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Aluminum and its reinforced type with glass fiber composite foams were produced by powder sintering pro-
cess using spherical carbamide particles as a space holder. The foams with 40-60 vol.% porosity fractions were
successfully produced after water leaching and sintering methods. Compression test was performed on both of the
foam samples for comparing the compressive properties and energy absorption behavior of them. The composite
foam samples with glass fiber reinforcement showed higher compressive strength than the parent material foam.
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1. Introduction

Various special abilities such as high strength to weight
ratios, excellent impact energy absorption, high specific
stiffness make metal foams very attractive material for
use in the automotive, aerospace, railway, and biomedi-
cal industries [1, 2]. Plenty of methods have been used
to produce metal foams (e.g. Al, Ni, Mg and their al-
loys). These methods include solid, gas and liquid state
processing. Among current manufacturing techniques,
metal foams can be produced inexpensively by using an
appropriate space-holder. The properties of metal foam
depend on morphological features, such as cell wall cur-
vature, pore size, shape and distribution etc. [3-5]. In or-
der to make the production process more reliable and re-
producible, the use of space-holder materials in powder
metallurgy (PM) processing route is being widely used
for its capability to produce fairly uniform metal foams,
and commercially cost-effective compared with the other
methods [6, 7]. Usually sodium chloride (NaCl), car-
bamide, carbonate particles and also several polymers are
used as extractable space-holder materials for manufac-
turing metal foams via powder sintering process [7, 8|.
It was reported that depending on the shape distribu-
tion of carbamide particles, morphology of pores in pro-
duction can be controlled [9, 10]. Bafti and Habibo-
lahzadeh [9] stated that carbamide was completely re-
moved from the green compacts by water leaching at
room temperature, without any distortion in compacts.
Bekoz and Oktay [11] studied effects of carbamide shape
and content on processing and properties of steel foams.
The results indicated that increasing carbamide content
and the use of spherical particles promoted carbamide re-
moval in the water leaching step. Also, graded aluminum
foams have recently been fabricated by Hassani et al. [12]
concluded carbamide spacer was more feasible than NaCl
spacer in producing density graded foam. An alternative
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manufacturing method via the powder metallurgy is sin-
tering and dissolution process (SDP) developed by Zhao
and Sun [13]. The major drawback is aluminum foams
made by SDP shows lower mechanical properties and
eliminating the space holder is a time consuming stage.

In this article, production of aluminum glass fiber re-
inforcement foam (GFRF) using a space-holder method
has been experienced. Spherical carbamide particles were
used as space holder. Molecular formula of the carbamide
is HONOCNH;. The article aims to evaluate the produc-
tion of reinforced type foams and the effect of glass fiber
(GF) content on water leaching stage. Additionally, the
compressive properties and the energy absorption behav-
ior of the produced foams have been studied.

2. Materials and method

The aluminum powder used for the present study was
gas-atomized (supplied by Gurel Makina) where its par-
ticle size was in the range of 30-50 pm, with a mean di-
ameter of 45 pm and with analyzed chemistry of 95.7 Al
3.26 Si, 0.41 Fe, 0.21 Mg, 0.02 Mn, 0.12 Ti, 0.09 Cu
(wt% content). Commercial spherical shape carbamide
(CH4N20) particles were used as a space-holder material.
Particles were divided by a series of sieves to 1-2 mm size.
The carbamide has a density of 1.32 g cm ™3, melting tem-
perature of 133°C, and solubility in ethanol (at 20°C)
equal to 50 g/L. Glass-fiber (E-glass) was used in the
mixing stage of production as the reinforcement. The di-
ameters of the fibers were 15-20 pm and the lengths were
6 mm. The percentage of glass fiber was 1 and 3% by
weight. The typical morphologies and blending of the
raw materials are shown in Fig. la—d.

The production stages consisted of mixing, compact-
ing, removing carbamide, and sintering. A schematic il-
lustration of the production stages is shown in Fig. 2.
The weight ratios of the aluminum powder, carbamide
and glass fibers (1.3 wt%) were calculated to obtain de-
fined porosities of 40-60 vol.% in sintered compact. Raw
materials were mixed together in a rotary mixer for 1 h.
A small amount of ethanol (2 vol.%) was sprayed on
carbamide before blending to avoid segregation of the
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Fig. 1. Raw materials: (a)
(b) spherical carbamide particles,
(d) blending.

aluminum powders,
(c) glass fibers,

dissimilar powders, and also to improve the strength of
the green samples. The mixture was uniaxially com-
pacted using a double action die (d = 22 mm, h =
20 mm) with different pressures at 300 and 400 MPa
into cylindrical compacts.

Fig. 2.

Schematic illustration of the production stages.

Space-holder in the green compact was removed in wa-
ter (80°C) at regular intervals and weighed to determine
the leaching proportion, dehydrated in a vacuum furnace
(P = 107* Pa) at 50°C for 2 h. After termination of
the removal stage, the compacts were sintered at dif-
ferent temperatures (600 and 615°C) in a vacuum fur-
nace (P = 107* Pa) for 2 h. Sintering was performed
under two conditions of solid-state (600°C) and liquid-
state (615°C) sintering. The compacts were cooled in
the furnace after sintering. The macro- and microstruc-
ture of the foams were examined by Nikon MA 100 opti-
cal microscope, Nikon SMZ-745T trinocular model stereo
microscope and FEI Quanta 50 SEM/EDS equipment.
The compression tests of the specimens were performed
with DARTEC universal tensile testing equipment at a

crosshead speed of 1 mm min~?'.

3. Results and discussion

Figure 3a and b shows the pore forms resulting with
different pressures at 300 and 400 MPa, respectively.
The pores of foams with lower compaction (300 MPa)
have a homogeneous and more uniform structure, which

replicate perfectly the physical dimensions of carbamide
particles. But some of the pore structure obtained with
higher compaction (400 MPa) shows elliptical shape be-
cause of initial form changing of the some carbamide par-
ticles in the cross-section parallel to the compacting di-
rection. Thus, it was concluded that compacting should
be performed at 300 MPa to obtain more spherical pores.

Fig. 3. Optical photographs of the pores (a) lower
compaction, (b) higher compaction, (c) sintered struc-
ture of the pores.

The pore size (spherical diameter) and shape (spheric-
ity) of the foams were determined using Clemex Vision
image analysis software, given in Table I. Typically two
types of pore structure were observed. The first type
was macropores indexed A in Fig. 3c as a resultant of
space holder material. The other one was micropore
structure indexed as B in Fig. 3c, especially resulting
in large numbers after solid-stage sintering on a cell wall.
It can be concluded that formation amount of micropores
is highly affected by sintering temperature. SEM micro-
graphs in Fig. 4a and b reveal that liquid-state sintering
provides better wetting between aluminum and fibers.
The energy absorption behavior of GFRFs rely on the
wetting ability and Al-GF bounding.

Fig. 4. SEM microstructure of cell wall after (a) liquid-
state and (b) solid-state sintering.

The density of the green foam was calculated by divid-
ing the mass by its volume. The dimensions were mea-
sured for volume calculation. After the sintering stage,
porosities of the foam materials were calculated by using
the following formula [9, 14]:
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porosity = [1 — <pf)] 100, (1)
PAl
where pr and pa) are densities of foam and bulk aluminum
(2.75 g cm 3 for aluminum powder), respectively.
Figure 5 shows the timely variation of removing car-
bamide within the aluminum foam and GFRFs (1-3 wt%)
in water leaching stage at 80 °C. Inceptive rates of all re-
moving carbamide curves were higher due to the direct
contact between water and carbamide surface. It can
be seen that the slope of curves decreased with time

J

A.T. Ertirk

because of decreasing contact surface. Similar results had
been obtained previously in aluminum [9] and stainless
steel [15] foams. As seen in Fig. 5, the total remov-
ing time of carbamide within the plain aluminum foam
structure was 135 min. This period resulted in the same
time as 120 min for GFRFs (1 and 3 wt%). Aluminum
60 vol.% carbamide reinforced with 3 wt% GF foam
showed an exceptional time as the minimum removing
period for 105 min.

TABLE I
Structure of the produced foams: porosity, size, shape.
Relative Spherical diameter [pm)] Sphericity
Foam sample density | Porosity Standard Standard
(pe/par) | (%] Mean deviation Mean | deviation
Al-60 carbamide-3 GF | 0.3796 62.04 |1081.7 121.2 0.54 0.186
Al-60 carbamide-1 GF | 0.3919 60.81 |1321.2 158.5 0.58 0.147
Al-40 carbamide-3 GF | 0.5904 40.96 | 11154 164.6 0.61 0.166
Al-40 carbamide-1 GF | 0.5915 40.85 |1049.5 156.4 0.65 0.131
Al-60 carbamide 0.3857 61.43 | 994.3 147.6 0.54 0.124
Al-40 carbamide 0.5984 | 40.16 |1065.7 146.5 0.67 0.115
TABLE II

Mechanical behavior of the produced foams.

Elastic modulus | Average plateau stress | Energy absorbtion
Foam sample [GPal [MPa) [MJ m™3] ‘
L-state | S-state | L-state S-state L-state | S-state

Al-60 carbamide-3 GF | 0.86 0.76 3.37 2.85 1.57 1.33
Al-60 carbamide-1 GF | 0.91 0.82 3.30 2.73 1.52 1.26
Al-40 carbamide-3 GF | 0.85 0.70 2.98 2.68 1.37 1.23
Al-40 carbamide-1 GF | 0.86 0.73 3.09 2.69 1.49 1.30
Al-60 carbamide 0.85 0.77 2.71 2.46 1.22 1.11
Al-40 carbamide 0.77 0.65 2.64 2.21 1.19 1.00

Compression tests were performed uniaxially by load-
ing along the directions parallel to the compacting di-
rections on obtained sizes of the foams, taking into ac-
count ASTM E9-09 standard. Compressive force-stroke
curves are shown in Fig. 6a and b. All the curves are
compatible to previous studies [5, 7-9, 12, 14| with char-
acteristic regions, i.e. linear elastic deformation, collapse
plateau and densification region. The energy absorption
capacity of an obtained foam was calculated from area
under the compressive curve in the range of its plateau
region [8, 9, 12, 14]:

W:/ode.
0

The elastic modulus of the produced foams was deter-
mined from the slope of the corresponding force—stroke

(2)

(

graphs at 1% strain. The test results of the pro-
duced foams were given in Table II. The values of elas-
tic modulus vary in the range from 0.65 to 0.91 GPa.
Plateau stress was considered as the average stress in
the range of 0 to 17 mm stroke [9, 12, 14]. As can
be seen from Fig. 6a, after liquid state sintering GFRF
with the lowest porosity of 40 vol.% and 3 wt% glass
fiber content showed the highest strength of 5.91 MPa.
Also the application of liquid-stage sintering improves
the compression and energy absorption properties of the
GFRFs. This indicates that strong interfacial bonds
of aluminum/glass fiber formed on liquid-state sintering
at 615°C. The solid-state sintered foam samples show
brittle characteristic with irregular compression curves
because of comprising microporosities. Microporosities
could act as initial cracks. The results showed that the
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Fig. 6. Compression force—stroke curves of the foams:
(a) liquid-state (615°C), (b) solid-state (600°C)
sintering.

compressive strength and energy absorption capacity ba-
sically rely on two parameters: sintering temperature and
the fractions of glass fiber. Compression properties were
increased by decreasing the carbamide fraction and in-
creasing glass fiber fraction.

4. Conclusion

Effects of glass fiber reinforcement on the Al-foams
with different carbamide content processing, microstruc-
ture, compression and energy absorption properties were
investigated. Based on the results, the following conclu-
sions can be drawn. The compacting pressure must be set
at 300 MPa in order to retain the original shape of car-
bamides without any distortion. Liquid-state sintering

should be implemented to obtain appropriate structural
and mechanical properties. There was a positive effect on
the total removing time of carbamide in using glass fiber
reinforcement. Mechanical performance characteristics
of produced foams using SDP technique was improved
by glass fiber reinforcement. Also, it was found that the
compressive properties and energy absorption behavior
depend on the volume fraction of glass fiber and porosity
fraction.
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