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Abstract Zn–8Al alloy with density 6.3 g/cm3 was

foamed by using cenosphere particles as a thickening agent

and CaH2 as foaming agent via stir-casting technique. The

cenosphere particles also worked as a space holder to

create microporosity into the foam structure. The relative

density of the hybrid foam has been obtained in the range

of 0.18–0.27. The synthesized hybrid foam was studied

under microscopic evaluation and compressive deforma-

tion behavior. From scanning electron microscopic obser-

vation, it was found that cenosphere particles are dispersed

into the cell walls of the hybrid foam as the strengthening

material. Compressive deformation of the samples sliced

from the foam ingot was examined with different condi-

tions to find out the effect of strain rate and temperature.

The properties were evaluated in terms of plateau stress,

energy absorption capacity, densification strain, maximum

stress and energy absorption efficiency. The present work

is focused on the parameters which affect energy absorp-

tion efficiency of hybrid foam. It was noted that plateau

stress and energy absorption capacity increases with rela-

tive density and strain rate. The temperature of the furnace

during the compression test was varied from 100 to 250 �C
and the result obtained shows that plateau stress and energy

absorption capacity values reduces with an increase in

temperature during the compression test. The energy

absorption efficiency of the hybrid foam varies in the range

of 56–90% as it depends on the compressive deformation.

More constant plateau region results in higher energy

absorption efficiency. Densification strain is found to be

almost constant for each set of conditions.
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Abbreviations

RD Relative density

PS Plateau stress

EAC Energy absorption capacity

EAE Energy absorption efficiency

SR Strain rate

DS Densification strain

SRS Strain rate sensitivity

CPs Cenosphere particles

List of Symbols

qRD Relative density

rpl Plateau stress

Eab Energy absorption capacity

g Energy absorption efficiency

ed Densification strain

1 Introduction

Closed cell metal foams exhibit good mechanical charac-

teristics like stiffness and strength. It has plateau stress (PS)

when subjected to compressive load and high energy

absorption capacity (EAC) [1]. Metal foam materials

having open pores and closed pores find applications in

energy and sound absorption, automobiles, thermal insu-

lation and aerospace. But, nowadays researchers are
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focusing on high-temperature applications such as heat

shielder and cooling system in gas and steam turbine.

The hollow microballoons Al2O3 and cenosphere parti-

cles (CPs) were added to the melt by researchers to get

lightweight material as syntactic foam having better

properties in terms of stiffness, yield strength and PS. The

Al syntactic foam was synthesized by melt infiltration

technique with pressure infiltration using silica–mullite

hollow microsphere and reported a significant improve-

ment in stiffness [2]. The compressive behavior of Al

syntactic foam was observed [3] and has been reported that

compressive strength increased with the density (q), and

annealed syntactic foam had higher yield strength. Hollow

Al2O3 particles were also employed to fabricate Al syn-

tactic foam [4]. The compression tests were already carried

out at high temperature for Al syntactic foam at 100, 150

and 200 �C [5] and it was found to decrease in PS with

temperature. Al particles were added to Al syntactic foam

in order to improve ductility and EAC [6].

Reinforcing agent (Al2O3, ZnO) was added to Zn–Al

alloys to get composite material. The ZnAl27 alloy matrix

reinforced with Al2O3 particles (0, 4, 8, and 12 wt.%) was

evaluated [7], and results obtained by the analysis helped

us to understand de-bonding behavior between matrix

interfaces. The wear volume loss of ZnAl27–nanoAl2O3

composite decreased with increase in reinforcing agent [8].

ZnO nanoparticles (0, 1, 2, 3, 4 and 5 wt.%) were added to

ZnAl27 alloy to form low-density composite material with

high performance [9] and found 4 wt.%. The sample had

high tensile strength and hardness values.

Zn–Al alloys have considerable mechanical strength,

softness, and lower melting point makes it suitable for

energy absorption applications. The ZnAl22 composite

foam was synthesized by melt foaming route using SiC

(10 vol%) and CaCO3 (0.3–0.6 wt%) as a foaming agent

and reported improvement in damping capacity of foam

[10]. The ZnAl27–SiC foam was fabricated using CaH2

foaming agent. The foam was developed with a density of

0.25–0.45 g/cm3, and micro-architectural properties were

estimated in terms of cell size and cell wall thickness [11].

The high-temperature deformation under compressive

loading was checked for ZnAl27–SiC foam with varying

strain rate (SR), and results showed that compressive

strength increased with a relative density (RD) and

decreased with temperature [12]. The compression and

tensile tests were performed for ZnAl22 foam and 0.55

strain rate sensitivity (SRS) was reported [13].

Stir-casting technique is a simple method and suit-

able for mass production. It requires a ceramic particle

(thickening agent) such as Ca granules, SiC, CaC, CPs and

Al2O3 to stabilize melt during foam making. Thickening

agents are reinforced into melt for increasing viscosity of

melt. Increase in viscosity of the melt leads to fewer

chances of escape of gas bubbles formed into the melt by

means of gas injection or introducing foaming agents. In

addition, the thickening agent provides higher stiffness and

yield strength than the corresponding matrix material [14].

The property of metal foam depends on the properties and

concentration of the thickening agent. A356 (Al–7Si–

0.35Mg) Al alloy foam was synthesized by melt route

using Al2O3, BaSO4 and CaSiO3 as a thickening agent and

it was reported that for the same concentration, BaSO4

foam resulted in good structural and mechanical properties,

while CaSiO3 foam produced higher porosity, and the

properties of Al2O3 foam gave intermediate values of the

cell size and porosity [15]. Foaming of ZnAl12 alloy was

attempted by stir-casting technique using CaCO3 foaming

agent with different volume percents of CPs and it was

reported that high SRS and EAC increased by 90% with

increasing SR [16]. The ZnAl27-cenosphere (20 vol%)

hybrid foam synthesized using CaH2 was put under com-

pression test with varying SR and temperature [17]. The

ZnAl12 hybrid foam was investigated under compression

test in order to find the effect of SR and temperature and it

was reported that PS and EAC increased with RD and SR

but decreased with the increase in temperature [18].

CPs were added to the hybrid foam for dual applications

such as thickening agent and space holder. The effect of

CPs content was observed for Al hybrid foam and it was

reported that the compressive strength of the hybrid foam

increased up to certain addition of CPs, more addition

could lead to decrease in the strength [19]. The particle size

also influenced the properties of hybrid foam, i.e., lower

CPs size resulted in higher compressive properties [20].

Foaming of ZnAl12 alloy was attempted by stir-casting

technique using CaCO3 foaming agent with different vol-

ume percents of CPs and reported that high SRS and EAC

increased by 90% with increasing SR [16]. The ZnAl27-

cenosphere (20 vol%) hybrid foam synthesized using CaH2

was put under compression test with varying SR and

temperature [17]. The ZnAl12 hybrid foam was investi-

gated under compression test in order to find the effect of

SR and temperature and reported that PS and EAC

increased with RD and SR but decreased with increase in

temperature [18].

However, Al and Mg alloys are easy to foam by using

various thickening and foaming agents due to its lower

density. The foaming of Zn–8Al alloy (6.3 g/cm3 density)

is quite difficult by using CPs with (0.6 g/cm3) density

because, due to density difference and hollowness of CPs,

it floats on the melt on mixing and requires continuous

stirring during mixing. It has been reported that lower CPs

size gives higher strength and the addition of CPs for Al

alloys is limited up to 30 vol%. Further increase in particle

quantity leads to loss in the strength of the synthesized

foam.
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From the information available, we have come to learn

that very few studies were carried out on the synthesis and

characterization of Zn–Al hybrid foam. The ceramic par-

ticles used as thickening agent, i.e., SiC, CaC2, Al2O3, etc,

are relatively costly as compared to CPs. The present study

is focused on the synthesis of Zn–8Al hybrid foam having

density of 6.3 g/cc using CPs as a thickening agent as well

as a space holder to create microporosity into the cell walls

of the hybrid foam to increase EAC. The content of the CPs

(B 100 lm) has been taken as 20 Vol%.

2 Method and Experimentation

2.1 Synthesis of Foam

2.1.1 Composite Preparation

The synthesis of Zn–8Al hybrid foam was carried out at

Advanced Materials Processes Research Institute

(AMPRI)–CSIR, Bhopal (India). Pure Zn (92 wt.%) and Al

(8 wt%) were added into induction furnace for melting at

650 �C. On melting, the components were mixed with a

mechanical stirrer for 2 min for homogeneous mixing of

the alloy. The preheated (600 �C for 4 h) CPs (20 vol%) of

average size of 63.62 lm were added manually into the

melt by mechanical stirring. The distribution of CPs is

shown in Fig. 1a, and the microstructure of CPs used for

making composite is shown in Fig. 1b. For uniform mix-

ing, stirring was allowed for a significant time. After

reinforcing CPs, the mix was collected in a graphite mold

and allowed to solidify.

2.1.2 Foaming Operation

The prepared composite was re-melted in the induction

furnace for foaming operation at 600 �C. Once the com-

posite got melted, the stirring was applied to ensure

homogeneous mixing of CPs into the melt. After that

foaming agent (CaH2 in 0.5 wt%) of 10–20 lm size was

added into the melt manually through mechanical stirrer

and temperature was maintained at 580–600 �C in order to

get different RDs for hybrid foam. Due to the addition of

CaH2, the foaming got started and continued for 30–40 s.

The crucible was then taken out from the furnace, and

quick solidification of melt foam was applied using air

spray to get solid hybrid foam.

2.2 Compressive Deformation Behavior

The compression test was carried out for each sample with

different RDs by varying SR (0.01, 0.1 and 1 s-1). The

samples were placed in the heating chamber of the uni-

versal testing machine (UTM) for 15 min for uniform

heating of the sample. Group G1, G2 and G3 illustrated in

Table 1 represents sets of 0.27, 0.24 and 0.18 RD at con-

stant temperature 100 �C varying strain rate from 0.01 to

1 s-1 to find the effect of strain rate on the compressive

deformation behavior of hybrid foam. The effect of tem-

perature was observed on the compressive deformation

behavior of 0.27, 0.24 and 0.18 RD and was examined for

four different temperatures (100, 150, 200 and 250 �C) as it

represented G1, G2, G3, G4, G5 and G6 at constant strain

rate 0.01 s-1.

The stress–strain curves obtained from the compression

test had three different regions, i.e., linear elastic region

(stress increases with strain rate), plateau region (stress is

almost constant with increase in strain) and densification

region (stress increases rapidly with strain). Plateau stress

Fig. 1 a Size distribution of added CPs, b microstructure of CPs
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considered as the average stress during plateau region up to

densification strain is reported in Tables 1 and 2.

The energy absorption capacity (EAC) was calculated

by the following relation:

Eab ¼
Zed

0

rpl eð Þde ð1Þ

where Eab is EAC, ed is densification strain (DS) and rpl is

PS.

And the energy absorption efficiency (g) was calculated

by the following relationship:

g ¼

Red
0

r eð Þde

rmax � ed
ð2Þ

3 Results

3.1 Relative Density and Scanning Electron

Microscopy

Cube samples of 25-mm dimension were sliced from the

foam ingot, and RD of hybrid foam was measured by the

ratio of the density of foam to the density of the composite.

The density was found in the range of 0.94–1.40 g/cm3,

and the density of the composite was calculated using the

rule of the mixture and found to be 5.16 g/cm3. The RD of

the hybrid foam was found to be 0.27, 0.22 and 0.18. Each

set of RD was examined under varying SR and temperature

to find out compression deformation behavior of Zn–8Al

hybrid foam. It was noted that higher RD gave higher

compressive strength. The microstructural characterization

of hybrid foam was carried out with the scanning electron

microscope (SEM) model Hitachi-3600 installed at

National Institute of Technology, Srinagar, India. The

digital images of the microstructure are shown in Fig. 2;

the CPs were reported by arrows in red color. The cell and

cell wall of the hybrid foam were indicated by ‘C’ and

‘CW’ respectively. Figure 2a represents the single cell of

the hybrid foam containing CPs accumulated into the

structure. Figure 2b represents the dispersion of CPs at the

cell wall, and Fig. 2c represents the size of CPs dispersed at

the cell walls found in the range of 42.90–63.47 lm as the

majority of CPs were in the range of\40–70 lm as shown

in Fig. 1a. The microstructure of the hybrid foam shows

the distribution of CPs into the cell wall.

Table 1 Properties of Zn–8Al hybrid foam at constant temperature and varying strain rates

Group Temp (�C) SR (s-1) Weight (g) Density (g/cc) RD rpl (MPa) Eab (MJ/m3) ed rMax (MPa) g

G-1 100 0.01 21.81 1.40 0.27 3.14 2.17 0.69 4.47 0.70

0.1 21.92 1.40 0.27 3.65 2.52 0.69 4.61 0.79

1 21.79 1.39 0.27 3.95 2.77 0.70 5.01 0.79

G-2 100 0.01 17.98 1.15 0.22 2.41 1.69 0.70 4.07 0.59

0.1 17.79 1.14 0.22 2.52 1.71 0.68 4.32 0.58

1 17.72 1.13 0.22 2.68 1.85 0.69 3.95 0.68

G-3 100 0.01 14.83 0.95 0.18 1.51 1.06 0.70 2.14 0.71

0.1 14.84 0.95 0.18 1.57 1.08 0.69 2.51 0.63

1 14.72 0.94 0.18 1.72 1.19 0.69 2.62 0.66

Table 2 Properties of Zn–8Al hybrid foam at constant strain rate and varying temperatures

Group Temp (�C) SR (s-1) Weight (g) Density (g/cc) RD rpl (MPa) Eab (MJ/m3) ed rMax (MPa) g

G-4 150 0.01 21.78 1.39 0.27 3.02 2.11 0.70 4.29 0.70

17.94 1.15 0.22 2.35 1.65 0.70 4.05 0.58

14.81 0.95 0.18 1.43 1.04 0.73 2.19 0.65

G-5 200 0.01 21.82 1.40 0.27 2.76 1.96 0.71 4.03 0.68

17.85 1.14 0.22 2.10 1.45 0.69 3.05 0.69

14.83 0.95 0.18 1.29 0.92 0.71 1.79 0.72

G-6 250 0.01 21.79 1.39 0.27 2.69 1.88 0.70 2.98 0.90

17.91 1.15 0.22 1.87 1.33 0.71 3.20 0.58

14.81 0.95 0.18 1.20 0.88 0.73 2.15 0.56
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3.2 Compressive Deformation

3.2.1 Effect of Relative Density

The properties of the Zn–8Al hybrid foam evaluated from

the compression test are reported in Tables 1 and 2. The

effect of RD was examined at constant temperature and

SR. Figure 3 represents the relation between RD and PS. It

was noted that PS and EAC increased with RD. The PS was

found to be 1.51, 2.41 and 3.14 for 0.18, 0.22 and 0.27 RD,

respectively, for the compression test carried out at 100 �C
and at 0.01 s-1 SR. The same phenomenon was noted for

0.1 and 1 s-1 SR. The densification had no effect with RD.

3.2.2 Effect of Strain Rate

The samples of different relative densities were examined

under constant temperature (100 �C) with varying strain

rates (0.01, 0.1 and 1 s-1). The values of PS, EAC and DS

are reported in Table 1. The effect of SR on PS, EAC and

DS is represented in Fig. 4a–c. It was observed that PS and

EAC increased with increase in SR. The PS increased by

25.79, 11.20 and 13.90% for 0.27, 0.22 and 0.18 RD,

respectively, and EAC increased by 27.64, 9.46 and

12.26% for the same RD. The DS was found to remain

almost unchanged with increasing SR.

3.2.3 Effect of Temperature

To find out the effect of temperature on the deformation

behavior of Zn–8Al hybrid foam, the experiments were

carried out at constant SR (0.01 s-1) by varying tempera-

tures from 100 to 250 �C. It was noted that compressive

Fig. 2 Microstructure of hybrid foam

Fig. 3 Relation of plateau stress with relative density
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strength and EAC reduced with an increase in temperature

for 0.27, 0.22 and 0.18 RD. The percentages of reduction in

PS were observed to be 14.33, 22.40 and 20.52% for the

existing set of RD and EAC got reduced by 13.36, 21.30

and 16.98%. The value of DS varied from 0.70 to 0.71;

however, it was noted to be 0.73 for 0.18 RD at

150–250 �C. The bar chart for the PS, EA and DS is rep-

resented in Fig. 5a–c.

3.2.4 Energy Absorption Efficiency

The energy absorption efficiency (EAE) of the Zn–8Al

hybrid foam was calculated by the relation described as in

Eq. 2. It was found that the EAE of the hybrid foam was

not stable for RD, temperature and SR. The efficiency was

found to be in the range of 58–79% for the compression

test performed at constant temperature (100 �C) by varying

SR from 0.01 to 1 s-1 and 56 to 90% for the hybrid foam

examined at constant SR (0.01 s-1) by varying tempera-

tures as 150–250 �C. The stress–strain curve for the EAE

90% and 56% is shown in Fig. 6.

4 Discussion

4.1 Relative Density

The RD of the synthesized hybrid foam through stir-casting

varied from 0.18 to 0.27 due to the variation of temperature

during foaming operation. The synthesis of the Zn–8Al

hybrid foam with CPs as a thickening agent and CaH2 as a

foaming agent was performed in a cast iron crucible. For

the uniform mixing of the foaming agent into the melt,

mechanical stirrer was used for 3–4 min. The foaming

temperature was maintained from 580 to 600 �C followed

by solidification of molten foam. Higher foaming temper-

ature resulted in lower RD due to the high expansion of

hydrogen gas released through the decomposition of

foaming agent.

4.2 Microstructural Evaluation

The dispersion of the CPs on the cell wall of the synthe-

sized foam was present in the structure because of con-

tinuous stirring during mixing into the melt, and it showed

Fig. 4 Relation of relative density with strain rate for a plateau stress, b energy absorption and c densification strain
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the hybrid behavior due to dual porosity present in the

structure: the macroporosity due to entrapment of gas

bubbles into liquid metal during solidification and the

microporosity present due to the dispersion of CPs (hollow

microballoons) at cell wall. The presence of CPs made the

foam more light in weight and reduced the requirement of

the costly foaming agent due to space holding character-

istics. Reinforcement of CPs also increased the compres-

sive strength and EAC of the hybrid foam.

4.3 Compressive Deformation Behavior

4.3.1 Effect of Relative Density

The compression tests were performed on three different

relative densities, and results showed that higher RD gave

higher compressive strength in terms of PS. The PS was

observed as 3.14 MPa for 0.27 RD, while deformation of

hybrid foam took place at 100 �C with 0.01 s-1 SR, and it

got reduced to 1.51 MPa for the 0.18 RD for the same

condition. The foam with 0.27 RD was less porous in

comparison with 0.18 RD. Higher porosity resulted in less

compressive strength due to less content of matrix material,

but it was lighter in weight. The other reason for higher

compressive strength for high RD was more cell wall

thickness and lower cell size.

4.3.2 Effect of Strain Rate

It was noted that PS and EAC of the synthesized hybrid

foam increased almost linearly with SR. The SRS was

measured with the linear slope between ln (plateau stress)

and ln (strain rate) as shown in Fig. 7a–c. The Zn12Al

composite foam was examined at various SR, CPs with two

Fig. 5 Relation of relative density with temperature for a plateau stress, b energy absorption and c densification strain

Fig. 6 Energy absorption efficiency
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different volume percents (15 and 30) and reported high SR

sensitivity 0.42 and 0.5 for 15 and 30 vol% CPs, respec-

tively [16]. The SRS of the ZnAl27 hybrid foam was

measured and found in the range of 0.036–0.017 using CPs

(20 vol%) [17]. In the present study, we found that SRS

was in the range of 0.024–0.05, and the slope was found

out with the best linear plots of ln (plateau Stress) v/s ln

(strain rate). The synthesized foam was noted to be sensi-

tive to the SR because of higher ductility of the matrix

from which it was made of. The elastic behavior of the Zn–

8Al hybrid foam made it suitable for use in energy

absorption and high strain rate applications.

4.3.3 Effect of Temperature

The effect of temperature on PS, EAC and DS is reported

in Fig. 8a–c, and it was noted that PS and EAC decreased

with increase in temperature during compression test, but

in hybrid foam, PS existed as 2.69, 1.87 and 1.20 MPa at

250 �C for the 0.27, 0.22 and 0.18 RD, respectively. PS of

ZnAl27 hybrid foam having RD 0.27 was obtained as

2.21 MPa [17] and it was 2.84 MPa for ZnAl12 hybrid

foam [18] at 250 �C for 0.01 s-1 with same volume frac-

tion (20%) of CPs under compressive loading. The PS

obtained in the present study was more than ZnAl27 hybrid

foam and less than the ZnAl12 hybrid foam; this might be

due to the variation of cell size and cell wall thickness. The

PS and EAC were reported for ZnAl27 alloy with 10 wt%

of SiC [12] and were better as compared to CPs due to

good wettability of SiC particles and higher density. The

compressive deformation behavior of ZnAl alloys with CPs

might be improved by changing the process parameter. The

DS remained almost invariant to the temperature as it

varied in the range of 0.70–0.73 as reported in Table 2 due

to variation in the level of porosity; however, it increased at

a higher temperature because of matrix softening. A higher

temperature during compression test resulted in lower

compressive strength due to extra heat energy applied to

the specimen, and it lost its strength.

4.3.4 Energy Absorption Efficiency

Tables 1 and 2 reported EAE of Zn–8Al hybrid foam for

0.27, 0.24 and 0.18 RD. The EAE of the hybrid foam was

found in the random range of 56–90%. The EAE for

ZnAl27–SiC foam was reported in the range of 98.6–60.8

[12]. The reported values of EAE for ZnAl27 and ZnAl12

hybrid foam [17, 18] were in the range of 70–96% and 51–

94%, respectively. EAE obtained from the present study

was comparatively less from the reported literature due to

Fig. 7 Strain rate effect on a plateau stress, b energy absorption and c densification strain
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the presence of some coarser cells in the foam structure. A

higher difference between PS and maximum stress resulted

in a reduction in EAE. Moreover, it also depended on the

product of the maximum stress and DS; increase in the

product of rmax and ed resulted in lower EAE. It could be

improved with the uniform cell size and distribution of the

cells into the structure which resulted in more flat plateau

region to reduce the difference between rmax and PS.

5 Conclusions

1. Zn–8Al hybrid foam was synthesized successfully

using CPs as a thickening agent and CaH2 as the

foaming agent through stir-casting technique.

2. The densities of hybrid foam were found in the range

of 0.94–1.40 g/cm3 which was much less than the

density of the matrix (Zn–8Al) 6.3 g/cm3 and that of

composite 5.16 g/cm3. The level of porosity was found

to be 88–73%.

3. The microstructural characterization showed that CPs

were distributed at the cell walls of the hybrid foam.

4. The strain rate sensitivity of the hybrid foam was

calculated from (0.024–0.05) and made it suitable for

applications at higher strain rate.

5. The plateau stress and energy absorption capacity of

samples were increased with relative density and strain

rate, whereas reduced phenomenon was observed with

an increase in temperature during compressive

deformation.

6. The energy absorption efficiency of samples was found

in the range of 56–90%.
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