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Abstract: In this study, the effect of Fe–intermetallic compounds on plastic deformation of 

closed-cell composite Aluminum Foam as the filler of thin-walled tubes is investigated. 

Composite foams of AlSi7SiC3 and AlSi7SiC3-(Fe) as a closed cell were synthesized through 

powder metallurgy foaming method. Macro and Micro structures of the produced foams revealed a 

non-homogenous cell which is dependent on Fe-rich intermetallic compounds. The cellular 

structure of AlSi7SiC3 foam shows a non-uniform and small size of bubbles with a few central big 

voids in comparison with the AlSi7SiC3-(Fe) foams. The analysis of EDAX (Energy Dispersive 

Analysis of X-rays) indicate that there are (α+β)-Fe- intermetallic compound within foams with Fe 

< 2 wt. %, and (α+δ)-Fe-intermetallic compound for the foams with Fe > 2 wt. %, in which their 

presence depend on the cooling rate during the solidification of liquid foams. The stress-strain 

curve of the AlSi7SiC3 foam shows a smooth plastic deformation behavior in the plastic region, 

throughout the compression tests. However, by increasing the weight percent of Fe from 1 up to 

3%, the curve shows some variation at the slope of             curves within the plastic zone. 

The results obtained indicated that all of the compression response is due to the micro-porosity in 

plateau region and the presence of the Fe-Al-Si-intermetallic within the cell wall revealed that 

both of them have the role of a stress concentration point during the compressive loading. 

 
Keywords: Metal foam, plastic deformation, compression response, absorption energy, Fe-Al-Si-intermetallic 
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1. Introduction 

In the last few decades, due to possessing unique combination of properties, Aluminum alloys foams have 

developed in variety of industries [1–3]. Metal foams as an advanced material are categorized into two 

groups based on their cellular structure, namely open cell foam, and closed cell foams. Industrial 

applications of the open cell foams are in the field of filtrations, thermal and ionic exchangers. However, 

the closed cell foams have an application of impact absorption, sound, and vibration energy, especially as 

a role of energy absorbers or the crash boxes in automobile industries. The closed cell metal foams can be 

manufactured through two main methods; casting and powder metallurgy [4-5]. With regard to the 

fabrication methods, Aluminum and Aluminum alloys are the best candidates for metallic foams due to 

their excellent mechanical and physical properties. Al-foams are considered as suitable materials for 

energy absorption due to their cellular structure. Al alloys foams demonstrate a distinctive plateau of 

almost constant stress in the uni-axial compressive stress-strain curve with the nominal strain value up to 

75%, which indicates a high energy absorption capacity [3]. Regarding this issue, many research were 

done on mechanical properties and absorption energy of Aluminum foam, Al-the alloys foam, and Al 

composites foam as filler of thin-walled tubs. The quality of the Al composite foams has shown a 

significant influence on the pattern of the elastic and the plastic deformation of the foams and Al 

composite foam filled tubes [9-10]. The quality of the produced Aluminum composite foams is influenced 

by several parameters such as composition, particle distribution, volume fraction, size, shape, and matrix 

alloy composition, foaming temperature, holding time and cooling rate [11]. Several investigations 
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focused on compressive properties of the Al composite foams with reinforcing particles such as Al2O3 and 

SiC [12-14]. However, investigations on the effect of the elements with high melting point temperatures 

with respect to the matrix alloy melting point on the compressive properties are very few, especially when 

the combination of both the high melting point elements powder (such as Fe and Si) and the 

reinforcement particles are considered (as like SiC and TiB2). Recently, it is reported that the compressive 

stress–strain curve of AlSi9Mg foams is smooth with hardening-strain, whereas AlSi9Mg–SiC composite 

foams are not smooth and exhibit some serrations, which often is associated with the hardening-strain 

[15]. Therefore, in the present investigation, the effect of Fe and SiC on micro-structural and behavior of 

plastic deformation for Al-Si foam as filler of crush-boxes, under the condition of quasi-static uni-axial 

compression load has been evaluated. Moreover, the mechanism of Fe powder addition on the elimination 

of strain hardening during plastic deformation has been described based on the creation of the ductile or 

brittle inter-metallic compounds and the micro-porosity into the Al-Si-SiC foam cellular structure  

 

2. Experimental procedures 

The present investigation makes use of powder mixtures such as Fe, Al-Si, SiC, and TiH2 powders as a 

high melting point stabilizer, matrix alloy, reinforcement, and blowing agent for foam production process, 

respectively. Table (1) shows the characteristics of each powder. In order to assess the Fe additive on the 

cellular structure and the mechanical properties during plastic deformation, three types of composite 

foams namely AlSi7SiC3, AlSi7SiC3Fe1, and AlSi7SiC3Fe3 were designed and synthesized using 

powder metallurgy method. In order to produce the precursor, the powders mixture were then mixed with 

1wt.% TiH2 and, after cold iso-static was pressed into green cylinders with 63 mm diameter, it was hot 

extruded at 450 ◦C with the extrusion ratio of 63/14. Therefore, three types of precursors; AlSi7SiC3, 

AlSi7SiC3Fe1, and AlSi7SiC3Fe3 in each hot extrude will be prepared.  

 

Table 1. Consume powders Characteristics  

Chemical Composition    Purity (%)     Size (μm) 

         SiC 95 <25 

         TiH2 98 <44 

         Si 95 <150 

         Fe 99 <44 

         Al 97 <63 

 

      The foaming treatment was carried out for all precursors in a resistance electrical furnace at 700 ◦C 

using several thin-walled tubs as mould. The tubular moulds with thickness of 1 mm, and outside 

diameters of 16, 22 and 35 mm were cut with the height of 1.5 times of their diameters, respectively. 

Then all the tubes were preheated to 700 ◦C. The obtained precursors from the hot extrusion were cut and 

put into the tubes separately and was held in the foaming temperature for 8-10 minutes, and immediately 

cooled through the forced air.  

      The uni-axial quasi static loading on the metal foams then were performed using 25 kN Instron 8502 

test machine at a crosshead speed of 2.5 mm/min and 1.3x10
-3

 (1/sec) strain rate at room temperature for 

samples with 20mm diameter. The curve of stress-strain was plotted after that for the three foams.  In 
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order to identify the Composite Metal Foam samples, they were coded as "CMF-Z-X-Y”. Each code 

includes three parts: "Z", "X" and "Y". The letter "Z" refers to geometry of moulds (S=square, C=circle) 

and the letter "X" refers to diameter of foam cross-section as a millimeter (16 or 22, or 35mm), and "Y" 

indicates weight percent amount of the Fe powder in foams (Y= 0% or 1% or 3%).  

      However, in this part, all moulds had a circle cross-section. The "Z=C" in codes then were deleted and 

the obtained microstructures were investigated using an optical microscope and an X30 Philips scanning 

electron microscope was operated at 20 KV. Compositional spot analyses were performed at the interface 

of the inter-metallic compounds and the matrix alloy using an Energy Dispersive X-ray Analysis (EDXA) 

facility in the SEM. 

 

3. Results and Discussions 

3.1. Phases, compounds and cellular structure 

Fig.1a. shows the distribution of the consumed powder particles based on Table (1) in the produced 

precursors.  

 

  
                          (a)                                                           (b) 

Figure 1. Metallography of precursors and distribution of particles (types and sizes) in consumed powders; a) optical 

metallography, b) SEM metallography. 

 

      It is clear that the distribution of the particles is approximately homogenous in Fig.1b. The points 

shown in A, B, C, and D are selected in order to identify their composition by EDXA method. The 

obtained results from the EDXA are illustrated in Fig.2.   
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(a)  (b)  

(c)  (d)  

Figure 2. EDXA analysis for A, B, C, and D points in Figure 1(b). 

      Based on the maximum peaks, it is seemed that the particles A, B, C, and D in the precursor are TiH2, 

Si, SiC, and Fe, respectively. Fig. 3 illustrates relative densities, and images of the cellular structure for 

AlSi7SiC3, AlSi7SiC3Fe1, and AlSi7SiC3Fe3 composite foams, which took out from the thin-walled 

tubes (mould) after foaming and cutting in longitude section direction versus samples codes. The relative 

densities of samples with CMF-22-0, CMF-22-1, and CMF-22-3 codes are 0.38, 0.35, and 0.31, 

respectively.  

      It can be seen that all the produced foams present a roughly closed-cell structure and the magnitude of 

pores per inch (PPI) at the cross-section of the foams was between 25-32 PPI. However, the composite 

foam without Fe have approximately non-uniform distribution and cell size, in comparison to the 

composite foams containing Fe. It is obvious from the cellular structure of the composite foams without 

Fe that there are significant variations in closed-cells size and cells wall thickness. In fact, there are 

several dispersed big voids with coarse surface in cross-section of the foams without Fe. In addition, 

defects such as drainage, big void, and crack are observed for the foams without Fe composite. 

      As it is illustrated in Fig. 3, it can be noted that as the Fe powder increases, the cell size increase as 

well. However, by adding Fe powder into the AlSi7SiC3 composite foam, the association with the SiC 

particles increases the viscosity (due to their high melting point) and thus reduces the flow-ability of 

molten melt, which should lead to the thickening of the cells wall. The presence of SiC particles so helps 

the retention of molten melt and the flow of it is hindered in all directions (the Gibbs–Marangoni effect), 

whereas Fe with formation of Fe-Si-Al intermetallic compounds can increase the surface tension and the 

capillarity. 
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Fig.3 Longitude section of the AlSi7SiC3Fe(Y) foams versus their codes and relative densities. 

 

      In this case, foam cell walls can be thinner during growth bubbles without cell coalesces and bursting 

bubbles. Thus, the presence of Fe powder helps in providing better stability, where the cells grow to 

larger sizes without collapsing or rupturing. It is seemed that samples with 1%wt. Fe have better cellular 

structure, especially, for the CMF-22-1 sample. As Fig.4, indicates, AlSi7SiC3Fe3 composite foams have 

thinner walls (images A(3), which obtained from cross the row: A and the column: (3), in Fig.4) distorted 

and jagged wall (image E(3)) in comparison with AlSi7SiC3Fe1, and AlSi7SiC3 composite foams. 

      Therefore, it can be deduced that when the Fe powder increases, the cell size increase as well. 

However, the size of SiC particles and the thickness of the cells walls are decreased. For examples in 

magnification of more than X4000, the spread SiC particles in the inner surface of cells, as shown in 

Fig.4, images E(1), E(2), and E(3), they have been finer by increasing of wt. %Fe, respectively. 

According to Table 2 and ternary phase diagram at Fig.5, It seems that Al-Si-Fe intermetallic compounds 

can be the reason of foams substructure variations (size, thickness and morphology) in Fig.4. 
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Fig.4. Substructures of closed cell foam versus wt. % Fe (columns: (1), (2), and (3)) and magnification  

(rows: A and E). 

 

Table 2. Reactions and thermodynamic data in the Al-rich corner of the Al-Si-Fe system  

(see phase diagram of Fig.5) 

Reaction-

point 

              Reaction Temp 

(oC) 

Reaction-

line 

       Reaction  Temp.range 

       (oC) 

   P1         766 P1-U1       648-751 

   P2         665 P1-U2       636-766 

   U1         648 P2-U1       648-665 

  U2            636 P2-U4       596-665 

   U3            609 U1-U3       609-648 

   U4            596 U2-U3          609-636 

   E1               576 U3-E1          576-609 

    -                      -   - U4-E1          576-596 

                                                                              

                                    [16-17] 

 

      One of the possible reasons could be as follow. It is noticeable that in the AlSi7SiC3Fe3 composite 

foams, there are some micro-porosities in the plateau region of cells, as shown in Fig.4, image A(3). On 

the other hand, the Fe and Si are soluble in liquid Al but they have very little solubility in the solid, which 

is shown in Fig.5 in a blue line. Fe tends to combine with other elements to form intermetallic compounds 
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during transforming from the liquid’s temperature to the solids temperature (thermal path 

P1U2(Al)E1 on Fig.5). In the absence of Si, the dominant intermetallic phases that forms are 

Al
3
Fe (θ-phase) and Al

6
Fe [16]. However, when Si is presented, the dominant phases are Al

8
Fe

2
Si (α-

phase), Al
5
FeSi (β-phase), Al

3
FeSi (γ-phase), and Al

4
FeSi2 (δ-phase) based on the corner of Al-Si-Fe 

phase diagram in Fig.5 [16-18].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5. Corner of Al-Si-Fe ternary phase diagram and stable intermetallic compounds. 

 

      In this case that Fe is 3%wt temperature, liquids are shown in Fig.5 in a red line, and thermal path will 

be fromed (P1αβU1P2U4) at slow cooling rate. Some of the Fe intermetallic compounds 

mentioned above are quite obvious within the microstructures of Al-Si alloys, and can usually be 

distinguished under the microscope with their morphology and color. For example, the α-phase forms in a 

script-like morphology and β-phase has a needles or flake form [18-19]. It is revealed that the 

morphologies of Fe inter-metallic phases are responsible for the foam cellular structure and the 

mechanical properties [18-20]. It is reported that cooling rate of Al foams liquid containing of Fe and Si, 

have significant effect on the morphology and the type of both the Al8Fe2Si(α) and the Al5FeSi (β) inter-

metallic [16-17, 21]. Although during the foaming process through powder metallurgy route, the foaming 

time often is less than 10 minutes, the Fe and Si powders can be solved in the liquid Al alloys as partially, 

dependent on the time and temperature of foaming treatment. The substructures of AlSi7SiC3Fe3 

composite foams are shown in Fig. 6. The substructure of the composite foams depicts that the inter-

metallic phases (marked “P0”) are reasonably non- uniform distribution and irregular in shape. 

Microphotograph of the cell wall at higher magnification is also depicted in Fig. 6, (marked P1), which 
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exhibits fair bonding between the inter-metallic phases and the matrix alloy, as far as any discontinuity is 

not observed at the interface. Although during the foaming process, the gas is released and may 

accumulate at the interface of the inter-metallic phase and the matrix, the microstructure reveals a semi-

strong interface, which is continuously distributed without micro-porosity, crack and gap at the inter-

metallic and matrix interface. Therefore, the micro-bubbles should move to the plateau region, due to the 

viscosity and capillarity effects. Fig.4, image A(3) shows the object that is in agreement with reference 

[22]. Fig. 6 (marked P1) shows the location and compound of the inter-metallic phase in the cell structure 

and illustrates that inter-metallic phases tend to extend into the gas bubble.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6.Intermatallic Al-Si-Fe and EDXA results within cell wall thickness AlSi7SiC3Fe3 foam. 

 

      The AlSi7SiC3Fe3 foam EDXA results at interface of the inter-metallic compounds and the matrix 

alloy (marked “P1”) which is presented in Fig.6. It can be observed that Al, Fe, and Si elements have 

67.25, 21.29, and 11.36 atomic percent (Al:Si:Fe = 5.9:1.8:1), respectively. Therefore, the compound 

form of the inter-metallic phase can be one of the Al8Fe2Si (α-phase), Al5FeSi (β-phase), and Al4FeSi2 

(δ –phase) [23]. Thus with the increasing of cooling rate at the final stages of solidification, Fe δ -platelets 

precipitate in the cell wall [24]. Also Al4Fe2Si (δ -phase) based on the results of EDXA and its flack or 
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platelet shape is among the favored compound, which is in line with results of references [16-17]. Finally, 

it is concluded that during the foaming process, the increasing of Fe in the AlSi7SiC3Fe composite foams 

lead to the increase size of the cell and decrease the thickness of the cells walls. In addition, during 

solidification of the liquid foams, Al4Fe2Si- δ –platelets was formed with the strong bond. The δ –

platelets tend to extend into the gas bubble and precipitate in the cell wall (due to distortion of cell walls), 

whereas micro-porosities dispose toward accumulation at plateau regions of cells. Both of them (the inter-

metallic compound and the micro-porosities) have the roles of stress concentration zones, and they can 

significantly affected mechanical and physical properties of the foams such as compression test. 

 

3.2. Compression response for metal foams 

Fig. 7 shows the effect of Fe wt. % on stress-strain curves for the three composite metal foams during the 

compression test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7. Stress-strain curves of the three composite metal foams, during uniaxial and quasi static plastic deformation. 

 

      Alike other Al composite metal foam, they have characteristic of compressive stress–strain curves, 

which involve three distinct stages [2, 4, 25]. At elastic strain, the stress increases linearly with increasing 

strain in elastic deformation region meaning that the foam cell walls bend as elastic buckling. Then a long 

plateau of plastic deformation occurs at approximately smooth stress, and foam bubble walls buckle as 

plastic and the cells are softly crushed or crashed. After the densification strain (0.5-0.6% strain in Fig.7) 

it is shown that the stress abruptly increased, since the foam cell walls collapsed and contacted together. 

Fig. 7 also indicated that the AlSi7SiC3 (without Fe) composite foam have the maximum slope variety of 

the stress-strain curves through the plateau plastic deformation region, whereas for the AlSiSiC3Fe 

foams, the slope with the increasing of Fe element unexpectedly reduced (the dotted-curves, in Fig.7). As 

it was seen, it can be deduced that the presence of Fe element in the Al composite foam does not 

significantly affect the compression stress–strain response at the elastic region. However, the addition of 

Fe has a considerable impact on the plateau plastic deformation region, especially in case of strain-
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hardening phenomenon and toughness. It seems that brittleness of AlSi7SiC3Fe-(Y) foams is due to the 

dispersion of the intermetallic compounds within the foam cell walls and the accumulation of micro-voids 

within the plateau zones, in comparison with the AlSi7SiC3 samples. 

      The ductile behavior of foam samples containing Fe might be attributed to the relatively more 

brittleness in comparison to the AlSi7SiC3 foams. Therefore, the behavior of strain-hardening exponent 

for all samples, during plateau plastic deformation, can be noted. The flow stress of a material is generally 

expressed as a function of plastic strain through       equation, where "n" is the strain-hardening 

exponent, and "K" is the plastic strength coefficient. The variation of         with        for all of the 

composite foam at plastic deformation regions (Not elastic) are shown in Fig. 8. Moreover, the two 

mechanisms and their governing equations can be noted for each material in Fig. 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8. Plot of Ln(ζ) versus Ln(ε) for the three foams during plastic deformation in Fig.7. 

 

      The first mechanism has a strain-hardening exponent for lower strains with slope "n1" (before 

densification strain or soft plastic deformation) and other mechanism has a higher strain-hardening 

exponent with slpoe "n2" (after densification strain or hard plastic deformation). The strain-hardening 

exponents and the plastic strength coefficients of the investigated foams are given in Table 3. It can be 

observed that the addition of Fe element significantly affects the strain-hardening exponents of all 

composite foams. The strain-hardening exponent of the AlSi7SiC3Fe foams is lower than that of 

AlSi7SiC3 foam. However, by increasing the Fe powder from 1 to 3wt. %, an increase in the strain-

hardening exponent of the AlSi7SiC3-(Fe) composite foams occurs.  
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Table 3. Determination of "n" and "k" coefficients of hardening-strain equation for all the samples in Fig.8 

sample 

code 
             Eq(n1)            Eq(n2) / n1 / n2 ln(k1) ln(k2) 

Line-line 

intersection 

ln(ε) ln (σ) 

CMF-20-0 Lnσ =1.9047Lnε + 5.3321 Lnσ =0.3Lnε +3.8356 1.91 0.30 5.33 3.83 1 3.5 

CMF-20-1 Lnσ =1.8543Lnε + 4.8452 Lnσ =-0.1063Lnε +2.442 1.85 -0.1 4.84 2.44 1.11 2.7 

CMF-20-3 Lnσ=3.8347Lnε + 5.3779 Lnσ=0.2857Lnε +3.2447 3.83 0.28 5.38 3.25 0.7 2.7 

 

3.3. Effect of Fe on energy absorption capacity 

Fig. 9 illustrates the effect of Fe additive on the energy absorption capacity at a fixed strain rate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9. Obtained absorption energy from curves in Fig.7 during the plastic deformation of foams under uniaxial 

loading. 

      In Fig.9, the absorbed energy during the deformation plastic of composite foams is shown where W, 

was calculated from Equation (1): 

 

  ∫        
  
  

                                                                                                                               (1) 

 

      Where the upper limit of integration (εd) is determined from cross-cut lines in Fig.8, and the 

data of Table 3.     

In Fig. 9, the absorbed energies of the composite foams are plotted as a function of wt. % Fe. The 

composite foams show the decreasing energy absorption for foams with increasing of wt.% Fe. It can be 

noted from Fig.9, energy absorption of the AlSi7SiC3 foams is more than both the AlSi7SiC3Fe1 and the 

AlSi7SiC3Fe3 foam This is can be attributed to 2 reasons: i) the higher yield and plateau stress of the 

AlSi7SiC3 in Fig.7, and ii) there is not the breaking or the oscillation during strain-hardening in the 

AlSi7SiC3 foams. It seems that adding of Fe decrease the absorption energy due to presence of the 

intermetallic compounds (see subsection3.1) of Fe within the walls of foam bubbles (see Fig. 4, and 
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Fig.6). Therefore, for the AlSi7SiC3Fe-(Y) composite foams, which their cell wall containing (α+β) for 

wt. % Fe < 2 or (α+δ) for wt. % Fe > 2 (according to thermal paths on Fig.5 and Table 2), dependent on 

low and high cooling rate, respectively, an additional energy is absorbed at ASi7SiC3:Fe1 samples due to 

the presence of the concentration of stress around of the intermetallic within the cell wall (see Fig.4, and 

6),as like stress intensity around of the micro-void within cell plateau region (see image A(3) in Fig.4). 

On the basis of the above results, it can be deduced that foams containing of Fe, the solid bubbles (with 

Fe-Intermetallic compounds) have a good plastic buckling, and if they have been surrounded with some 

micro-voids, due to suitable distribution of plastic hinge points at the walls and plateau regions, they 

show a wide range of the strain at a stress level approximately smooth. This behavior is more suitable for 

energy absorbers at the time of crash impact. Therefore the addition of Fe to the AlSi7SiC3 foam, during 

compression test until the densification strain, can decrease positive-slope of strain-hardening toward a 

smooth slop (nearly zero slop), only for foams with Fe <2 wt.% which Fe is as (α+β) intermetallic 

compound. However for the foams with wt. % Fe>2 wt.% and as (α+δ) intermetallic compound, the stress 

level during the densification strain will not be smooth. 

 

4. Conclusions 

1. Cellular structure and Micro-structure of composite foams have a significant role on the behavior of 

plastic deformation of the AlSi7SiC3foams and AlSi7SiC3Fe foams. In cases that foam cells walls 

can be thinner during the growth bubbles without the cells coalesce the absorption energy will be 

increased by decreasing the foams relative density. 

2. During AlSi7SiC3Fe foaming processes by powder metallurgy route, some intermetallic such as α+β 

and α+δ are formed depending on the cooling rate and the percent of Fe element, which strongly 

affected on mechanical and physical properties. Results showed α+δ formed at high cooling rate and 

Fe percent of more than 2 wt. %, and α+β formed at lower cooling rate and Fe percent less than 2 

wt. %. 

3. During foaming process, the micro-voids are accumulated within the cell plateau region (see Fig.4) 

and the flack Fe-intermetallic compounds are moved to the cell thin walls as a perpendicular (see 

Fig.6), and thus both of them act as the stress concentration pointes. 

4. Fe additive in the AlSi7SiC3 composite foams affected on the hardening-strain exponent. In case 

1wt. %Fe the hardening-strain exponent "n2" is near to zero that is related to the foam with 3wt. %Fe. 

It is clear that "n2≈0" referred to the plastic deformation without work-hardening. In this condition, 

the plateau stress versus strain is alike a horizontal line. Therefore, the AlSi7SiC3Fe1 rather than the 

AlSi7SiC3Fe3 is due to the hardening-strain exponent that is near to zero and the higher energy 

absorption (approximately 21%) of the AlSi7SiC3Fe1. 
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