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ABSTRACT

Cylindrical foam castings of Al and A356 alloy were produced using a melt foaming method with the introduction

of Ca and TiH,. Foam crystallization takes place in a cooled thin-walled metal mold. Samples cut off from the foam

castings are investigated by X-ray tomography, quantitative data for porosity, average pores diameter and average

cells wall thickness are obtained. It is found that the porosity is mainly open. Same samples are tested in quasi-static

mode and the compressive strength is determined. The influence of porosity on compressive strength is analyzed.

Keywords: metal foams, Al and Al alloy foam castings, computed tomography (CT) analysis, compressive

strength.

INTRODUCTION

Solid metal foams are new functional materials, which
are of big interest in the past years due to their unique
combination of physical and mechanical properties, such
as high stiffness with very low specific weight and high gas
permeability and conductivity. Because of their properties
they are used in many industrial sectors (automotive,
railway, building and aerospace industry, ship building,
biomedical industry etc.) [1]. Production, determination
of characteristics and application of metal foams with
open or closed porosity is presented comprehensively
in [1 - 3]. One of the main methods for obtaining metal
foams is by introducing a foaming agent into the melt
of pure metal /metal alloy, applied in the current study
as well [7, 8]. Among the non-destructive methods for
characterizing cellular materials is X-ray computed
tomography (CT) method [1], which is used in many
investigations [4 - 6, 9 - 11]. X-raying the samples

and post-processing the projection images allows to
calculate the open, closed and total porosity, as well
as to determine the pores diameter and their percent
volume in range, and the wall thickness. Another
important characteristic, the compressive strength, is
the subject of extensive research [12, 13]. It is shown
that there is a dependence of the compressive strength
on the relative density. This allows this mechanical
property to be predicted if the relative density is known.
Recently, aluminum alloy foams and in particular A356
alloy are investigated. This alloy has good casting
properties, resistance to corrosion and weldability,
and is used for production of structural elements.
Movahedi et al. presented results on the influence of
melt temperature on the mechanical properties of A356
alloy foam [14]. An important feature of the foam,
thermal conductivity coefficient of A356 alloy foam is
determined by mathematical modeling [15]. Usually,
the published works are focused on the study of foams
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of Al or Al alloys. In the present work using the same
experimental apparatus foam castings of Al and A356
alloy are obtained. A comparison of their properties is
done.

EXPERIMENTAL

Used materials and casting technology

Al and A356 alloy are manufactured by Stam Trading
Ltd. Chemical composition of Al and A356, obtained
through optical emission spectrometer Q4 Tasman
Q101750 - C 130, Bruker is given in Table 1.

TiH, is manufactured by AG MATERIALS INC,
Taiwan. Ca is manufactured and supplied by Alfa
Aesar, Thermo Fisher (Kandel) GmbH Germany.

A statistical distribution of the particle dimensions
of TiH, foaming agent, is obtained through
Analysette22 NanoTec plus apparatus. Particle size
distribution curves Q3(x) and their derivatives dQ3(x)
as a function of particle size (x) are given in Fig. 1. The
mean particle size is 28.9 um.

Technology for obtaining foam castings includes
the following stages:

e Melting of 2 kg Al or A356 alloy in a resistance

furnace.

Introduction of 2.5 wt.% Ca into the melt to
increase its viscosity. For Al the temperature of
introduction is 690°C, and for A356 alloy - 650°C.
Intensive stirring for homogenization of Ca in the
melt. The stirring speed is 600 rpm for 6 min for
both Al and A356 alloy melts.

Pouring the melt into a thin-walled metal form
with inner diameter of 130 mm, located in a second
resistance furnace heated to 655°C.

Introduction of 1.5 wt.% foaming agent - TiH,
powder.

Intensive stirring for TiH, homogenization in the
melt with stirring speed of 850 rpm for 90 s for
both Al and A356 alloy melts.

Decomposition of TiH,, followed by separation of
H, and foaming, where the melt volume increases
as a result of pores formation.

Removing the metal form outside the furnace.
Cooling of the outer wall by jets of water flowing
from a ring located at the top of the metal form.
The water temperature is 150°C, cooling time - 6
min, water flow rate - 3.5 1/min.

Cylindrical foam castings with a diameter of

Table 1. Chemical composition of Al and A356, obtained through optical emission spectrometer Q4 Tasman Q101750-C

130, Bruker.
Material Si, wt.% Fe, wt.% Cu, wt.% Mg, wt.%
Al 0.075 0.103 <0.002 0.012
A356 9.28 0.487 0.055 0.326
100
90
80
% 50
8 40
20
10
0.01 Gi
£ 643 4Q30) — 643 Q3()

Fig. 1. TiH, particle size distribution curves Q3(x) and their derivatives dQ3(x) as a function of particle size (x).
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130 mm and heights for aluminum - 212 mm and for
alloy A356 - 247 mm, are obtained. Samples with
dimensions of 18x18x18 mm are cut from the foam
molds. 8 mm thick surface layer is not sampled due
to the high crystallization rate and low porosity of the
casting. The coordinates of the center of each sample
R and Z are the radius and height measured from the
vertical axis of symmetry and from the bottom of the
casting, respectively. The coordinate values are listed
in Table 2.

Measuring the density

Density of the obtained foam castings of Al and
A356 alloy foams is determined by measuring their
weight and the volume of water displaced by it, using
the Archimedes’ principle. To prevent the penetration
of water into the pores, the castings surface is covered
with a waterproof film during the measurements. The
obtained data are compared to CT analysis data.

CT analysis

Samples of Al and A356 alloy foam castings
are scanned by X-ray microtomograph SkyScan
1272, Bruker. The irradiation settings are: resolution

2452x1640 pxl, image pixel size: 10.885958 um,
rotation step: 0.200°, 360° rotation of sample, filter: Al
0.5+ Cu 0.038. X-ray projection images are processed
and reconstructed with NRecon software. CTVox
software is used to visualize the obtained model, and
CTAn software - for receiving quantitative data, i.e.
percentage of open, closed and total porosity, pores
diameters and wall thickness.

Mechanical characterization

Samples from both materials are studied in order
to obtain their mechanical properties under quasi-static
compression. The experiments are conducted on servo-
hydraulic testing machine ZwickRoell HA - 250 at a
strain rate of 0.001 s™'.

RESULTS AND DISCUSSION

Visualizations of foam casting samples in a
selected section, top view, with CTVox software are
given in Fig. 2 and Fig. 3. The scale bar is provided in
the top left corner of the images.

According to the CT analysis data, given in Table 2,
Al and A356 alloy foam samples have mainly open

Table 2. CTAn analysises quantitative data of samples, with indicated coordinates and local time of crystallization of the

samples, calculated by CTAn software.

Local time of Open Total Average Average
Sample Position data crystallization porosity, porosity, diameter of thickness of
1,8 % % pores, mm walls, mm

R=47.5mm

Al-1 1.55 60.25 60.605 1.32+0.58 0.893 £ 0.276
Z =120 mm
R =28.

Al-2 8.5 mm 3.84 74.4 74703 | 239+£099 | 0.875+0.199
Z =120 mm
R=9.5mm

Al-3 15.1 77.562 78.002 2.88+1.48 0.994 +0.282
Z =120 mm

Al-4 R=-9.5 mm 15.1 84.92 84936 | 1.79+0.66 | 0.414=0.113
Z =120 mm

A356-1 R=47.5 mm 14.59 76.282 76.38 156+ 0.68 | 0.631=0.141
Z =120 mm
R=28.5

A356-2 i 28.07 77.665 77867 | 1.57+0.69 | 0.501+0.131
Z =120 mm
R=95mm

A356-3 37.4 82.35552 82.578 2.38+1.03 0.637+£0.134
Z =120 mm
R=-95mm

A356-4 374 83.03077 83.104 2.22+0.92 0.529 +£0.131
Z =120 mm
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Fig. 2. CTVox visualization of Al foam sample.

porosity and a very low percentage of closed porosity.
Al samples porosity is ranged from 60.6 % to 84.9 %.
For A356 alloy samples, the porosity is ranged from
76.38 % to 83.1 %.

The densities of obtained foam castings of Al
and A356 alloy foams, determined by Archimedes’
principle, are 0.71.10° kg m? and 0.61.10° kg m?,
respectively. As known, pure aluminum and aluminum-
based alloys have a density of 2.7.10° kg m™. Thus, as
a result of foaming, the density is reduced from 3 to
4.4 times. According to these data the average porosity
of Al and A356 alloy foams is 74 % and 77 %. The
lower measured porosity values compared to those
determined by CT analysis can be explained by the
presence of a low porosity surface layer in the castings
which was not sampled.

Considering the location of the Al samples (R in
the second column in Table 2), it can be concluded
that there is a tendency for porosity to increase from
the periphery of the casting to the center. For A356
alloy samples, we have a less pronounced trend.
Table 2 presents also the local crystallization times
for the respective samples. They are calculated using
a mathematical model of foam casting crystallization
described in work [15]. There is an analogous trend
with the increase of crystallization local time the
porosity increases too. The average pore diameter for
Al samples is in the range from (1.32 £ 0.58) mm to
(2.88 + 1.48) mm, and for A356 - from (1.56 + 0.68)
mm to (2.38 + 1.03) mm, with “+” is given the standard
deviation. In Fig. 4 and Fig. 5 pore size distribution and
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Fig. 3. CTVox visualization of A356 alloy foam sample.

accumulation fraction dependence for one Al sample
and one A356 alloy sample are shown.

As can be seen from the figures for Al sample
the average pore size distribution changes from 0.25
mm to 5.75 mm, and for A356 alloy sample - from
0.25 mm to 3.75 mm. These results are obtained at
the same Ca and TiH, concentrations, casting weight
and mold geometry. This may be due to the presence
of the alloying elements in the alloy and the lower
crystallization temperature. From the function of the
accumulative part, it can be concluded that the slope of
the curves for Al sample is U= 18 % mm and for A356
sample, respectively U = 35 % mm'. As it is known,
this value determines the homogeneity of the foam.
The larger it is, the more homogeneous is the foam. For
comparison, Shi et al. described that this value for Al
varies in the range from 13 to 55 for different types of
samples obtained under different initial conditions [13].

The compressive strength of tested pure Al and
A356 alloy samples is presented in Fig. 6 and Fig. 7,
respectively. Additionally, compression properties
corresponding to 20 % and 30 % deformation of both
tested materials are shown in Table 3.

It is evident from the results that the increase of
porosity (P) leads to decrease of the compressive
strength (o) of investigated materials. The dependences
of the compressive strength as a function of materials
porosity o = f{P} for Al samples (curve 1) and A356
alloy samples (curve 2) are presented in Fig. 8.

As can be seen the strength of A356 alloy foam is
about 15% higher than that of Al at a porosity of 75 %, and
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Table 3. Porosity and compressive stress data for Al and A356 alloy foam samples, calculated by CTAn software.

. o (20 %), o (30 %), Compressive
Sample Porosity, % 1(\/[Pa ) 1(\/[Pa ) strength, MPa
Al-1 60.605 7.11 8.11 22.4
Al-2 74.703 3.49 4.57 12.56
Al-3 78.002 3.01 391 10.54
Al-4 84.936 1.66 1.99 5.4
A356-1 76.38 4.18 4.76 17.8
A356-2 77.86 3.55 3.55 9.1
A356-3 82.578 2.73 3.34 5.4
A356-4 83.104 1.66 2.02 34
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Fig. 7. Stress-strain diagram of A356 alloy foam samples A356-1, 2, 3, 4.
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Fig. 8. Comparison of foam strength as a function of porosity 6= f{P} for Al samples (curve 1) and for A356 alloy samples

(curve 2).

at a porosity above 80 % it is lower than the strength of Al
foam. It means that at higher porosities higher strength
values aren’t obtained for alloy A356 compared to those
of Al foam. According to the Gibson-Ashby models, the
plateau stress depends on the foam relative density p_=
(1-P)/100 and can be determined by the formulas for
open pore (1) or for closed pore (2) materials [16, 17]:

a) for open pores o, = GYSC/J,F,M2 (1)
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b) for closed pores o, = 0,Cp" 2)
where o, is the plateau stress, o, is the yield strength,
p,., 1s the relative density, and the constant C is a shape
factor that contains all the constants of proportionality,
with value of 0.3 for open pore and 1.21 for closed pore
materials.

Shi et al. reported that the yield strength of
c,= 100 MPa is obtained for Al modified with 2 %
Ca, but the value is corrected and o, = 127 MPa is
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Fig. 9. Comparison of stress-strain diagrams of A356 alloy foams with a porosity of 82.5 % obtained in the present work
(curve 1) and the results from [19] with a porosity of 80 % (curve 2).

Table 4. Comparison of experimentally measured and calculated by the Gibson—Ashby formula [16, 17] plateau stresses

of Al foam samples.

Sample Porosity, % o, MPa Gp(‘;plzlfa Gé’ll’ol;/g;a
Al-1 60.605 7.61 7.58 18.4
Al-2 74.703 4.03 3.97 7.96
Al-3 78.002 3.46 3.0 5.74
Al-4 84.936 1.825 1.74 2.72

accepted [13]. According to received by us stress-
strain diagram for Al modified with 2.5 % Ca,
yield strength of 6 = 91 MPa is determined. The
calculations made according to the above formulas
for open and closed porematerials and the results
from experimental measurements are presented in
Table 4 for comparison.

The values o, are determined by the stress-
strain diagrams for Al samples in the interval
o,,- O, (averaging the stresses between 20 % and
30 % deformation) according to the standard [18].
Relatively good agreement between measured and
calculated results for open porosity is obtained. As
stated above (Table 2), CT analysis results showed
that the investigated materials porosity is mainly
open. A comparison of our results for open-porosity

foam with the stress-strain curves of closed-porosity
Al foam with a relative density of 0.105 obtained
with described by Miyoshi et al. is also done [12].
The strength in the plateau region is about 2.5 MPa,
while the measured strength of our Al foam sample
with a relative density of 0.151 is 1.82 MPa. This is
due to the different types of porosity. A comparison of
the compressive strength of A356 alloy foam, obtained
in this study and those reported by Zhang et al. at close
values of porosity of samples - 82.578 % and 80 %,
respectively, is presented in Fig. 9 [19].

As can be seen, the compressive strength data of
our material exceed those obtained by Zhang et al.,
despite the closed porosity of the studied samples
[19]. Likely, other factors except porosity affect this
important property of foams.
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CONCLUSIONS

e The porosity determined by CT analysis changes
from the casting surface to the central axis of
symmetry as follows: for Al casting foam samples
from 60 % to 84.936 %, and for A356 alloy casting
foam samples - from 76 % to 83.104 %. i.e. there
is a tendency for porosity to vary depending on the
location of the sample. The average pore diameter for
Al foam casting foam samples varies between (1.32 +
0.58) mm and (2.88 + 1.48) mm and average cell wall
thickness is in the range of (0.414 + 0.113) mm to
(0.994 £+ 0.282) mm. For A356 alloy foam casting
samples, the same parameters are respectively:
from (1.56 £ 0.68) mm to (2.38 + 1.03) mm and
from (0.501 £ 0.131) mm to (0.637 £ 0.134) mm.

e The compressive strength of tested samples
decreases with the increase of the porosity,
as expected. Depending on the porosity, the
compressive strength of Al casting foam samples
varies from 5.4 MPa to 22.4 MPa, and for A356
alloy casting foam samples - from 3.4 MPa to 17.8
MPa. Results, which are shown in Table 3 and Fig.
8 lead to the conclusion that for lower porosities,
the compressive strength of A356 alloy foams is
higher compared to Al foams. At higher porosities,
A356 alloy foam strength is lower or equal to the
strength of Al foam.

e The measured plateau stresses of Al foam are
compared with the Ashby model for open porosity
materials. A satisfactory match was obtained
(Table 4) with the dependence o, = O'ySCpmf/2
(C=0.3and o, = 91 MPa). The comparisons with
other authors show that our results objectively
represent the properties of the obtained foam
materials.
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