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Abstract: The study presents the comparative analysis of the compressive response for the experi-
mental aluminium foams of different parent alloys fabricated by melt processing with/without Ca
additive and an expensive conventional TiH,; foaming agent or a cheap alternative CaCOs. It was
recognized that the response of the foams is significantly dependent on the type of foaming agent and
Ca additive due to the formation of low ductile and brittle products created in the foaming process.
The presence of deformation bands and brittle eutectics in material, Al3Ti particles/layers, partially
decomposed TiH,, Ca containing compounds, etc. cause a reduction of the foam’s compressive
strength and deviation of its mechanical profile from the theoretical predictions. In addition, the
usage of an inexpensive CaCOj3; foaming agent offers numerous indisputable advantages compared
to TiHj, resulting, particularly, in enhancing the energy absorption ability of foams.

Keywords: Al-based foams; melt foaming; foaming agents; calcium carbonate; mechanical properties;
energy absorption

1. Introduction

Aluminum foams of a closed-cell structure are considered as multifunctional materials
attractive for different applications due to their unique combination of light weight and
new physical and mechanical properties [1,2]. In addition, the stiffness/mass ratio for
the foams is much higher than that of known aluminum alloys. The important point
concerns the fact that aluminium foams demonstrate at compression extraordinary energy
absorption, which particularly depends on the parent alloy composition and processing
variables used in the foaming process. For some aluminium foams, the enhancement of
energy absorption is finally realized by an increase in plateau stress, while for other foams
a similar result may be achieved due to a long deformation plateau extended up to 50-70%,
whereas increasing the stress is not significant. In addition, sound absorption and vibration
damping capacity, low thermal conductivity, and other attributes important in the design of
structural components are found to be inherent characteristics of aluminum foams, making
them promising for usage in different sectors of industry. In particular, aluminum foams
may be used in civil engineering for improvement of urban ecology, including life style by
diminution of noise [3], protection against electromagnetic waves [4], heat insulation [5],
as well as in transportation manufacturing, including ground and marine vehicles, and
also in the aircraft industry [6-8]. Moreover, aluminum foam as a core material is efficient
in lightweight sandwich panels [9] and crashworthy integral components against crash
collision and blast protection [10,11].

The potential of aluminum foams to be used in different industrial sectors stimulated
extensive interest for a search of appropriate parent alloys and attractive processing routes
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adapted to the design of engineering constructions. To date, the numerous foaming
processes, such as dispersion of a gas in liquid metal, the powder compact technique,
and foaming with blowing gas agents similar to Alporas® (Japan) route were developed
and discussed [12]. The last route is considered to be the most economically attractive,
providing also more uniform cellular structure with smaller cells [13]. However, the use of
an expensive titanium hydride TiH; as a foaming agent and granulated Ca as a thickening
agent stipulates essential material cost in mass production. So, economic efficiency for
melt processing may be improved by using cheap calcium carbonate CaCOj3, which was
originally proposed as an alternative foaming agent in [14].

In addition, the cell size of such aluminum foams is at least 2 times smaller, owing to
oxidation of the cell surface [14,15]. However, studies addressed to the use of CaCOj are
not enough [14-18], some of them concern an important improvement, i.e., replacement of
costly granulated Ca either by technological efforts [19] or by using inexpensive alternative
thickening additives [20-23].

In any way, transfer of aluminum foams to an engineering practice cannot be realized
without understanding the limits of the foaming process and a detailed knowledge of
the foamed material’s properties, especially the mechanical properties. It is common
knowledge that the mechanical response of foams is dependent on the relative density,
p/ps (Where p and ps are, respectively, density of foam and solid), although composition
of parent alloy and processing conditions (method and processing additives) contribute
essentially in the level of their performance metrics [13].

Unfortunately, the theoretical predictions of an idealized porous structure, which are
summarized in [13], do not represent the experimental results of mechanical tests of true
foams. The deviation of aluminium foam performance metrics from theoretical predic-
tions occurs due to the effect of different structural imperfections, such as corrugation
of cell faces, micro pores, ductile/brittle eutectic domains inherent for parent aluminum
alloys, and also other side products involved in the foaming process [15,16,24,25]. There-
fore, the experimental verification of the mechanical profile for real aluminium foams is
strongly required.

The mechanical properties for aluminum foams created by Alporas® route with TiH,
and Ca, which were reported in numerous publications, are well presented and summarized
in [2,13], whilst reports on the melt process with CaCO3 with and without Ca are small in
number [13,15,16,22-26].

Moreover, the data concerning the comparison of the mechanical profiles of foams are
sometimes fragmentary and even rather ambiguous because of arbitrary determinations of
the compressive strength.

The effort of the present study concerns the comparative analysis of the processing
condition’s influence, i.e., necessary melt foaming and thickening additives on the me-
chanical performance metrics of aluminum foams of different compositions fabricated by
the melt route similar to Alporas® technique. The consideration is mainly focused on the
compressive strength and, especially, on the energy absorption ability of the foams created
by calcium carbonate in comparison with those processed by titanium hydride.

2. Materials and Methods
2.1. Materials and Processing

Table 1 presents the experimental aluminum foams of different grades denoted as
F1-F10, as well as their microstructural features reviewed previously in [15,16,24,25] and
solid yield strength of the cell wall material tested here.
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Table 1. Specification of the aluminum foams created via melt process.
Foam Parent Alloy and Processing Additives, Microstructure of the Cell Contaminating Side Solid Yield Strength,
Code (wt.%) Wall Material Products oys (MPa)
. . Particles: TiH2/
F1 Al + 1TiH2 + 1Ca o-Al + E (Al + AlI3Ti + Al4Ca) TiAl3/TiAI2 42.8 +4.89
EF2 Al +2CaCO3 + 1Ca a-Al + E (Al + Al4Ca) Fine particles CaO 435+7.12
. . . . Particles: TiH2/
F3 Al-7Si + 1.5TiH2 + 1Ca a-Al (Ti) + E (AlL-Si) TiAI3, AI3Ti (Si), AI2CaSi2 220 + 20.54
F4 Al-7Si + 2CaCO3 «-Al + E (Al-Si) Fine particles CaO 140 + 15.67
a-Al (Ti) +
} N ea . E (Al + Mg2Si + S(Al2CuMg) + Particles: TiH2/
E5 Al-1Mg-0.6Si + 1.5TiH2 + 1Ca CuAl2) + E (a-Al + Al4Cat TiAI3, AI3Ti 124 +14.82
Al2CaSi2 + Al4CaCu + Al3Ti)
«-Al + E {«-Al + CuAl2}, x-Al
F6 Al-1Mg-0.6Si + 2CaCO3 + E {a-Al + S(A12CuMg)}, Fine particles CaO 105 +£7.25
a-Al + E {«-Al + Mg25i}
. . . Particles: TiH2/
F7 Al-5.5Zn-3.0Mg (Sc,Zr)+ 1.5TiH2 + 1Ca «-Al(Ti) + T(AlICuMgZnCaTi) TiAI3, Al3(ScZr) 200 + 28.24
i . g Particles Al3(ScZr)
F8 Al-5.57Zn-3.0Mg (Sc,Zr) + 2CaCO3 x-Al + T(AICuMgZn) Fine particles CaO 213 £15.14
«-Al(Ti) + T(AICuMgZnCaTi)/ -
F9 Al-6Zn-2.3Mg + 1.5TiH2 + 1Ca M(AICuMgZnCaTi)/$ Part‘CTlieZ'l;‘HZ/ 220 + 15.00
(CuMgAI2CaTi)
F10 Al-6Zn-2.3Mg + 2CaCO3 ccAl + T(AICuMgZn)/ Fine particles CaO 252 +10.15

M(AICuMgZn)/S(CuMgAl2)

Pure aluminum (purity 99.95) was used in the design of F1, F2 foams, while con-
ventional cast alloy of composition Al-Si (similar to A356 alloy) and relatively ductile
Al-Si-Mg alloy (analogous to 6061 alloy) were employed to create F3, F4 and F5, F6 foams,
respectively. In addition, two kinds of high-strength wrought Al-Zn-Mg alloys of differ-
ent compositions (analogous to 7075 alloys) were exploited for fabrication F7-F10 foams.
Among them, Al-Zn-Mg alloy comprising Sc and Zr (less than 0.6 wt.%) was taken to
produce F7, F8 foams. The parent alloys density for F1-F6 foams was equal to 2.7 g/cm?,
whereas the density of alloys used for F7-F10 foams was of 2.8 g/cm3.

The melt process was realized with or without Ca as a thickening agent, while the melt
foaming was done by adding either titanium hydride or calcium carbonate [15,16,19,26].
The foaming temperature was kept higher of the liquidus temperature of the correspond-
ing parent alloys. Mixing velocity was chosen by considering the viscosity of the melt
depending on the composition of the parent alloy and the kind and powder particles of the
foaming agent. Further details of the manufacturing process of the foams under study and
other relevant parameters can be found elsewhere [15,16,19,26].

Foamed cylindrical ingots with a diameter of 90 mm and a height of approximately
180 mm were fabricated and then the samples were cut by an electro-discharge apparatus
for further testing.

The samples of alloys with a composition similar to the foamed material were prepared
by casting and underwent the conventional compression tests to get mean values of solid
yield strength (Table 1) for the studied dense alloys.

2.2. Structural Characterization

The relative density p/ps of Al-foam samples were evaluated by weighing method.
The shape and size of the cells and also the microstructure of the cell wall material were
analyzed by electron microscopy Jeol Superprobe-733 (JEOL, Tokyo, Japan).

Al-foams processed with TiH; consisted of the cells, whose size was approximately
3 mm, whereas the cell size of Al-foams created by CaCOs3 was at least two times smaller.

The distinctive features of the cell wall microstructure were partly adopted over
the reports previously published [15,16,24-28] and complemented by the results in the
present study.
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2.3. Mechanical Testing

The mechanical response of the Al-foams was performed under uniaxial compression
according to ISO 13314:2011. The rectangular specimens either of a 20 mm x 20 mm or a
30 mm x 30 mm cross-section base were cut to keep away undesirable size effect.

The data were recorded by the universal test machine CERAMtest System (IPS NASU,
Kyiv, Ukraine) of 20 kN by applying compressive force with constant crosshead speeds.
The strain rates were ranged from 1 x 1073 to 1 x 102 for at least three samples to validate
the results’ reliability and to select typical stress—strain curves for presentation.

The mechanical parameters were evaluated by analysing the stress—strain curves.
Among them, the plateau stress, 0|, energy absorption W5 up to 50% strain and Wy,
up to the end of deformation plateau were defined. In line with the standardized recom-
mendation, plateau stress, Tpl, Was defined as arithmetical mean of the stresses at 0.1%
strain intervals between 20% and 30% or 20% and 40% compressive strain. In addition, the
plateau end was found as the point in the stress—strain curve at which the stress is 1.3 times
the plateau stress. Energy absorption W5p and W, were estimated by proper areas under
the stress—strain curve up to 50% strain and up to the plateau end strain, ¢,). Attention was
paid to the fact that W5y and Wy, were initially defined per unit volume (M]/ m?) and then
they were recalculated in J /g to avoid misunderstanding caused by different density of the
parent alloys.

In addition, energy absorption efficiency denoted by ISO 13314: 2011 as Wegs5p and
Wegp1 were calculated in percentages (%) by using the corresponding performance metrics
for energy absorption W5 and Wy, per unit volume (M]/ m3):

W
Wy = ——x 10* (1)
€0 X Omax
where o max corresponds to the maximal compressive stress observed within the proper
area of the stress—strain curve.

3. Results and Discussion
3.1. Compressive Response of Al-Foams

Generally, macroscopic behaviour of all foamed alloys under compression is quite close
to an elastic/plastic response [1,2,12], although the substantial differences of microscopic
deformation are found in the plateau region. Figure 1 shows compression curves for the
studied foams.
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Figure 1. Compression curves for F1, F3, F5, F7, F9 foams processed with titanium hydride TiH; and
F2, F4, F6, F8, F10 foams produced with calcium carbonate CaCOs, all performed with different parent
alloys, such as (a) pure Al (F1, F2), Al-Si alloy (F3, F4), Al-Mg-Si alloy (F5, F6) and (b) Al-Zn-Mg
(Sc,Zr) (F7, F8), Al-Zn-Mg (F9, F10).
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In particular, a smooth deformation plateau being typical for plastic buckling of the
cell walls is representative for an F2 foam since its deformation band material contains
ductile structural constituents and, particularly, eutectic regions [15,27]. In addition, only
several oscillations are visible in the stress plateau of an F6 foam, implying the significant
contribution of the cell wall’s plastic buckling [1,13]. This argumentation is confirmed
by the extremely high level of plateau stress of an F6 foam being situated far above that
demonstrated by an F5 foam, although both foams are of the same parent alloy and
comparable relative density, p/ps. This is because tensile membrane stress affecting closed
cell faces causes the plateau stress to rise up, making the hardening rate extraordinarily
fast [2]. As opposed to the above, more or less hardening/softening sequences are observed
within plateau stress, implying cell collapse by fracture [29,30].

For instance, the use of titanium hydride in the creation of F1, F3, and F5 foams
introduces into the cell walls, material with undesirable brittle residues of partially con-
verted TiH; covered by Al,Ti/Al3Ti, which originates cell failure and, as a consequence,
plateau stress oscillations. Moreover, the presence of brittle eutectic domains/redundant
phases in the microstructure of high-strength parent alloys being used in the creation of
F7, F8, F9, and F10 foams causes plateau stress oscillations to be the most pronounced.
In addition, the presence of high strength Al3(ScZr) particles/crystals being randomly
scattered over the cell wall material induces the first local maximum of compressive stress,
causing plateau stress to get a saddle shape [15,16,24,26,27]. It should be noted that the
use of Ca as a thickening agent for F5, F7, and F9 foams processed by TiH, causes plateau
stress to come down compared to that observed for F6, F8, and F10 foams prepared with
CaCOg3, without the addition of Ca. This is because of the role of CaCOs in the significant
improvement of deformation patterns of the foams due to cleaning the cell walls from
undesirable contaminating side products introduced by TiH; [15,16,24,26,27].

Moreover, the use of CaCOj in production processes of F8 and F10 foams with high-
strength parent alloys provides smoother stress—strain curves with more slight oscillation
of plateau stress than those demonstrated by F7 and F9 foams, which were produced with
TiH, and the same parent alloys.

Thus, it can be assumed that the processing variables, including composition of parent
alloys, strongly influences cell collapse, which, in turn, defines the compressive response of
the foams. In addition, the compression stress—strain behavior of the foams significantly
depends on the structural constituents and undesirable foreign particles/compounds, all
presented in the cell wall material.

3.2. Compressive Strength of Al-Foams

Comparative analysis of the mechanical performance of the foams is implemented in
line with approach [13], which provides the presentation of relative compressive strength
01/ 0ys plotted versus relative density p/ps, as shown in Figure 2.

As evidenced from Figure 2a, only data for the compressive strength of F2 foam, which
is based on Al and produced with CaCOs, lies along with line representing the theoretical
approach for closed-cell foams, implying elastic buckling and yielding of deformation
bands. However, data for all other closed-cell foams deviate from the line prescribed by the
theory. Among them F1, F3, F5, F7, and F9 foams processed with TiH, deviate the most. This
is because brittle reaction products contained by cell wall material impair the compressive
strength of F1, F3, and F5 foams formed with TiH, and Ca as processing additives.

In addition, brittle constituents, which are natural for a microstructure of high strength
parent alloys used for F7 and F9 foams being processed with TiH, provoke impairment of
the compressive strength due to increased cell cracking. For illustration, data related to the
foam based on Al and produced with TiH; shifts down the line prescribed for open cell
foams by the theoretical approach, while the data for compressive strength of F3 and F5
foams as well as F7 and F9 foams being processed with TiH, lie either at least along or even
somewhat below the line referred to above. In fact, the data related to the compressive
strength of F4, F6, and F10 foams being produced with CaCOj3 lie more or less below the line
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prescribed for closed-cell foams, although they are revealed to be higher than the data of F3,
F5, and F9 foams generated with TiH,. It should be noted that this is because the extremely
small width of deformation bands, which are considered generally to be approximately 100
pum and less when foam relative density, p/ps, becomes extraordinarily diminutive.
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Figure 2. Relative compressive strength, 0,1 /0'ys, dependences on the relative density, p/ps, for the
foams produced with TiH; (F1, F3, F5, F7, F9) and CaCOs (F2, F4, F6, F8, F10), which are performed
with various parent alloys: (a) Al (F1, F2), Al-Si, (F3, F4), Al-Mg-Si (F5, F6) and (b) Al-Zn-Mg (Sc,Zr)
(F7, E8), Al-Zn-Mg (F9, F10).

At these conditions, premature damage of deformation bands can occur, resulting in
a drop in foam compressive strength. That is perhaps the reason why the data related to
the compressive strength of F2, F6, F10, and F5 foams decreases by jumping below the line
prescribed for open cell foams, when their relative density becomes less than p/ps < 0.20.
Again, the results of the comparative analysis confirm the advantages concerning the use
of CaCO; as an alternative foaming agent in view of retaining high compressive strength,
owing to the cleaning material of deformation bands from the undesirable brittle side
products created when TiH, and Ca are used.

3.3. Energy Absorption Ability of Al-Foam

Indeed, increased energy absorption of aluminum foams can be ensured by the level of
plateau stress and/or extension of the plateau regime, both rather depend on the processing
variables, including composition of the parent alloy and mechanical properties of the matrix
material of the cell walls. In view of this, attention is concentrated on the energy absorption
ability of the foams produced with CaCO3 compared to that for the foams processed with
TiH,. The data for energy absorption W,/ Ws being useful for the consideration ability of
the foams mentioned above to absorb mechanical energy are presented in Figure 3.

It can be seen in Figure 3a that the slope of the lines is quite different. Energy absorption
Wp1/Ws of F1, F5 foams processed with TiH, decreases gradually as their density, p,
decreases, although that of F2, F6 foams produced with CaCOj falls faster. The difference
in the micro-mechanism of the deformation attributable to the foregoing foams is the
cause of the situation above. In particular, contribution of cell fracture in global collapse
is considered to be a distinctive feature for F1, F5 foams, whereas cell collapse by elastic
buckling and yielding was found to be preferable for F2 and F6 foams. However, bending
and fracture of deformation bands promote strength decrease and, in turn, reducing the
energy absorption of the foams when their thickness becomes too small. This becomes
especially pronounced when relative density of the foams decreases to a value less than
critical one, i.e., p/ps <0.2.
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Figure 3. Energy absorption W,/ W5 vs. density for the foams processed with TiH, (F1, F5, F9) and
those produced with CaCOs (F2, F6, F8, F10), which are performed with various alloys, such as (a) Al
(F1, F2), Al-Mg-Si (F5, F6) and (b) Al-Zn-Mg (Sc,Zr) (F8), Al-Zn-Mg (F9, F10).

The question is: why is energy absorption Ws; found to be much greater than Wy,
for F1, F2, F5, and F9 foams. Explanation of this is unexpected; on the first glance, the
phenomenon arises from the facts, which strain at the densification, &4, for the foams
mentioned above is less than 50%. At this condition, the value of Wy, is related to the
end of the deformation plateau, whereas the value of W5y is found at the densification
region. Another was believed to be true when the deformation plateau extended up to
densification strain, &4, which is approximately 50% or more. For illustration, the data
related to Wsy/ Wi of the F6 foam produced with CaCOj; could be useful for confirmation
of the reasoning above. In fact, the line representing energy absorption Wjs lies quite below
that corresponding to Wy, although these lines are found to be very close to one another
since the densification strain, g4, is limited to approximately 50, as can be seen in Figure 1a.
A relatively short deformation plateau detected for the Al-foam F6 results from the plastic
crushing of deformation bands, generating the cell wall buckling, as previously observed
in [28].

It is reasonable to analyze the energy absorption ability of F9 and F10 foams processed
by using high strength alloy comprising brittle eutectic domains/redundant phases. As
evidenced from Figure 3, the relative positions of the lines representing energy absorption
Wp1/Wsg vs. density for the F9 foam is very similar to those for the F5 foam. However,
the distance between the positions of the lines representing Wy,; and W5 for the F9 foam
is much smaller compared to the F5 foam. In contrast, with this relative position of the
lines representing energy absorption Wp,1/Wsg vs. density for the F10 foam is opposed
compared to F9 foam processed by using the same parent alloy. The line representing Wy,
lies far above that related to Ws. In addition, the energy absorption ability of the F10 foam
is considerably greater than that exhibited by the F9 foam, although both foams are based
on the same alloy. This is the primary for the reason that the F10 foam demonstrates a
much higher compressive strength, ,,), compared to the F9 foam, while both foams show a
very similar extension of the deformation plateau. It can be clearly seen by comparing the
data relevant for the foams above, which are presented in Figure 1b or Figure 2b.

As previously pointed out in [14] and presently confirmed, the distinctive feature of
the F8 foam is a significant scatter of the experimental data referring to energy absorption
Wpl/ Wso. Particles of Al3(ScZr) randomly scattered over the cell wall material were
believed to be the reason for the unsteady data. Indeed, this circumstance makes it difficult
to compare with each other the data concerning energy absorption Wy/Ws of F8 and
F10 foams despite being produced identically with CaCQOjs. Taking into account the data
shown in Figure 3b, it seems that the F8 foam demonstrates none the less smaller values of
energy absorption Wy, than the F10 foam. Figure 4 shows the outcome of the comparative
analysis regarding energy absorption ability and its efficiency for the studied foams having
comparable p/ps = 0.22. As to precautions, energy absorption W, and its efficiency
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Wefpl are calculated at the end of the deformation plateau to avoid misunderstanding in
interpretation of the experimental results.
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Figure 4. Basic data for (a) energy absorption ability Wy, and (b) its efficiency Weg) for the foams
processed with TiH, (F1, E3, F5, F7, F9) and CaCOj3 (F2, F4, F6, F8, F10) performed at the comparable
p/ps = 0.22.

As evidenced in Figure 4, the foams produced with CaCOs (F2, F4, F6, F8, F10) show
higher values of energy absorption Wp,; compared to the foams processed with TiH, (F1,
F3, F5, F7, F9). Compositions of the alloys used for creation of the referred foams are listed
in Table 1. At the same time, the values of energy absorption efficiency Weg, of these foams
are found to be different owing to differences in microstructure and the prevailing micro
mechanism of the cell collapse. In particular, the highest values of energy absorption Wy,
are demonstrated by F6 and F10 foams both produced with CaCOj3. Nevertheless, energy
absorption efficiency Weg,) displayed by the F10 foam is somewhat greater than that of the
F6 foam.

4. Summary

Compressive response and mechanical performance metrics of closed-cell foams
based on a wide range of Al alloys and created by melt process being realized with or
without Ca as a thickening additive by using either traditional titanium hydride as a gas
blowing agent or calcium carbonate as an alternative were compared and discussed, taking
into consideration the mechanism of cell collapse, depending on the nature of the cell
wall material. It was identified that brittle foreign particles/side reaction products and
modified eutectic domains/redundant phases originating in the cell wall material due to
the employment of an expensive titanium hydride and Ca additive impair the strength
and, as a consequence, capability of foams to absorb mechanical energy irrespective of the
used parent alloy. As opposed to this application, the inexpensive calcium carbonate offers
incontestable preferences in remaining contamination-free cell wall material, resulting in
the improvement of performance metrics, particularly, an increase in foams’ strength and
energy absorption capability. So, the implementation in practice foams created by the
calcium carbonate gas blowing agent is preferable, especially based on Al-Mg-Si (F6) and
high-strength Al-Zn-Mg (F10) parent alloys. However, the selection of the best foamed
alloy should be done in proper consideration of particular design, operation conditions,
and key properties of the intended part or construction.

The results of the present efforts could be useful for application of Al/Al alloy foams
adapted to the design of different engineering constructions.
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