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ABSTRACT

The main focus of the present study is to compare the effect of different alloying
elements on Al-Mg alloy foams. Al-Mg15-X10 (X = Cu, Zn and Si) alloy foams
were produced via powder metallurgy route by using Mg as a blowing agent.
Macro- and microstructural characterisations of the foams were performed
using X-ray tomography, X-ray diffraction and scanning electron microscope.
Corrosion studies such as weight loss measurement, hydrogen evolution
method and potentiodynamic test were conducted. Mechanical properties were
evaluated by subjecting the samples to quasi-static compression and micro-
hardness tests. All the alloy foams showed a comparable structure. The Cu-
containing foams exhibited the highest strength, while the Zn-containing foams
showed the highest expansion. However, the other properties such as brittle-
ness, elastic modulus and burning nature were found to be better for the Si-
containing foams.
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and low price [1]. In most of the foaming practices,
blowing agents such as metal hydrides (TiH,, ZrH,,
MgH,, etc) or metal carbonates (CaCO;,
CaMg(CO3);, MgCQO;, etc.) are added for creating

Introduction

Metal foams are porous lightweight materials used

for a wide range of structural and functional appli-
cations because of a unique combination of different
properties. They are classified mainly into closed-cell
and open-cell foams. Closed-cell foams are com-
monly produced via liquid metallurgy route and
powder metallurgy (PM) route. Among the various
metal foams, aluminium foams are the most common
ones because of their low density, easy availability
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porous structure [1-3]. Alkaline mix hydrides like
LiBH,, NaBH,, KBH,, LiAlH,; were also used as
blowing agents in the PM route [4].

Among the various blowing agents, TiH, is the
most widely used blowing agent. However, there are
a few drawbacks of using TiH, such as early disso-
ciation and a high concentration gas source. There are
various ways to prevent early dissociation in order to

https:/ /doi.org/10.1007 /s10853-020-05381-0


http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-020-05381-0&amp;domain=pdf

J Mater Sci (2021) 56:2612-2630

minimise the difference between gas release tem-
perature and alloy melting range. A heat treatment
(in air) process to create oxide layers on the surface of
TiHj; is an effective way to delay gas release, which in
turn lead to better foams [5, 6]. Recently, it was
observed that an alloy-specific heat treatment is even
a better strategy to improve foam structure [7].
Lazaro et al. [8] observed that heat treatment of PM
precursor also helps in achieving better foam struc-
ture. Coating the TiH, particles is another strategy to
delay gas release [9]. Although all the above methods
are useful in achieving a good foam structure, it is
obvious that these methods demand an additional
step. Moreover, the blowing agent can still produce
gas during solidification leading to solidification-in-
duced defects [10]. Mg-based blowing agents can
overcome the aforementioned drawbacks of TiH,
without the need of any modification treatment.

Mg and Mg alloys are well-known hydrogen stor-
age materials. Hydrogenation of Mg converts it fully
or partially into MgH, that can store up to 7.6 wt% of
hydrogen [11]. However, the mass spectroscopy
study performed on non-hydrogenated A150Mg50 (in
wt%) powder also revealed the presence of hydrogen
[12]. This is because the hydrogen from atmospheric
moisture gets adsorbed onto the Al-Mg powder
surface and diffuses to the grain boundaries leading
to the formation of MgH, [13]. This motivated
Mukherjee et al. to use AI50Mg50 powders as a
blowing agent for foaming Al- and Zn-based alloys
[14]. The foams obtained in their study were almost
defect-free with a narrower cell size distribution
compared to conventional foams. The reason for a
superior structure is attributed to a large number of
gas sources where each source contains a small
amount of gas when Mg-based blowing agent is used
[14]. Since Zn-based foams have a low technological
importance due to their high densities, all subsequent
studies based on Mg-based blowing agent focussed
only on Al-based alloys [15-17]. Recently, Barode
et al. used other Mg-based blowing agents (pure Mg
and Al60Mg40) in addition to AI50Mg50 powder to
foam AlIMg15Cul0 alloy (unpublished work—]. Bar-
ode, MS Thesis, 2016, IIT Madras). They found that
all the sources of Mg result in similar expansion;
however, there is some variation in foam structure
and properties.

Till date, AIMg15Cu10 is the most used alloy in the
studies of foaming with Mg-based blowing agents. It
is not known whether the foams of some other alloys
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would exhibit better properties compared to
AlMg15Cul0 foam. Therefore, the main objective of
this study is to explore other alloys in addition to the
aforementioned one and to identify a suitable alloy
for foaming using Mg as a blowing agent. In this
study, Zn and Si alloying elements were chosen apart
from Cu for the comparative study. Mg added acted
as an alloying element as well as gas source (blowing
agent). Cu, Zn and Si were chosen in this study as
these alloying elements are commonly used in Al
alloys, for example, in 2xxx, 6xxx and 7xxx alloys.
Moreover, the presence of these three alloying ele-
ments in the alloy offers the scope of further
improvement in foam properties by exploiting pre-
cipitation hardening [18-20].

Experimental
Materials and methods

Powders of aluminium (99.5% pure, Dsy = 23 pm),
magnesium (99.8% pure, D5y = 62 um), copper (99%
pure, D5y = 33 pm), silicon (99.5% pure, D5y = 4 pm)
and zinc (99.9% pure, D5y =22 um), all procured
from Alfa Aesar, were used for preparing foamable
precursors. Mg powder was used both as alloying
element and as blowing agent. The hydrogen content
of Mg powder was 0.8 wt% as measured by CHNO
analysis (LECO ONH 836 Analyser). For preparing
the foamable precursors, 75 wt% of aluminium,
15 wt% of magnesium and 10 wt% of copper/zinc/
silicon powders were mixed using a powder blender.
Each precursor was prepared using 30 g of the
powder blend. Al-Mgl15-Cul0, Al-Mg15-Zn10 and
Al-Mg15-Gi10 alloys used in this study are hence-
forth referred to as AMC, AMZ and AMS,
respectively.

Powder blend was compacted by uniaxial com-
paction. First, cold compaction of the powders was
performed for 3 min applying a pressure of 500 MPa.
Then, hot compaction was performed at 465 °C by
applying 500 MPa pressure for 20 min. Cylindrical
disc-shaped precursors of diameter 36 mm with a
relative density of 98-99% were obtained. Two sam-
ples of dimension 12 x 11 x 9 mm® were extracted
from each pellet. Foaming was performed under
ambient atmosphere by heating the sample using a
ceramic heating plate.
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In this study, a fixed foaming temperature of
700 °C was used for all the alloys. This temperature is
higher than the liquidus temperature of all the alloys.
The equilibrium melting range of the alloys was cal-
culated using Thermo-Calc software [44] together
with TCALS5 (Al-Alloys v5.1) Gibbs energy database
[45]. The melting ranges for AMC, AMZ and AMS
alloys are 478-545 °C, 450-560 °C and 559-677 °C,
respectively. Prior to foaming, the heating plate was
heated to 700 °C. After which the sample was placed
on the heating plate. Total foaming time was 1 min
followed by ambient cooling. Here, the foaming time
refers to the duration the sample was kept on the
preheated heating plate till the heating was turned
off. Placing the sample on the preheated resulted in a
heating rate of about 15 K/s.

Castings having the same compositions as that of
the foam samples were prepared using a bottom pour
furnace. To prepare the AMC, AMZ and AMS cast
alloys, the appropriate amount of Al, Mg and Cu/
Zn/Si ingots were melted in a graphite crucible
under an Ar atmosphere. The alloy melt was poured
into a steel die of 36 mm diameter and 150 mm
height. The composition of the cast samples was
measured by Optical Emission Spectrometer (Foun-
dry Master—Pro OES of Oxford Instruments). The
compositions obtained by the OES measurement are
provided in supplementary material (Table S1). The
composition of the cast samples is similar to that of
the respective alloys used for foaming.

Structural and mechanical characterisation

Foams were cut into a geometrical shape with rect-
angular cross section for compression tests with an
alumina blade using a high-speed cutting machine.
The average dimensions of the samples were
19 x 15 x 12 mm’. X-ray tomography of the foams
was performed to study their internal structure
in 3D. Simpleware ScanIP software was used for 3D
analysis of tomographic volume. X-ray diffraction
(XRD) (X"pert Pro PANalytical) was performed using
Cu-K, radiation with a wavelength of 1.54 A and a
step size of 0.02° for phase analysis. Rietveld method
in the PANalytical X'Pert Highscore V4.1 software
package was used to quantify the phases. For this,
ICSD database was used for standard reference pat-
terns. Scanning electron microscope (SEM, FEI—
Quanta 400) was employed for microstructural
investigations. Phase fractions were also estimated by
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analysing SEM images by Image]. Five SEM images
were analysed from each alloy type. Thermo-Calc
software was used for obtaining a theoretical pre-
diction for the type and fraction of phases present in
the microstructure.

Hardness tests were carried out on cast samples by
applying 1 kgf for 10 s. A minimum of 10 readings
was taken for each sample. Foams were subjected to
quasi-static compression tests by loading them in the
foaming direction with a displacement rate of 1 mm/
min using a Zwick/Roell Z100 testing machine.
Samples were crushed up to either 80% nominal
strain or 60 kN force, whichever limit reached earlier.
A video extensometer was used for an accurate strain
measurement. The video extensometer consists of a
camera equipped with a 50-mm objective lens in
conjunction with a software program Video Xtens
(version 6.2.0.0, Zwick/Roell). For the test, foam
sample was sandwiched between two steel plates on
which markers were placed for the purpose of
tracking by the video extensometer, see supplemen-
tary materials (Fig. S1) for further details. Video
extensometer data were considered only up to 3%
strain, after which the strain data were obtained from
crosshead displacements. Plateau strength of the
foams was calculated by averaging stress values
within the strain range of 20-40%. Elastic modulus
was determined from unloading stress—strain curve
[21]. For this, compression tests were performed by a
loading—unloading-loading cycle. Unloading was
initiated at 0.7 times the plateau strength till 0.2 times
the plateau strength value followed by loading again.
The details are provided in supplementary materials
(Fig. 52).

Corrosion studies

For comparative studies, it is not reasonable to con-
duct corrosion studies on foams because of the
uncertainty in effective surface area from one sample
to another. It was observed that the microstructure of
the cast samples is similar to that of the respective
alloy foam as explained in Sects. 3.2 and 3.3. There-
fore, all the corrosion tests in this study were per-
formed on the cast samples of similar composition
instead of on the foam samples.

Samples of dimensions ~ 10 x 10 x 8§ mm~ and
weight ~ 2 g were prepared for weight loss and
hydrogen evolution measurements. Sample was
immersed in a 0.6 M NaCl solution for 720 h to carry
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out weight loss measurement. After that, the sample
was taken out from the solution and rinsed with
distilled water followed by drying in hot air. Subse-
quently, the sample was cleaned using 100 g/L CrO;
solution at 90 °C for 10 min followed by rinsing with
distilled water and drying. The weight after immer-
sion was measured.

For hydrogen evolution tests, sample was
immersed in an alkaline medium of 1M NaOH
solution for 14 h to find out the volume of water
displaced by the hydrogen produced during disso-
lution [22]. The experimental set-up used for this test
is shown in supplementary materials (Fig. 53).

Potentiodynamic (PD) polarisation studies were
carried out using a three-electrode electrochemical
cell. For these tests, specimens of dimensions 36 mm
diameter and 10 mm thickness were prepared. A
saturated calomel electrode (SCE) and a graphite rod
were used as reference and counter electrodes,
respectively. All potentials in this paper are reported
with reference to SCE. A 0.6 M NaCl solution was
used as the electrolyte, and 0.8 cm” was the exposed
specimen area. The experiments were performed
employing a GAMRY (Reference 600) potentiostat.
Prior to the PD polarisation, the open-circuit potential
(OCP) transients were recorded for an hour until the
system attains a steady state. For conducting PD test,
the potential was swept from 1.6 to 0 V at a scan rate
of 1 mV/s. SEM was used to visualise the corroded
spots before and after the PD test. Gamry Echem
Analyst software was used to interpret the data
obtained by the PD test. Nanomap aep 3D optical
profilometer was employed to determine the rough-
ness of the sample surfaces before and after the PD
test. Electrochemical tests were carried out multiple
times in order to confirm the repeatability.

Results
Structure of foams

All the three alloys used in this study are foamable as
evident in Fig. 1. All the foams possess a good
structure with only few structural defects. In Fig. 1c,
the cell walls of AMS foam contain microporosity,
whereas AMC and AMZ foams do not reveal any
microporosity. The structural analysis such as cell
size distribution and sphericity (S) is provided in
Fig. 2. In Fig. 2a, the cell size distributions are fitted

2615

with a Gaussian function to determine mean cell
diameter (Djean). All the data are summarised in
Table 1. The Diyean is the highest in AMS foams and
the lowest in AMC foams. A 2D analysis was also
performed, the results are provided in the supple-
mentary materials (Table S2 and Fig. 54).

The foam density (psoam) is calculated by dividing
its weight with its geometrical volume. The expan-
sion of foams mentioned in Table 1 is calculated by
using the following equation:

% Expansion = {M - 1} x 100. (1)

Pfoam

Solid density psoq Was calculated using the rule of
mixtures. The pgoiq of AMC, AMZ and AMS alloy is
2.66, 2.64 and 2.46 g/cm®, respectively. Relative
density (p,) was calculated by dividing poam by psolid-
Table 1 shows that AMZ foams have the highest
expansion.

The aspect ratio of cell walls was calculated by
taking the ratio of the thickness of a cell wall to its
edge length. Cell wall thickness was measured at half
of the cell edge length [23]. The average aspect ratio
reported in Table 1 was determined based on the
measurements on 100 cell walls. One foam from each
alloy type was chosen for this. Figure 2b reveals that
in AMZ and AMS foams there are many large cells
with low sphericity values, whereas in AMC foams
most of the large cells have high sphericity values.
AMC foams contain a large number (~ 35%) of cells
with high mean sphericity (Spmean = 0.9) compared to
other two foams. In the case of AMS foams, S;can 1S
lower for a large number of cells.

Corrosion behaviour

Table 2 exhibits that the weight loss is maximum for
the AMZ alloy and minimum for the AMS alloy. In
the hydrogen displacement tests, AMZ alloy pro-
duced the maximum amount of hydrogen (i.e. max-
imum corrosion) as inferred from the maximum
amount of water displacement, whereas AMS alloy
produced the least amount of hydrogen (i.e. lowest
corrosion) as in this case the amount of water dis-
placement was the lowest.

In Fig. 3, PD behaviour of the alloys exposed to
0.6 M NaCl solution is reported. These are typical
curves, which are often seen for Al-Mg alloys in
NaCl solution [24], with no clear active region, a very
small passivation region and a distinct breakdown
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Figure 1 a—c 2D tomographic
sections and d—

f corresponding 3D
reconstructions of
tomographic volume of AMC,
AMZ and AMS foams. The
arrows in ¢ indicate
micropores in cell walls.
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Figure 2 3D analysis of the foams: a cell size distribution,
b Equivalent diameter and number of cells as a function of
sphericity. Different colour coding used in b is to differentiate

potential. All the alloys exhibit almost a similar
behaviour; however, AMC alloy shows a nobler cor-
rosion potential (Ecor) than AMZ and AMS alloys.
This could be attributed to the presence of nobler
element, namely Cu. Even though the E,, value for
AMS is more active than AMC, the polarisation curve
of AMS shows a wider passive range in the order of
600 mV compared to the other two alloys. The cor-

rosion rate was calculated using the Tafel’s
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different ranges of sphericity. The analysis here corresponds to the
foams shown in Fig. 1. The solid lines in all plots represent Gauss
fit. R? represents the goodness of the fit.

extrapolation method [25]. It should be noted that the
cathodic branch of the PD curves is used for deter-
mining corrosion rate [26]. The parameters estimated
from the PD curves are tabulated in Table 3. Linear
polarisation resistance (R,) was also measured. The
results are presented in supplementary materials
(Fig. S5 and Table S3).

The passivation range can be defined by a term
called passivation index (PI), which is calculated by
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Table 1 Density, expansion, average D can, average Spe.n and aspect ratio of cell walls of the foams

Relative
density (p)

Foams  Density

(g/cm3 )

Expansion (%)

Average D ean Average

Smean (mm)a

Aspect ratio

(3D analysis) (mm)? of cell wall

AMC  0.63 & 0.1 {10}
AMZ  0.55 + 0.1 {6}
AMS  0.61 + 0.1 {8}

0.24 % 0.05 {10}
0.21 & 0.04 {6}
0.24 £ 0.05 {8}

343 £ 106 {10}
391 & 90 {6}
323 & 112 {8}

1.5+ 0.8 {3} 0.86 £ 0.02 {3} 028 & 0.11 {1}
1.9 £ 0.6 {3} 0.83 £ 0.08 {3} 021 & 0.12 {1}
2.1+ 05 {3} 0.71 £ 0.06 {3} 021 £ 0.1 {1}

The number of samples used for generating the data is indicated within curly brackets. The error mentioned is the standard deviation

*The Diean and Spean Of individual samples used for calculating the average value are given in the supplementary materials (Table S2)

Table 2 Data obtained from

Weight loss (wt%)

Water displaced by evolved hydrogen (mL)

weight loss and water Alloys

dlllsplacemznt tzst; for t?ree AMC 6.1

alloys produced by casting AMZ 195
AMS 4.7

118
410
88

Sample immersion time for weight loss and water displacement tests was 720 h and 14 h, respectively.
Each datum corresponds to single sample

0.2

] | e AMIC
0.0

-0.2
-0.4 -
-0.6

-0.8

E (Vce)

-1.0

-1.2 H

1.4

-1.6

-1.8 — T T T T T T T T
-8 7 -6 -5 -4 3 2 A
log i (Alcm?)

Figure 3 Representative PD curves recorded for the three alloys
tested in this study.

taking the absolute difference between Ep; and Ecor
[27]. AMC and AMZ alloys have smaller PI. Beyond
Epi, current flow increases drastically as seen in
Fig. 3. Compared to AMC and AMZ alloys, an
increase in current flow occurs at a later stage in AMS
alloy.

The corrosion rate (CR) was calculated as per
ASTM standard G 102 using Egs. 2 and 3.

CR (mils per year or mpy)
= (0.1288 X icorr X EW)/pyia, (2)

where i, is the corrosion current density expressed
in pA/cm? EW is the equivalent weight of the alloy
calculated from Eq. 3
N; x F;
EW =1/~ 3
AT ()

]

where F; = mass fraction of jth element in the alloy,
W; = atomic weight of the jth element and N; = va-
lence of the jth element.

Table 3 shows that i..,r of AMZ alloy is the highest,
but the values for all the alloys are in the same order.
Table 3 shows that although the surface roughness
(R,) before corrosion is the lowest for the AMZ
samples, but after subjecting to PD test the Zn-con-
taining samples display the highest value of R,
implying a high corrosion experienced by this alloy.
AMS sample exhibited a minimal increase in R,
suggesting that AMS underwent minimal
dissolution.

For each sample, the spot which was subjected to
corrosion was imaged before and after the test. Fig-
ures 4 and 5 display the SEM images of the
microstructure before and after corrosion, respec-
tively. A detailed analysis on the type and amount of
phases present in the as-cast microstructure is pro-
vided in Table 4.
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Table 3 Corrosion potential (E,), pitting potential (E,;), corrosion current density (ic.) and corrosion rate obtained from the PD test

Alloys Ecorr (V) Euic (V) fcorr (LA/Cc?) Corrosion Surface profilometry
t
rate (mpy) R, before R, on corroded
corrosion (nm) region (nm)
AMC {4} — 1.04 + 0.03 —0.73 £ 0.01 27+ 1.1 1.4+ 0.6 70 + 20 223 £+ 143
AMZ {3} — 1.27 £ 0.01 — 1.03 £ 0.02 56 £1.6 29 +0.8 44 + 13 251 + 49
AMS {4} — 1.34 £ 0.04 —0.74 £ 0.1 4605 23+£02 64 +9 97 £ 26

Average roughness (R,) obtained by performing surface profilometry on the probed spots before and after corrosion. The number of
samples used is indicated within curly brackets

Figure 4 SEM image of
casted alloy (AMC, AMZ, and
AMS) samples before
corrosion. The phases
indicated here were identified
by EDS analysis.

AMS

S

>y

N Corroded T’ég'lo‘n
around Mg,Si particle
> =

o« > T 50_|1_m

i

Figure 5 SEM image of the corroded region in the cast samples after performing PD test in 0.6 M NaCl solution. The bright features in
¢ correspond to the region occupied by Mg,Si phase prior to corrosion as confirmed in Fig. 6.

Figure 5c¢ shows that in the case of AMS sample with the deeper pits present in the other two alloys.
pits are mainly observed around Mg,Si phases. Mg,5i phase is present before corrosion in AMS alloy,
However, there are pits in other regions as well. By as shown in Fig. 6a. Mg disappears from the Mg,Si
comparing the three images in Fig. 5, it can be stated phase due to corrosion, and it converts into a Si-rich
that the AMS alloy has shallow pits in comparison  phase as seen in Fig. 6b. This is confirmed by the EDS
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Table 4 Phase fractions in cast and foam samples determined by analysing SEM and XRD data along with the predictions of Thermo-Calc

2619

software
Foams/ Phases/ Phase fraction (vol%)
alloys elements -
present Theore‘qcal Cast samples Foams
calculation by
Thermo-Calc? SEM and XRD— SEM and XRD—
ImageJ {2} Rietveld {1} ImageJ {2} Rietveld {1}
AMC Al-rich (FCC) 68 66.8 + 9.6 77.2 75.6 £ 1.5 80
S-phase [Al,CuMg] 6 9+ 14 17.1 154 +£22 20
T-phase [Als3Mg36Cuy;] 26 205+ 7.5 - 92 +£23 -
Mg - - 5.7 - -
AMZ Al-rich (FCC) 81 61.6 £ 7.4 79 75.8 £ 1.9 88
T-phase [AlysMg40Zn 4] 19 - - 13.6 £ 23
Al-Mg—Zn phase - 394+ 74 21 8.6 £ 3.6 6.3
Mg - - - - 5
Zn - - - - 0.3
AMS Al-rich (FCC) 71 65 + 4.2 65.9 70.6 £ 4.9 56
Mg,Si 28 30 £ 0.7 34.1 294 +£ 49 31.7
Diamond structure (Si) 1 - - - 29
Al-Mg-Si - 5+28 - - 4.2
Al 6sMgo 35 - - - - 3.9
Mg - - - - 1.3

Five SEM images from multiple samples were analysed using ImagelJ for finding phase fraction. Rietveld analysis of XRD was carried out
using X’Pert Highscore. The number of samples used for generating the data is provided within curly brackets. The error represents
standard deviation

#Thermo-Calc predictions for equilibrium conditions are provided. For non-equilibrium conditions, software predicts an additional AI-Mg
phase in AMC and AMZ alloys
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Figure 6 SEM-EDS analysis of AMS sample a before and b after corrosion.
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analysis of the respective phases in Fig. 6. SEM ele-
mental mapping of the micrograph containing Mg,Si
phase before and after corrosion is provided in sup-
plementary materials (Fig. S6, Fig. S7).

Comparison of the microstructures of cast
and foam samples

A one-to-one comparison of the XRD pattern (Fig. 7)
of the cast and foam sample reveals that the
microstructure contains similar phases in each alloy
category. However, there are a few dissimilarities.
AMC cast sample contains low intense peaks of Mg,
while its counterpart does not. Both cast and foam
AMZ samples contain non-stoichiometric inter-
metallics but of different types. The fraction of each
phase is provided in Table 4.

It can be observed in Fig. 8 that AMC and AMZ
foams have a similar distribution of phases, whereas
AMS foam reveals a different distribution. Although
the microstructures of the cast samples in Fig. 4
appear slightly different, a closer look reveals simi-
larities. Moreover, SEM-EDS analysis of both cast
and foam samples revealed similar phases which are
also in agreement with the prediction made by
Thermo-Calc software (refer to Table 4). SEM analysis
presented in Table 4 reveals some other minor dis-
similarities. For example, AMC foam sample contains
more S-phase than T-phase, whereas AMC cast

Figure 7 Comparison of

Cast samples

J Mater Sci (2021) 56:2612—2630

sample has an opposite trend. Note that both the cast
and foam AMZ samples contain a non-stoichiometric
phase that contains Al, Mg and Zn which does not
match with T-phase. It is mentioned as Al-Mg-Zn
phase.

The burning tendency of foams

It was observed that the outer surface of AMC and
AMZ foams turns completely black during foaming,
as shown in Fig. 9a,b. The black colour indicates
burning during foaming. On the other hand, Fig. 9c
shows that AMS foam did not burn; it exhibits a
typical surface of Al alloy foam. In the AMC and
AMZ alloys, after the initiation of burning (i.e. when
the surface started to turn black) it continued even if
the heating was turned off. Moreover, it was
observed that for a longer foaming time (more than
1 min) the interior of the foams also became black
spreading from the outer surface. Foams produced
applying longer foaming time are fragile and can be
crushed using hands. Compared to AMZ foams,
AMC foams exhibited a higher burning rate and
burning tendency. Foaming of the three alloys was
also performed at 800 °C to check whether AMS
foams burn at a higher temperature. However, the
same trend was observed as it was observed at
700 °C.
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Figure 8 SEM images of
three alloy foams indicating
the various phases present in
the microstructure. The phases
indicated here were identified
by EDS analysis.

Figure 9 Comparison of the
burning nature of a AMC,
b AMZ and ¢ AMS foams.

Mechanical properties

The AMC foams exhibit the highest peak strength,
whereas AMS foams have the lowest peak strength as
shown in Table 5. Note that peak strength is not the
plateau strength, which is explained in “Structural
and mechanical characterisation” section. In order to
compare the stress—strain behaviour of the three
foams, their stress is normalised by their respective
peak strength as shown in Fig. 10a. All the stress—
strain curves have multiple serrations. Stress—strain
response of every foam can be divided into three
regimes: (a) elastic regime, where a linear deforma-
tion occurs, (b) region with stress variations and
(c) densification regime with a rapid increase in
stress.

Densification strain (gq) in Table 5 is calculated
using Eq. 4 provided by Ashby et al. [28].

Table 5 Mechanical properties of the foams and cast samples
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AMS
e
g ~ Alrich phase

‘tf/; QAI?‘A\

gg=1—0y ﬁ, (4)
S
where o is approximated as 1.5.

Energy absorption per unit volume (W, is
defined as the area under the stress—strain curve up
to the densification strain (g4). It can be calculated
using the following equation [29]:

&d

Was = / o(e)de. (5)

0

It can be seen (Table 5) that both energy absorption
and specific energy absorption are the highest for
AMC foams, whereas the other two alloy foams
possess similar Wops.

Energy absorption efficiency #(e) is defined as the
ratio of actual energy absorption to the ideal energy
absorption. This can be mathematically written as
[19, 30]

Foams/ Elastic modulus Peak strength, Hardness, HV1 Densification Energy absorbed Specific energy
alloys of foams, E (GPa) o, (MPa) from cast strain, &g up to &g (MJ/m*) absorption up
samples to & (kJ/kg)
AMC 22+ 0.1 {3} 235 +£9.9 {8} 142 £ 11 {1} 0.69 £ 0.08 {3} 11.9 £ 4.8 {3} 19.3 £ 4.9 {3}
AMZ 2.6 £ 0.7 {3} 21.3 £ 10 {3} 153 £ 5 {1} 0.71 £ 0.03 {3} 7.7 +£2 {3} 13.4 £ 1.5 {3}
AMS 3.5+ 0.6 {3} 14.1 £+ 6.6 {4} 68 + 10 {1} 0.61 £ 0.05 {3} 6.6 £ 2.8 {3} 123 £ 2 {3}

Hardness data are an average of ten measurements performed on cast samples. The number of samples used for generating the data is
provided within curly brackets. The error represents standard deviation

@ Springer



2622

J Mater Sci (2021) 56:2612—2630

Figure 10 a Peak strength 2
normalised stress versus strain
and b energy absorption
efficiency versus strain.
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e
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—— AMS (p, =0.23)

T
0.0 0.2 0.4
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_ Jo o(e)de

O max (F)F ’

n(e) (6)
where oma (¢) is the maximum stress experienced by
the foam up to a strain value of .

The energy absorption efficiencies plotted in
Fig. 10b show that AMC and AMS foams have a
similar behaviour, while AMZ foam shows a lower
energy absorption efficiency compared to other two
foams. The individual stress—strain curves and
energy absorption efficiencies of all the tested foams
are provided in supplementary materials (Fig. S8,
Fig. S9, Fig. S10).

Discussion

Influence of alloying elements on foam
expansion

AMC and AMZ foams exhibit higher expansion than
AMS foams (Table 1) because of their low liquidus
temperature compared to AMS. The liquidus tem-
perature of AMC, AMZ and AMS alloys is 545 °C,
560 °C and 677 °C, respectively. It is known that a
lower melting/liquidus temperature is desirable for
minimising gas losses during foaming [14]. There-
fore, the gas released from Mg powder is better uti-
lised while foaming AMC and AMZ alloys than AMS
alloy. Between AMC and AMZ alloys, the latter has a
slight advantage because of a lower solidus temper-
ature (478 °C and 450 °C, respectively, for AMC and
AMZ). An early appearance of liquid phase further
reduces gas loss while foaming AMZ alloy. This is
because a liquid phase can seal the cracks through
which gas can escape from a solid precursor. Con-
sequently, there is a higher expansion in AMZ foams
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than in AMC foams. The solidus temperature of AMS
(659 °C) is higher than that of the other two alloys.
This along with a high liquidus temperature causes a
greater gas loss during foaming of AMS alloy,
resulting in a low expansion. Another reason that
also contributes to the variation in expansion is dif-
ferent holding time experienced during foaming.
Holding time is defined as the time spent above the
liquidus temperature before the heating is turned off.
Due to different liquidus temperatures and a fixed
foaming time of 1 min, the holding time for foaming
AMC, AMZ and AMS alloys is 24's, 23 s and 15 s,
respectively (for details, refer to Table 54 in supple-
mentary materials). Higher holding time in the case
of AMC and AMZ alloys increased their expansion.

Influence of alloying elements on corrosion
behaviour

The cast samples used for corrosion tests are similar
to the corresponding alloys used for foaming in terms
of composition and microstructure. A comparison of
composition between foam and cast sample is pro-
vided in Table 4. Both the foams and cast samples
have a solidified microstructure. Moreover, there is a
similarity in terms of the type and amount of phases
present in the microstructure as evident from Figs. 4,
7 and 8 and Table 4. Therefore, the microstructure of
the cast samples represents the microstructure of the
respective alloy foam.

In ambient conditions, Al alloys are protected by
an oxide layer. When using NaCl solution as the
electrolyte, aggressive Cl™ ions get adsorbed hetero-
geneously onto the oxide film on the alloy surface
causing dissolution of the oxide layer. As the oxide
layer is weaker near the intermetallic phases and
microflaws, oxide films in these regions are easily
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broken initiating a localised pitting corrosion. Inter-
metallic particles can act as an anode or a cathode
depending on the matrix composition [31-33].

Generally, the difference in electromotive force
(EMF) between two elements predicts the chance of
galvanic corrosion. But when these elements are
present in an alloy, the interaction with other phases
affects the electrochemical behaviour of the alloy [24].
In all the alloys studied here, dissolution occurs due
to localised (pitting) corrosion. Pitting corrosion ini-
tiated at the intermetallic phases is the primary rea-
son for corrosion of Al alloys, even though a uniform
corrosion of matrix material may also occur simul-
taneously because of its oxidation [34, 35].

In the hydrogen evolution tests, hydrogen gas
produced from the reaction between samples and
NaOH solution can be considered as a measure of
corrosion. A higher amount of gas produced corre-
sponds to a more corrosion behaviour and vice versa.
Aluminium and magnesium can react with water to
produce hydrogen through the following reactions:

2Al 4+ 6H,O — 2A1(OH),+3H, T [36] (7)
and
Mg +2H,0 — Mg?* +20H™ + H, T [22] (8)

In alkaline solution also, hydrogen evolves during
a chemical reaction according to the following
reaction.

2A1 + 6H,0 + 2NaOH — 2NaAl(OH),+3H, 1 [37]
©)

NaOH solution was used as a media to speed up
the chemical reaction. Hydrogen evolution occurs as
a cathodic reaction. In this study, we used Al alloys,
and hence, the amount of hydrogen gas production
depends on the matrix and the phases present. Al
and Mg present in various phases of the alloys react
to produce hydrogen which provides a measure of
corrosion of the alloys [22, 36].

In this study, PD test is not completely reliable
because of the negative difference effect present in
Mg-containing alloys [22, 38]. Also, i Vvalue
obtained from PD curve varies significantly even
with a slight change in the selection of Tafel region
[39]. Therefore, the PD test alone is not sufficient to
conclude the corrosion behaviour of the alloys [26].

Although AMC alloy has a nobler E.,, (Table 3), it
has a smaller PI compared to AMS alloy.
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Consequently, the nobler oxide layer on AMC alloy
breaks away within a smaller potential range, leading
to a higher corrosion in AMC alloy in comparison
with the AMS alloy (Fig. 5). Table 3 shows that AMZ
alloy has the lowest E,; (more negative value). On
the other hand, the E; of the AMC and AMS alloys
are nearly the same.

The corrosion behaviour of alloy depends on the
corrosion tendency and the amount of second phase
(e.g. intermetallic). The amount of second phase
particles in the cast samples was estimated by ana-
lysing XRD data and SEM images (Table 4). In AMC
alloy, AlL,CuMg (S) phase and T-phase are present.
Nobler Cu along with reactive Mg results in deal-
loying corrosion. S-phase and T-phase act initially as
anode with respect to Al matrix. After a while, these
second phase particles get enriched in nobler Cu
because of the removal of Mg by dissolution. Later,
these phases act as a cathode, and consequently,
peripheral pitting around these phases also takes
place. It was also reported that the Cu-rich phase
grows and eventually breaks. The dislodged portion
reaches the Al matrix and results in corrosion. In
AMC alloy, it was reported that Al dissolution also
occurs in S-phase in addition to Mg dissolution
[32, 40]. Thus, the presence of Al,CuMg in AMC alloy
degrades its corrosion resistance [41].

Severe pitting corrosion of AMZ alloy as visualised
in Fig. 5b can be attributed to its low pitting potential
(Table 3) leading to early pit initiation. Also, the
highest surface roughness (R,) of AMZ after corro-
sion indicates the severity of corrosion in this alloy. In
AMZ alloy, the stoichiometric Al-Mg-Zn phase (T-
phase and non-stoichiometric phase) is anodic and
resulted in pitting corrosion of the alloy [42]. In
contrast to Al,CuMg phase particle (present in AMC
alloy) where switching from anodic site to cathodic
site occurs as reaction progresses, in AMZ alloy
T-phase gets enriched with active Zn as reaction
progresses. Since active Mg and Zn are present in the
T-phase, the chance of corrosion is higher because of
the active nature of the phase compared to the sur-
rounding matrix [32]. Deep pit formation in AMZ
sample is observed in Fig. 5b. This is because of the
localised corrosion between Mg and Zn [33].

A high PI (Fig. 3) in AMS is an indication of the
delayed initiation of pitting in comparison with other
two alloys. Also, shallow pits in Fig. 5¢ imply a
higher corrosion resistance of the alloy. In AMS alloy,
Mg,Si acted as anode with respect to the matrix, and
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with time active Mg,Si phase becomes Si-rich phase
because of the dissolution of Mg from the anodic
Mg,Si particle, as shown in Fig. 6. Consequently, it
becomes nobler at a later stage and then acts as
cathode leading to the corrosion of adjacent matrix
[43], which can be observed in Fig. 5c. Rahim et al.
reported that Si improves the pitting resistance of the
alloy by making a stable film over the surface [44].
Also, the cathodic corrosion activity of the Cu-con-
taining intermetallic is higher than the Si-containing
intermetallic [45]. Hence, Si-containing alloy (AMS) is
relatively more corrosion resistant than the other two
alloys.

Influence of alloying elements on burning
behaviour

The dark colour that can be observed in the AMC and
AMZ foams is similar to the dark colour formation
observed on the surface of Mg alloys just before
ignition [46]. The burning tendency of AMC and
AMZ foams is attributed to the exothermic oxidation
nature of Mg [14]. Other studies also reported the
burning of Al-Mg—Cu alloys during foaming [14, 47].

The foams became completely brittle when they
burnt completely when the heating is continued for a
longer duration (for example, 2 min). It was reported
that the heating of pure Mg and Mg alloy results in
similar burning [46, 48]. However, the burning
behaviour of Mg varies depending on the alloying
element.

To understand the burning behaviour, the surface
of the foams was analysed. For this, the powders
were extracted by scraping the surface of the foams.
These powders were characterised by XRD, and
phases were quantified using Rietveld analysis. The
surface of all the three foams shows the presence of
MgO as revealed in Fig. 11.

Compared to other oxides, the tendency of MgO
formation in these alloys is high according to the
Ellingham diagram [49]. The surface of AMC and
AMZ foams shows a high amount of MgO (about 44
and 34 wt%, respectively), whereas in the case of
AMS foam it is only about 11 wt%. Therefore, it can
be inferred that AMC and AMZ foams underwent a
higher oxidation compared to AMS foam. Even, pure
Mg (~ 5 wt%) is present on the surface of AMS
foams further confirming a lower oxidation in this
alloy.
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Figure 11 XRD of the powders scrapped off from the surfaces of
a AMC, b AMZ and ¢ AMS alloy foams. Weighted profile factor
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analysis are provided.
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Figure 12 The activity of Mg in the melt as a function of the
amount of Cu, Zn and Si at 700 °C.

The variation in oxidation behaviour is due to the
variation in the activity of Mg in these alloys. In order
to demonstrate this, the activity of Mg in the melt was
calculated as a function of the amount of Cu, Zn and
Si at 700 °C using Thermo-Calc software [50] in
combination with TCAL5 (Version 5.1) [51] Gibbs
energy database. The results shown in Fig. 12 reveal
that the presence of Cu increases the activity of Mg,
Zn has almost no effect and Si significantly reduces
the activity of Mg. This implies that while the pres-
ence of Zn does not prevent the oxidation of Mg, Cu
aids the oxidation of Mg. On the other hand, the
presence of Si reduces the oxidation tendency of Mg.
Consequently, the AMC foam surface contains the
highest amount of MgO, whereas it is the lowest on
the AMS foam surface as seen in Fig. 11. In AMS
alloy, the activity of Mg is reduced due to a strong
clustering tendency between Si and Mg [52]. This in
turn protects the AMS alloy foams from burning.

Influence of alloying elements
on mechanical behaviour

The peak strength (s,) of AMC foams is higher
because of a high aspect ratio of cell walls, as given in
Table 1. Small cell size is also associated with high-
density foams. Therefore, to remove the density
effect, the peak strength of the foams was normalised
by their respective relative densities, as given in
Table 5. Density-normalised values reveal that AMZ
foams have the highest strength, whereas the
strength of AMS foams is the lowest. The presence of
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microporosity in the cell wall is also partly respon-
sible for a lower strength in AMS foams as suggested
by Mukherjee et al. [53]. A shorter holding time
combined with a smaller superheat is the reason for
microporosity formation in AMS foams compared to
AMC and AMZ foams [53]. The variation in peak
strength can also be attributed to their microstruc-
tural strength. The yield strength of the alloys was
determined from the hardness measurements per-
formed on cast samples. Yield strength was calcu-
lated by taking one-third of the hardness value [54].
Yield strength (g,) values were used to further nor-
malise the density-normalised peak strength. As seen
in Table 6, the g,-normalised values of all the foams
are almost similar. This implies that the variation in
the density-normalised ¢, among the foams is mainly
because of the difference in their microstructural
strength.

The amount of primary Al phase and secondary
phases present in foam samples was estimated by
analysing XRD and SEM images (Table 4). The anal-
ysis reveals a large amount of intermetallic phases in
all the alloys. The presence of intermetallics in the
microstructure increases the strength of the foam, but
also makes the foams brittle. AMC and AMZ foams
have almost 75% of Al-rich phase and rest is inter-
metallic compounds, whereas AMS has more inter-
metallics compared to the other two foams. Thus, a
higher amount of intermetallics (Mg,Si which has
high elastic modulus) increases the stiffness of AMS
foams. The serrations resulted from a sudden drop in
stress are observed in all the foams (see Fig. 10a).
This behaviour indicates their brittle nature [29]. In
the present study, AMS foams have the least drop
from its peak stress value. Even though AMS foams
contain Mg,Si intermetallic phase, these foams are
relatively less brittle (or more ductile).

From an application point of view, it is important
to quantify the ductility of the three foams. The
ductility of the foams was estimated using the fol-
lowing method. The method used here is adapted
from that reported in Ref. [55]. Ductility is repre-
sented in terms of a ductility number. It is calculated
by considering the first three major serrations in the
stress—strain curve according to the following
equation.

1 ro ro o
Ductility number = — [(Jd p) + (Gd P) + <‘7d p) }
3 Opeak/ 1 Opeak / 9 Opeak / 3

(10)
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Table 6 Yield strength of the alloys, normalised mechanical properties of the foams and ductility number

Foams/alloys  Yield strength, Density-normalised peak strength, ¢,/p,"  Peak strength normalised by Ductility number
oy =HV/3 (MPa) density and yield strength (a,/p,") gy
n=15 n=2 =15 n=2
AMC 464 {1} 209 + 40 {8} 443 £ 71 {8} 0.5 £ 0.1 {8} 1 +0.5 {8} 0.68 &+ 0.13 {3}
AMZ 500 {1} 264 + 145 {3} 611 & 348 {3} 0.5+ 0.3 {3} 1.2 £ 0.7 {3} 0.52 £ 0.1 {3}
AMS 222 {1} 119 £ 40 {4} 246 + 143 {4} 0.5 £ 0.1 {4} 1.1 £ 0.3 {4} 0.72 £ 0.03 {3}

The number of samples used for generating the data is provided within curly brackets. The error represents standard deviation

where o4rop is the stress corresponds to the minimum
stress immediately after the stress drops from a
maximum ope. A typical stress—strain curve show-
ing the first three maxima (peaks) and minima
(drops) is shown in Fig. 13. A sudden drop in stress
value indicates cell wall failure without significant
buckling. The higher the drop is, the less buckling has
taken place before failure indicating a brittle beha-
viour. Therefore, the extent of serrations in a stress—
strain curve is indicative of the ductile/brittle nature
of the foam—Ilarger the serrations are, less ductile the
foam is and vice versa [55]. The ductility numbers are
provided in Table 6. A higher ductility number sig-
nifies a higher ductility. It is observed that AMS
foams exhibit the highest ductility, while AMZ foams
are relatively more brittle.

Elastic modulus is a measure of material stiffness.
The higher the elastic modulus is, the higher its
stiffness is [56]. Elastic modulus calculated from the
unloading portion of the stress—strain curve is more
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o
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Figure 13 Illustration of the first three peak and drop stresses in
the stress—strain curve of AMS foam.
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accurate compared to the modulus calculated directly
[57]. Stiffness of AMS foams is the highest, and it can
be attributed to the large fraction of Mg,Si phase
which has high stiffness [58].

Energy absorption and specific energy absorption
are the highest for AMC foams because of their high
peak strength. A higher energy absorption efficiency
of AMC and AMS foams compared to AMZ foams is
due to a relatively higher ductile nature of the former
foams as seen in Table 6.

Finally, the mechanical properties of the foams
produced in this study were compared with con-
ventional foams. The peak strength data of some
conventional foams were extracted from Refs.
[14, 54, 57, 59-65]. The comparison is presented in
Fig. 14. It is obvious that the strength of the foams
produced in the present study has higher strength

40
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Figure 14 Comparison of the peak strength of the foams
produced in this study with other foams. Source of data: Alcan
foams [54, 57, 59-61], Alporas foams [54, 57, 60-62, 65], PM
route foams [61, 63, 64, 66], AlMgl15Cul0 foam [14]. Note that
error bar is not available for all the data points.
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compared to the conventional foams except AMS
foams which are comparable with conventional
foams.

Figure 14 also shows that AMC foams in the pre-
sent study possesses a lower strength than the
AlMg15Cul0 foams reported earlier [14]. This is
attributed to a superior structure seen in the foams
reported in Ref. [14]. In that study, a different Mg-
based blowing agent, namely Al50Mg50, was used.
This resulted in a more uniform structure because of
even a better distribution of gas source. A compar-
ison (presented in Fig. S11 in supplementary mate-
rials) of the energy absorption reveals that the foams
produced in this study are comparable with the
conventional foams. It is interesting to note that the
energy absorption capabilities of the present foams
are comparable with conventional foams despite the
brittle nature of the present foams.

Summary and outlook

Foaming of AI-Mg15-X10 (X = Cu, Zn, and Si) using
Mg as a blowing agent was successfully carried out.
The main conclusions drawn from this study are as
follows.

e All the three alloy foams have comparable struc-
ture and cell size.

e The expansion is maximum for AMZ foams.

e AMZ alloy corrodes more severely compared to
the other two alloys.

e AMC and AMZ foams have a burning tendency,
whereas AMS foams do not burn.

e Peak strength and energy absorption are maxi-
mum for AMC foams. Energy absorption effi-
ciency of AMS and AMC foams is comparable and
better than AMZ foams.

e AMS foams have the highest elastic modulus.

e Peak strength of AMC and AMZ foams is higher
than that of the conventional foams, whereas the
energy absorption of the present and conventional
foams is comparable.

The choice of the foam will depend on the appli-
cation. For example, AMC foams can be used for high
strength applications, whereas AMZ foams are suit-
able for lightweight component. However, AMS
foams would be an ideal choice because they com-
bine a high corrosion resistance, a high stiffness, a
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high energy absorption efficiency and a low burning
tendency.

For industrial production of foams, burning ten-
dency is a crucial factor to consider. In laboratory-
scale production, where a small sample size is used, it
is possible to avoid any significant burning of AMC
and AMZ foams by keeping the foaming time short
followed by a fast cooling. However, in industrial
productions, the foaming time and cooling time are
significantly long for a large foam block. Conse-
quently, both AMC and AMZ foams would experi-
ence significant burning making them unsuitable for
industrial production. From this point of view, and
by considering the other properties, AMS foams are
the best choice among the three foams investigated in
this study.
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