressive Behavior

The energy absorption capacity and energy absorption
efficiency properties are discussed in the earlier sections. These

properties are essential to designing a material based on the
maximum expected efficiency and absorption capacity. The
correlation between the energy absorption properties and the
stress needs to be further analyzed to achieve a suitable poros-
ity at a specific stress level. The results displayed in Fig. 11(a)
and (b) on a logarithmic normalized scale are energy absorption
capacity versus stress for quasi-static and high-strain rate data.
The Ep; is the modulus of the matrix material (aluminum).
Also, the normalized EAC versus stress data can be divided
into three regions similar to the stress—strain curve of cellular
material, as shown in Fig. 11(a) (Ref 39). A linear elastic
region (A) is where the mechanical energy is absorbed in
bending and displacing the hollow particles inside the matrix.
In plateau (B), the region dissipates energy to fracture the
hollow particles and fill the newly evolved voids. In the later
part, the material is a fully dense composite with no traces of
pours inside the matrix. The densification point is termed the
‘shoulder point’ by Zhang et al., which is at the densification
point (Ref 40). At this point, the cellular materials tend to
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Table 2 Material properties of Al-matrix syntactic foams tested under compression
Quasi-static, 1 s~ ! High-strain rate, 2700 st
Sample  Relative EA (MJ/m®) at SEA (kJ/kg) at Densification 7, W (MJ/m’) at SEA (kJ/kg) at Maximum 75,
ID density 0.4 strain 0.4 strain strain % 0.4 strain 0.4 strain strain %
#1 0.93 45.22 18.00 0.52 69.37 56.53 22.51 0.41 67.47
#2 0.85 38.99 16.98 0.54 70.61 54.32 23.67 0.45 68.78
#3 0.80 31.98 14.80 0.55 72.34 40.70 18.84 0.50 78.92
#4 0.92 50.72 20.41 0.50 63.56 62.09 25.00 0.44 62.27
#5 0.84 42.58 18.77 0.50 66.40 59.32 26.16 0.40 65.52
#6 0.78 35.64 16.92 0.51 66.56 53.06 25.19 0.46 65.66
#7 0.91 52.76 21.47 0.49 67.95 69.90 28.45 0.44 60.11
#8 0.83 44.33 19.78 0.50 67.63 56.93 25.40 0.39 65.01
#9 0.77 30.31 14.57 0.50 69.74 41.89 20.15 0.46 67.04
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Fig. 10 Energy absorption (MJ/m®) properties of present work (K) compared against literature data tested at different relative density and strain
rates [Literature: A-(Ref 32), B-(Ref 33), C-(Ref 7), D-(Ref 30), E-(Ref 34), F-(Ref 35), G-(Ref 36), H-(Ref 37), I-(Ref 38), and J-(Ref 11)]

absorb maximum energy. Later, the W /Ex; versus a/Ea; curve
becomes horizontal. Also, during the plateau region, the energy
absorption is nearly constant. This study considers the shoulder
point at 40% strain before the densification strain for evaluation
purposes. Therefore, the normalized EAC versus stress data
summary is at 40% data.

In Fig. 11(c), the shoulder points of quasi-static and high-
strain rate data are shown for different densities obtained from
the various combinations of size and volume fractions. The data
show a linear rise in the W/E; value with an increase in the
a/Ex in both testing conditions. However, a notable offset is
observed in the high-strain rate data. For example, for a known
value of ¢/Ex; (0.003), the energy absorption value for quasi-
static and dynamic testing is 6.78 x 10 * and 7.31 x 10~*.
The slope of the linear fit curve for different shoulder points
considered from Fig. 11(a) and (b) and its intercept indicates
the energy absorption capacity of AMSFs. This behavior
suggests that the AMSFs showed better energy absorption
properties at high-strain rate conditions with maximum. W /E
value at a given ¢/Ey;. Further, the mathematical expression
for the shoulder point for different test conditions is shown in
Table 3. These expressions are useful when designing a
material with optimum energy absorption for a given test
condition.
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4.4 Deformation Behavior

Figure 12(a), (b), and (c) displays the DIC analysis for three
strain rates (900, 1800, and 2700 s~ ') captured from the high-
speed images, respectively. These images are arranged based on
the strain data for each test. A uniform deformation is observed
in the samples tested at all strain rates up to the elastic limit.
Also, during the shift from the elastic to the plastic stage, the
deformation gradient as shown in Fig. 12 is uniform. This
behavior agrees with the stress—strain response from Fig. 5.
Further, up to the 1800 s™', the material response is almost
uniform. At a strain rate of 2700 s~ ', a significant distortion is
observed after 0.2 strain. This behavior is attributed to the
plastic flow of the matrix material due to cracking and fracture
of the external surface of the samples. Also, it is observed that
the DIC analysis failed to capture the significant distortion in
the sample under compression after 0.2% strain.

Further, Fig. 13(a) and (b) shows the fractured samples of
different particle sizes and volume fractions tested at low- and
high-strain rates. In Fig. 13(b), the quasi-static test samples are
deformed up to 60% strain. The fractured samples showed a
minimum structural failure in all conditions. The failure
initiates from the external surface due to the presence of a
large number of unconfined hollow particles with matrix
material. However, the confined particles inside the matrix tend
to fracture and contribute to the densification of the material.
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Fig. 11 Energy absorption diagram for (a) quasi-static, (b) high-
strain rate studies, and (c) a summary of the data at 40% strain for A
and B

Table 3 Mathematical expression for different conditions

Condition Mathematical expression of the shoulder point

Quasi-static log 3~ = 0.71log £~ — 1.37

High-strain rate logElAl =0.72log - —1.33

These cracks extended further along the lateral direction to
accommodate the external force, which resulted in random
cracks along the surface of the samples. The appearance of such
typical plastic deformation was due to the complete densifica-
tion of the AMSFs.

In contrast to the low-strain rate behavior, many cracks are
observed during high-strain rate tests deformed up to 40-50%
strain. Also, the samples’ surface is significantly affected, and
structural failures are observed in samples with hollow particles
above 20% volume fraction. This behavior is observed due to
the reduced matrix percentage and rapid crack propagation due
to the impact, which results in the hardening of AMSFs.
Another factor affecting the hardening and delamination is
matrix failure at the interface of two hollow particles. Figure 14
shows the representative fracture images of samples tested at
low- and high-strain rates. Based on observation of the cross-
section of the samples, during quasi-static deformation, the
hollow particles fractured during the deformation, and the
matrix material buckled at the interface of the two particles.
This behavior helps in more plateau slop during the hardening.
However, the matrix interface fractured and failed during the
dynamic loading before attaining the densification zone, as
shown in Fig. 14(b).

Thus, during quasi-static deformation, the hollow particles
and matrix material compensate for the energy absorption in the
form of uniform particle failure and the plastic flow of the
matrix. During high-strain rates, they show hardening behavior
due to the matrix failure at the interface after the failure of the
hollow particles.

5. Conclusions

This work presents the behavior of alumina hollow particle-
reinforced aluminum matrix syntactic foams at different strain
rates. The following are the conclusions drawn from this work:

1. The aluminum matrix syntactic foams with different den-
sities ranging from 2.52 to 2.09 g/em® are produced
using the hot compression technique with densities close
to the theoretical values.

2. A series of mechanical studies performed at different
strain rates showed enhanced mechanical properties over
literature. The AMSF performed better up to a strain rate
of 2700 s~ with a maximum strain range of 40-45%.

3. A significant deviation is observed in the hardening
behavior of the AMSFs with different densities. Also, up
to 1800 s ', the hardening behavior is not evident in
AMSFs.

4. There is no significant drop in the energy absorption
properties of the AMSFs at high-strain rates. The energy
absorption efficiency of AMSFs has shown a maximum
value of 72.34 and 78.92% for low- and high-strain rates,
respectively.
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Fig. 13 Representative deformed samples tested at (a) 1 s~' and (b) 2700 s™!
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5. The fracture studies suggest a random crack growth dur-
ing quasi-static deformation. During dynamic loading, the
matrix interface suffers premature densification, contribut-
ing to the hardening of AMSFs.

The mechanical properties and deformation response of the
AMSFs are conducted, facilitating the energy absorption
properties. In addition, AMSFs show enhanced properties,
stiffness, and stability during dynamic loadings, making them
suitable for various applications in fields such as automotive,
aerospace, and defensive engineering.

However, this work has been limited to different strain rates
at room temperatures. For future studies, the dynamic nature of
the AMSFs at different temperatures and their energy absorp-
tion properties needs to be understood. These studies are
promising in exploring the material response under various
environmental conditions.
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Appendix

See Figs. 15 and 16.
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