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 Background: Structures with metal foam cores are novel materials that have 

significant potential application in the automotive, marine, aircraft and building 

industries. They have the capability of absorbing considerable amount of impact energy 

by large plastic deformation under quasi-static or dynamic loading, making them ideal 

structure protectors and energy absorbers.  Objective: To study the compressive 
properties of GFRP rod with aluminium foam core. Results: GFRP rod with aluminium 

foam core exhibited highest compressive strength and highest energy absorption 

compared to other systems of neat aluminium foam rod, neat GFRP rod and solid 
aluminium rod. Conclusion: The combination properties of aluminium foam and GFRP 

improved the performance of aluminium foam in terms of energy absorption capacity. 
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INTRODUCTION 

 

Recently, research of metallic foams has attracted considerable interest for advanced and industrial 

engineering applications. The earliest research of metallic foam is believed carried out by an author named De 

Meller from France, somewhere in 1925. He described the process of fabricating metal foam by injection of 

inert gas into a molten metal or by addition of a blowing agent to a molten metal during the melt is stirred. Since 

then, metal foam research and development has been started. One of the earliest development and patent was 

recorded by Sosnick who prepared the metal foam using the gasification of low melting point process substance 

in 1940. While in 1956, Borksten Research Laboratory Inc. fabricated aluminium foam by using the process of 

molten body direct foaming process [5]. Aluminium foams are widely used in many applications especially in 

automotive and aerospace industries. This is mainly due to its lightweight and high energy absorption properties 

which can contribute to the performance of a material under suitable condition. In recent years, applications 

based on cellular materials as an energy absorption has developed many interest. Beside its lightweight property, 

it has a high specific energy and provides stable deformation behavior when attacked to high impact and loading 

[3]. 

Fibre Reinforced Polymer (FRP) composites also known as Fibre Reinforced Plastic is made up of polymer 

matrix reinforced with fibres. Usually, there are many types of fibres used such are glass, carbon, aramid, paper 

and asbestos. FRP composites are widely used in the construction, automotive, aerospace and also marine 

industries [2]. These materials are characterized by their damage tolerance and damage resistance where these 

properties are vital to develop a composite materials with high damage resistance and tolerance. This is because 

severe damage occurs when these materials are crashed and attacked with high impact load. Glass Fibre 

Reinforced Polymer (GFRP) is a fibre reinforced polymer made of plastic matrix reinforced by fine fibers of 

glass. It is lightweight, robust and extremely strong material. It is known that the strength properties of glass 

fibre are slightly lower than carbon fibre, however due to the fact that it is far less brittle and lower cost than the 

carbon fibre, this material has been chosen to be widely used in various industries. Usually, glass fibres are used 

for high performance aircraft or gliders, boats, automobiles and also as external door skins [2].     

Aluminium foam rod has been widely used in many applications due to the high resistance to corrosion, 

good thermal, acoustic insulation as well as lightweight. This concept is extended to the application of fibre 

reinforcement composite rod which is filled with aluminium foam in order to enhance their energy absorption 

performance. However, previous studies on composites and metal foam insert with various faces sheets had 
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shown and proved that carbon fibre reinforced polymer are very efficient and good in properties but still have 

the limitation in experimental and study in compressive strength [6].  

Composites with aluminium foam core in the form of rod have been used increasingly in many applications 

and are considered as new invention in advanced materials engineering applications. Owing to different 

combination of properties, it is expected that the FRP composite reinforced metallic foams will exhibit unique 

properties resulting functional graded materials applications which cannot be obtained by the other types of 

solid metals, polymer and ceramics. The unique properties of metallic foams which are excellent in energy 

absorption will lead to better improvement of FRP composites especially when subjected to compressive load. 

Metal foams with open porosity have high specific surface areas which are excellent in energy absorption as 

well as heat transfer medium. Besides that, they also exhibit high mechanical strength and stiffness than that of 

polymer foams. They are thermally and electrically conductive and maintain their mechanical properties at 

much higher temperatures than polymers [4]. The mechanical interlocking between the aluminium foam core 

and GFRP rod improves shear resistance properties of the system. During compression, both aluminium core 

and face rod carry the external forces and absorb the strain energy.  

In this research, compression tests were conducted on GFRP rod with aluminium foam core. The use of 

aluminium foam as a core structure in GFRP rod is expected to enhance the compressive properties of the FRP 

composites. In addition, compression tests were also conducted on neat GFRP system rod and neat aluminium 

foam rod to compare the properties of pure system to the GFRP rod with aluminium foam core. This is to prove 

that the usage of aluminium foam enhance the properties of FRP rod. In future, this system will be used in 

various industries especially for high strength, lightweight using improved resistance products. 

 

Methodology: 

a) Materials and fabrication method: 

The open cell aluminium foams were fabricated using a melting technique incorporated with space-holder 

material. Sieved particles of Sodium Chloride (NaCl) with size ranging from 1-2 mm were used as the space-

holder material. The NaCl particles were placed at the bottom part of a cylindrical mould while aluminium solid 

on the top of it. Then, the mould was placed in the high temperature furnace. Prior ramping the furnace 

temperature up to 710°C to melt the aluminium, the materials in the mould were evacuated for certain period of 

time in order to minimize any contamination during melting. Once soaked at high temperature, argon gas was 

injected into the mould to force the molten metal to fill the interstitial spaces between the NaCl particles. The 

mould was taken out and let it cooled naturally. Once cooled, the specimen was removed from the mould and 

brought to ultrasonic cleaner to remove the NaCl particles using 90°C water. The kinetic solvent method was 

used to ensure that there were no more NaCl particles left in the specimen. After that, the specimens were cut 

and gently ground using a series of grit papers to remove any residues formed during the cutting process and to 

get a better surface. 

For the reinforcement process, the glass fibre pre-preg was used to attach the aluminium owing to its 

capability to shape and attach to the foams easier, rather than to apply epoxy on the glass fibre to obtain the 

required shape. The outer diameter of aluminium foams were wrapped with the glass fibre pre-preg until 

achieving a thickness of 2 mm. This process was carried out carefully to prevent any air trap between each layer 

of the pre-preg. Once the wrapping process had completed, the specimens were cured and vacuum 

simultaneously in a vacuum oven. The temperature used for curing process was 154°C and held for 1 hour 

soaking time. Once soaked, the specimen was left in the oven to let it cooled down to 66°C before took it out. 

 

b) Characterization method: 

Density of the aluminium foam was calculated by measuring the weight of the specimen using an analytical 

balance and divided by its volume. The density of aluminium foam used in this study was in the range of 1.23 ± 

0.15 g/cm
3
 with the porosity percentage in the range of 49- 65%. The cell wall thickness of this aluminium 

foams was not same because of the non-uniform shapes of the pores. Scanning Electron Microscope (SEM) and 

optical microscope were used to analyze the microstructure of the specimen before and after the compression 

test. Figure 1(a) shows the sieved NaCl particles used as the space holder and (b) the optical micrograph of 

fabricated aluminium foam, clearly. The pores size of the aluminium foams replicating the size and shape of 

NaCl particles with the pores size ranging in the range of 1 and 2 mm.  
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Fig. 1: Optical micrographs of a) sieved NaCl particles used as the space holder and b) the fabricated aluminium 

foams using space-holder method. 

 

c) Compression Test and Damage Evaluation: 

The compression test was conducted in accordance to ASTM Standard D695 using dynamic testing 

machine. A 250 kN servo-hydraulic machine was used to determine the compressive behavior of GFRP rod with 

aluminium foam core. In this study, the compression of the GFRP rod with aluminium foam core was performed 

at a constant cross-head speed of 1 mm/min. The mechanical data such as displacement, applied load, 

compressive strain and stress were recorded via data acquisition system on PC.  

Five specimens for each system were evaluated under the compression test. Some of the specimens were 

stopped before the final failure in order to examine the compressed pores and failure mode on the system. The 

post-failure surfaces of the compressed specimens were observed using Scanning Electron Microscope (SEM) 

and optical microscope in order to analyze and identify the failure mechanisms occured during the compression 

test. 

 

Results: 

Figure 2 shows the comparison of engineering stress-strain curve for different specimens investigated 

during the compression test. The informations obtained from the compressive test are compressive strength, 

energy absorption and modulus which are represented in Figure 3. The result clearly shows that solid aluminium 

reference curve shows the highest yield strength and high modulus compared to aluminium foam. Neat GFRP 

rod shows the lowest modulus and yield strength and its ultimate compressive stress was only 22 MPa owing to 

its brittle behaviour. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Comparison of stress-strain curves of different systems. 
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Discussion: 

Generally, the stress-strain curves for aluminium foams can be divided into three regions which are i) linear 

elastic region where the load increases with increasing displacement, ii) plastic collapse plateau where 

increasing deformation does not require increasing load and iii) the densification region where there is rapid 

increase after the cell walls crushed. The specimens with foam structure clearly indicate the similar mechanism 

as stated earlier; they differ in terms of maximum limit and the corresponding stress plateau level.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Compressive strength, modulus and energy absorption values of different systems. 

 

GFRP rod with aluminium foam core exhibited the highest compressive strength compared to others 

excluding the solid aluminium. Even though the difference between after reinforcement with GFRP is not much 

significant (about 20 MPa), it is interesting to note that the energy absorption has been enhanced remarkably 

with more than 50% improvement. This is probably due to better adhesion between aluminium foam and GFRP, 

thus retarding the failure of the component and increasing the shear stress between both materials. In addition, 

aluminium foam exhibited brittle behaviour, as proven by its small compressive strength values. The presence of 

the remaining undissolved NaCl particles in the aluminium foams affected the behaviour of the foams because 

of the weak and thin cell walls between pores that cannot support any further loading during the compression 

test.  

The pores size of aluminium foam also contributed to the strength of the materials which in this case 

replicating the shape of the space holder NaCl used. It is known that the density of aluminium foams strongly 

depends on the porosity percentage and size. The non-uniform size and shape of the aluminium foam may lead 

to the deformation of the systems. At some points where the interconnected pore size was large, the cell walls 

were thin and too weak to support any further loading under compression test. This point also acted as the stress 

concentration point where the void is large. Once this happen, the system could not afford to support the 

structure and cause the system to collapse. The optical micrographs of the pore structure of aluminium foam 

before and after compression test are shown in Figure 4a and b. The pore structures of aluminium foam before 

the compression test were obviously still can be seen compared to the one after the compression test. At some 

point, the connected pores are slightly bigger and the cell wall was thin while at other point, the connected pores 

were small so that the cell wall was thick. This is one of the factors contributing the deformation mechanism for 

different specimens tested. It was found that during the compression test, owing to irregular structure of the 

foam, the deformation also exhibit non-uniform mechanism. The shape of collapsed cells were very different 

from its original shape as it contains bended and distorted cell walls that may even touch each other.   
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Fig. 4: Optical micrographs of aluminium foam a) before and b) after compression c) and d) SEM micrographs 

of fractured cell walls in compressed aluminium foams. Mixed ductile tearing and crack cell walls are 

exist. 

 

Figure 4c and d shows post-fracture micrograph of aluminium foams under SEM. From the micrographs, 

the presence of large cells at some point probably acted as stress concentrators and sites for failure initiation. It 

also revealed that the aluminium foams failed by a mixture of ductile and brittle fracture especially on the cell 

walls. Furthermore, the aluminium foams also exhibited cracks at the cell walls as can be seen in Figure 4c and 

d. These cracks were not occurs in all cell walls, it just started at the walls that are less resistant with higher 

loads.  

The bonding method of GFRP pre-preg to the aluminium foams gave great contribution in this study. The 

shear behaviour of these materials must take into consideration. During the compression, the GFRP pre-preg of 

few specimens experienced slipped and dislodged from its original place. This condition must be prevented by 

using a good bonding method to avoid dislodge incident during the test. Other than that, the misalignments of 

the pre-preg during the attachment also reduced the strength ability of the systems. 

 

Conclusion: 

Fabrication of aluminium foam by using NaCl as the space holder was employed in this study before 

developed with GFRP pre-preg in order to enhance the performance of aluminium foam. The compressive 

stress-strain curves of neat aluminium foam rod, neat GFRP rod and GFRP rod with aluminium foam core 

comprises of three stages; linear elasticity region, plateau region and deformation region. From the obtained 

curves, GFRP rod with aluminium foam core exhibited the highest compressive strength and elastic modulus 

compared to neat aluminium foam and neat GFRP rod. By calculating area under the stress-strain curve, the 

GFRP rod with aluminium foam core exhibited the highest energy absorption compared to other systems. With 

the existence of GFRP, the stiffness of the composite structure was enhanced and larger energy absorption was 

a b 

c d 
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calculated based on area under the stress-strain curve. The combination properties of aluminium foam and 

GFRP improved the performance of aluminium foam in terms of energy absorption ability. It is believed that 

enhancing the fabrication and development method may improve the performance and mechanical properties of 

GFRP rod with aluminium foam core. This information can be used to develop improved materials by using 

GFRP and aluminium foam as the core structure. 
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