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Abstract: High density Al-foam samples were fabricated using Powder Metallurgy (PM) technique with relative
density valuesbetween 0.40 and 0.70. In this study the mechanical and the tribologicalcharacteristics of the
fabricated foam were determined. The microstructure of the produced Al foam samples was examined. Typical
cellular foam structure was observed in the form of irregular cell shape and quiet large pore size.The mean cell
diameter is ranging from 180 to 215 µm and the wall cell thickness varying from 200 to 340 µm.Compression tests
were carried out on the fabricated samples to determine the stress-strain behaviour of the foam.Compression
test results have showed that typical plateaued stress-strain curves for lower and higher density foam. The
stress-strain behaviour of higher density Al-foams was referred to plastic deformation of the cell walls. Also
the area under the curves is higher for high density foam which showed grater energy absorbing capability. The
friction and wear tests were performed in two different running conditions, dry and oil lubricated conditions
using pin on a slab tribometer. Both test conditions and the samples microstructure found to be affecting the
friction and wear characteristics of the material significantly.
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INTRODUCTION and non-uniform temperature distribution are occurred

Metal foams find a lot of interest in different disadvantages  can  be  overcome  if  the properties can
applications in industry due to their high strength to be predicted with the right testing procedure.During
weight ratio especially in the field of automotive compression of AL foam, the effect of the foamstructure
applications. Aluminum foam was a good solution for and specimen size on the strength properties and energy
light weight constructions for its ease of manufacturing absorbing capability has already been investigated [2, 5].
and reasonable cost [1-5]. It was also indicated that the behavior of the foams is

Various techniques have been employed for the dependent on the material properties of cell wall alongside
fabrication of metal foams[1]. One of which is based on the effect of the macro-and micro-structure of foams and
powder metallurgy technique (PM). In this technique, the the physical properties such as relative density, cell shape
foamableprecursor is made by compression of a mixture of and size.
the metallic powder with foaming agent. The mixture is Typical  compression   behaviour  of  Al-foams
then heated to a temperature higher than the melting shows a plateau shaped stress strain curve which implies
temperature of the raw material. It is possible by this that the material has high toughness and it  has  the
technique toproduce exact shaped lightweight ability to absorb high energy prior to fracture.Two
constructions or three dimensional complex shapes. different mechanisms are noticed in the compression test
Anisotropy and inhomogeneity are disadvantages of of metallic foams the first one has showed saw like
metallic foams. These disadvantages come from the fact oscillation of stress which indicate the brittle fracture of
that the during the PM technique different heating rates the   cell  walls  which  lead  to  small  energy  absorption.

and affect the microstructure of the foam.These
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The second one shows smooth curve having a remarkable Experimental
plateau which means that high energy absorption could Samples Fabrication: Metal-foam specimens were
be achieved with this material. Fabrication techniques and produced following the powder metallurgy technique
processing conditions influence the value of the discussed byZhao et al., 2005. Aluminium (Al) and
compression stress of the produced foam in which it polyvinylchloride   (PVC)   powders   are   used to
affects the energy absorption capability of the produced fabricate the samples of Al-foam. The Al powders are
foam [6]. nearly  spherical  and  have  sizes  less   than   100  µm.

Unlike other mechanical properties and the The  size  of  the  PVC  powder is dependent on the
mechanical behavior of the Al-foam,the presence of required  porosity  in the foam. The PVC powder is
different materials combinations on the surface lead to granular  particles  with size  approximately  of  125 µm.
wide variety of wear mechanism which in turn affect the The Al and PVC powders were mixed together with
wear behaviour and makes it quite empirically-based. Test Ethanol as a binding material with a 1% volume of the
conditions are also an important parameter that affects the mixture.  The  Al  volume  fraction ranges from 40-70% of
wear behavior[7-11]. The wear mechanisms can be all  solid materials. The Al-PVC powder mixture was
categorized into brittle fracture or due to plastic poured  into  a  mild  steel  die  and  a  layer  of  iron
deformation [7]. For tribological applications, the powder  is  used  to  close the die ends to prevent
properties of the surface are attributed to the different oxidation of the mixture. The compaction process
material phases formed during contact with the other performed at load of 130 kN using a universal testing
surfaces during operation. Metallic foams produced by machine  with ram velocity of 2mm/min. To remove
powder metallurgy processes make it possible to produce Ethanol from the mixture, the prepared green compacted
materials with special properties or materials with specimens are heated to 150 °C for 90 min. Then the
controlled inhomogeneity, which cannot be manufactured heating  temperature  is  raised  to   275 °C   for   another
by other conventional techniques. The advantage of the 90 min to decompose the PVC particles leaving their
porosity of AL foam produced by PM technique over the spaces  as  voids  or  pores.   The   semi  foamed specimen
conventional techniques that it provides pores act like an was  then  sintered  at  620 °C  for  three  hours  to  melt
embedded oil reservoir. These embedded oil reservoir can and decompose the PVC and then the mixture is then
be used to produce self-lubricating bearings with good cooled  to  room   temperature,  see  Figures  1  and  2.
load-bearing capacity [12-13]. The  advantage  of  this  technique  is  that  the  PVC  in

The objective of the present work is to determine the the specimen can be removed very quickly under the
mechanical and the tripological properties of Al-foams condition that the temperature distribution on the
fabricated using powder metallurgy (PM) technique. This specimen  is  maintained  above  the  melting  temperature
is carried out through a series of standard mechanical of PVC for a period of time not less than 90 min. The
tests to determine the shape of their compressive stress- resultant Al-foam   was  very  clean  from  PVC.
strain curves and determination of the friction and wear Cylindrical test specimens were produced with the
properties of the produced foam using Pin-on a slab tests. dimensions of 20 mm in diameter and 10 mm in length
The microstructure of the test samples is also examined. using an appropriate die.

Fig. 1: Procedures of the foam manufacturing.
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Fig. 2: Illustration of the three different stages of PVC removaland sintering process.

Fig. 3: Respective structures of some produced samples.

Samples Microstructure: The microstructure of some built for the current work. The test rig is built based on the
produced samples using the PM technique is presented principleof pin on a slab tribometer. The details of the test
in Figure 3. It is clearly shown in Figure 3 that the rig are shown in Figure 4. The properties were determined
distribution of the pores is non-uniform in most of the under dry and oil lubricated conditions. The test specimen
regions of the foams. The non-uniformity of the pores was mounted on a holder against the sliding surface and
may be attributed to the manual mixing of the powder if we a load cell was installed on the pin to sense the tangential
consider the insignificant decrease in pore sizes due to force on the contact surface in the direction of sliding. A
the sintering shrinkage. However, the pores seemed to be load is applied on the pin in the form of dead weight and
somehow more rounded than the initial PVC powder, acts like a normal force. The coefficient of friction can be
which was attributed to the slight deformation of the PVC determined from the applied normal load and the measured
particles during the compaction stage. The size of the cell tangential force. The wear of the produced foam was
was measured using ant imaging system and this showed expressed by the weight loss during the application of the
that the cells have a nearly spherical shape with an load against the sliding surface. In other words, it is the
average cell diameter ranges from 180 to 215 µm. Also the difference in the sample weight before and after the load
wall cell thickness varies from 200 to 340 µm. application. The weight loss is measured using a digital

Wear and Friction Tests: Friction and wear properties of by weights (5, 10, 15 and 20 N) and the complete sliding
the produced foam are measured using a test rig specially distance  was 60 mm. The test speed was nearly controlled

balance with accuracy of ±0.001 g. The load was applied
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Fig. 4: (a,b) Pin-on-slab test rig
(1: screen, 2: specimen holder, 3: load cell, 4: specimen, 5: slab)

by automatically turning the power screw feeding the
specimen in the adhesion direction. The sliding velocity
was 2.5 mm/s.

RESULTS AND DISCUSSIONS

Mechanical Behaviour: Compressive Stress-strain curves
for the tested specimens having different relative
densities  in  the  range  from 0.7 to 0.4 are shown in
Figure. 5. The curves show typical shape characteristic of
metallic foam [1] and each curve consists of three zones
namely: (i) linear elasto-plastic deformation up to 1% of
strain (ii) an extended plateau up to 30% of strain,and (iii)
rapidly  increasing  stress, where densification occurs.
The peak  stress is reached at a strain of between 0.5 and
0.8%. In case of foam with relative density equals to 0.4,
the stress,  after  a  first  maximum,  drops  significantly.
This drop is due to the collapse of one pore layer and in
this case the corresponding strain is proportional to the
pore size [6, 14]. Figure 6 (a,b)shows the variation of the
energy absorption capacity W (The area under the stress-
strain curve) with the plateau stress for different relative

Fig. 5: Compressive stress-strain curves for Al-foams capacity can directly linked to the increase of the relative
having various relative densities. density of the AL-foam.

Fig. 6: Absorbed energy per unit volume as a function in
compressive stress for Al-Foam.
(a) Qualitatively shown for a relative density of 0.6
(b) Quantitatively shown for a relative density
from 0.4 to 0.7

density ratio. It is clear from this figure that the energy
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Fig. 7: Normalized peak stress versus relative density. Fig. 9: Effect of applied normal load on weight loss for

Fig. 8: Friction applied load relationship for Al-foams in increasing the porosity. It is likely thatthe reason behind
dry and oil lubricated sliding this is due to that the pores in the foam itself absorb the

In Figure 7, the ratio between the peak stress and friction due to incomplete contact. Moreover the frictionpl

the yield stress  of the bulk material obtained coefficients in dry sliding are higher than the frictions

experimentally is plotted against the relative density and coefficients in oil sliding because the pores act like
compared with the results with those obtained lubricant reservoirs and/or lubricating channels causing
theoretically by Gibson and Ashby model for open and decay to the friction values.
closed cell foams; respectively [15]. It can be seenfrom the Figure 9 shows the most remarkable difference in the
figure that open cell foam results almost match the amount loss of wear when the Al-foams slide dry and
theoretical model and those measured for both types of lubricated. It is obvious that the Al-foams have two
closed cell foams are overestimated by the model. The contradicting behaviors during dry sliding, the weight
deviation of the results may be attributed to the loss increases to a certain value of the applied load and
macroscopic defects such as cells size, walls thickness then decreases as increases the applied normal load. But
variability, faces curvatures and wrinkles of l structure of by using the oil lubrication, the weight loss decreases to
closed cell foam. a certain value of the applied normal load. Then it

Tribological Behavior: Tribological behaviour of Al- it is normal that the increase of the relative density affects
Foams under different conditions is one of the key points the wear loss of the Al-foam specimens as a result of
in this study. A combination of good wear resistance and raising the strength weakness of the foamed specimens
high  strength  is  one  of  the  basic  requirements  for but the fluctuation of the behavior up and down or vice
porous materials used under intense  friction  conditions. versa that have to beexplained. This is can be explained

Al-foams in dry and oil lubricated sliding.

Through a series of experiments, the tribological data of
Al-Foam under certain conditions are obtained and are
plotted in the following figures. Figure 8 presents values
of the coefficient of friction for the Al-foam specimens
having relative densities ( /  =0.5 and 0.6) versus thes

applied normal load at dry and oil sliding conditions. It
can be seen that the friction coefficient values decreases
as applied load increases in both sliding conditions. This
response was attributed to the increase of the true contact
area. The friction coefficient decreases with increasing the
relative density which it means the friction increases with

wear debris during the rubbing process causing high

increases with increasing the applied normal load. In fact
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by the fact that the pore itself collects the wear debris 5. Michailidis,    N.,  2011.  Compressive  response  of
during dry rubbing process. In case of oil lubricated, Al-foams produced via a powder sintering process
surface the increase of the weight loss after decreasing based   on    a   leachable   space-holder  material,
that might be attributed to the formation of a thin oil film Materials Science and Engineering A, 528: 1662-1667.
between the surfaces of the specimen and the slab, which 6. Koza,   E.   Leonowicz,    M.    Wojciechowski   and
prevents the actual contact between the two surfaces to S.F. Simancik, 2003. Compressive strength of
be occurred. As a result adhesion and bonding between aluminium foams, Materials Letters, 58: 132-135.
the Al-particles are significantly reduced, leading to 7. Xu, Z.G.,  et  al.,  2012.  Effects  of   cell   size   on
increase in the material removal. quasi-static compressive properties of Mg alloy

CONCLUSIONS 8. Liu, J., J. Binner and R. Higginson, 2012. Dry sliding

In this study the mechanical and the foam/aluminium alloy interpenetrating composites
tribologicalproperties of the AL-foam were determined.A produced    by   pressureless   infiltration,  Wear,
series of compression tests and wear and friction tests 276(277): 94-104.
were conducted on samples produced using PM 9. Cree, D. and M. Pugh, 2011. Dry wear and friction
technique. Samples were produced with different relative properties of an A356/SiC foam interpenetrating
densities between 0.4 and 0.7. The relative density plays phase composite, Wear, 272: 88-96.
an important role on the stress strain behaviour of Al 10. Unlu, B.S., 2009. Investigation of tribological and
foams. For example, the plateau stress increases with the mechanical properties of metal bearings, Bull. Mater.
increase of the relative density.The energy absorption Sci., 32(4): 451-457.
capability also increases with the increase of the relative 11. Qu, J.,    P.J.   Blau,  J.  Klett  and  B.  Jolly,  2004.
density of the foam in which high relative density Sliding friction and wear characteristics of novel
specimens exhibit smoother stress-strain curves and graphitic    foam    materials,    Tribology   Letters,
increased stability.Test conditions and the relative 17(4): 879-886.
density affect the friction and wear characteristics of the 12. Tufekci, K., C. Kurbanoglu, E. Durak and F. Tunay,
material significantly.The friction coefficient and wear loss 2006.     Friction    and   wear  properties  of  Cu  and
increase with the increase of load. Good tribological Fe-based P/M bearing materials, Journal of
performance was achieved for /  = 0.6this was in the Mechanical science and technology (KSME Int. J.),s

form of lowest coefficient of friction and smallest weight 20(4): 513-521.
loss. 13. Teisanu, C. and S. Gheorghe, 2011. Development of
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