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In this study, the effectiveness of three different types of Mg-based blowing agents on the
structure and properties of aluminum alloy foam was compared. AlMg15Cu10 alloy foams were
produced by the powder metallurgy route using pure Mg, Al50Mg50 and Al60Mg40 powders as
blowing agents. Al50Mg50 and Al60Mg40 powders were synthesized by ball milling and melt
milling, and were characterized by particle size analysis, XRD and SEM. Foams were
characterized by using X-ray tomography, SEM and XRD. Mechanical properties were
obtained through quasi-static compression tests. It was observed that the foams produced by
Mg possess spherical cells whereas more polyhedral cells were obtained in the foams produced
by Al50Mg50 and Al60Mg40. The finest cells were produced by Al60Mg40 powder. Variation in
the cell size is attributed to the different hydrogen contents of these blowing agents. All foams
resulted in a good porous structure and possess high compressive strength compared with
conventional foams.
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I. INTRODUCTION

METAL foam is no longer a new material in science
and technology and it is being used in a wide range of
applications because of its unique combination of
properties.[1] The major applications of metal foam
can be classified into structural and functional based on
their structure.[1,2] Load-bearing structural application
takes advantage of the light weight and specific strength
of metal foams [3,4] whereas functional applications are
based on their large surface area and interconnectiv-
ity.[2,5] The mechanical behavior of foams profoundly
depends on their structure,[6] which is indirectly linked
to the blowing agent used for foaming.[7]

Blowing agents such as TiH2 and ZrH2 are well
established for foaming aluminum alloys.[8,9] These
hydrides contain a large amount of hydrogen in a
concentrated form, which is released over a long span of
temperature (or time).[7,10,11] A combination of concen-
trated gas and its release for a prolonged time is
responsible for creating defects as well as large and
irregular pores during foaming and solidification.[12,13]

Use of Mg-based blowing agents can overcome the
challenges of producing defect-free foams. Mg can be
hydrogenated by exposing it to a high hydrogen pressure
(3 to 47 bar) at high temperatures (300 �C to 450 �C).[14]
Mg and Mg-based alloys, however, also contain hydro-
gen without undergoing any controlled hydrogenation
process. They take up hydrogen from the moisture
present in the atmosphere even at ambient condition.
Jiménez et al. found that Al50Mg50 alloy powder
contains hydrogen even without undergoing any hydro-
genation process.[15] This characteristic was subse-
quently exploited by Mukherjee et al. to foam Al- and
Zn-based alloys using Al50Mg50 alloy powder as
blowing agent.[16] This blowing agent produced foams
with uniform pore size distribution and fine pores
containing fewer structural defects compared to the
foams produced using conventional blowing agents.

The hydrogen storage capacity of the Mg-based alloys
can be altered by varying the Mg content.[14,17] Since the
hydrogen content of Al-Mg alloys varies for different
sources of Mg, it is of interest to investigate the influence
of different sources of Mg on the structure and
properties of the foams produced using different
Mg-based blowing agents. Therefore, the primary
objectives of the present work are (1) to synthesize
blowing agents with different Al-Mg ratios, namely
Al50Mg50 (wt pct) and Al60Mg40 (wt pct) alloy, and
(2) to compare the structure and properties of foams
produced using three different sources of Mg-based
blowing agents: Mg, Al50Mg50 and Al60Mg40
powders.

II. MATERIALS AND METHODS

A. Materials

The elemental metal powders used in the present
study were aluminum (Al) (99.5 pct pure, D50 = 25 lm),
magnesium (Mg) (99.8 pct pure, D50 = 119 lm) and
copper (Cu) (99 pct pure, D50 = 44 lm). All the
elemental metal powders were procured from Alfa
Aesar. The particle size distribution plots of these
powders are shown in the electronic supplementary
material (ESM); see Figure S-1. Al (99 pct pure) and Mg
(99.9 pct pure) ingots were also used to prepare
pre-alloyed powders.

B. Synthesis of Blowing Agent Powders

In this study, three blowing agents were used, among
which Mg powder was used in as-received condition.
Other blowing agents were pre-alloyed powders namely
Al50Mg50 (wt pct) and Al60Mg40 (wt pct), which are
henceforth referred to as AlMg50 and AlMg40, respec-
tively. Two techniques were employed to synthesize
these powders: (1) ball milling (BM) and (2) melt milling
(MM). Ball milling was performed on 30 g powder in a
tungsten carbide (WC) vial. WC balls (size 10 mm) were
used as a grinding media. A ball-to-powder ratio of 10:1
was maintained. Toluene was used as a process-control-
ling agent. Milling was performed at a rotating speed of
300 RPM for 5 to 20 hours.
In the melt-milling process, first, castings of AlMg50

and AlMg40 alloys were prepared using a bottom
pouring furnace under a continuous flow of argon and
SF6 gas mixture. These castings were broken down into
small chunks by drilling and then into powdered form
by mechanical attrition to obtain finer size. Mechanical
attrition was performed under the same conditions as in
the ball milling technique. In this, the milling times were
5 minutes, 15 minutes and 1 hour. A 5 g sample was
produced per batch.
For the nomenclature of the AlMg50 and AlMg40

blowing agents, the name of the alloy, technique used to
prepare the powder and milling time are used in the
following form: alloy-technique used-milling time.

C. Precursor Preparation and Foaming

As-received Mg powder and powders obtained by BM
and MM techniques were used as blowing agents to
produce foamable precursors of AlMg15Cu10 (all num-
bers are in wt pct) alloy. The amount of each powder
utilized to prepare the precursor using different blowing
agents is provided in Table I. Powders were mixed for
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15 minutes in a custom-made mixer. Ten grams of
powder blend was consolidated by hot uni-axial com-
paction at 450 �C for 20 minutes applying a pressure of
500 MPa. This resulted in cylindrical precursors of 36
mm diameter with 4 mm thickness. The precursor was
cut into four equal pieces, and each piece was foamed
using a ceramic heating plate. Foaming was performed
by heating the precursor to 600 �C for 2 minutes.
Subsequently, the heating was switched off followed by
cooling of the sample by directing pressurized air. Air
pressure was adjusted to prevent any damage to the
foam.

Phase analysis of the blowing agents and foam was
carried out by an X-ray diffractometer (X’pert Pro
PANalytical) using monochromatic Cu-Ka radiation of
1.54 Å wavelength with a step size of 0.02 deg. Powder
morphology and foam microstructure were observed
using a scanning electron microscope (FEI SEM Quanta
200). Particle size of the powders was measured by
Microtrac S3500. Hydrogen content of the blowing
agent was determined by a Thermo Scientific Flash 2000
Organic Elemental Analyzer performed in CHNS/O
mode.

The porous structure of foams was observed by X-ray
computed tomography using a laboratory-based source
equipped with a 240 kV/320 W micro focus X-ray tube
and a flat panel detector. VG Studio-Max 2.1 software
was used to extract 2D sections from the tomographic

data. The 2D sections (20 sections per foam) were
analyzed using ImageJ 1.42q software. Compression test
was performed using a universal testing machine (UTM)
at a displacement rate of 1 mm/min. The average foam
sample size for compression tests was 10 9 10 9 8 mm3,
and the least dimension, which was also the foaming
direction, was considered as the compression direction.

III. RESULTS

A. Blowing Agents

1. Phase Analysis
The XRD spectrum of AlMg50-BM-5-20 hours is

shown in Figure 1. Individual peaks of Al and Mg can
be seen even after 5 and 10 hours of milling. Broadening
of peaks is observed after 15 hours, and some peaks
become much clearer after 20 hours. De-convolution of
the peaks (in 20 hours sample) confirmed the overlap of
(1) 41.94 and 43.74 deg; (2) 62.20 and 64.93 deg; (3)
76.61 and 77.87 deg (2h) peaks. This pattern corre-
sponds to the c-Al12Mg17 phase.
Powder processed by the MM route revealed the

formation of intermetallic phases, c-Al12Mg17 and
b-Al3Mg2, for the alloy composition of AlMg50 and
AlMg40, respectively; see Figure 2. Mg2Si was also
present as a minor phase in AlMg50 powder.

2. Powder Size and Morphology
SEM micrographs of the as-received Al, Mg and Cu

powders are shown in Figure 3. Powders processed by
the BM and MM route are shown in Figure 4.
AlMg50-BM-20 hours and AlMg50-MM-1 hours reveal
a flaky morphology, whereas AlMg50-MM-15 minutes
and AlMg40-MM-5 minutes powders do not show flaky
or platelet morphology but possess faceted cleavage as
shown in Figure 4(b). No flaky structures are observed
in as-received Al, Mg and Cu powders.

3. Hydrogen Content and Surface Area
Hydrogen content of the materials (except Cu pow-

der) is presented in Table II. Hydrogen content of the
blowing agents was normalized with respect to the BET
surface area, which is also provided in Table II along
with the surface area normalized hydrogen contents. It
can be seen that Al powder and the ingots used in this
study have almost no hydrogen, whereas all the blowing
agents (both the as received and custom made) have a
significant amount of hydrogen.

Table I. Contribution of Different Powders in AlMg15Cu10 Alloy Precursor

Blowing Agent Used

Amount of Different Powders Used, Wt Pct

Al Cu Mg AlMg50 AlMg40

Mg 75 10 15 — —
AlMg50 60 10 — 30 —
AlMg40 52.5 10 — — 37.5

Fig. 1—XRD patterns of AlMg50 powders ball milled for 5, 10, 15
and 20 h.
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B. Foams

1. Foam Structure
Photographs of the foams produced by using various

blowing agents are shown in Figure 5. Foams produced
by using AlMg50-BM-20 hours and AlMg50-MM-1
hours powders did not yield a satisfactory porous
structure (Figures 5(a) and (b)), whereas Mg,
AlMg50-MM-15 minutes and AlMg40-MM-5 minutes
powders resulted in a good porous structure (Fig-
ures 5(c) through (e)).

Hereafter, all the analysis presented is from the three
types of foams that exhibited a good porous structure as
shown in Figures 5(c) through (e). The relative density
and expansion (calculated based on relative density) are
listed in Table III. It can be seen that foams produced
by using AlMg40-MM-5 minutes have the highest
expansion. The 2D tomographic sections of the foams
and their corresponding cell size distributions are shown
in Figure 6. The average Dmean values are provided in
Table III. Foams produced by using AlMg40-MM-5
minutes have the smallest cell size.

Morphology of the porous structure of the foams was
analyzed in terms of their circularity in Figure 7.
Circularity (C) of a cell is defined as a degree to which
a cell is similar to the circle having a diameter equal to
its equivalent diameter, taking into consideration the

smoothness of the perimeter, i.e., as the shape becomes
rounder and smoother, the circularity approaches 1.
Circularity is calculated using the following equation.

C ¼ 4p
Area

Perimeter2
½1�

Foam produced using Mg has a mean circularity of
0.97, indicating that cells are mostly spherical, octagonal
or near hexagonal shape. AlMg50-MM-15 minutes and
AlMg40-MM-5 minutes powders resulted in cells of
polyhedral shape (hexagonal or pentagonal shape), both
having mean circularity of 0.86.

2. Microstructure and Phase Analysis
SEM micrographs of the foams are shown in Fig-

ure 8. Uniform distribution of bright phase embedded in
a dark matrix can be observed in all the microstructures.
Foams were crushed into powders to determine the
phases present in the microstructure. The XRD spec-
trum of the powdered-foam samples presented in
Figure 9 reveals that foams consist primarily of two
phases: Al and Al2CuMg. A comparison of their relative
amount suggests that the Al phase and Al2CuMg phase
correspond respectively to the dark matrix and bright
phase in the cell wall microstructure.

Fig. 2—XRD pattern of (a) AlMg50-MM-15 min and (b) AlMg40-MM-5 min powder.

Fig. 3—SEM images of as-received powders: (a) aluminum, (b) magnesium and (c) copper.
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3. Stress–Strain Behavior
Compression behavior of the foams was determined

by testing three samples from each blowing agent
category. Typical stress–strain curves of these foams
are presented in Figure 10, and the results are summa-
rized in Table III. H/Dmean values of all the samples
tested were>5, whereH is the smallest dimension of the
sample used for the compression test. H/Dmean > 5 is
required to avoid the size effect on the compressive
strength of foams.[18,19] Compressive strength (rp) of
foam is the first peak after the elastic region of the
stress–strain curve. Densification strain (ed) is the strain
at which the densification of the foam begins, which is
indicated by a sudden rise in the stress without a
significant change in the strain. A similar trend in the
stress-strain curve was seen in all three foams: a sudden

dip in stress immediately after reaching the compressive
strength, which is followed by a number of serrations
(jerky flow) in the plateau region till the densification
strain is reached.

IV. DISCUSSION

A. Selection of Blowing Agent

Each blowing agent chosen for this study consists of a
single phase. Mg, AlMg50 and AlMg40 consist of pure
Mg, c-Al12Mg17 and b-Al3Mg2, respectively. This auto-
matically ensures a uniform distribution of Mg through-
out each blowing agent powder particle. In this way, the
choice of the blowing agents offered three different
sources of Mg, which not only contain different
amounts of hydrogen (see Table II) but also were
expected to have different hydrogen desorption behav-
iors during foaming.[14] Because of this, we could study
the effect of different sources of Mg on the foaming
behavior and resultant foam properties. Any other
composition in the Al-Mg system would mean a mixture
of two of the aforementioned phases,[20] and conse-
quently the blowing agent would become a mixture of
two different types of blowing agents.

B. Foamability of a Precursor

The foamability of the precursors depends on the
degree of compaction. Here, the ‘degree of compaction’
refers to a combination of the ‘degree of mechanical
interlocking’ and ‘degree of metallic bonding.’ During
compaction, powder particles are pressed against each
other, leading to an interparticle movement, breaking of
the oxide layer and mechanical interlocking. This
improves the packing density of the compact. During
sintering, these mechanically interlocked particles
develop metallic bonding by diffusion of atoms, which
further improves the density of the compact. Thus, both
the degree of mechanical interlocking and degree of
metallic bonding are responsible for the degree of
compaction. Mechanical interlocking is a pre-requisite
for developing metallic bonding during sintering and is
significantly influenced by the particle size and mor-
phology. AlMg50-BM-20 hours powder particles having

Fig. 4—SEM micrographs and particle size of (a) AlMg50-BM-20 h,
(b) AlMg50-MM-15 min, (c) AlMg50-MM-1 h and (d)
AlMg40-MM-5 min. Here, D50 values are an average of eight
measurements, and the error bar represents the standard deviation.
(For particle size distributions of all the powders refer to Fig. S-1 in
the ESM).

Table II. Hydrogen Content of the Ingots and Various Powders Along with Their Surface Area and Surface Area Normalized

Hydrogen Content of the Blowing Agents. The Definition of ‘Estimated Hydrogen Content’ is Provided in Section IV–C

Material

Hydrogen
Content,
Wt Pct

BET Surface
Area
(m2/g)

Surface Area
Normalized Hydrogen

Content, g/m2

Estimated Hydrogen
Content Based on
Mg Content, g/m2

Al powder 0 not measured — —
Mg powder 0.64 ± 0.03 1.89 0.0033 0.0033
Al ingot 0.04 ± 0.04 not measured — —
Mg ingot 0.01 ± 0.01 not measured — —
AlMg50-BM-20 h powder 1.3 ± 0.03 not measured — —
AlMg50-MM-15 min powder 0.50 ± 0.03 1.89 0.0026 0.0016
AlMg40-MM-5 min powder 0.46 ± 0.01 2.45 0.0018 0.0013
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D50 = 11 lm are much finer than those with
AlMg50-MM-15 minutes (D50 = 35 lm) and
AlMg50-MM-1 hour (D50 = 20 lm); see Figure 4. In
addition to the fine particle size of AlMg50-BM-20
hours, they are also brittle in nature. AlMg50 powders
consist of a brittle intermetallic phase (c-Al12Mg17)

[21]

as shown in Figures 1 and 2(a). It is known that brittle
particles of small size are much more difficult to
consolidate.[22] The combination of fine size and brittle
nature could be one of the reasons for the mismatch
between the AlMg50-BM-20 hours (blowing agent) and
the other metal powder (Al and Cu) during hot
compaction, leading to a poor consolidation of the
precursor. Another parameter that affects the compat-
ibility of the powders is the shape of the powder particle.
AlMg50-BM-20 hours powders revealed a flaky mor-
phology; see Figure 4(a). This is because ball milling
usually produces powders of flaky or platelet morphol-
ogy.[23] In the initial stages of milling, Al (ductile)
powder particles get flattened by the ball-powder
collision, while Mg (brittle) particles get fragmented
and eventually embedded in the flat Al particles. This
results in a flaky morphology. On the other hand,
AlMg50-MM-15 minutes powder exhibited faceted
cleavages, as shown in Figure 4(b). In the MM route,
pre-alloying through melting produced the desired
intermetallic phase. Therefore, the subsequent milling
of the brittle phase did not result in a flaky morphology.
However, when the milling time is increased to 1 hour,
the same powder converts into a flaky morphology as
was observed in the case of AlMg50-MM-1 hour
powder; see Figure 4(c). Flaky or platelet morphology
reduces the packing density of the powder compact,
which results in a higher degree of porosity in the
sintered materials.[24,25] Encapsulation of the blowing

agent during compaction is a necessary condition in the
production of metal foam.[26,27] Otherwise, the evolved
gas would escape through the cracks formed in between
the blowing agent particles and metallic matrix. As-re-
ceived powder particles of Al, Mg and Cu do not have
any flaky and platelet characteristics; see Figure 3.
AlMg40 ball-milled powders were also produced, but
the BM technique did not result in the desired b-Al3Mg2
phase even after 60 hours of milling. The XRD spectrum
for the milling time of 20 to 60 hours is shown in the
ESM (Figure S-2). Since AlMg40 ball-milled powders
exhibited a similar flaky morphology as
AlMg50-MM-20 hours powder, they were not used for
foaming. SEM image of AlMg40-BM-20 hours is shown
in the ESM (Figure S-3).
Although there is not much difference in the particle

size of AlMg50-MM-15 minutes and AlMg50-MM-1
hour powders, there is a significant change in the
particle morphology (faceted to flaky); see Figures 4(b)
and (c). Flaky or platelet morphology is a characteristic
of ductile powders although the XRD pattern of
AlMg50-MM powder indicates that it mainly consists
of the intermetallic brittle c-Al12Mg17 phase (Fig-
ure 2(a)). This brittle-to-ductile transition of the
AlMg50-MM powders during milling is atributed to
their small crystallite size. To get an approximation of
the crystallite size sð Þ of this powder, the Scherrer
equation was used.

s ¼ Kk
b cos h

½2�

here h is the Bragg angle and b is the line broadening
at half the maximum intensity (FWHM), k is the
wavelength of the X-ray (1.54 Å), instrument

Fig. 5—Sections of foams along the foaming direction produced by using (a) AlMg50-BM-20 h, (b) AlMg50-MM-1 h, (c) Mg, (d)
AlMg50-MM-15 min and (e) AlMg40-MM-5 min powders.
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broadening = 0.001 (2h), and the shape factor K =
0.9. AlMg50-MM-1 hour powder has a lower crystal-
lite size (s = 27 nm) than AlMg50-MM-15 minutes
powders (s = 36.5 nm). It was reported that ceramics
as well as intemetallics show a sudden increase in
strain rate sensitivity when the grain size becomes finer
because of a combination of several factors such as
grain boundary sliding, the presence of defects and
rapid short range diffusion.[28,29] During the milling
process, powder particles undergo repeated cold work-
ing by the impact of hard WC balls causing a signifi-
cant reduction in their crystallite size. This causes the
transition from brittle to ductile nature and conse-
quently a change in the morphology of the powder
particles. This is responsible for the poor consolidation
of the powder resulting in poor foamability of the
precursor.

Foamability of the precursors prepared with
AlMg50-BM-20 hours and AlMg50-MM-1 hour pow-
ders was also investigated by varying all the compaction
parameters: pressure, temperature and time. However,
none of them resulted in a satisfactory foam structure.
Results of these trials are provided in the ESM,
Tables S-I and S-II. Note that AlMg50-BM-20 hours
powders contains the highest amount of hydrogen (see
Table II). Therefore, unsucessful foaming is not because
of a lack of hydrogen in this powder.

Precursors prepared with Mg as a blowing agent
resulted in a good foam structure as shown in Fig-
ure 5(c). This is because Mg does not have a flaky
morphology. Also, the presence of Mg improves the
sintering behavior of Al powders by rupturing the thick
Al2O3 surface layer, which acts as a barrier during
sintering, thereby facilitating diffusion and wetting of
the primary powder particles.[30,31]

C. Influence of the Source of Mg on the Foam Structure

Foam produced by using AlMg40-MM-5 minutes
powder contains finer cells (Dmean = 0.68 mm) than
those produced by using AlMg50-MM-15 minutes
(Dmean = 0.98 mm) and Mg (Dmean = 1.17 mm)
powders. The difference in cell size obtained using
different blowing agents is attributed to the different
sources of Mg, which determine the amount of gas

present in the powders. As the particle sizes of these
blowing agents are not similar, it is difficult to compare
the gas content of the powders since the higher the
surface area is, the higher the gas absorption capability.
Therefore, to compare the gas content of the blowing
agents, the hydrogen content of each blowing agent has
been normalized by their respective BET surface area. It
was found that AlMg40-MM-5 minutes powder has the
lowest hydrogen content among the three blowing
agents (see Table II). This is because hydrogen reacts
only with Mg, and Al does not take up hydrogen under
ambient conditions.[32] Increasing the Al content reduces
the weight fraction of Mg in the alloy and consequently
reduces the hydrogen absorption of the alloy powder.[17]

Therefore, AlMg40-MM-5 minutes powder produces
small bubbles, which lead to finer cells. A physical
model by Körner et al. [33] considered micro crack and
pores as nucleation sites for bubble nucleation, which
seems to be a valid assumption in the case of the
precursors prepared by powder metallurgical route.
Hydrogen released from the blowing agents diffuses to
these nucleation sites causing them to inflate. The gas
pressure inside the bubble, which is responsible for its
growth, is related to the dissolved hydrogen concentra-
tion at the gas-melt interface according to Sieverts’ law.
The growth of the bubble is thus restricted by the
dissolved gas in the melt, which in turn is directly
controlled by the gas content of the blowing agent.
Therefore, the presence of finer cells is a consequence of
a lower gas content of the blowing agent.
Although AlMg40-MM-5 minutes powder has the

lowest hydrogen content, it still contains hydrogen
slightly higher than it is supposed to have if hydrogen
is stored only in the Mg present in this alloy powder.
The surface area normalized value of Mg is 0.0033 g/m2.
Therefore, by considering the respective Mg content in
AlMg50-MM-15 minutes and AlMg40-MM-5 minutes
powders, the hydrogen content in these two powders
should be 0.0016 and 0.0013 g/m2, respectively. These
values are referred to as the ‘estimated hydrogen
content’ in Table II. However, the actual hydrogen
content of these powders is higher: 0.0026 and 0.0018 g/
m2, respectively. This slightly higher hydrogen content
of these powders could be due to the presence of Al and
a different hydrogen uptake behavior of the intermetallic

Table III. Relative Density, Expansion, Dmean and Compressive Strength of the Foams Prepared Using Different Blowing Agents.

All the Values Presented Are an Average of Three Foams from Each Category

Blowing Agent Used

Relative
Density of
Foam, q*

Average
Expansion,

Pct

Average
Dmean,
mm

Average Compressive
Strength, rp (MPa),

Pct

Highest Compressive
Strength in Each

Category, rp (MPa)

Mg 0.27 ± 0.01 267 ± 11 1.17 ± 0.11 26.7 ± 13 31.0
AlMg50-MM-15 min 0.31 ± 0.05 229 ± 46 0.98 ± 0.06 28.7 ± 15 33.3
AlMg40-MM-5 min 0.26 ± 0.02 275 ± 17 0.68 ± 0.02 24.4 ± 46 37.3
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Fig. 6—Representative 2D X-ray tomograms and their corresponding cell size distribution of the AlMg15Cu10 foams prepared using three
different blowing agents: (a, b) Mg, (c, d) AlMg50-MM-15 min and (e, f) AlMg40-MM-5 min powders. (Cell size distributions were fitted using a
Gaussian function. R2 represents goodness of the fit.).

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 52B, FEBRUARY 2021—299



phases compared to that of pure Mg. It has been
reported that the presence of Al facilitates hydrogen
diffusion, which usually gets blocked because of the
formation of a stable magnesium hydride film.[34] The
surface of Mg particles is usually contaminated because
of the formation of MgO or Mg(OH)2.

[35,36] On the
other hand, intermetallic c-Al12Mg17 and b-Al3Mg2
phases are less prone to oxygen contamination.
Hydride-forming intermetallic compounds are known
to react with hydrogen even at room temperature.[37,38]

The circularity values of the three types of foams are
not similar; see Figure 7. The variation in the porous
structure of the foams produced using different blowing
agents is arising because of a difference in the number of

gas nucleation sites present in the precursor. In addition
to the typical nucleation sites in the powder metallur-
gical precursor, blowing agents can also act as gas
nucleation sites. All the three blowing agents consist of
brittle phase, which makes it difficult to completely bond
with the Al matrix during compaction. As a result, the
interfaces between the Al matrix and blowing agent
particles may act as gas nucleation sites.[39,40] The
number of blowing agent-based nucleation sites present
in the precursor were estimated. For this, particles were
assumed to be spherical with a diameter equivalent to
their Dmean, and each blowing agent particle is consid-
ered to correspond to at least one nucleation site. The
minimum number of nucleation sites or the particles for

Fig. 7—Circularity vs. counts (bars) and circularity vs. equivalent diameter (circles) of foams prepared using (a) Mg, (b) AlMg50-MM-15 min
and (c) AlMg40-MM-5 min powders. Circularity vs. counts plot was fitted with a Lorentz function (solid line) to determine mean circularity.
(Color scale is for equivalent diameter of cells.).

Fig. 8—SEM (BSE mode) micrographs of cell walls in foams produced using (a) Mg, (b) AlMg50-MM-15 min and (c) AlMg40-MM-5 min
blowing agents.

300—VOLUME 52B, FEBRUARY 2021 METALLURGICAL AND MATERIALS TRANSACTIONS B



each blowing agent are displayed in Table IV. Mg
powders, being large and contributing only 15 pct of the
total weight of the precursor, contribute a smaller
number of nucleation sites compared to other blowing
agents. As a result, in the case of Mg blowing agents, the
bubbles are mostly spherical because of a lack of
interactions with the neighbors. Bubbles remain spher-
ical until they touch each other or, to be precise,
deformed by neighboring bubbles. On the other hand,
when 30 wt pct AlMg50-MM-15 minutes and 37.5 wt
pct AlMg40-MM-5 minutes powders are used, the
precursors contain two orders of magnitude higher
nucleation sites compared to Mg-based precursors. A
large number of gas nucleation sites can generate a large
number of bubbles, causing more bubble-bubble inter-
actions. Princen et al. reported that when bubble-bubble
interaction increases, the bubbles are no longer spherical
but are deformed into a more or less polyhedral
structures.[41]

D. Effect of Micro- and Macrostructure
on the Compressive Properties

Compressive properties of a foam are influenced by its
relative density, microstructure, macro- and macrostruc-
tural defects.[4,42] The presence of serrations in the
plateau region in Figure 10 indicates that foams are
brittle in nature. This is because of the presence of a
large amount of intermetallic phase (Al2CuMg) in the
microstructure, as revealed in Figures 8 and 9. The
formation of this intermetallic phase during solidifica-
tion is also responsible for a high compressive strength
of the foams compared to conventional aluminum
foams.[4,16]

In the present study, the effect of microstructure on
compressive strength can be ignored as all types of
foams possess similar microstructure and phases (Fig-
ures 8 and 9). Therefore, the variation in the compres-
sive strength of foams can be attributed to their relative
density and macrostructural effects. It can be observed
that there is a considerable deviation in the compressive
strength of all the foams, especially in the case of
AlMg40-MM-5 minutes powders as implied by a high
standard deviation (� 45 pct); see Table III. This high
standard deviation is due to the presence of a relatively
large number of structural defects in these foams as
demonstrated in the following. Defect analysis was
performed by examining the 2D X-ray tomograms of all
the foams. A total of nine foams (3 from each blowing
agent category) and ten 2D tomograms containing
approximately 2000 cells of each foam were analyzed.
The analysis in terms of the area fraction of large cells is
presented in Table V. Large cells are defined by the
following criteria: Dlarge-cell > 2Dmean, as suggested by
Mukherjee et al.[6] The area fraction of large cells is
considered as a measure of defects because large cells are
considered to be weak links as deformation generally
initiates at larger cells.[43,44] Foams produced using
AlMg40-MM-5 minutes contain 16 pct area fraction of
large cells, whereas those produced using Mg and
AlMg50-MM-15 minutes contain only 6 pct and 8 pct,
respectively. One of the 2D tomograms of the defect-rich
zone in AlMg40-MM-5 minutes blowing agent-based
foam is shown in Figure 11.

E. Influence of Cell Size on Compressive Strength

Large cells cause high standard deviation in the
compressive strength of foams as explained above.
Therefore, to compare the foams prepared using differ-
ent blowing agents, foam with the least area fraction of
large cells in each category is considered. The stress-
strain behavior of these foams is presented in Figure 10.
Relative densities of these foams are similar, and thus
the density-normalized compressive strength follows the
same trend as the compressive strength. Foam produced
with AlMg40-MM-5 minutes powder shows the highest

Fig. 9—XRD patterns of the powdered AlMg15Cu10 alloy foams
produced using Mg, AlMg50-MM-15 min and AlMg40-MM-5 min
powders as blowing agent.

Fig. 10—Stress-strain curves of three representative foams prepared
using Mg, AlMg50-MM-15 min and AlMg40-MM-5 min powders.
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compressive strength of 37.3 MPa. This variation can be
explained in terms of cell morphology. A similar
approach was considered for analyzing cell walls as
described by Miyoshi et al.[45] The schematic of a cell
wall is shown in Figure 12. The apparent cell edge
length is L. Cell wall thickness t1/2 was measured at L/2.
From 2D X-ray tomograms, approximately 100 cells per
foam were analyzed to extract these structural param-
eters. The data are presented in Table VI.
The average L decreases with decreasing cell size.

Since AlMg40-MM-5 minutes powder produces the
smallest cells, this foam has the shortest L. This results
in a high aspect ratio (t1/2/L). An increase in the aspect
ratio of the cell wall increases the bending strength by
offering a greater resistance against buckling. It is
known that metal foam fails by buckling of the cell
walls,[6,46,47] and therefore a higher aspect ratio in the
case of foam produced using AlMg40-MM-5 minutes
enhances the overall strength of these foams. Wen et al.
reported that the peak stress of Mg foam increases from
11 to 16 MPa when the average pore size decreases from
412 to 73 lm.[48] Miyoshi et al. found that with the
reduction in mean pore size from 4.5 mm to 3 mm the
compressive strength of Al foams increases by 40 pct.[45]

Thus, the foam produced by using Mg has the lowest
strength due to their smallest aspect ratio.

V. CONCLUSION AND OUTLOOK

Ball-milling and melt-milling techniques were
employed to synthesize Al-Mg blowing agent powders.
The melt-milling technique produced both c-Al12Mg17
and b-Al3Mg2 phases, whereas the ball-milling technique
produced only c-Al12Mg17 phase. The hydrogen content
of the blowing agents decreases with a reduction in Mg
content. Pure Mg powder and the powders prepared by
the melt-milling technique were successful in producing
foams with good structures and uniform cell size distri-
bution, whereas the powders prepared by ball milling did
not result in a satisfactory foam structure because of their
flaky or platelet-like particle morphology.
Among the three blowing agents, AlMg40 powders

produced the smallest cells because of their lowest
hydrogen content. Cells were mostly spherical in the
case of the Mg blowing agent whereas AlMg50 and
AlMg40 blowing agents produced polyhedral cells. The
foams produced by using AlMg50 powders have the

Table IV. Amount and Number of Blowing Agent Particles Present in the Foamable Precursor Prepared with Different Blowing

Agents

Blowing Agent Amount Used in the Precursor, Wt Pct Number of Particles in a 10 g Precursor, 9 105

Mg 15 9.6
AlMg50-MM-15 min 30 610
AlMg40-MM-5 min 37.5 409

Table V. Area Fraction of Large Cells for Foams Produced
Using Various Blowing Agents

Blowing Agent
Area Fraction of Large Cells

Dlarge-cell> 2Dmean (Pct)

Mg 6 ± 5
AlMg50-MM-15 min 8 ± 3
AlMg40-MM-5 min 16 ± 6

Fig. 11—The 2D X-ray tomogram showing defects in foam
produced by using AlMg40-MM-5 min powder.

Fig. 12—Schematic illustration of a cell wall showing the structural
parameters.
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highest strength. However, when considering defect-free
structures, foam produced using AlMg40 powders
showed the highest compressive strength due to its
small cells with thicker cell walls.

Compared to AlMg50 and AlMg40 powders, the
production of Mg powders is more challenging because
of a high tendency of oxidation during the melting of
Mg. Consequently, the cost of Mg powders is expected
to be much higher than that of AlMg50 and AlMg40
powders. Therefore, although all the blowing agents
resulted in foams with good structure and high strength,
AlMg50 and AlMg40 blowing agents should be pre-
ferred for commercial productions of aluminum foams.
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