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Enhanced Mechanical Performance of Aluminum Glass Fiber
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Glass fiber-reinforced aluminum foam and its modified forms, using 1 and 3 wt.% of Cu, were produced by
powder sintering process, using spherical carbamide particles as space holders. The foams with 40 and 60 vol.%
porosity fractions were successfully produced after water leaching and sintering procedures. Compression test
was performed on foam samples to compare both, the compressive properties and energy absorption behavior of
them. The composite foam samples with Cu modification have shown a higher compressive strength than the
parent material foam. The average plateau stress and energy absorption capacity of foams produced in this study,
achieved via utilizing 3 wt.% Cu, were 7.06 MPa and 3.51 MJ/m3, respectively.
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1. Introduction

Metallic foams are a type of cellular materials which
combine struts in a complex positioning pattern. Their
low density, high strength, and stiffness characteristics
make these metallic materials to satisfy the strict requi-
rement of such modern industry fields as automotive, rai-
lway, aerospace, biomedical industries, as well as in dif-
ferent segments of other engineering industries [1–3].

There are three basic routes of manufacturing metal-
lic foams: powder metallurgical as a solid, casting as a
liquid, and metallic vapor deposition as a gas state pro-
cessing. The widespread commercial use of metallic fo-
ams requires improved characteristics and low production
costs. Therefore, many research studies have attempted
to enhance their mechanical properties efficiently and in-
expensively. Recently significant research efforts of com-
posite, hybrid and reinforced [4, 5] metal foams have been
reported, aimed to improve their characteristics.

Cao et al. [6] have used an approach in which alu-
minum closed cell foam was fabricated by the melt route
using copper-coated carbon fibers as a stabilizing compo-
nent. They have concluded that carbon fibers enclosed
in a liquid film function as networking and support force
bearing agents.

A copper coating aluminum open-cell foam was stu-
died for enhancing thermal and mechanical properties by
Antenucci et al. [7]. They have reported that energy de-
formation behavior of the foam specimens was proportio-
nal to density. However, exceeding a specific density has
caused a decrease of energy absorption and stress-strain
curves have tended to uniform themselves.

Devivier et al. [8] have focused on optimization
and improvement of mechanical properties of open cell
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aluminum foams using electro-deposited coatings of nic-
kel. Results of applied compression tests have shown that
mechanical properties regarding the energy absorption
capacity were directly proportional to the density or de-
position time.

Another effort on improving mechanical properties was
implemented by Sun et al. [9], in which Al/Cu hybrid
open-cell aluminum foams were subjected to an anne-
aling process. Authors have reported that a favorable
condition of annealing significantly enhances the energy
absorption capacity by increasing the coating material
ductility.

The compressive behavior of closed-cell copper-coated
carbon fiber/aluminum composite foam was assessed un-
der quasi-static and high strain rate loading conditions
for investigating the failure modes of fibers in the matrix
by Mu et al. [10]. The improvement of damping capacity
is connected with the contribution of increasing inter-
facial micro slip and micro-plasticity deformation which
is based on micro cracks in aluminum foam in the fiber
aluminum interface [11].

An effort to stabilize metal films of copper-coated car-
bon fiber/aluminum composite foam was performed by
Mu et al. [12]. Authors have reported that fibers in an
Al foam play an active role in its stabilization by pre-
venting cell wall rupture and reducing coalescence, when
fabricated by the melt route.

Among several different ways, using space holder is one
of the cheapest methods. In the present study, aluminum
open cell glass fiber reinforced foam (GFRF) material
has been produced by copper modification to improve
the mechanical properties, using space holder method.
The microstructure and mechanical properties of the pro-
duced foams have been studied regarding compressive
properties and energy absorption behavior. Stiffness fe-
atures have been improved with the help of addition of
aluminum-copper intermetallic to aluminum-based foam.
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2. Materials and equipment

Gas-atomized aluminum powder with particle size in
the range of 30-50 µm, with particles of irregular shape
was supplied by Gurel Makina Inc. Chemical composi-
tion of the aluminum powder sample is (wt.%) 95.7 Al,
3.26 Si, 0.41 Fe, 0.21 Mg, 0.02 Mn, 0.12 Ti and 0.09 Cu.
Spherically-shaped carbamide (CH4N2O) particles, redu-
ced by a series of sieves to 1–2 mm size, were used as a
space-holder material. The carbamide has a density of
1.32 g cm−3, melting temperature of 133 ◦C, and solu-
bility 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 diameter of the fiber was 15-
20 µm, the length was 6 mm and the density was about
2.45 g cm−3 (see Fig. 1a).

The percentage of glass fiber in prepared composites
was 1 and 3 wt.%. The weight ratios of the aluminum
powder, carbamide and glass fibers (1, 3 wt.%) were cal-
culated to obtain defined porosities in sintered compact.
A small amount of ethanol was sprayed. The mixture
was compacted in a die (d = 22 mm, h = 20 mm) under
pressure of 325 MPa.

Space-holder in the green compact was removed in wa-
ter at 80 ◦C and weighed at regular intervals to deter-
mine the leaching proportion and then dehydrated in a
vacuum furnace (P = 10−4 Pa) at 50 ◦C for 2 h. Total
time of removing the carbamide from foams was approx-
imately 135 min. After the removal stage, the compacts
were sintered in liquid-state (at 650 ◦C) in a vacuum fur-
nace (P = −750 mmHg) for 3 h. The compacts were
cooled in the furnace after sintering. The details of foam
production stages can be found in a previous study, in
Ref. 3. The macro- and micro-structure of the foams
were examined using Nikon SMZ-745T trinocular model
stereo microscope and FEI Quanta 50 SEM/EDS equip-
ment. Compression tests were performed using DAR-
TEC universal tensile testing equipment at a constant
deformation rate of 1 mmmin−1. The deposition process
parameters of magnetron sputtering are given in Table I.

TABLE I

Magnetron sputtering parameters.

Parameter Value
Vacuum 3× 10−3 Pa
DC power 120 W

Each sputtering time 2 min
Argon pressure 0.6 Pa

3. Results and discussion

The Cu-coated glass fiber thickness after magnetron
sputtering was approximately 50 µm, which was larger
than that of the original glass fiber (∼ 15 µm), as shown
in Fig. 1a and b. Glass fibers were uniformly coated
with Cu films consecutively six times using a Bal-Tec

SCD 005 DC-magnetron sputtering device (see Fig. 1d).
Raw materials were mixed together, as shown in Fig. 1c.

Fig. 1. Materials and coating machine (a) plain fibers,
(b) Cu-coated fibers, (c) blending, (d) sputter coating
machine.

Fig. 2. Structural analysis (a) powder compaction, (b)
pressing condition, (c) after sintering, (d) SEM-EDS
analysis, (e) EDS spectrum of spot A, (f) EDS spectrum
of spot B.

Fiber distribution in produced foams was fairly uni-
form. Figure 2a shows the forms obtained at 325 MPa
pressure. It is seen that after pressing the shape of the po-
wders have changed and some of the fibers have broken.
Limit deformation value of carbamide was examined in
the previous study [3]. The determined compaction con-
ditions were applied at a rate of 0.5 mmmin−1. Figure 2b
presents pressure/force values versus die-path distance.
The physical dimensions of carbamide particles are main-
tained after the compaction. A homogeneous and uni-
form structure was obtained. Formation of a solid mass
at cell wall was observed typically after sintering process,
as seen in Fig. 2c. The boundaries of the powder parti-
cles contain several pores. The presence of fiber has been
the source of the pores due to their wetting properties.
As a solution to the wettability problem in the reinforced
metal foams, application of a suitable copper coating on
the glass fiber is used. It was observed that the fibers
have mostly stuck to the cell wall, which can have a pre-
ventive role against cell wall rupture. Compression test
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results have confirmed this theory, when coated fibers
were used (Table II). Another causal agent for strength

improvement is aluminum hardening with the addition
of copper solid-solution.

TABLE II
Structure and mechanical behavior of the produced foams with Cu-coated fibers.

Relative Spherical diameter [µm] Average Energy
Foam sample density Porosity Standard plateau absorption

[ρf/ρAl] [%] Mean deviation stress [MPa] [MJm−3]
Al-60 Carb-3 wt.% Cu/GF 0.4173 59.78 1163.5 102.7 6.37 3.13
Al-60 Carb-1 wt.% Cu/GF 0.4016 59.82 1276.2 117.5 5.30 2.74
Al-40 Carb-3 wt.% Cu/GF 0.6177 40.02 1049.4 104.1 7.06 3.51
Al-40 Carb-1 wt.% Cu/GF 0.6105 39.69 1218.1 123.4 5.01 2.46

Al-60 Carb 0.3957 61.18 1045.2 107.1 4.20 2.12
Al-40 Carb 0.5912 41.55 1147.7 126.3 4.71 2.29

SEM-EDS elemental analysis in the spots indexed as
A and B, reveals that intermetallic and oxide layer have
formed during the sintering stage (Fig. 2d–f). Interfa-
cial contact between aluminum matrix and copper coa-
ting can cause various metallurgic diffusion mechanisms
in the interface layer, such as Kirkendall effect, precipi-
tation formation, intermetallic growth and stress aging.
After sintering, the phases are probably in the form of
mostly observed intermetallics, such as CuAl2, AlCu, and
Al4Cu9 and are formed around coated fiber and alumi-
num matrix interface, due to their interaction. The in-
termetallic phases, which have occurred during sintering
stage, play the role of binding agent in the composite
foam system.

The performance of coating, regarding mechanical pro-
perties, was evaluated by means of stress-strain data from
Table II. The 3 wt.% Cu-modified-fiber/aluminum foam
exhibits higher plastic collapse stress. Therefore, the
GFRFs made with Cu-coating give the best mechanical
properties. The spherical diameter of the pores in fo-
ams was determined using Clemex Vision image analysis
software and the results are given in Table II. After the
sintering stage, the dimensions were measured for volume
calculation, and the density of the green foam was calcu-
lated by dividing the mass by its volume.

Porosities of the foam materials were calculated using
the following formula [3]:

porosity =

[
1−

(
ρf
ρAl

)]
× 100, (1)

where, ρf and ρAl are densities of foam and bulk alu-
minum (2.75 g cm−3 for aluminum powder), respectively.
Compression tests were conducted by quasi-static loa-
ding, in uniaxial conditions along the directions parallel
to the compacting directions on foam samples with as-
obtained sizes, taking into account ASTM E9-09 stan-
dard. The energy absorption capacity of obtained foam
was calculated from area under the compressive curve in
the range of its plateau region [3]:

W =

ε∫
0

σdε. (2)

The test results of the produced foams with Cu coa-
ted fibers are given in Table II. Similar results had been
obtained previously in GFRFs [3]. The average plateau
stress of the considered foams in the stroke range of 2 to
16 mm was found to be increasing for glass fibers coated
with up to 3 wt.% Cu. The values of energy absorption
vary in the range from 2.12 to 3.51 MJm−3.

As can be seen from Table II, after liquid state sin-
tering at 650 ◦C, foams reinforced with Cu-coated glass
fiber with the lowest porosity of 40 vol.% and 3 wt.%
glass fiber content, have shown the highest strength of
7.06 MPa. Also, the application of copper coating im-
proves the compression and energy absorption properties
of the GFRFs. Enhancement of mechanical performance
indicates that strong interfacial bonds of aluminum/glass
fiber have formed during the sintering stage. However,
some of the sintered foam samples show brittle charac-
teristics, with irregular compression curves, due to pre-
sence of micro porosity. Micro porosity can act as ini-
tial cracks. The results have shown that the compressive
strength and energy absorption capacity rely on two pa-
rameters: sintering temperature and the fractions of glass
fiber. Compression properties were increased by decre-
asing the carbamide fraction and increasing glass fiber
fraction.

4. Conclusions

Effects of copper modification on the glass-fiber-
reinforced Al-foams with different carbamide content on
microstructure, compression and energy absorption pro-
perties were investigated. Based on the results, the follo-
wing conclusions can be drawn. Poor wettability is one
of the major problems during the fabrication of fiber-
reinforced aluminum foam materials. Copper-coating
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provides a solution to the problem of wettability. Be-
side this, it was noted that the formation of intermetallic
compounds with the aluminum matrix improves mecha-
nical properties.
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