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ABSTRACT 

In this paper aluminum foam was produced using pure aluminum powder and calcium carbonate as 

foaming agent. This procedure ensures a low cost production method. Samples of aluminum foam 

were tested under both static and dynamic loading conditions. The quasi-static compression tests 

were used to evaluate the static characterization of aluminum foam. Hopkinson pressure bar 

arrangement was used to study dynamic properties of the produced material under high strain rates. 

The comparison between static and dynamic results shows that the specimen toughness increases 

with loading rates. Relative density increase produce a drop in absorbed energy in dynamic ranges 

of loading while in static loading condition the opposite of this relation obtained between relative 

density and energy. 

Keywords: Split Hopkinson pressure for aluminum foam shockwave. 

1. Introduction 

Metal foam is a cellular structure consisting of metal frequently aluminum – containing a 

large volume fraction of gas-filled pores. The pores can be sealed (closed-cell foam), or 

they can form an interconnected network (open-cell foam). The defining characteristic of 

metal foams is a very high porosity typically 75-95% of the volume consists of void 

spaces. The strength of foamed metal possesses a power law relationship to its density. 

Aluminum foam is made from molten aluminum by stabilizing bubbles in the melt using 

both suitable foaming agent and temperature control. Aluminum foams have the potential 

to be used as structural material for impact energy absorption applications due to their 

extended constant stress region during compression. When it used as cores of structural 

sandwich panels, it give high stiffness with high sound absorption capacity and low 

thermal conductivity. It can also be used as vibration absorbers and heat exchangers [1]. 

Many distinct process-routes have been developed to make metal foams [2 , 3 ]. Metallic 

foams can also be produced by melt foaming process [4 -6]. In this fabrication technique , 

some viscosity increasing agents such as SiC , SiO2 , MgO and Al2O3 particles are added to 

the metallic melt in order to make the melt get an appropriate viscosity. It was suggested 

that the viscosity increasing agent not only stabilized the cell wall but also affected the 

mechanical properties of the foams [6-12].TiH2 is the most popular foaming agent [2-6], 

but the relatively new trend in metallic foam production used the calcium carbonate as a 

foaming agent [9 ,15].The carbonate decomposes within the molten metal and foams CaO 

solids and the reactive gas CO2. Under conditions of aggressive agitation, the gas bubbles 

formed within the molten metal are ruptured and fragmented, exposing more of the 

reactive gas to the molten metal. This gas reacts with the molten aluminum foaming CO 

gas and in-situ formed AI2O3. The CO and CO2 gas bubbles, as well as AI2O3, CaO and 

http://en.wikipedia.org/wiki/Metal
http://en.wikipedia.org/wiki/Aluminium
http://en.wikipedia.org/wiki/Pore
http://en.wikipedia.org/wiki/Porosity
http://en.wikipedia.org/wiki/Power_law
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other metallic oxide phases, stabilize the liquid metal suspension by modifying the 

viscosity and surface energy of the molten metal [14, 15]. In this work specimen made 

from aluminum foam produced using calcium carbonate as a foaming agent, was subjected 

to both dynamic and static loading rates to characterize its mechanical behavior under 

different loading rates. 

2. Experimental Procedure 

2. 1. Specimen preparation 

Specimens made from aluminum foam produced using calcium carbonate, as foaming 

agent in a process similar to the process of producing aluminum foam using titanium 

hydride as foaming agent. This process is very cheap compared to the regular process. 

Special cylindrical controllable furnace was used during the process in which the 

aluminum melt is poured followed by continuous stirring at 1500 rpm. Aluminum oxide 

powder was added as stabilizing agent followed by calcium carbonate powder and  as the 

stirring continue the aluminum start to foam until it reaches the required volume in a 

complicated process. Stirring speed, temperature and time are the parameters used to 

control the produced foam relative density that was studied in a previous work [16]. The 

following procedure was adapted through the current work. About 500 gm of the 

commercial pure aluminum was melted, a cylindrical steel mould coated with a thin layer 

of anti-sticking material (commercial calcium carbonate) using spray atomizer was used. 

The coated steel mould was then inserted into the foaming furnace .The temperature of 

molten metal was adjusted between 675 and 775°C and Al2O3 powder was added, the mix 

was then stirred with stainless steel mixer to keep the efficient uniform distribution of 

alumina particles in the molten aluminum at 1500 rpm for about one minute. Then, the 

mixer speed is adapted at 2000 rpm and the foaming agent (CaCO3) is added and mixed. 

The mixing process was carried out in the furnace at temperature between 675- 775°C 

adjusted by control system. The mould was then taken out and air cooled. Samples were 

cylinder having a height of approximately 155 mm and diameter of 85 mm. The samples 

were cut into circular slices of 2 thicknesses each. The materials used during the process 

were as follow: 

Commercial pure aluminum (99.86%Al) supplied by the aluminum company of Egypt, 

and Foaming agent: Calcium carbonate powder, supplied by (El Gomhouria Co.), the 

purity of powder is (99%). 

2. 2. Quasi-static compression test  

The relative density ρ*/ρs (defined as the density of the foam divided by the density of 
the solid ) of the foams ranged from 0.18 to 0.317. Experiments were carried out on a 

1000-kN universal testing machine, (Tinios Olsen Machine) Model 290 Display with a 

data acquisition device, Fig(1). Data acquisition was performed using a system composed 

of a computer, a data acquisition card and application software, which performs the A/D 

conversion. The relationship of load and displacement is plotted and displayed directly on 

screen and saved on an Excel work sheet for later manipulation. 
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Fig. 1. Tinios Olsen Machine Model 290 

The foam specimen was compressed between two steel plates on and crushed from initial 

height of 20 mm along the thickness. Ten specimens with different densities were tested 

.The stress was calculated by dividing the load over the total cross sectional area, and the 

engineering strain was calculated from the cross-head displacement. The plateau stress was 

taken as the average stress at 20% strain during compression . The energy absorption per 

unit volume, W was computed by evaluating the area under the stress–strain curve [ 17 ]. 

 

 

 

 

 

 

 

Fig. 2. Compression test and specimen at the end of test 

During the test the upsetting process did not cause specimen breaking  but the billet 

pressed itself and a gradual external surface flaking was observed as shown in Fig(2). 

3. Dynamic Test  

Hopkinson split pressure bar is the only test apparatus that can cover the range of 

dynamic loading that needs to be studied with adequate accuracy because of the nature of 

         Specimen  

Crushed 

specimen  
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its measuring system that element stress wave superposition opportunity. A compressive 

stress wave is generated and then propagates towards the specimen, moving the bar 

material towards the specimen. When the wave arrives at the interface between the incident 

bar and the specimen, part of the wave is reflected back into the incident bar towards the 

impact end and the rest transmits through the specimen into the transmission bar. 

Laboratory instrumentation shown in Fig. (3) Can record the stress waves in the incident 

bar propagating towards the specimen and being reflected back from the specimen and the 

wave in the transmission bar. Under this arrangement the impact event is controllable and 

quantitative. The impact velocity and specimen size may be varied to achieve different 

strain rates. Further analysis on the waves recorded in the impact event results in 

information regarding the loading conditions and deformation states in the specimen.  

 

 

 

 

  

 

 

 

 

 

Fig. 3.  Split Hopkinson pressure bar 

The split Hopkinson pressure bar arrangement consists mainly of two bars namely; the 

incident bar and the transmitted bar. The two bars are made of high strength chromium 

steel with diameter of 40 mm. The incident bar is 2 meter long to separate the incident 

compressive stress wave from the reflected tension stress wave. The incident bar transmits 

the stress wave from the striker bar to the front of the specimen. Error! Reference source 

not found. is shown in Fig. (4)The stress waves in the incident bar (incident and reflected) 

are monitored using strain gage station mounted at the middle of the bar. The transmitted 

bar is 1.5 meter long and used to support the back of the specimen. 

The strain gauge stations attached to the incident and transmitted bars record three strain 

gauge signals namely
 ti ,

 tr  and 
 tt  which are the incident, the reflected and the 

transmitted strain waves respectively 

By knowing the distance between the strain gauge station and specimen it is possible to 

calculate the time of beginning of each signal.  The net displacement of the specimen can 

then be determined as: 

            dttttCttt

t

TRIOTI  
0


 

  (1) 

Where  
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CO is the elastic wave speed in the Hopkinson bars materials =

E

 

E   is the Young modulus of the incident and transmitted bar material. 

   is the bars material density. 

Dimensional theory of elastic wave propagation as: 

 tPI  = I = EA 
    tt RI  

    and  
 tPT = T =EA 

 tT  
 (2) 

And their average is: 

 tP
      tttEA tri    

2

1

     

 

 (3) 

Where: 

A     is the cross section area of the bars 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Split Hopkinson pressure bar measuring system 

The data acquisition system  consists of: 

Specially built three channel amplifier with built in 12 DC volt power supply 

Digital oscilloscope with memory TDS-420A (Tektronix 200 MHz maximum analog 

bandwidth; 100Mega-sample /second digitizing rate; 4 channels; attached floppy drive 

1.44 MB) Fig. (5) Shows the Oscilloscope output during test.  

The specimen was inserted at the end of the incident and transmitted bars using two flat 

jaws to position the specimen centrally between the bars. The air pressure was adjusted 

according to the required wave loading value. The system was triggered and the capture 

signal on using oscilloscope is to be saved and transferred to digital signal to the computer 

for farther processing. The recorded signal was transferred to strain using system 

calibration factor and then into load - displacement using equations 1:3.     
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Fig. 5. Oscilloscope output during test 

4. Results and Discussion 

Specimens having relative density ranging from ρ*/ ρs =0.17 to 0.31 were tested under 
quasi-static and dynamic loading conditions. The quasi-static compressive stress-strain 

curves of aluminum foams, In Compressive stress–strain curves of ideal foam as shown in  

Fig (6) the exhibit universal three deformation regions: an initial linear-elastic response; an 

extended plateau region with a nearly constant flow stress, and a final densification as 

collapsed cells are compacted together. Experimental results also show that the foams with 

high relative density have higher stiffness and yield stress. 

 

 

 

Fig. 6. Compressive stress–strain curves of ideal foam 
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The Quasi-static compression load displacement curves for different densities of 

aluminum foam are shown in Fig (7). In which the same trend was obtained with   slightly 

different specimen densities. 

 

 

 
 

  

 

 

 

 

 

 

Fig. 7. load-displacement curves for aluminum foam with different densities in 

compression test. 

The (load- displacement) curves recorded during dynamic test for different densities of 

aluminum foam are shown in Fig (8). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. the (load- displacement) curves for different densities of aluminum foam 

from dynamic test. 

P 
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From the load  displacement curves for static and dynamic tests it can be seen that  the 

maximum specimen load before failure in dynamic loading is four times the quasi-static 

loading condition as shown in Fig(9). While in case of dynamic loading no plateau stress 

region is remarkable. This is due to the high loading rate wave  which crush the specimen 

gradually in a very short period of time.  The load is raised forming a peak load before the 

load drops. This can be explained in Fig (10). The dynamic wave introduced into the 

specimen through the incident bar crush the first line of voids in the front of the specimen. 

This crush of voids   produces a  dispersion in the wave transferred to the walls of the 

voids. Also redirect the wave into small incident and reflected waves super positioned 

inside the walls that weak the major wave and increase the specimen load carrying 

capacity.  

                               (a) (b) 

Fig. 9. Comparison between dynamic and static load displacement  curves 
 

 

 

 

 

 

a 

 

                    (a)                                                    (b)                                                      (c) 

Fig. 10. Void failure  mechanism during dynamic compression 
 

Aluminum foam walls covered with aluminum oxide tend to be more hard as the loading 

rate increase, which rise the strength of material and consequently increase  the material 

total load carrying capacity.     
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This phenomena can be also realized from the output signal of aluminum foam specimen 

compared with solid specimen shown in Fig (11). In case of solid aluminum the reflected 

portion of the wave are slightly higher in magnitude and short in time. The major portion 

of the incident wave referring to minimum portion of energy to be absorbed.  

 

   
 

 

 

 

 

 

 

 

 

 

 

a).Solidaluminum 

 

 

 

 

 

 

 

 

   
 

b).Aluminum foam 

Fig.11. Comparison between reflected wave in aluminum foam specimen and solid 

aluminum specimen having the same dimensions 
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The energy absorbed in the material, which represents the area under the load 

displacement curve was calculated for both static and dynamic loading conditions. For the 

quasi-static test the energy absorbed by the specimen up to 20% plateau strain was plotted 

against relative density as shown in Fig (12).  It is clear from the figure that the energy 

absorbed increases with the increases of for relative density greater than or equal 0.25. This 

is due to the fact that static loading are slow enough to be distributed fairly among the 

whole surface and depth of the material. This means that dense material can carry more 

load. 
 

 

 

 

 

 

 

 

 

Fig. 12. Energy absorbed with relative density in static test 
On the other hand, in the case of dynamic loading , the energy absorbed decreases with 

the increase for relative density greater than or equal 0.2 as shown in Fig(13) This is 

mainly due to the fact that, void percentage increase which produce an increase in the 

amount of wave dispersion among the voids. The voids wall increases the amount of 

energy absorbed in the material during dynamic loading. 
 

 

 

 

 

 

 

 

Fig. 13. Energy absorbed with relative density in dynamic test 

The dynamic results shown in Fig (14) indicates that aluminum foam has a tendency to 

absorb more energy in case of dynamic loading compared to energy absorbed in case of 

static loading. This is mainly due to the fact that the speed of the wave increases   above 
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the critical deformation speed of the material. All material become brittle as the load 

propagation speed exceeds the critical deformation speed of the material .This transfer the 

aluminum wall from ductility into more strong and hard performance. Also the wave 

dispersion mechanism increases with the increase in wave speed and magnitude because 

higher reflected waves are to be counter the main incident wave in a harder performed 

material. 
 

.  

 

 

 

 

 

Fig. 14. Absorbed energy versus time for specimen tested under    dynamic loading 

conditions 

5. Conclusions 

Aluminum foam produced using calcium carbonate, as a foaming agent, is an economical 

process for producing aluminum foam.  Dynamic and static compression tests were 

conducted to characterize the mechanical properties of the produced aluminum foam. The 

results of the quasi-static loading condition showed that the energy absorbed increases with 

the increase of foam density which indicate that aluminum foam is not a competitive 

construction material under static loading conditions. While at dynamic loading condition 

the energy absorbed decreases with the increase in relative density. This trend clarify  the 

benefit of aluminum foam as energy absorbing material at dynamic loading range and the 

fact that the decrease in foam  density enhance the aluminum foam load carrying capacity. 

Also the dynamic test results showed that aluminum foam show a tendency to absorb more 

energy as the loading increases. 
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ΔفϠتحميل مخت Εالرغوي تحت تأثير معدا ϡخصائص االومنيو 
 المϠخص العربي

في هάا الΒحث يΘم إنΘاΝ االومϨيوϡ  الήغوي باسΨΘداϡ األومϨيوϡ الϨقي ϭكήبوناΕ الϜالسيوϡ كعامل έغوي 
.ΔدسيϨϬال ΕيقاΒطΘϠل ΔΒاسϨمϭ ΔفϠϜΘال ΔفضΨϨم Δيقήالط ϩάهϭ  غوي تحتήال ϡيوϨمن األوم ΕاϨعي έاΒΘقد تم اخϭ

ϥ لدέاسΔ الμΨائص الديϨاميϜيΔ لألومϨيوϡ تاثيή أحϤاϝ اسΘاتيϜيΩϭ ΔيϨاميϜيΔ  باسΨΘداϡ جϬاί الϬوبϨϜسو
 ΔϨالعي Δصاب ϥاتضح أϭ ΔيϜاتيΘااسϭ ΔيϜاميϨائج الديΘϨال Δنέقد تم مقاϭ Δتفعήم ϝانفعا Εغوي تحت معداήال
تزΩاΩ بزياΓΩ معداΕ الΘحϤيل كϤا اتضح انه بزياΓΩ الΜϜافΔ الϨسΒيΔ يΘϨج انΨفاν في الطاقΔ الΔμΘϤϤ عϠي 

                                                              لΔ الΘحϤيل ااسΘاتيϜي.عϜس ما يحدΙ في حا


