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Abstract: The powder metallurgy (PM) route for the production of closed-cell metallic foams has
recently received a significant amount of attention. One of the major issues is the non-uniform and
non-spherical nature of the cells produced, which can negatively affect the mechanical behavior. The
current paper uses the PM route to process metallic foams for the first time using novel Al-TiH2

foamable precursor “particles” (FPPs). The effect of FPP content (0–10 wt.%) on the developed
foam structure of aluminum and its mechanical properties is investigated. An increase in FPP
content results in a decline in product density by forming uniform and near-spherical cells. The
main advantage of the FPPs is the localization of the blowing agent TiH2 particle content within
Al-TiH2 composite particles (i.e., giving rise to a higher local TiH2 content), which has led to the
production of pores with relatively high circularities even at very low overall TiH2 contents. The
foams produced displayed energy absorption capacities of 10–25 MJ/m3 at 50% strain, and maximum
energy absorption efficiencies ranging from 0.6–0.7 (for 40–60% closed cell content)

Keywords: metallic foams; mechanical milling; aluminum; titanium hydride; induction heating

1. Introduction

Interest in metallic foams has significantly grown over the past few decades, largely
due to their unique physical and mechanical properties [1–4]. Such properties include a
high internal specific surface area (for open-cell foams), a high stiffness-to-weight ratio, a
high strength-weight ratio, and an ability to absorb sound and energy [5–11]. There are
two basic types of metallic foams, open-cell foams, where the pores are interconnected
throughout the foam structure, and closed-cell foams, where pores are isolated inside the
volume of the foam. Aluminum (Al)/Al alloy foams are the most studied metallic foams,
both as open-cell foams [12,13] and closed-cell foams [14,15]. The production of closed cell
aluminum foams has been limited to two main approaches, the melt route [16] and the
powder metallurgy (PM) route [17]; the latter has recently been reviewed by one of the
authors [4]. In the PM route, aluminum powders are mixed with a blowing agent powder
(i.e., a gas-releasing powder, such as titanium hydride (TiH2) [18]) and compacted to form a
highly dense “bulk” foamable precursor [19]. This bulk foamable precursor is then heated
to a temperature at or above the melting point of aluminum and, in doing so, hydrogen gas
is released from the TiH2 particles into the molten aluminum, resulting in the formation of
bubbles, which later solidify as pores upon cooling. One of the main issues regarding TiH2,
is the early release of hydrogen at considerably lower temperatures than the melting point
of aluminum (660 ◦C), which leaves less gas for foaming. Although the hydrogen release
onset temperature of TiH2 can vary depending on several factors, typically, a temperature
around 400 ◦C is reported; e.g., 420 ◦C using gravimetry [20] (350 ◦C was also reported
using thermal desorption spectroscopy, which is more sensitive than gravimetry [21]).
This places stringent processing requirements both on the TiH2 particles and the foamable
precursor. Although many studies have used TiH2 powder in the as-received condition,
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others have resorted to pre-oxidizing it through a heat treatment cycle in air (e.g., 480 ◦C for
180 min [22]) to produce an oxide layer at the surface, which acts as a barrier to hydrogen
loss; depending on the conditions, this ultimately results in the raising of the gas release
onset temperature; for example, by 45–170 ◦C [23,24] (hence getting it closer to the melting
point of aluminum). Others have resorted to coating the TiH2 [25,26] to achieve similar
objectives, while a recent study showed that conducting foaming at higher ambient gas
pressure, can also result in less gas loss [27]. An additional requirement for the bulk
foamable precursor is that its relative density needs to be ~99% of theoretical [28]. At
this density, open (interconnected) porosity in the compacted powder-based foamable
precursor would have been eliminated [29], leaving only isolated closed pores and hence
limiting the escape of gas from the bulk foamable precursor prior to reaching the foaming
temperature. Recently, “foamable precursor particles” (FPPs), where TiH2 particles are
already embedded and encapsulated in individual microscale and macroscale aluminum
powder particles, have been introduced [30,31]. This represents a marked departure from
the conventional macro-scale bulk foamable precursors on which the vast majority of
research has so far been dependent. The use of FPPs opens the door to several exciting
possibilities, including the ability to produce microscale foamed products, to selectively
foam materials in specific/strategic locations in a material structure or as self-foaming
coatings (cladding). Moreover, FPPs may also lift some of the restrictions mentioned above.
For example, the encapsulation of numerous TiH2 particles within the protective fold of an
aluminum particle should provide some protection against the early release of TiH2 and
avoid the stringent need to compact bulk formable precursors to extremely high densities
at room temperature, which is currently not easily achievable for strong alloy powders
(for which high temperature compaction processes are typically employed; e.g., as seen in
the hot pressing of AlSi6Cu4 [27]). All these could be potentially avoided through the use
of FPPs.

So far, research into FPPs has been extremely limited, solely focusing on the foaming
characteristics of the individual foamable particles [30,31]. In the present study, FPPs
are added in varying amounts to aluminum powder for the first time to produce bulk
aluminum foams. A unique feature of bulk foaming precursors based on FPPs is that the
TiH2 content is only concentrated within the FPPs giving rise to locally higher TiH2 content
than the overall nominal TiH2 content of the bulk foamable precursor, which may have
some beneficial outcomes in terms of local pore rounding. The effect of FPP content on
the foaming characteristics, compressive stress-strain behavior, energy absorption capacity,
energy absorption efficiency, and microhardness of bulk aluminum foams are discussed.

2. Experimental Procedures

Aluminum powder (−325 mesh, Atlantic Equipment Engineers, Upper Saddle River,
NJ, USA) (98 wt.%) and TiH2 powder (−325 mesh, Alfa Aesar, Ward Hill, MA, USA) (2 wt.%)
were mechanically milled using a SPEX 8000 mill (SPEX Sample Prep, Metuchen, NJ, USA)
at 1700 rpm. Both powders were placed together in an A2 steel vial and milled under an
argon atmosphere for 1.5 h using a 5:1 ball-to-powder weight ratio. Methanol (1–2 wt.%)
was added as a process control agent to prevent excessive aluminum powder cold welding
and powder sticking to the walls of the vial. The Al-TiH2 composite FPPs were then mixed
(in a rotator mixer at 70 rpm) in varying amounts with the −325 mesh (<45 µm) aluminum
powder as presented in Table 1, to produce Al/FPP powders of varying compositions from
0 to 10 wt.% FPP particle content (equivalent to 0 to 0.2 wt.% TiH2 overall nominal TiH2
composition). For each composition, 4 g of Al/FPP powder was compacted in a 19-mm
double action compaction die utilizing a compaction press (Black Widow, Germantown,
WI, USA) with a 20-ton capacity. An average compaction pressure of 515 MPa was used
to produce the green compacts (i.e., foamable precursors) of relative densities equal to or
greater than 93% of the theoretical.
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Table 1. Characteristics of foamed specimens for compression testing.

Group H/W Ratio FPP Content
wt.%

Overall wt.%
TiH2

Mean Density
(g/cc)

Mean
Porosity %

A 0.4
0 0.00 2.4 12
1 0.02 2.0 25
10 0.20 1.0 60

B 0.7
3 0.06 1.6 41
5 0.10 1.4 49
10 0.20 1.0 60

Each foamable precursor was then placed in a graphite cylindrical crucible with an
inner diameter 20 mm and positioned within the coils of an induction heater (Vevor, Rancho
Cucamonga, CA, USA). Here, induction heating was employed by passing 280 A of current
through the induction coils to invoke heating rates of the bulk foamable precursors greater
than 12.5 ◦C/s (which is higher than typical heating rates observed in conventional foaming
e.g., 1–5 K/s) [32] as an added precaution to minimize hydrogen release from the TiH2 prior
to the compact reaching the melting point of aluminum. Note that the gas release onset
temperature for TiH2 has been reported to shift to higher temperatures with an increase in
heating rate [33]. A hole was drilled in the bottom of the bulk foamable precursor to allow
the placement of a K-type thermocouple to monitor the temperature during the foaming
process. Initially, the composite FPP-based bulk foamable precursor temperature rapidly
increased, then almost plateaued at around 660 ◦C (the melting point of aluminum), at
which point a considerable amount of product expansion was observed. This was then
followed by a further increase in temperature, and when the thermocouple read 700 ◦C,
the current supply was switched off. Residual heat in the crucible was found to cause a
further increase in temperature to around ~740 ◦C, then the foamed product was left to
cool to room temperature.

Particle size and morphology of the FPPs were characterized using a Hitachi TM3000
field emission scanning electron microscope (FESEM) (Hitachi-HighTech, Schaumburg, IL,
USA). Foamed products were cross-sectioned using a Buehler IsoMet 1000 precision saw
(Buehler, Lake Bluff, IL, USA) and ground and polished using a Leco Spectrum System
1000 (LECO Corporation, St. Joesph, MI, USA). Porosity in the foam was characterized
using optical and stereomicroscopes and the resulting images were processed using ImageJ
software (Version 1.53j). The projected area spherical diameter (here called the equivalent
diameter) was used to determine the pore sizes from images. Compression testing cuboid
samples were prepared from the foamed products and classified into two groups based
on their height-to-width (H/W) ratios (Groups A and B had a H/W ratio of 0.4 and
0.7, respectively, as noted in Table 1). The average length and width of each sample
was approximately 12 mm. The densities of these samples were measured and reported.
Compression testing was carried out using an Instron 3385H universal testing machine
(Instron, Norwood, MA, USA) using a crosshead speed of 0.5 mm/min. Keller’s solution
was used to etch the aluminum foam cross-sections to investigate the microstructure.
To investigate the local mechanical response of the foams, microhardness testing was
conducted using loads of 0.5, 0.1, and 0.05 kgf, using a Wilson Instruments hardness
tester (Buehler, Lake Bluff, IL, USA). At least 5 indents were made for each investigated
composition and load, and an average and standard deviation were reported.

3. Results and Discussion

Figure 1a shows SEM micrographs of the mechanically milled Al-TiH2 FPPs, having
an average particle diameter of ~140 µm. It is important to note that at this particle size,
it is much less likely for agglomeration to occur, as would have been the case if fine TiH2
powders were simply mixed with aluminum powder. During mechanical milling, the
milling balls impact both Al and TiH2 powder, the TiH2 powder fractures and reduces
in size (in our case to less than ~2 µm), while the ductile aluminum powder deforms
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under the impact, work hardens, and fractures then reweld. It is during this Al powder
rewelding stage that the TiH2 particles become entrapped in between the rewelding Al
particles, and a continuation of this process leads to the homogenous dispersion of TiH2
within aluminum particles; i.e., the formation of composite FPPs. Previously published
research by one of the authors describes in more detail the Al-TiH2 mechanical milling
process and the distribution of TiH2 within the volume of Al powder [30,31]. Figure 1b is a
higher magnification image of a FPP showing dispersed TiH2 (white) in Al powder, and
the welding boundaries resulting from the mechanical milling process.

Figure 1. (a) Al-TiH2 FPPs (produced by milling Al and TiH2 for 1.5 h) and (b) a higher magnification
micrograph showing dispersed TiH2 (white) within a composite Al-TiH2 FPP.

It has previously been reported that the hydrogen release temperature of TiH2 is
reduced with a decline in TiH2 particle size [20]. The use of fine individual TiH2 particles
may also result in agglomeration and poor distribution within the bulk precursor leading to
inhomogeneous foaming and foam cell structures, which is detrimental to the mechanical
properties of the final foam [22]. In the FPP approach, although a reduction in gas release
onset temperature is expected, the TiH2 particles are not only better dispersed, but are also
encapsulated in the Al particles, thus hindering the early escape of hydrogen.

Figure 2 shows the cross-sections of the foamed products, showing an increase in pore
content, product expansion, and increased uniformity in pore sphericity with an increase in
Al-TiH2 composite FPP content. The distribution and coverage of the pores was also found
to improve with an increase in FPP content.
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Figure 2. Cross-sectioned foamed products of 0, 1, 3, 5, and 10 wt.% Al-TiH2 composite particle
content (from left to right), which is equivalent to 0, 0.02, 0.06, 0.1, and 0.2 overall wt.% TiH2,
respectively. Products were foamed at 740 ◦C.

Figure 3 shows the product density and average percent porosity for foams of varying
TiH2 content. As expected, with increasing TiH2 content the porosity increases while
the product density decreases. Porosities of 50% and 60% were achieved for overall
TiH2 contents of 0.1 wt.% and 0.2 wt.%, respectively. As mentioned, FPP-free samples
were produced using the same processing/foaming conditions and were found to contain
approximately 11% porosity in the foamed product. The source of this porosity is likely
due to adsorbed low boiling point species on the aluminum powder surfaces [34] (which
has recently been referred to as an intrinsic source of gas [35] separate from that of the
blowing agent) and the initial residual porosity in the compacted bulk foamable precursor.
This initial residual porosity in the precursor was measured to be no more than 7%.
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Papantoniou et al. [36] examined the effect of compaction pressure on the foaming
characteristics of Al- 0.6 wt.% TiH2 powder compacts and concluded that a compaction
pressures of at least 700 MPa was needed to produce significant foam expansion, resulting
in foams with porosity ranging from 40–70%. In the present study, a similar porosity range
was achieved at a lower compaction pressure of 515 MPa and a lower overall TiH2 content
of 0.06–0.20 wt.%. Hence, it appears that FPPs may also be used to combat the effects of
lower bulk foamable precursors and hydrogen escape during precursor heating. However,
further investigations are still needed to substantiate this hypothesis.

An analysis of the pore structure reveals similar structures in all processed foams,
with large macropores present throughout the products in addition to smaller micropores
located in between the macropores. The macropores (>0.1 mm diameter) make up most
(~60–90%) of the total pore content, with the remainder being the micropores. This micro-
porosity is most likely generated from the small pockets of air that are trapped in the
powder compact during the compaction stage, or what has been referred to as satellite
pores [37], which have been observed in zinc and to a lesser extent in aluminum foams.
Since the bulk precursor density was more than 93%, the residual porosity of <7% largely
consisted of closed/isolated [29] pores in which gas can be trapped and expected to expand
during foaming. Such a mechanism may have also contributed to the observed porosity for
FPP-free Al foamable bulk precursors.

The pore size distributions (frequency plots and cumulative percent finer) of visible
pores are shown in Figure 4. For the 3%, 5%, and 10% FPP content foams, approximately
29% of the visible pores are greater than 1 mm in diameter. For the 0% and 1% foams, this
number is only 13% and 14%, respectively. This suggests that FPP content increases pore
size up to a limit. The average pore diameters of the foamed products were 0.6 mm, 0.7 mm,
0.8 mm, and 0.8 mm, for the 1%, 3%, 5%, 10% composite FPP content foams, respectively.
The increase in average pore size is a consequence of increased cell wall rupture events and
pore coalescence [22].
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The effect of FPPs on pore circularity was also analyzed in the present work. Circularity
values range from 0–1, with 1 representing a perfect circle, and higher values generally
promoting better mechanical properties. Figure 5 shows the average circularity of pores for
each specimen with varying FPP content. In addition, Figure 6 shows pore circularity versus
the effective pore diameter. All FPP-based samples show high average circularity values
of 0.78 or greater. For pore diameters less than 2 mm, most of the pores have circularities
greater than 0.85. However, the average circularity values for the processed foams ranged
from 0.79–0.87 under the investigated conditions. Wang et al., using the PM route within
the confinement of a stainless steel pipe, reported a decline in circularity with an increase
in sample temperature (710 ◦C–750 ◦C) [38], and mean circularity values of the pores
between 0.734 and 0.835. However, at a sample temperature of 740 ◦C (which represents
our current foaming temperature), circularities of 0.763 and 0.773 were reported. In another
study, for AlSi6Cu4 alloy foams (PM route) cooled at different rates following foaming,
average circularities of 0.76–0.78 were reported [22]. The FPPs approach seems to favor
improved circularities. This is even more pronounced if we consider the work by Youn and
Kang [39], who conducted foaming on Al6061 using induction heating (the same heating
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method used in the present study), they reported that more rounded pores were only
attainable at a high TiH2 content (0.7 wt.% and 1.0 wt.), and TiH2 contents below 0.7 wt.%
and down to 0.3 wt.% resulted in elongated pores at a foaming temperature of 640 ◦C.
An increase in foaming temperature to 660 ◦C did result in improved pore roundness,
although circularity was not reported, a mean aspect ratio of 1.53 for the pores was instead
reported, showing the pores were not ideally circular. Moreover, visual inspection of the
reported micrographs clearly shows more rounded pores for our FPP-based foams. A
possible reason why the FPP approach can produce more rounded pores, even at such low
TiH2 contents (0.2 wt.% and less), is inherent in the approach itself. Unlike the melt route
where pores are stabilized by the addition of ceramic particles, in a powder-based route,
metal powders inherently contain surface oxides, and hence externally added ceramic
powders are not needed. We also noted that the FPPs were produced through the process
of mechanical milling, although the milling was conducted in an argon environment, it is
impossible to eliminate all the oxygen and hence the presence of oxygen is still expected
during milling. As powders are impacted by the balls, the passivating alumina nano surface
layers on aluminum powders are broken, thus exposing the virgin metal surface, which
then becomes oxidized due to the presence of the residual oxygen, resulting in an increased
oxide content. This is in line with recent published results, where mechanical milling has
been shown to lead to a local increase in the oxide content of milled aluminum powder [40]
and consequently contributes to pore stability. The expected larger mean free path between
the TiH2-rich regions (due to their localization in the precursor microstructure) also limits
pore coalescence, compared to if the TiH2 was evenly distributed in the foaming precursor
microstructure. Further research is still needed to confirm this hypothesis.

Metals 2024, 14, x FOR PEER REVIEW  7  of  16 
 

 

pores were only attainable at a high TiH2 content (0.7 wt.% and 1.0 wt.), and TiH2 contents 

below 0.7 wt.% and down to 0.3 wt.% resulted in elongated pores at a foaming tempera-

ture of 640 °C. An increase in foaming temperature to 660 °C did result in improved pore 

roundness, although circularity was not reported, a mean aspect ratio of 1.53 for the pores 

was instead reported, showing the pores were not ideally circular. Moreover, visual in-

spection of  the  reported micrographs  clearly  shows more  rounded pores  for our FPP-

based foams. A possible reason why the FPP approach can produce more rounded pores, 

even at such low TiH2 contents (0.2 wt.% and less), is inherent in the approach itself. Un-

like the melt route where pores are stabilized by the addition of ceramic particles,  in a 

powder-based route, metal powders inherently contain surface oxides, and hence exter-

nally added ceramic powders are not needed. We also noted that the FPPs were produced 

through the process of mechanical milling, although the milling was conducted in an ar-

gon environment, it is impossible to eliminate all the oxygen and hence the presence of 

oxygen is still expected during milling. As powders are impacted by the balls, the passiv-

ating alumina nano surface layers on aluminum powders are broken, thus exposing the 

virgin metal surface, which  then becomes oxidized due  to  the presence of  the residual 

oxygen, resulting in an increased oxide content. This is in line with recent published re-

sults, where mechanical milling has been shown  to  lead  to a  local  increase  in the oxide 

content of milled aluminum powder [40] and consequently contributes to pore stability. The 

expected larger mean free path between the TiH2-rich regions (due to their localization in 

the precursor microstructure)  also  limits pore  coalescence,  compared  to  if  the TiH2 was 

evenly distributed in the foaming precursor microstructure. Further research is still needed 

to confirm this hypothesis. 

 

Figure 5. Average pore circularity with increasing FPP content. 

Figure 6 shows how the circularity changes with pore size in the foamed samples. It 

is clear that circularity decreases with the increase in pores size, which is believed to be 

due to cell wall rupture and coalescence events. However, the results are very encourag-

ing, and maybe a good step in the right direction in the sense that future work could di-

rected  towards  limiting  cell wall  rupture and pore  coalescence perhaps by optimizing 

cooling rates immediately after foaming [22]. 
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Figure 6 shows how the circularity changes with pore size in the foamed samples. It
is clear that circularity decreases with the increase in pores size, which is believed to be
due to cell wall rupture and coalescence events. However, the results are very encouraging,
and maybe a good step in the right direction in the sense that future work could directed
towards limiting cell wall rupture and pore coalescence perhaps by optimizing cooling
rates immediately after foaming [22].

Table 1 shows the different characteristics of the foamed samples investigated under
compression testing. Based on the pore diameters previously mentioned, the length and
width of the foamed compression testing specimens were, on average, 15 times larger than
the average pore diameter. The height of the compression testing specimens averaged
seven times the average pore diameter.
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To gage the mechanical response of the processed foams, compression testing was con-
ducted. Figure 7 shows a foam before and after compression testing where it was squashed
flat. As can be seen, the foam displayed a uniform and unidirectional compression behavior.
Figure 8 shows a representative compressive stress-strain curve of the aluminum foam
(density = 1.0 g/cc, H/W = 0.7). The deformation of aluminum foams during compression
can be divided into three stages: (i) predominantly elastic deformation, (ii) compressive
collapse plateau, and (iii) densification. During the elastic deformation stage, the stress
generally linearly increases with increasing strain until it reaches the plateau stress. During
the initial deformation, closed cells have been reported to elastically deform through cell
face stretching. It has also been reported that plastic deformation for closed cell foams
may also be present within the predominantly plastic region (through the formation of
plastic hinges, and the yielding of stretched cell faces) [10]. During the plateau stress region,
the closed cells begin to collapse, yield, or fracture at a constant rate [41]. Once all the
pores have collapsed, the foam enters the densification stage, which is identified by a rapid
increase in compressive stress. Gibson and Ashby state that the densification strain, εd, can
be predicted by Equation (1) [9]:

εd = 1 − 1.4
(

ρ

ρs

)
(1)

where ρ is the density of foam and ρs is the density of the solid material.
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Figure 8. Three regions of compression deformation of Al foam with density 1.0 g/cc and H/W = 0.7:
I, elastic region; II, compressive plateau region; III, densification region.

Figure 9 displays the compressive stress-strain curves for three different density foams
for each H/W ratio investigated. For both H/W ratios, the stress at which the plateau
region begins decreases with a decline in foam density. As the density increases (and
approaches the density of pure aluminum), the plateau stress region becomes less defined,
and the stress-strain curve begins to resemble that of a traditional pure aluminum curve.
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Generally, the relative compressive strength of a foam is defined as the ratio of the
plateau stress, σpl, to the material’s yield strength, σys. The plateau stress can be defined
as the average stress at strains from 20–30% on the basis of ISO 13314, which specifies test
methods for the compressive properties of porous and cellular metals [42]. These values are
calculated using an assumed solid aluminum density of 2.7 g/cm3 and a cell wall aluminum
yield strength of 130 MPa [10]. The ideal open- and closed-cell foam compressive strengths
are defined by Gibson in Equations (2) and (3), respectively [9].

σpl

σys
= C3

(
ρ∗
ρs

)3/2
(2)

σpl

σys
= C3

(
ρ∗
ρs

)2
+ C3

′

(
ρ∗
ρs

)
(3)

where σpl is the plateau stress, σys is the yield stress of the cell wall material, ρ* is the
density of the foam, and ρs is the density of the solid. The constant, C3, for open-cell foams
is estimated to be ~0.3 from data taken from a wide range of foams, and the constants, C3
and C3

′, are estimated to be 0.33 and 0.44, respectively, from finite element analysis of a
tetrakaidekahedral unit cell [9]. When compared against the ideal open- and closed-cell
compressive strengths (Figure 10), the present study of FPP foams roughly fall in between
the ideal open and ideal closed cell lines. This can be attributed to the hybrid-like nature
of the foam, where there are both open and closed pores. These foams also exhibit similar
high relative compressive strengths to other production foams of similar densities. The
Fraunhofer Institute in Bremen, Germany, and Mepura in Ranshofen, Austria (trade name
AlulightTM), both use powder metallurgy processes and titanium hydride blowing agents
to form the foams referenced in Figure 10 [9].
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Compressive strength for aluminum foams with relative densities of 0.28, 0.38, and
0.48 have been reported to be 6.14, 14.06, and 18.9 MPa, respectively [43]. Values of 18.8
and 9.9 MPa have also been reported for aluminum foams with relative densities of 0.4 and
0.3, respectively [44].

Energy absorption is another key property for metallic foams, due to their use in
energy- and sound-absorbing applications. Typically, energy absorption is calculated to
strain levels covering the plateau region of the stress-strain curve. This translates to strains
of up to 50% or up to the plateau end strain [42]. Energy absorption can be defined as the
energy per unit volume absorbed up to a given strain in the foam, which correlates with
the area under the compressive stress-strain curve up to a given strain value. Strain values
up to 50% have been typically reported for energy absorption calculations [45], and the
energy absorbed can be calculated using Equation (4) [46,47].

W =
∫ ε

0
σ dε (4)

where W is the energy absorption capacity and σ is the stress evaluated at a given strain, ε.
Figure 11 shows the energy absorption capacity for two groups of foams with varying

H/W ratios and densities, calculated using Equation (4). For all the foams, irrespective of
density, the energy absorbing capacity increases as the strain increases. It can also be seen
that with increasing strain, the energy absorption of higher density foams grows at a faster
rate than lower density foams with the same H/W ratio. For example, at 20% strain, the
energy absorption capacity range is within 10 MJ/m3 for all foams and H/W ratios. At 50%
strain, this range increases to 35 MJ/m3. Using the PM route in combination with FPPs in
this present work, a minimum energy absorption capacity of 10–17 MJ/m3 was attainable
for both H/W ratios at 50% strain. This is slightly higher than the reported values of
10.5–12 MJ/m3 for Al6061, with relative porosity close to those obtained in this study [48].
Produced using the melt forming process, A356 Aluminum alloy foam with relative density
0.142 displayed an energy absorption capacity of 7.67 MJ/m3 at 50% strain [49].

While energy absorption capacity is an important factor for foam optimization, the energy
absorption efficiency is also significant, which can be calculated using Equation (5) [39,42,46]:

η =

∫ ε
0 σ dε

σmax × ε
(5)

where η is the energy absorption efficiency, σ is the stress and a given strain ε, and σmax is
the maximum stress observed from 0 to ε.

The energy absorption efficiency was calculated using Equation (5) for the two H/W
ratios and is shown in Figure 12. For lower density foams, the energy absorption efficiency
rapidly increases at first followed by a slower growth until it reaches its maximum efficiency.
After the maximum efficiency has been reached there is a slow decline in efficiency with
increasing strain. With higher density foams, the efficiency curve is more constant than the
lower density foams. For H/W = 0.4, the 1.0 g/cc foam is the most efficient in absorbing
energy when the strain is between 0.1 and 0.2. Similarly, for H/W = 0.7 the 1.0 g/cc foam is
the most efficient when the strain is greater than 0.2.

The energy absorption efficiency of aluminum foams similarly formed to those in this
research have been investigated. For aluminum foam with densities of 0.39 to 0.71 g/cc, the
average reported efficiency was ~85% [50]. The present study of FPP foams with densities
of 1.0 g/cc exhibit energy absorption efficiencies of 60–70%. The discrepancies in efficiency
values are due to the different densities of each foam. From previous studies, it can be
concluded that lower density foams exhibit a wider plateau region and a higher energy
absorption efficiency over a wider strain range, therefore the lower density foams are more
effective at absorbing energy with the trade-off of lower energy absorption capacities [51].
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The current FPP foams can also be compared to aluminum foams fabricated via a
melt infiltration casting technique. In the melt infiltration casting experiment, aluminum
foams with densities of 1.06–1.07 g/cc were compressed under quasi-static loading and
evaluated. From the data provided, it can be deduced that between strain values of 20–30%,
the energy absorption efficiency is approximately 65–75%. This aligns very well with the
current FPP-based foam with 1.0 g/cc density and H/W ratios of 0.4 and 0.7, as shown in
Figure 12.

Although more porous, similar aluminum foams previously produced via a melt
route [46] with a relative density of 0.16 were found to have maximum energy absorption
efficiencies of 0.8–0.9 for varying cell diameters. For A356 Aluminum alloy foam, produced
using the melt foaming process with the addition of alumina particles as stabilizers, a
maximum energy absorption efficiency of 0.82 was reported [49]. The density of that foam
was also, however, low, at 0.142. In the present case, for H/W = 0.7, the relative densities
range from 0.3–0.6 and have maximum energy absorption efficiency values between 0.6–0.7.
For the two H/W ratios, the energy absorption efficiency curves generally behave the same
for the same bulk density samples. However, the difference in behavior is much more
apparent between samples of different bulk densities. For foams with lower bulk densities
(i.e., 1.0 and 1.4 g/cc), there is an optimal efficiency around 20% strain. As the bulk density
increases, this behavior changes. The maximum efficiency occurs during the plateau region
of foam compression, but for the higher density samples (i.e., 2.0 g/cc and 2.4 g/cc), there
is no clear plateau region, as seen in Figure 4a. For this reason, the efficiency of those foams
tends to stay more constant across strain values with a drop around ~5% strain.
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Vickers microhardness was also used to evaluate the localized mechanical response
of the foams, using 0.5, 0.1 and 0.05 kgf loads. For comparison, the microhardness of the
bulk foamable precursors was also investigated. For the foamed products, the indents were
placed in between macropores and away from small porosities where possible. The bulk
foamable precursors had significantly higher Vickers hardness values of approximately
~80 HV, which can be attributed to their low porosity and the interlocking nature of
compacted aluminum powders, resulting in enhanced green strength [29]. For the foamed
products, the Vickers hardness ranged from 25–50 HV. The reason for the lower hardness
values may still be the influence of surrounding micro/macro pores. The results however
correlate well with previously published data (e.g., 24 HV [52]). It is important to note
that the significant advantage of having rounded pores should manifest in the fatigue and
fracture behaviors of metallic foams; here, rounded pores would offer a reduced stress
concentration compared to irregular pores, the subject of future investigations.

Moreover, the microstructures of the bulk foamable precursors, foamed products, and
compression tested foams, revealed some interesting features. The particle size of the bulk
foamable precursor was on average ~16–20 µm, and since these particles are typically
polycrystalline, it suggests a grain size lower than these values. After foaming, grain
growth resulted in an average grain size of ~77 µm, with elongated grains observed after
compression testing, in the direction perpendicular to the axis of compression.

4. Conclusions

The following conclusions can be drawn:
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1. Al-TiH2 FPPs have been successfully used to process bulk aluminum closed cell foams
with relatively high circularities.

2. Due to the localization of TiH2 within particles, the local TiH2 content was 2 wt.%,
allowing for the generation of rounded voids despite the low overall TiH2 content for
the foam.

3. Under the investigated processing conditions, the highest foam porosity of 60% was
obtained with an overall TiH2 content of 0.2 wt.% (equivalent to 10% composite
FPP content).

4. The relative strengths of the FPP foams investigated roughly fall in between the ideal
open and ideal closed cell boundaries.

5. Products with 40–60% porosity were found to have energy absorption capacities of
10–25 MJ/m3 at 50% strain.

6. The maximum energy absorption efficiencies for foams with 40–60% porosity ranged
from 0.6–0.7.

Future work will be directed at investigating Al-TiH2 FPPs of varying particle sizes,
extended contents, and different cooling rates after foaming. Also, to improve the unifor-
mity of pore sizes, classified Al-TiH2 powders will be investigated, where the FPP are of
a uniform size (very narrow size distribution) to start with. Other aluminum matrices,
such as AlSi8Mg4, will be investigated, which has been the most successful powder-based
aluminum alloy closed cell foam produced using a blowing agent, and is also currently
in commercial use [53,54]. It is expected that the major advantage of rounded pores is
in the fatigue and fracture behaviors of the foams, which should be the subject of future
FPP investigations.
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