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Abstract In this study, aluminum foams reinforced with
multi-walled carbon nanotubes (0%, 0.5%, 1%, and 2% by
weight) were produced by powder metallurgy method
using different proportions of spherical urea (15%, 30%,
and 50% by weight) as space holder. It analyzes the pore
morphology and pore distribution of the produced com-
posite foams and examines their mechanical properties
under qua-static compressive loading. The results show
that the effect of multi-walled carbon nanotubes existing in
the cell wall on pore morphology and pore distribution was
insignificant. The highest hardness value (65 HV) was
determined in the foam samples containing 2% multi-
walled carbon nanotube produced with 15% urea. Com-
posite aluminum foam samples with 30-69% porosity and
0.84-1.90 g cm ™~ density were successfully produced. The
compression properties of the samples decreased with the
decrease in the relative densities.
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1 Introduction

Metallic foams have attracted much attention from
researchers due to their lightness, high impact energy
absorption, vibration, and sound attenuation [1]. Generally,
based on the preparation methods of metallic foams, they
are divided into two categories: closed cell and open cell.
Powder metallurgy and melting foaming methods are
widely used for closed-cell foams, while powder space-
holder and chemical vapor dissolution (CVD) methods are
widely preferred for open-cell foams. The space-holder
method is one of the most important techniques because it
allows parameters such as porosity ratio and pore mor-
phology (pore shape and size) of metallic foams to be
easily controlled [2—4]. The mechanical properties of the
metallic foam depend on the cell morphology, cell wall
thickness, and properties of the base materials [5]. In par-
ticular, the energy absorption performance of the foams is
related to the failure modes of the cells [6]. During
deformation, these modes generally occur as tearing,
twisting, or buckling of cell walls [6-8]. In the previous
literature, it has been stated that aluminum foams exhibit
three typical phases under compression stresses. These are
linear elastic region (¢ < 0.05), plateau region
(0.05 < ¢ <0.5), and densification region (¢ > 0.5). The
width of the plateau area shows the magnitude of the
energy absorption capacity. Energy absorption capacity
increases as this region expands [9]. The mechanical
properties of aluminum foams can be improved by adding
alloy elements or reinforcements. For example, aluminum
foams’ compression strength, plateau stress, and energy
absorption capacity increase with the addition of alloy
elements, such as Mn, Ni, or Sc, to aluminum foam
[10, 11]. Studies on aluminum composite foams reinforced
with microscale reinforcing elements have also increased
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[12-15]. The mechanical properties of these composite
foams are improved compared to pure aluminum due to the
high stiffness of the reinforcing element [12]. However,
possible weak bonding at the interface between the rein-
forcing element and the Al matrix can cause the foams to
exhibit brittle deformation behavior and limited energy
absorption capacity [12, 16, 17].

Carbon nanotubes (CNTs) can be considered as the
perfect reinforcing element for many metallic composite
foams due to their lightweight and high strength
[4, 12, 18-20]. The compression strength of composite
foams reinforced with CNTs is generally reported to be
higher than that of non-reinforced aluminum foams [21].
Compared to composite foams with reinforcing elements,
such as Al,O3; and SiC, CNTs relatively reduce the plas-
ticity of composite foams [18, 22, 23]. Failure to distribute
CNTs homogeneously in the structure is a common diffi-
culty in composite production. In this regard, a new method
that combines colloidal processing-powder technology
[24], high-energy ball milling methods [25, 26], and flake
powder metallurgy [27] are proposed by researchers.
Duarte et al. [28, 29] tried a new method by combining
colloidal process and powder technology to achieve a good
distribution of CNTs in the Al matrix and a complementary
structure. Al-12Si alloy foams were reinforced using
MWCTs—COOH solution in their study. Yang et al. [3]
used CVD/shock time ball milling/space-holder methods to
produce composite foams containing homogeneously dis-
tributed CNT. Researchers observed that the yield stress
was about three times higher in foams reinforced with 2,
2.5, and 3 wt% CNTs compared to non-reinforced foams.
Further, Yadav et al. [30] produced LM13-SiC/MWCNT
hybrid composite foams using the melt-stirring method and
determined their high-temperature behavior at different
strain rates. Their results showed that when SiC and CNTs
are added to the aluminum matrix, the alloy is restricted as
plastic due to the resistance against the dislocation move-
ment. In addition, Aldoshan and Khanna [21] stated that
mechanical properties improve with an increase in the
relative density of the 2 wt.% CNT-reinforced AA5083
foams produced by liquid metallurgy. Zhang et al. [25]
studied the compression and energy absorption properties
of closed-cell aluminum foams with different CNT con-
tents (0, 0.2, 0.5, 0.8 wt%) produced by the modified melt
foaming method. According to their results, the maximum
compression property is obtained in composite foams
reinforced with 0.5 wt.% CNTs. They also achieved 43%
higher yield stress than CNT-free foams. Many different Al
alloys were used in most of these studies, such as pure Al,
Al-12Si, AAS5083, and LMI13. In addition, CNTs are
reinforced to aluminum foams using different methods. For
example, melt-stirring processes, CVD/ball milling/space

@ Springer

holder, colloidal process/powder metallurgy, and modified
melt foaming.

It is seen that this research mainly focuses on the effect
of CNT on the properties of light aluminum foams with
more than 60% porosity. Our study produces MWCNT/Al
foams with different porosity and CNT contents using
different amounts of urea (10, 30, and 50 wt%) using the
space-holder method. In particular, the dispersion mode
and effect of CNTs on the mechanical properties of high-
density aluminum foams are unclear and need further
study. To date, almost no research has been reported on
closed-cell high-density aluminum foams containing CNTs
prepared by the spacer method. Therefore, the current
study mainly focuses on determining the effect of
MWCNTs on the mechanical properties of high-density
closed-cell aluminum foam.

2 Experimental Procedures
2.1 Materials

In the experimental studies, Al powder from Ecka Granule
company as matrix material (99.5% purity— < 44 um in
size) and multi-walled carbon nanotubes from Cheap
Tubes company as the reinforcing element (MWCNT-
mean external diameter > 50 nm, length is 10-20 um)
were obtained. Besides, spherical-shaped urea (CH4N,O)
with an average diameter of 1.5 mm was used in order to
form pores in the structure. Figure 1 shows scanning
electron microscope images of the powders and pho-
tographs of spherical-shaped urea.

2.2 Production of MWCNT/Al Composite Foams

Mixing operations were started primarily with starting
powders. For this process, MWCNT particles (0, 0.5, 1, and
2%) were added to the aluminum powders separately and
mixed at 400 rpm for 60 min in the planetary ball mill
(Retsch PM100). In order for the ball/powder rate to be 5:1
by weight, stainless steel balls with 8-mm diameter were
added into the mixture powder. One percent stearic acid
was added into the mixture to ensure effective distribution
of MWCNTs, prevent the powders from adhering to con-
tainer walls and balls, and minimize the cold-welding
effect of the powder particles. After the MWCNT/AI
mixing process was completed, the second mixing process
was started. In this process, urea granules (15, 30, and
50%) were added into the MWCNT/AI mixture. Before the
mixing process, ethanol was sprayed to the urea granules in
order to obtain an adhesive surface with adhesion of
MWCNT/AI mixture powders. Thus, homogeneous distri-
bution of the powders on the urea granules was provided.



Trans Indian Inst Met (2022) 75(9):2241-2253

2243

Fig. 1 Scanning electron microscope images of the powders and photograph of spherical-shaped urea

The prepared metallic powder/urea mixture was stirred for
two hours on a rotary mixer and made ready for the
compression process. The prepared powders were unidi-
rectionally compressed in a steel mold under 600 MPa
pressure with the help of a hydraulic press with a com-
pressive capacity of 120 tons. After the compression,
cylindrical samples with a diameter of 27 mm were pro-
duced. In order to dissolve and remove urea from the
compact samples after compression, the samples were kept
at water bath at 80 °C for 3 h. They were dried at 60 °C
after washing the samples with ethanol [31]. The obtained
foams were subjected to sintering process at 650 °C for

0,0.5,1and 2% Ball-to-powder MWCNT/ Al
by weight of ratio of 5: 1 mixture
MWCNT (60 minutes)
Ultrasonic bath

Drying (60°C)
and
Sintering (650°C-2 h)

80°C - 3 hours
(Urea dissolution and
washing with ethanol)

Fig. 2 The production process of MWCNT/AI composite foams
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2 h. The fabrication process of MWCNT/Al composite
foams is illustrated in Fig. 2.

2.3 Characterization
2.3.1 Macro- and Microstructural Analysis

The produced composite foams were cut from middle with
a wire cutting machine for micro- and macrostructural
analysis. The samples were then sanded with 120, 280,
320, 600, 800, 1200, 1500, and 2000 mesh SiC sandpapers
and polished with a diamond solution in accordance with
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the standard metallographic procedure. Thus, the samples
were made ready for macroporosity and microstructural
analysis. In microstructure examinations, FEI brand Quanta
FEG 250 model scanning electron microscope (SEM)
including energy-dispersive spectrometry (EDS) was used.

2.3.2 Density Measurement

Due to the dimensional size, the densities of the produced
samples (ps) were calculated based on the weight (m;,) to
volume (v) ratio of the samples in air by using the formula
given in Eq. 1.

mh

ps=——. (1)

The theoretical densities (p7) of the composite foams
were calculated based on the mixing rule. Accordingly, the
weight percentage rate (% W,) of each component forming
the sample was multiplied with their densities (p,) and the
theoretical density was calculated by summing the obtained
values (Eq. 2).

pr = [(%V]Vl) X pi] + [(W2) X pro] +- -+ [(%Wa)
x pyl.

(2)

The relative density (p°) values were obtained by the
ratio of the actual density to the theoretical density (Eq. 3).

p*x = ps/pT (3)

The porosity ratio (P) of the obtained foam samples was
calculated with the formula given in Eq. 4.

P=(1- (ps/pT)xmo. 4)

2.3.3 Compression Test

In order to determine the crushing behaviors of the pro-
duced composite foams, compression tests were conducted
at the deformation rate of 1 mm min~!. For these tests,
Shimadzu brand Autograph AGS-X model universal test
device was used. Energy absorption (E) was obtained by
calculating the area under the strain—stress curves obtained
after the compression test. This can be expressed as in
Eq. 5.

E= Zads. (5)

The average stress in the range of &: 0.2-0.4 strain is
expressed with following relations, as mentioned in
Eq. (6).
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2.3.4 Microhardness

The hardness measurements were conducted using Shi-
madzu (HMV-G) microhardness device. The hardness
measurements of the produced composite foams were
conducted by applying 100 g load from the prepared cell
wall cross sections [32-34]. The microhardness values
were evaluated by taking mean of minimum five mea-
surements for each sample.

3 Results and Discussion
3.1 Morphological Study

The cross sections of MWCNT/AI composite foams are
presented in Fig. 3. It was observed that a large number of
pores spread throughout the cross section of the foams with
an increasing amount of urea. The pores of MWCNT/Al
composite foams with different sizes were relatively
homogeneously dispersed in the structure, which took the
shape of the original spherical urea granules. MWCNT/Al
composite foams produced with different ratios of urea had
fewer angular pores than foams produced with other
spacers, such as NaCl [35]. The spherical pore structure
can help reduce regional stress concentrations during
deformation and increase the strength values of MWCNT/
Al foams. Furthermore, structural properties, such as pore
size and porosity ratio of the composite foams produced
with urea used in the study, can be easily controlled [2, 36].
The spherical shape of the urea can enable the particles to
move and rearrange easily during the compaction of the
powders. It also contributes to homogeneous pore distri-
bution by enabling particles to move and rearrange easily
during the compaction of the powders. However, the effect
of the added MWCNT particles on the macroscale pore
structure is not much. It was found that the pore size of
composite foams did not change depending on the content
of MWCNT (Table 1).

The influence of urea on the physical properties, such as
density, pore size, porosity, and relative density of com-
posite foams, was quite strong compared to MWCNT
particles. As expected, a significant increase was observed
in the values obtained depending on the amount of urea,
independent of the MWCNT content (Fig. 4). Results
showed that the amount of MWCNT had no significant
effect on the porosity ratio of the foams. The measured
values were relatively higher than the proportional value of
the amount of urea used. Accordingly, the average porosity
rates in the MWCNT/AI composite foams produced with
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Fig. 3 Macrostructure images
of aluminum foams with and

0% MWCNT

0.5% MWCNT

1% MWCNT | 2% MWCNT

without MWCNT

15% Urea

30% Urea

50% Urea

Table 1 Pore diameter, density, porosity, relative density, and microhardness of MWCNT/Al composite foams as a function of urea and

MWCNT contents

Urea (wt.%) MWCNT (wt.%) Pore diameter (mm)

Density (g.cm™)

Porosity (%) Relative density Microhardness (HV)

15 0 1.27 £ 0.23 1.97 + 0.08 27.0 £ 3.12 0.73 £ 0.03 38.47 + 2.32
0.5 1.26 + 0.28 1.88 + 0.04 30.1 £+ 1.53 0.70 &+ 0.02 52.90 + 1.91
1 1.25 £ 0.14 1.84 £ 0.01 31.7 £ 0.54 0.68 + 0.01 60.27 £+ 2.71
1.5 1.25 £ 0.19 1.91 £ 0.03 285 £ 1.23 0.71 £ 0.01 65.43 £ 2.70
30 0 1.32 £ 0.16 1.44 £ 0.03 46.8 £ 1.23 0.53 £ 0.01 38.67 £ 1.12
0.5 1.35 £ 0.29 1.33 £ 0.03 50.5 £ 1.04 0.49 £ 0.01 35.07 £ 1.68
1 1.28 £ 0.25 1.36 £ 0.05 49.5 £ 1.75 0.50 £ 0.02 42.03 + 2.03
15 1.29 £ 0.21 1.33 £ 0.05 50.3 £2.05 0.50 &+ 0.02 57.70 & 1.39
50 0 1.51 £ 0.44 0.89 &+ 0.02 67.2 £ 0.71 0.33 £ 0.01 3993 £ 1.72
0.5 1.45 + 0.71 0.88 &+ 0.03 67.4 £ 1.26 0.33 + 0.01 41.07 £ 1.66
1 1.45 £ 0.44 0.82 £ 0.03 69.4 £+ 1.00 0.31 £ 0.01 40.77 £ 2.01
1.5 1.43 £ 0.36 0.77 £ 0.05 714 £ 1.79 0.29 £ 0.01 5497 £ 1.31

15%, 30%, and 50% urea were obtained as 29.58 + 2.04%,
49.40 £ 1.72%, and 68.97 £ 1.98%, respectively. The
porosity of the MWCNT/AIl composite foam was almost
equal to the volume fraction of urea used. When calculated
in volumetric ratios, the amounts of urea for foams pro-
duced with 15%, 30%, and 50% urea were approximately
26%, 47%, and 67%, respectively. This difference is

mainly related to the presence of microspores between the
compressed aluminum particles. Controlling the total
porosity and pore size distribution in a porous structure
plays a key role for materials adapted for specific appli-
cations [37]. Figure 5 shows the densities of MWCNT/Al
composite foams. As is known, the density change in
metallic foams is directly related to the porosity ratio. As
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Fig. 5 Density values of MWCNT/AI composite foams

the porosity increased in the structure, the density values
decreased. The mean density values of the MWCNT/AI
foams produced with 15%, 30%, and 50% urea were
1.90 + 0.05 g cm ™, 1.37 £ 0.04 g cm ™, and
0.84 £ 0.05 g cm ™, respectively. According to these
results, there was a proportional difference of approxi-
mately 44% between the maximum and minimum results.
This difference was obtained with the change in the amount
of urea at the rate of 35%.

Figure 6 shows the SEM images taken over the cell
walls of the MWCNT/AI composite foams produced with
15% urea. Zhang et al. [25] stated that MWCNT particles
were found in the cell wall in three forms for the foam
structure containing 0.5% MWCNT. These forms were
defined as being completely embedded in the cell wall,
with both ends completely embedded and relatively located
on the cell wall surface and completely located on the cell
wall surface. In our study, one end of the MWCNTSs was
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embedded in the cell wall, while the other end was rela-
tively free. Additionally, MWCNTs identified by energy-
dispersive X-ray spectroscopy (EDS) were found in the cell
walls as tubular and sometimes agglomerated. It was
observed that the agglomerated MWCNTSs present on the
aluminum powders could not be adequately dispersed
during the mixing process. On the other hand, it has been
reported that CNTs are almost evenly distributed on the
surface of flaky Al powders due to the mechanical cutting
effect of ball milling [38]. As observed from this figure at
point 1, the analysis gave a mixture of 40%Al-50%C-
10%0. The presence of oxygen might have resulted from
the oxidation of aluminum during sample preparation, as it
can be easily oxidized.

3.2 Cell Wall Microhardness

Figure 7 shows the average Vickers hardness value mea-
sured from the cell walls of MWCNT/AI composite foams,
and the results are also given in Table 1. It is noted from
the table that the values of microhardness increased with
the addition of MWCNT. The measured Vickers hardness
values were among 40-65 HV for MWCNT-reinforced
aluminum foams, and the average hardness value of com-
mon aluminum foam fabricated by the conventional
method only reached 30.3-34.7 HV [39]. The maximum
hardness value (65 £ 3.70 HV) was obtained in the 2%
MWCNT-reinforced foam sample produced with 15%
urea. The hardness value in the foam samples without
MWCNT produced with 15% urea was 39 & 2.32 HV.
With the addition of MWCNT, a hardness increase of
approximately 66% was observed in the cell walls of the
foam samples. The maximum hardness values of the
samples produced with 30% and 50% urea were obtained
with 2% MWCNT reinforcement. The hardness values
obtained for both samples were 58 + 1.39 HV and
55 £ 1.31 HV, respectively. Furthermore, the hardness
values of the cell walls of the foams produced with a high
amount of urea decreased due to microvoids formed in the
cell walls. Similar results were also emphasized by Abhash
et al. [40]. Also, in the study by Duarte et al. [24], a new
approach modified by adding an advanced colloidal pro-
cess step to the conventional powder metallurgy method to
disperse MWCNTSs was applied. The results of Vickers
microhardness determined on the cell walls of foams with
0.5% CNT and without were 93.43 £ 19.30 HV and 60
HV + 5.18 HV, respectively. Those results were consid-
erably higher than our results.

3.3 Compressive Property

The deformation process (strain range of & = 0-0.45) of
MWCNT/AI foams during the quasi-static compression test
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Fig. 7 Hardness values of the cell walls of MWCNT/AI composite
foams

was recorded using a digital camera. Figures 8, 9, and 10
show the gradually crushing behaviors of MWCNT/AI
foams during the compressive test. It could be seen that the
samples began to deform on the lower or upper surfaces
(strain < 0.15). Concentrated deformation in these regions
led to the formation of many deformation bands. Although

Fig. 8 Gradually crushing
behaviors of MWCNT/AI
composite foams produced with
15% urea

macro-sized samples had a relatively homogeneous pore
structure, they showed inhomogeneous deformation
behavior due to their structure under compression load. The
general tendency was an increase in the fractures and
breaks in the cell walls and outer surfaces of the samples,
along with an increase in the amount of MWCNT [3, 4].
During compression, cell walls that moved toward each
other resulted in friction, increasing the force required for
compression. However, the strength of the foam decreased
during the crushing or breaking of the cell walls [30]. As a
result, deformation concentrated on weak cell walls and
resulted in premature cell collapse. This contributed to an
increase in the compression strain.

Figure 11 shows the stress—strain curves of the
MWCNT/AI foams. The mean relative density values of
the samples are also given on the graph. The curves of the
foam samples was be divided into three regions: (i) the
initial linear elastic region, (ii) the plateau region, and (iii)
the densification region. The width (size) of the three
regions varied depending on the relative density values and
cell structures [41, 42]. The relative densities of the foam
samples produced with 15% and 30% urea were very high.
Therefore, there was a substantial strain hardening. In
particular, the plateau region of the stress—strain curves of
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Fig. 9 Gradually crushing
behaviors of MWCNT/Al
composite foams produced with
30% urea

samples produced with 15% urea was not clearly defined.
This region was much more sloped for high-density sam-
ples. It is clear that samples produced with 15% urea
possessed more stiffness than others. Further, the curves of
MWCNT-free samples were relatively smooth compared to
others. This situation was caused by buckling of cell walls
during deformation. On the other hand, some fluctuations
occurred due to the breaking and collapse of pore walls, not
buckling. These stress fluctuations were much smaller than
aluminum foams reinforced with other ceramic phases
[12, 13, 43, 44]. The space-holder technique ensured the
correct control of aluminum foams’ porosity and pore size.
Thus, the effect of relative density on mechanical proper-
ties could be effectively investigated [45]. The compres-
sion properties decreased with the relative density of the
foam as in other studies [45—438].

Figure 12 shows the variation of yield stress with urea
and MWCNT. The maximum yield stress (57 MPa) was
obtained in the 2% MWCNT-reinforced aluminum foam
with a 0.71 relative density produced with 15% urea. In
contrast, the minimum yield stress (3.4 MPa) was obtained
in the 1% MWCNT-reinforced aluminum foam with a 0.31
relative density produced with 50% urea. The porosity
ratios of both samples were calculated as 28.5% (2%

MWCNT-reinforced aluminum foam produced with 15%
urea) and 69.4% (1% MWCNT-reinforced aluminum foam
produced with 50% urea). The solid phase is higher in
volume in the samples produced with 15% urea. In this
case, subjecting the cell wall to bending and twisting
during the compression test resulted in a higher foam
strength depending on the resistance of cell wall thickness
[21]. The decrease in the relative density values in the
samples produced with 50% urea caused thinning in the
cell walls. In this case, the bending strength of the cell
walls and the required inertia moments decreased, and the
compression properties such as plastic collapse strength
and average stress weakened [49].

According to the results, the effect of MWCNT particles
on the initial yield stress had a complex correlation. An
increase was observed in the yield stress of the foam
samples produced with 15% urea, along with the increasing
MWCNT rates. While the minimum yield stress was
36 MPa for the samples without MWCNT, the maximum
yield stress (57 MPa) was obtained in the sample con-
taining 2% MWCNT. According to this result, with the 2%
change in MWCNT rate, an increase of 58.3% was
obtained in the yield stress. This can be explained by the
mechanism in which fiber reinforcement is relatively
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Fig. 10 Gradually crushing
behaviors of MWCNT/Al
composite foams produced with
50% urea

[%MWCNT \

dominant, as in Al matrix composites reinforced with
MWCNT [50-52]. Shear stresses corresponding to the
applied force can be effectively transmitted from the matrix
to MWCNTs [3]. On the other hand, a slight decrease
occurred in the yield stress, while MWCNT rate in the
foam samples produced with 30% and 50% urea increased.
For foam samples produced with 30% urea, a minimum
yield stress (14 MPa) was obtained with the addition of 2%
MWCNT. The maximum yield stress (20 MPa) in these
samples was obtained in the foam sample without
MWCNT. According to the obtained data, there was a
decrease of 30% in the yield stress. However, this decrease
correlated with the MWCNT amount and the relative
density of the samples. There was a similar trend in the
foam samples produced with 50% urea. The MWCNTSs
found in the cell wall matrix did not generate a scatter-
reinforcement effect sufficiently. Factors such as clustering
of particles and weak interface binding are thought to cause
this situation [30]. Usually, for cellular materials, the rel-
ative density is less than 0.3. The average stress in the
range of & 0.2-0.4 strain was calculated rather than the
plateau stresses, and it was found that the average stress of
the foams decreased with MWCNT and urea as well as
yield stress (Fig. 13).
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3.4 Energy Absorption

Energy absorption curves determined by the integration of
stress—strain curves are given in Fig. 14. The energy
absorption capacity of samples with high relative density is
significantly higher. These samples exhibit high strain
hardening during compression, which can be attributed to
the foam cell morphology and structural variables in terms
of density [11, 12]. Structural variability initiates defor-
mation when the pore density is at a maximum in the
sample during compression. With the increasing stress, the
deformation progresses toward the weak regions and the
formation of more than one deformation band occur. As
seen in the macroscopic pictures given in Fig. 3, the cell
walls became thinner with the decrease in the relative
density of the foam. The cell walls in these samples were
broken or crushed more easily with the applied stress.
Thus, lower plateau stresses and energy absorption prop-
erties were obtained.

Energy absorption curves for 0.3 strain are given in
Fig. 15 to understand the effect of MWCNT on energy
absorption and to compare samples with each other. It can
be argued that MWCNTSs weaken the energy absorption
properties of pure aluminum foams for constant relative
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Fig. 12 Variation of yield stress with urea and MWCNT

density. An energy absorption value of 21.7 MJ/m® was
obtained in pure aluminum foams with high relative den-
sity. On the other hand, this value decreased with the
addition of MWCNT up to 2%. Energy absorption values
for samples containing 0.5%, 1%, and 2% MWCNT were
1522 MI.m ™, 1553 MJIm™>, and 15.69 Ml.m>,
respectively. Energy absorption values decreased by
approximately 30%. An energy absorption value of

Fig. 13 Variation of average stress in the range of &: 0.2-0.4 strain

5.8 MJ m > was obtained in pure aluminum foams with
medium relative density. With the addition of MWCNT,
the energy absorption values of these samples decreased in
a similar way as in the samples with high relative density.
Samples containing 0.5%, 1%, and 2% MWCNT resulted
in energy absorption values of 3.62 MJ m™—>, 3.28 MJ m~>
and 3.36 MJ m™°, respectively. With the addition of
MWCNT, the energy absorption value of the pure sample
decreased more than 48%. The energy absorption value for
pure aluminum foams with low relative density is

@ Springer
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1.51 MI m~3. As in other samples, the addition of
MWCNT decreased the energy absorption values in these
samples. In samples containing 0.5%, 1%, and 2%
MWCNT, the energy absorption values were 1.45 MJ m™>,
0.68 MJI m— and 0.67 MJ m™>, respectively. With the
addition of 2% MWCNT, the energy absorption values of
the pure aluminum foam decreased by approximately 56%.
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4 Conclusions

In this study, MWCNT-reinforced (0%, 0.5%, 1%, and 2%)
aluminum foams were produced with the powder metal-
lurgy method. Spherical-shaped urea granules were used to
form pores in the samples, and to obtain different amounts
of porosity, the urea rates were determined as 15%, 30%,
and 50%. Composite foams were produced by subjecting
the mixtures (A/MWCNT + Urea) obtained in the speci-
fied ratios to compression and sintering processes. Con-
clusions made from the results obtained from the tests
conducted on the mechanical and physical properties of the
produced samples have been summarized below.

e The porosity increased along with an increase in urea.
The maximum average porosity was 69% in the
samples produced with 50% urea.

e It was determined that MWCNT particles did not
significantly affect porosity.

e The porosity structure of the produced samples was
spherical in accordance with the urea granules used.

e It was found that the MWCNT particles were tubular
and sometimes agglomerated in the cell wall.

e Density decreased due to the increase in porosity values
and urea. The average minimum density value was
determined as 0.84 g cm ™ in the samples produced
with 50% urea.
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The hardness values of the foam sample cell walls
increased with the increase in MWCNT ratio. The
highest hardness value (65 HV) was determined in the
foam samples containing 2% MWCNT produced with
15% urea.

It was determined that the urea used as the pore-
forming agent had a more considerable effect on
crushing behavior than MWCNT particles used as
reinforcing elements. However, the cell walls of the
foams showed brittle fracture behavior with increasing
MWCNT amount. The highest yield stress (57 MPa)
was obtained in the 2% MWCNT-reinforced foam
sample, and the highest average stress (89.9 MPa) for
0.2-0.4 strain was obtained in samples without
MWCNT.

The compression properties of the samples decreased
with the decrease in the relative densities of the foams.
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