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In this study, we analyzed the structural and mechanical properties of aluminum foams fabricated us-
ing aluminum powders of varying sizes and mixtures. The effects of sintering and pore structure at
each size on the integrity and mechanical properties of the foams were investigated. Structural char-
acteristics were examined using scanning electron microscopy and micro-computed tomography,
while mechanical properties were evaluated through compression testing. The experimental results
demonstrated that smaller powder sizes improved foam integrity, reduced porosity and pore size, and
resulted in thinner cell walls. In combination, these effects increased compressive strength as the
powder size decreased. The findings of this study contribute to the understanding and improvement of
the mechanical properties of aluminum foams and highlight their potential for use in a wide range of
applications.
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chanical properties

1. Introduction

Metal foam is a lightweight material with unique physical,
chemical, and mechanical properties that can replace solid
metals to achieve weight reduction, cost savings, and increased
efficiency [1]. These materials exhibit high specific strength,
excellent energy absorption, low density, and effective acoustic
damping, making them suitable for lightweight structural ap-
plications across various industries. [2-4]. Metal foam is a
unique lightweight material that can be fabricated from a vari-
ety of metals and alloys, offering weight reduction, cost savings,
and enhanced efficiency by replacing solid metals. Common
raw materials for metal foams include pure metals such as alu-
minum, titanium, nickel, and copper, as well as alloys like Cu-
Zn-Al, Ni-Ti, Ti-Mg, and stainless steel [5-12]. Among them,
aluminum is widely used in engineering due to its abundant
availability, low density, good ductility, and high corrosion re-
sistance. These properties make aluminum foam one of the
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most popular and actively researched types of porous metals
[13, 14]. While retaining the intrinsic properties of aluminum,
the internal porous structure of aluminum foam provides high
specific strength and excellent energy absorption. Additionally,
it offers distinctive features such as low weight, good thermal
and electrical conductivity, vibration damping, and acoustic
absorption [14-17]. Aluminum foams, in particular, have at-
tracted increasing attention due to their low density, high sur-
face area, excellent thermal and electrical conductivity, high
mechanical strength, and electromagnetic interference (EMI)
shielding capabilities. These characteristics make them suitable
for a wide range of industrial applications, including heat ex-
changers, exhaust mulfflers, catalyst carriers in chemical reac-
tors, high temperature filters, sound barriers, and EMI shield-
ing materials [18-20]. The internal pore structure of aluminum
foam allows it to absorb large amounts of energy as the cell
walls deform under external loads. This makes it especially
valuable in applications such as improving crashworthiness in
automobiles, providing shock protection in aerospace and mili-
tary equipment, enhancing seismic resistance and vibration
damping in architectural structures, and serving as packaging
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or soundproofing material [13-15, 21, 22]. Furthermore, alu-
minum foam is considered environmentally friendly due to its
recyclable, fire resistance, and durability in various weather
conditions [13].

Aluminum foam can be manufactured using various meth-
ods, including gas injection, melt foaming, and powder metal-
lurgy [23-26]. Among these, the powder sintering method pro-
duces porous structures by compressing and sintering metal
powders, where the arrangement of the powder particles deter-
mining the size and shape of the pores [27].

Spark plasma sintering (SPS) is an innovative powder metal-
lurgy technique that enables the rapid densification of samples
by applying electric current and pressure directly to a mold
containing metal powder. This method is widely utilized in the
fabrication of nanocrystalline structures, porous materials, ce-
ramics, and iron-based materials due to its advantages, includ-
ing low sintering temperatures and voltages, fast heating rates,
and short holding times [28, 29]. In SPS, particle size has a di-
rect influence on sintering density. Smaller particles lead to
higher relative density and hardness due to their larger surface
area, which facilitates faster sintering neck formation. Con-
versely, larger particles tend to create larger interparticle pores,
which can decrease the final density and degrade mechanical
properties. These characteristics make SPS an especially effec-
tive sintering technique for producing nanocrystalline materi-
als and dense metal foams [30-35].

Aluminum foam is typically fabricated by mixing aluminum
powder with a space holder, followed by compaction and sin-
tering. After compaction — often with the addition of small
amounts of sintering aids and binders — sintering forms a
bonded aluminum matrix, and the space-holders are removed
through pre- or post-sintering heat treatment, yielding an
open—pore aluminum foam. In the sinter-dissolve process, in-
organic salts such as NaCl and CaCl, are used as space-holders
due to their higher melting points than aluminum. Process pa-
rameters in the space-holder method significantly influence
the microstructure and performance of the final foam. Key
variables include the size, shape, volume fraction of the space-
holders, compaction pressure, and sintering temperature. The
volume fraction directly determines porosity, while compaction
pressure and sintering temperature affect interparticle bonding
and mechanical properties. Despite its advantages, the space-
holder method has certain limitation. First, porosity is con-
strained when the packing density of the space holders is below
65%, and residual particles may reduce porosity and cause cor-
rosion. Second, large space-holder particles (over 1 mm) are
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prone to breakage during compaction, making it difficult to
produce foams with large pores. Nevertheless, due to its ability
to precisely control pore size and shape, the space-holder
method remains a widely adopted technique for producing
highly porous and functional aluminum foams [13, 36].

In compression tests of aluminum foams, a characteristic
stress—strain curve is typically observed, which can be divided
into three distinct regions. The first region is the linear elastic
region, where stress increases almost linearly with strain due to
the elastic bending of the cell walls. The second region is the
plateau region, during which the stress remains nearly constant
or increases slightly as the cell structure progressively collapses.
In this region, the cell walls act as plastic hinges, allowing large
deformations without a significant increase in stress. The final
region is the densification region, where the stress rises sharply
as the collapsed cell walls come into full contact and the struc-
ture can no longer deform without significant resistance [13,
21, 37]. The mechanical properties of aluminum foams are
governed by the interplay of several factors, including cell
structure and relative density, cell wall thickness, and pore size
and shape. By optimizing these parameters, aluminum foams
can be tailored to meet the specific performance requirements
of various applications [13].

This study aims to investigate the effect of aluminum powder
size on mechanical properties and microstructure of aluminum
foam. Although many studies have explored the processing and
performance of aluminum foams, the specific influence of
powder particle size—particularly across a wide size range—
has not been sufficiently addressed. Since particle size directly
affects sintering behavior, pore morphology, and mechanical
performance, a systematic investigation is essential to better
understand and control foam characteristics. In this work, po-
rous aluminum foam was fabricated using the space-holder
method, in which aluminum powder was mixed with sodium
chloride (NaCl) particles (500 pum) as space-holders and then
sintered. The results confirmed that aluminum powder size
significantly influences both the mechanical properties and mi-
crostructure of the foam, suggesting that optimizing powder
size can enhance performance and versatility. Furthermore, this
fabrication approach is not limited to aluminum, but can po-
tentially be extended to a broad range of metal or alloy systems,
contributing to the design of lightweight and energy—absorbing
materials for structural and functional applications.
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2. Experimental Procedure

2.1 Foam Manufacturing

Aluminum foams were fabricated using the space-holder
process, and a schematic of the process is shown in Fig. 1. Sodi-
um chloride (NaCl) was used as the space-holder material.
Specifically, 500 um NaCl (purity 99%, particle size 500 pm,
COMSCIENCE) was used, and four types of aluminum pow-
ders were prepared: 1 um (purity 99.9%, particle size 1 pm,
AVENTION), 50 um (purity 99.0%, particle size 200 mesh,
SAMCHUN), 100 um (purity 99.9%, particle size 100 pm,
AVENTION), and a 1:1 weight ratio mixture of 1 um and 100
um powders. The aluminum powder and NaCl were mixed in a
volume ratio of 1:5 using a vortex mixer (IKA, Vortex 3) for ap-
proximately 1 minute. The mixed powder was then placed into
a graphite mold (35 mm outer diameter, 10 mm inner diame-
ter, 40 mm height), and a uniaxial pressure of 1 MPa was ap-
plied using a hydraulic press prior to sintering. Sintering was
carried out using spark plasma sintering (SPS) under the fol-
lowing conditions: a heating rate of 50°C/min, sintering tem-
perature of 500°C, holding time 10 minutes, applied pressure of
50 MPa, vacuum level of 150 mTorr, and air cooling. The sin-
tered sample were cylindrical, with a diameter of 10 mm, height
of 4.1-4.3 mm, and a weight of approximately 0.8 g. To remove
the NaCl space-holder, the sintered samples were immersed in
distilled water heated to 60°C for 1 hour. Following this, ultra-
sonic cleaning was performed in two steps: first in distilled wa-
ter and then in ethanol, with sonication lasting approximately
15 minutes for each step. The cleaned samples were then dried
in a drying oven at 120°C for 1 hour. After drying, the final
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foam samples had a diameter of 10 mm, a height of 4.1-4.3
mm, and a weight of approximately 0.16g. For each condition,

four samples were prepared.

2.2 Microstructure Analysis

The microstructure of the powders and aluminum foams
were analyzed using a variable pressure scanning electron mi-
croscope (Hitachi, SU3900). The powders were examined to
determine the size and morphology of aluminum powder and
NaCl, while the foams were analyzed for pore morphology, size
and distribution. A particle size analyzer (Malvern Panalytical,
Mastersizer 3000) was used to measure the particle sizes of
both aluminum and NaCl. X-ray micro-computed tomogra-
phy (Micro CT; Bruker, SKYSCAN 1272) was employed to
characterize the foam in terms of pore size, porosity, cell thick-

ness, overall morphology, and pore structure.

2.3 Mechanical Properties

To evaluate the compressive strength of the aluminum foams,
compression tests were conducted at room temperature using a
universal testing machine (Instron, 5569). The foam specimens
had a diameter of 10 mm and a height ranging from 4.1 to 4.3
mm. Four types of aluminum foams were tested: (1) foam fabri-
cated with 1 um aluminum powder (hereafter referred to as 1
um foam), (2) foam fabricated with 50 pum powder (50 um
foam), (3) foam fabricated with 100 pm powder (100 pm foam),
and (4) foam fabricated with a 1:1 weight ratio mixture of 1 pm
and 100 um powders (Mix foam). Each test was performed in
triplicate for statistical reliability. The strain rate was set at
1x107s™", and the compression was applied up to 70% strain.

{i 646446
NaCl r u
Powder 1;/‘1’;:?5; psizzf:fa Dissolution Dry
Sintering

Fig. 1. Schematic of aluminum foam manufactured using the space-holder method.
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Fig. 2. Scanning electron microscopy images and particle size analysis results of aluminum powders and NaCl powder: (a) 100 pm aluminum
powder, (b) 50 pm aluminum powder, (c) 1 pm aluminum powder, (d) 500 um NaCl powder.
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Fig. 3. Images of aluminum foams fabricated with different
aluminum powder sizes: (a) 100 um foam, (b) 50 pm foam, (c) 1
pm foam, (d) Mix foam.

3. Results and Discussion

3.1 Powder and Foam Measurement

Fig. 2. a—d show SEM images and particle size analysis results
of the aluminum powders and NaCl. The SEM images illustrate
the size and morphology of the aluminum powder and NaCl
particles. As observed by SEM, the aluminum powders were
approximately 1 pm, 50 um, and 100 pum in size, with spherical
or cylindrical shapes, while the NaCl particles were about 500
um and exhibited a cubic morphology. To accurately determine
particle sizes, a particle size analyzer was used. The D50 values
obtained were as follows: 1.82 um for the 1 pm aluminum pow-
der, 46.8 um for the 50 pm powder, 83.0 um for the 100 pm
powder, and 493 um for the 500 um NaCl. These values were
consistent with the observations made from the SEM images,
indicating good agreement between the two measurement
methods.

Fig. 3. a—d show images of the fabricated aluminum foams.
The foams were categorized based on the aluminum powder
used: 100 um foam (fabricated using 100 pm aluminum pow-
der), 50 um foam (using 50 um powder), 1 um foam (using 1
pm powder), and Mix foam (using a 1:1 weight ratio mixture of
100 um and 1 um powders). All foam had a cylindrical shape
with a diameter of 10 mm and a height ranging from 4.1 to 4.3
mm. The relative density of each foam was calculated prior to
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NaCl removal. The densities of aluminum and NaCl are 2.70 g/
cm’ and 2.16 g/cm’. Respectively, In the green compact with a
1:5 volume ratio of aluminum to NaCl, 0.16 g of aluminum
corresponds to a volume of 0.05926 cm”, and 0.64 g of NaCl
corresponds to a volume of 0.2963 cm”’. The total volume is
therefore 0.35556 cm’, and the total weight is 0.80 g, yielding an
overall density of 2.25 g/cm’ for the compact. The measured
densities of the sintered foams were: 100 um foam is 2.15 g/
cm’, 50 pm foam is 2.15 g/cm’, 1 pm foam is 2.20 g/cm’, and
Mix foam is 2.15 g/cm’. The corresponding relative densities
were: 100 pm foam is 95.6%, 50 um foam is 95.8%, 1 um foam
is 97.6%, and Mix foam is 95.7%. All samples exhibited relative
densities greater than 95%, indicating successful sintering.
Among them, the 1 um foam showed highest density, suggest-
ing enhanced particle packing and bonding.

m P Experiment
P = ——5 PRelative = ——— (1)
v PTheoretical

To confirm the removal of NaCl, the NaCl removal rate was
measured and calculated using Eq. (2). The measured removal
rates were as follows: the 100 pm foam was not measurable due
to peripheral breakage during the NaCl removal process; the 50
um foam showed 100% removal; the 1 um foam, 95.24%; and
the Mix foam, 96.27%. Incomplete removal of NaCl can be at-
tributed to several factors. First, as the aluminum powder size
decreases, the number of aluminum particles surrounding each
NaCl particle increases, and the voids between the aluminum
powders become smaller. These two factors restrict access to
distilled water and hinders the dissolution of NaCl. Second, the
height and porosity of the foam also play a critical role. In ini-
tial trials, aluminum foams with a height of 10 mm exhibited
residual NaCl in the center of the sample. To address this issue,
the sample height was reduced to 4 mm and the porosity was
increased, which enhanced NaCl removal by improving pore
interconnectivity and creating more effective diffusion path-
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ways. Third, increased relative density reduce pore connectivi-
ty, further preventing the complete removal of NaCl. Fourth,
breakage of NaCl particles during compaction or sintering may
result in their entrapment within the matrix. Wan, Tan, et al.
reported that space-holder particles are susceptible to breakage
during compaction, which can impede their complete elimina-
tion [13]. For these reasons, the NaCl removal rate tends to de-
crease as the aluminum powder size decreases.

)
NaClremoval weight ) « 100

N aC lweight

NaCl removal rate (%) = (

(NaClremoval weight = weightbefore removal NaCl-weightafter
removal NaCl)

Fig. 3. Shows a full image of the fabricated aluminum foams,
which were used to evaluate the structural integrity of the
foams. For the 100 um foam, all four samples exhibited partial
collapse during the NaCl removal process, with approximately
10% of the total volume affected. In contrast, no collapse was
observed in the 50 um foam, 1 um foam, or Mix foam. In terms
of structural integrity, the 100 pm foam showed the poorest
performance while the other foams maintained good integrity.
Factors affecting the integrity of the foam include the ratio of
aluminum powder size to NaCl size, the volume ratio of alumi-
num to NaCl, and the sintering conditions. In this study, the
sintering conditions and the volume ratio of aluminum to NaCl
(1:5) were kept constant across all samples. Therefore, the pri-
mary influencing factor was the relative particle size ratio be-
tween aluminum powder and the NaCl. The NaCl particle size
was fixed at 500 yum, while the aluminum powder sizes were
100 um, 50 um, and 1 pm, corresponding to size ratio of alumi-
num powder to NaCl of 1:5 (100 um foam), 1:10 (50 um foam),
and 1:500(1 pm foam), respectively. Fig. 4. Illustrates the rela-
tive sizes. When converted to volume rations, these become ap-
proximately 1:125 (100 pm foam), 1:1000 (50 um foam), and
1:125,000,000 (1 pm foam). Given the 1:5 aluminum-to-NaCl
volume ratio, the number of aluminum particles per NaCl par-
ticle increases significantly with decreasing aluminum powder
size (approximately 25 for 100 wm, 200 for 50 pm, and 25 mil-
lion for 1 um). As the aluminum particle size decreases, the
number of aluminum particles surrounding each NaCl particle
increase, and the interparticle void size decrease. This reduces
the diffusion pathways for distilled water, which is essential for
dissolving and removing the NaCl. Consequently, smaller alu-
minum particles can hinder NaCl removal. Additionally, small-
er particles have a higher surface area, promoting faster sinter-

236

Effect of Al powder size on foam behavior

ing neck formation and leading to increased relative density
[9-14]. While this improves structural integrity, it can also trap
NaCl within the matrix, as observed in the 1 um foam and Mix
foam, where NaCl was not completely removed.

3.2 Microstructure Measurement Using SEM

Fig. 5. Shows an SEM image of aluminum foam. The image
reveals the size and morphology of the pores, as well as the
shape and thickness of the cell walls. The pores can be classified
into three types based on their formation mechanisms: (1)
pores formed during powder sintering, (2) pores generated by
the removal of NaCl, and (3) pores formed by the partial col-
lapse or destruction of the cell wall during NaCl removal. Pores
formed during powder sintering are typically smaller than 50
um and exhibit irregular shapes. As the aluminum powder size
decreases, the size of these pores also decreases, owing to the
reduced interparticle voids in powders. Pores resulting from
NaCl removal are approximately 300-500 pm in size and gen-
erally cubic in shape. The fact that they are smaller than the
original NaCl particles (500 pm) is attributed to deformation of
the NaCl under pressure during sintering [13]. Pores caused by
the destruction of the cell walls are irregular in both shape and
size, and their occurrence is more noticeable in 50 pm and Mix
foams. Overall, the average pore size decreases as the alumi-
num powder size decreases. Examination of the cell walls
shows that aluminum powders are well bonded. In the 100 pm

100pum
Mix

NaCl (500pm)

Fig. 4. Comparison of the sizes of NaCl and aluminum powders.
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250 um

50 um

Fig. 5. Scanning electron microscopy images of aluminum foams fabricated with different powder sizes: [(a), (e)] 100 pm foam, [(b), (f)] 50

pm foam, [(c), (g)] 1 um foam, [(d), (h)] Mix foam. [(x100), (x500)].

and 50 pm foams, the boundaries between particles are clearly
visible, while the 1 pm foam exhibits blurred boundaries or
smooth surface. This indicates that finer aluminum powders,
with their higher surface area, promote rapid neck formation
during spark plasma sintering, leading to improved densifica-
tion and higher relative density. The thickness of the cell walls
also tends to decrease as the aluminum powder size decreases.
This is consistent with increased densification achieved
through enhanced particle bonding in smaller powders [30-35].

3.3 Microstructure Measurement Using Micro—CT

Fig. 6. a—d shows full 3D images of the aluminum foams, Fig.
6. e-h presents the 2D cross-sectional images and Fig. 6. i-1
displays 3D cropped images (3 x 3 x 3 mm”) of each foam. In all
images, the aluminum cell walls appear as white or gray re-
gions, while the pores are shown in black. Comparison of the
3D images revealed that the 50 pm, 1 um, and Mix foams
maintained good structural integrity, whereas the 100 pm foam
exhibited partial collapse and compromised structure. The 2D
cross—sectional image clearly show the morphology of the cell
walls and pores. The cell walls are formed by the sintering of
aluminum powders, and their thickness is influenced by the
powder size, which determines the surface area and sintering
behavior. As the aluminum powder size decreases, the cell wall
thickness tends to decrease due to enhanced densification. In
the 100 pm foam, collapse and poor bonding between cell walls
were observed, along with reduced interconnectivity. In con-
trast, the 50 um, 1 pum, and Mix foams showed well-bonded
cell walls and good structural interconnectivity. Pore shapes

J Powder Mater 2025:32(3):232-243

and sizes were found to be irregular and varied, primarily due
to deformation of the NaCl particles under pressure during sin-
tering [13]. The 3D cropped images provided detailed visual-
ization of pore morphology and cell wall structure. Porosity,
pore size, and cell wall thickness were quantitatively analyzed
using Micro—-CT. Porosity was calculated from the full 3D im-
age, while pore size and cell wall thickness were calculated us-
ing the 3D cropped image data. This approach was taken be-
cause, in the full 3D image of the 100 pm foam, collapsed re-
gions were recognized as pores, which led to overestimation of
pore size and inaccurate measurements. By using the 3D
cropped images (3 x 3 x 3 mm’) and excluding the damaged ar-
eas, more accurate and representative values were obtained.
The measured porosities of the aluminum foams were 89.70%
+ 1.64 for the 100 um foam, 85.20% + 1.77 for the 50 pm
foam, 76.10% + 0.28 for the 1 um foam, and 81.50% =+ 3.60 for
the Mix foam. The predicted porosity based on the volume ra-
tio of aluminum to NaCl (1:5) was 83.3%. The 100 um and 50
um foams showed higher porosities than predicted, while the 1
um and Mix foams showed lower porosities. In the 100 um
foam, collapsed areas were recognized as pores, resulting in a
higher than predicted porosity. For 50 pm foam, all NaCl was
removed, but the porosity was higher than the predicted poros-
ity due to internal pores identified by the relative density after
sintering. The Mix foam, despite a relative density similar to the
50 um foam, retained some NaCl, lowering its porosity. The 1
um foam exhibited the lowest porosity due to both its high rel-
ative density and is retained some NaCl. The average pore sizes
obtained from micro-CT were 315.01 +10.615 pm for 100 pm
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5 mm

1 mm

Fig. 6. Micro-computed tomography visualization of aluminum foams fabricated with different powder sizes: [(a)-(d)] 3D models, [(e)-(h)]
2D cross-sectional images, [(i)-(1)] 3D cropped images, [(a), (e), (i)] 100 pm foam, [(b), (f), (j)] 50 um foam, [(c), (g), (k)] 1 pm foam, and [(d),

(h), ()] Mix foam.

foam, 291.37+9.954 pum for 50 pm foam, 262.34+ 9.866 pum for
1 pm foam, and 290.85+10.373 pm for Mix foam. In all cases,
the pore sizes were smaller than the original NaCl particle size
(500 pm), primarily due to deformation under pressure during
sintering, partial destruction of cell walls during NaCl removal,
and additional pores formed during sintering. SEM analysis
confirmed that pore size decreases with decreasing aluminum
powder size, consistent with the micro-CT results. The mea-
sured cell wall thicknesses were 104.45+4.363 pum for 100 pm
foam, 92.06 +4.094 um for 50 pum foam, 71.51 +3.085 um for 1
pum foam, and 91.26 +4.144 um for Mix foam. Cell wall thick-
ness is affected by both the number and size of aluminum pow-
ders, as well as the degree of densification during sintering.
Smaller powders result in larger surface areas, which accelerate
neck formation and enhance densification, thereby reducing
cell wall thickness. SEM images supported this trend, showing
blurred boundaries and smoother surface as the powder size
decreased. In summary, as the aluminum powder size decreas-
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es, porosity, pore size, and cell wall thickness all decrease, re-
flecting enhanced densification and sintering behavior, as con-
tirmed by both SEM and micro-CT analysis.

3.3 Compression Test

Fig. 7. a—d shows the compression test curves of the alumi-
num foams. The stress—strain behavior of aluminum foam un-
der compression can be divided into three regions: the elastic
region, the plateau region, and the densification region [21, 37].
Region 1 corresponds to the elastic region, which is character-
ized by a linear elastic region with very low strain. Region 2 is
the plateau region, where the pores collapse occurs and strain
increases with little to no increase in stress. In this region, both
the 1 um foam and Mix foam exhibit noticeable fluctuations,
which are attributed to the presence of unremoved NaCl parti-
cles. The residual NaCl induced localized fracture during com-
pression, resulting in fluctuations in the curve. The 1 pm foam
exhibits greater fluctuations than the Mix foam, indicating a

J Powder Mater 2025;32(3):232-243
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Fig. 7. Stress-strain curves of aluminum foams fabricated with different powder sizes: (a) 100 pm foam, (b) 50 um foam, (c) 1 pm foam, (d)

Mix foam.

larger amount of residual NaCl. Region 3 is the densification
region, where the previously collapsed pores are compacted,
leading to a rapid increase in compressive stress. The compres-
sive strength was determined as the average of the maximum
values in region 1, and the Young’s modulus was calculated
from the slope of the stress—strain curve in region 1 just before
reaching the compressive strength [38]. The measured com-
pressive strengths and Young’s modulus of the foams were
0.523+0.198 MPa and 0.023+0.0036 GPa for 100 um foam,
1.386+£0.099 MPa and 0.735+0.184 GPa for 50 um foam,
5.804+0.822 MPa and 3.841+£0.917 GPa for 1 pm foam, and
2.419+0.297 MPa and 1.761+0.290 GPa for Mix foam. As the
aluminum powder size decreases, the compressive strength in-
creases. Notable, the Mix foam exhibits a higher compressive
strength than the 50 pm foam, indicating a synergistic effect
from combining fine and coarse powders. This enhancement is
likely attributed to improved particle packing, where fine pow-
ders fill the voids between coarse powders, resulting in better
interparticle contact and more uniform pore wall formation

J Powder Mater 2025:32(3):232-243

during sintering. Therefore, the mixed powder approach pro-
vides an effective strategy to enhance mechanical performance
while maintaining microstructural stability. The compressive
strength of aluminum foam is influenced by several factors, in-
cluding porosity, pore size, and cell wall thickness, as reported
in previous studies [4, 39-41].

Fig. 8. a—d shows the relationships between aluminum pow-
der size and four key parameters: porosity, pore size, cell thick-
ness, and compressive strength. As the aluminum powder size
decreases, the porosity, pore size, and cell wall thickness also
decrease, whereas compressive strength increases. To evaluate
the effects of these parameters on compressive strength, predic-
tive equations were employed. Based on the classical and widely
accepted Gibson-Ashby model, the relationship between po-
rosity and strength was formulated using an exponential or
powder-law function. The remaining variables —pore size, cell
wall thickness, and powder size — were incorporated accord-
ing to their physical relevance, as represented in Eq. (3). Re-
gression analysis using the Ordinary Least Squares (OLS)
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method conducted to calibrate the coefficients A, n, a, and § in
Equation 3 based on the experimental data. These coefficients
quantitatively describe the influence of each variable on com-
pressive strength. The results of the regression analysis indicate
that strength increases with lower porosity, thicker cell walls,
smaller powder size, and smaller pore size. Among these, po-
rosity has the most significant influence, followed by pore size,
with cell wall thickness and powder size exhibit relatively minor
effects. In addition to its direct influence, aluminum powder
size indirectly affects strength by altering microstructural fea-
tures such as porosity, pore size, and cell thickness. Therefore,
mechanical properties of the foam can be effectively controlled
by tuning the relative size of aluminum powder to NaCl in the
space-holder method. This approach can be extended to a wide
range of metallic materials, not limited to aluminum, offering a
flexible and scalable strategy for optimizing the mechanical
performance of metal foams.
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o predicted compressive strength of the foam (MPa), A: 3390
(constant)
P: %ﬁ'(%), d,: powder size (um), t: cell thickness (um), d,,:
pore size (um)
n, a, B: indexes estimated by regression based on experimental
data
n=2.50, a=0.05, p=0.54

The compressive strengths calculated using Eq. (3) were
compared with the experimental results presented in Table 2.
For the 100 pm foam, the calculated strength was 0.518 MPa,
while the experimental value was 0.523 MPa, resulting in an er-
ror of 0.96%. For the 50 um foam, the calculated strength was
1.376 MPa, while the experimental value was 1.386 MPa, re-
sulting in an error of 0.72%. For the 1 um foam, the calculated
strength was 5.788 MPa, while the experimental value was
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Table 1. Comparison of densities and NaCl removal rate of aluminum foams with varying aluminum powder sizes

100 pm foam 50 pm foam 1 um foam Mix foam
Experiment density (g/cm’) 2.15 215 22 2.15
Theoretical density (g/cm’) 225
Relative density (%) 95.6 95.8 97.6 95.7
NaCl removal rate (%) X 100 95.24 96.27

100 um foam: foam fabricated using 100 pm aluminum powder. 50 pm foam: foam fabricated using 50 pm aluminum powder. 1 pm foam: foam fabri-
cated using 1 um aluminum powder. Mix foam: foam fabricated by mixing 100 pm aluminum powder with 1 pm aluminum powder.

Table 2. Comparison of porosity, pore size, cell thickness, and compressive strength of foams with different aluminum powder sizes

100 pm foam 50 pm foam 1 um foam Mix foam
Porosity (%) 89.70+ 1.64 8520+ 1.77 76.10+0.28 81.50+3.60
Pore size (um) 315.04+£10.612 291.37+£9.954 262.34+9.866 290.85+10.373
Cell thickness (um) 104.45+4.363 92.06+4.094 71.51+3.085 91.26+4.144
Compressive strength (MPa) 0.523+0.198 1.386+ 0.099 5.804+0.822 2.419+0.297
Young’s modulus (GPa) 0.023 +£0.0036 0.735+0.184 3.841+£0917 1.761+0.290

100 pm foam: foam fabricated using 100 pm aluminum powder. 50 pm foam: foam fabricated using 50 pm aluminum powder. 1 um foam: foam fabri-
cated using 1 pm aluminum powder. Mix foam: foam fabricated by mixing 100 um aluminum powder with 1 um aluminum powder.

5.804 MPa, resulting in an error of 0.28%. For the Mix foam,
the calculated strength was 2.403 MPa, while the experimental
value was 2.419 MPa, resulting in an error of 0.66%. With rela-
tive errors ranging from 0.28% to 0.96%, the predicted values
are in good agreement with the experimental results, support-
ing the applicability of Eq. (3) for modeling compressive behav-
ior in open-—cell aluminum foams.

4. Conclusion

In this study, the effects of porosity, pore size, and cell wall
thickness on mechanical properties of aluminum foams were
investigated in relation to aluminum powder size and powder
mixing, using NaCl as a space-holder.

1. Densification, structural integrity, and NaCl removal effi-
ciency were compared as a function of aluminum powder size.
As the powder size decreased, the relative density increased, in-
dicating enhanced densification. Conversely, larger aluminum
powders exhibited lower structural integrity due to insufficient
sintering. However, a decrease in powder size also resulted
NaCl removal rate, attributed to the increased densification,
which hinders diffusion pathways.

2. SEM analysis was conducted to compare the pore struc-
tures and cell walls with different aluminum powder sizes.
Three types of pores were identified: (1) pore formed by the re-
moval of NaCl, (2) pores generated by the destruction of cell
walls during the NaCl removal, and (3) pores originating from

J Powder Mater 2025:32(3):232-243

interparticle voids during sintering. Pore size was found to de-
crease with decreasing aluminum powder size. Cell wall mor-
phology also varied with powder size: clear boundaries between
particles were observed in the 100 um and 50 um foams, while
blurred boundaries and smoother surfaces appeared in the 1
pm foam. These results suggest that smaller powders increase
surface area, and enhance neck formation during sintering,
promoting densification.

3. Micro-CT analysis was used to quantitatively assess poros-
ity, pore size, and cell wall thickness. All three parameters de-
creased as the aluminum powder size decreased. These trends
were consistent with SEM observations and are influenced by
factors such as densification, NaCl removal rate, interparticle
voids, and pressure-induced NaCl deformation. The results
align well with relative density measurements and visual evalu-
ations of structural integrity.

4. Compression testing was performed to evaluate mechani-
cal properties across the different foams. The stress—strain
curves revealed three characteristic regions. In the plateau re-
gion (Region 2) fluctuations were observed in the 1 um and
Mix foams due to incomplete NaCl removal, with more pro-
nounced fluctuations in the 1 um foam. Compressive strength
increased with decreasing aluminum powder size. A regression
analysis was performed to determine the influence of each mi-
crostructural parameter on strength. The results showed that
strength increases with decreasing porosity, decreasing pore
size, decreasing powder size, and increasing cell wall thickness.
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Among these, porosity had the most significant effect, followed
by pore size, with cell wall thickness and powder size exhibit
relatively minor effects.

This study demonstrates that aluminum powder size plays a
critical role in determining the microstructure and mechanical
performance of aluminum foams. By optimizing powder size
and mixing strategies, the mechanical properties of aluminum
foams can be significantly improved. Moreover, the finding and
methodology of this study can be extended to a wide range of
metals and alloys beyond aluminum.
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