
Effect of SiCp addition on age-hardening of aluminium composite
and closed cell aluminium composite foam

V. Rajput Æ D. P. Mondal Æ S. Das Æ N. Ramakrishnan Æ
A. K. Jha

Received: 10 February 2006 / Accepted: 22 January 2007 / Published online: 29 May 2007

� Springer Science+Business Media, LLC 2007

Abstract The age hardening behavior of solid Al-alloy–

SiCp composite and closed cell Al-alloy–SiCp composite

cellular materials has been examined and compared. The

peak aging period of these materials were also compared

with that of the solid unreinforced alloy. The effect of SiCp

content on the peak aging time has been examined. It was

found that the composite aged faster than the alloy irre-

spective of SiCp content, wherein peak aging time was

invariant to SiCp content. On the other hand, while the

closed cell composite foam reached a peak aged condition

faster than the alloy when SiCp content was less than

10 wt%, further increases in SiCp content delayed the age-

hardening kinetics.

Introduction

Aluminium alloy particle reinforced composites have

found a wide range of applications in automobile, aero-

space, and other engineering applications [1–5]. These are

due to the fact that these composite materials offer excel-

lent combinations of physical, mechanical and tribological

properties [6–9]. Further more, there is enough flexibility

in design to tailor the materials for specific applications and

for specific property requirements. Considerable work has

been carried out on the synthesis and characterization of

aluminium matrix composites. It is understood that the

properties of the composite depends on several factors like

distribution of particles, interface characteristics, and the

shape, size and volume fraction of the reinforcements [10–

12]. It is further understood that because of the significant

differences in thermal expansion coefficient of the alu-

minium alloy matrix and SiCp, there exist significant

thermal residual stresses around the particles within the

matrix [13, 14]. This further leads to the following facts: (i)

stress gradients or stress fields in the matrix, (ii) more

dislocations in the matrix and (iii) elasto-plastic deforma-

tion of the matrix around the particles [10–12, 15–17]. All

these factors influence the diffusion of elements within the

matrix significantly and also alter the presence of the

nucleation sites, which in other ways affect the precipita-

tion behavior. Along these lines, a number of attempts have

been made to examine the age-hardening kinetics of

aluminum composites with respect to that of the alloy

[16–24]. It is, in general, reported that the composite ages

faster than the alloy. But the effect of SiC content on the

aging kinetic of aluminium–SiCp composites has not been

studied in detail.

In recent years, enormous attention are being paid on the

development of lightweight cellular materials for energy and

shock absorption, vibration control, sound absorption, heat

exchanger applications etc., and a few demonstrative com-

ponents have been produced especially for automobile

applications [25–29]. The cellular structures contain closed

and open cell pores, and have relative densities as low as

0.05 [29]. Because of these facts, the cellular structures have

considerably higher surface area. The cells are stabilized

with the addition of thickening agents like SiC particles or

granular calcium during synthesis [30, 31]. The cell charac-

teristics are reported to be a strong function of SiC content.
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In order to get variation in cell structures, SiC content in the

cellular materials is varied [32]. Additionally, the plateau

stress of cellular materials strongly depends on the matrix

materials with which the cellular materials are made. Thus,

the plateau stress of cellular materials could be a strong

function of SiC content, relative density and the heat treat-

ment schedule [32, 33]. But only limited studies have been

conducted on the age-hardening of aluminum–SiC com-

posite closed cell foam [33–36]. However, to the best of our

knowledge, the effect of SiC content on the age hardening

schedule and the kinetics of precipitation in Al–SiCp

composite foam has not been studied. In addition, studies

comparing the age-hardening behavior of solid composites

and cellular composites are lacking.

In view of the above, the present paper aims at studying

the effect of SiC content on age-hardening behavior of

AA2014–SiCp composites and cellular composites pro-

duced using this matrix through a liquid metallurgy route.

This paper examines the differences in age-hardening re-

sponse of the cellular composite as compared to that of the

fully dense composites.

Experimental

AA2014 Al–SiCp composites were synthesized using

liquid metallurgy route following a stir-casting procedure.

The process involved melting of alloy, incorporation of

preheated SiC particles in the melt with the help of

mechanical stirring, solidification of composite melt in a

cylindrical cast iron permanent die having diameter of

30 mm and length of 200 mm. After casting the alloy, the

same composite melt was used for preparation of AA2014–

SiCp closed cell composite foam. The process of prepa-

ration of foam involved addition of preheated CaH2 parti-

cles into the composite melt, allowing the melt to be in the

crucible inside the furnace for foaming, ejection of the

crucible containing foam from the furnace and rapid

cooling with the compressed air. The size range of SiC

particles ranged from 20 to 40 lm and its amount was

varied from 5 to 20 wt% both in the fully dense composite

and the composite foam. The size of CaH2 varied in the

range of 50 to 100 lm. For foaming 1.0 wt% CaH2 was

added to the composite melt.

Age-hardening schedule included homogenization at

495 �C for 8 h followed by oil quenching and then artificial

aging for 2–12 h (at 2 h intervals) at a temperature of

175 �C followed by water quenching. Age-hardening

behavior was studied through microhardness measurement

on the samples as a function of aging time. For microh-

ardness measurement, the samples were polished to mirror

finish and then etched. Microhardness readings were taken

in the matrix region in both the dense and cellular com-

posite. In the case of cellular materials, microhardness

readings were taken at the plateau region as it is the widest

region of the cellular structures. Microhardness measure-

ments were made in a LICA microhardness tester using a

load of 10 gmf so that indentation size is limited to

10–12 lm, which are significantly less than the inter-par-

ticle spacing in the composite and the composite foam. For

each specimen, at least 100 microhardness readings were

taken and their average along with standard deviation was

considered for the analysis.

For microstructural examinations, specimens of the fully

dense aluminium composite and the alloy were prepared

using standard metallographic technique. However, special

care was taken for preparation of specimens for micro-

structural examinations of composite foams. Before

grinding and polishing, thin samples were cut using a

precision diamond cutter and then the pores of the samples

were filled with cold mounting materials so that during

grinding and polishing, the cell structures retained rigidity

without any damage. After polishing, and etching with

Nital, the samples were sputtered with gold prior to SEM

examination. The cell size of the foam was determined

using random intercept method as used for grain size

measurement in metallographic technique. The cell wall

thickness was determined from 100 individual measure-

ments of cell walls from the magnified view of SEM

micrograph.

Results and discussion

Materials and microstructures

The microstructure of dense AA2014–SiC composites

exhibited uniform distribution of the particles (Fig. 1a) and

sound bonding between SiC particle and the alloy matrix

(Fig. 1b). The synthesized foam exhibited spatial distri-

bution of cells (Fig. 2a). The cell size distribution of the

synthesized foams made using 10 wt% SiC reinforced

composite is shown in Fig. 2b. Similar type of distribution

was noted in other foams as well. A higher magnification

micrograph of foam sample is shown in Fig. 3a. It clearly

indicates cell walls (marked by W), plateau regions

(marked by P) and micro-pores in the plateau region and in

the cell walls (marked by M). SiC particles were found to

be present at the cell walls and at the plateau region

(marked arrow). A few particles were also pushed towards

the edge of the cell wall. It may be further noted that during

foaming, a few cell walls ruptured (Fig. 3b). This might be

attributed to the fact that foaming progresses by nucleation

of micro-pores due to evolution of dissolved hydrogen gas

or the hydrogen gas dissociated from added calcium

hydride. Accumulation of gas leads to growth of the pores
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or cells. In this process, micro-pores grow to a critical size

and coalesce with other surrounding pores and thus the

cells grow larger and larger in size. In this process a few

cells are annihilated and cell wall become discontinuous.

This also signifies that the synthesized foams are not

absolutely closed pore foams. The bonding between SiC

particles and the matrix is not as strong as that of the fully

dense composite. This is due to accumulation of hydrogen

gas at the SiC particle and matrix interface during the

foaming process. It may clearly be noted that in the

20 wt% SiCp composite foam, the interface is very weak

(Fig. 3c). The average cell size and cell wall thickness

along with the associated standard deviation for the

investigated foams, are reported in Table 1. It indicates that

the cell wall thickness as well as cell size increases mar-

ginally with SiCp content [32]. This is primarily attributed

to a lesser degree of drainage during foaming and because

of higher viscosity at higher SiC content; the cells would

grow to relatively larger sizes without collapsing or

rupturing. Higher SiC content helps in retention of liquid

melt for longer periods in the cell wall region and thus

more liquid melt is accommodated at the cell wall. These

in due course lead to an increase in cell wall thickness

[30–32].

Age-hardening behavior in the fully dense composite

Average micro-hardness values as a function of aging time

for the alloy and the composites are plotted in Fig. 4. In

general, it may be noted that the microhardness values of

the matrix increases with increases in SiCp content. This is

primarily attributed to the existence of a higher dislocation

density due to presence of a thermal residual stress field in

the matrix [11, 24]. The stress field is generated due to

differences in the thermal expansion coefficients of the

SiCp and in the matrix [11, 24]. It is reported by a few

investigators that this stress field in Al–SiCp composite

could be of the order of yield stress or greater than the yield

stress of the matrix [37]. It is further noted from this figure

that average microhardness of the alloy and composite

increases initially with aging time, attaining the peak value

at a specific aging time (termed peak aging time). The peak

aging time for the composite materials, irrespective of

SiCp content, is noted to be 4 h, whereas the monolithic

alloy reaches peak aged condition at 6 h aging time. This

signifies that the composite ages faster than the alloy.

This figure further demonstrates that the aging kinetics in

the composite is invariant to SiCp content. The nature of

age hardening curves is noted to be almost same. This

signifies that the aging sequence in the alloy and composite

remains unchanged. The nature of the curves, however,

Fig. 1 (a) Secondary electron image showing the distribution of

SiCp particles in the Aluminium alloy matrix. (b) Higher magnifi-

cation view showing the interface between an SiCp particle and the

Aluminium matrix
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Fig. 2 (a) Typical optical image of closed cell aluminium foam

structure showing the distribution of cell. (b) Bar graph showing the

distribution pattern of cell size in the closed cell aluminium foam
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demonstrates that after peak aging the microhardness of

composite drops at faster rate, indicating that over aging of

the precipitates in composites is also faster than that of the

alloy. Faster aging and coarsening in composite is pri-

marily due to presence of excess dislocation density,

thermal residual stress, which in other words increases

potential sites for nucleation of precipitates and diffusivity

of the elements. The aging or precipitation and precipita-

tion coarsening process are nucleation and diffusion con-

trolled processes. As a result, faster aging and faster over

aging is noted in composite as compared to that of the

alloy. The microstructure of peak aged and over aged

matrix in the composite is shown in Fig. 5a and b,

respectively, which demonstrates very fine precipitates in

peak aged condition grow to considerably coarser size due

to over aging.

In line with the above it may be realized that both the

thermal stress as well as dislocation density increases with

increase in SiCp content. However, because of higher SiCp

content, the porosity level in the composite increases,

which is indicated by their density (Table 2). Furthermore,

the bonding between the alloy matrix and composite is of

the mechanical type. Thus, the interface also acts as dis-

location sink and stress releasing site. As a result, even

with the increase in SiCp, overall dislocation density and

thermal residual stress do not increase with increase in

SiCp content. As a result, the age hardening kinetics re-

main invariant to SiCp content in the composite.

Age-hardening behavior of composite foam

Average microhardness values as a function of aging time

for composite foam containing varying SiCp content is

shown in Fig. 6. The microhardness values, in the case of

Fig. 3 Secondary electron

images of: (a) the closed cell

aluminium foam showing the

cell shape, cell wall (W),

plateau region (P) and cell edge

(E); (b) a cell wall that ruptured

during the growth of the cell and

the incorporation/agglomeration

of small cell into bigger one

(arrow marked); and (c) the

interface among SiCp particle

and Aluminium matrix material

at the plateau region of the

closed cell aluminium foam

Table 1 Average cell size and cell wall thickness of closed cell

composite foam

S.

No.

Composition of foam Density

(gm/c.c.)

Average

Pore Size

(mm)

Cell wall

thickness

(lm)

1. 2014 + 5% SiCp

+ 0.5% Foaming

agent

0.57 3.3 ± 0.2 205 ± 21

2. 2014 + 10% SiCp

+ 0.5% Foaming

agent

0.59 3.9 ± 0.3 218 ± 25

3. 2014 + 20% SiCp

+ 0.5% Foaming

agent

0.54 4.2 ± 0.2 235 ± 17
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Fig. 4 Curves showing the microhardness of the 2014 aluminium

alloy and different aluminium SiCp composites as a function of aging

time
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5 wt% and 10 wt% SiCp composite foam, increases with

increased aging time and reaches the peak aged condition

at 2 h and 4 h, respectively. It is further noted that after

reaching peak aging, microhardness values decreased with

aging time, indicating over aging. It is interesting to note,

however, that microhardness values once again increases

and exhibits a secondary peak at 8 h. This might be due to

precipitation hardening due to secondary phase of CaAl2
and CaAl4 [38]. It is further noted that the foam containing

20 wt% SiCp exhibits primary peak aging at 6 h. In

the case of 20 wt% SiCp composite foam, the microhard-

ness values starts increasing after reaching a minimum

at 8 h. These age-hardening curves thus demonstrate that

aging in composite foam gets delayed with increases

in SiCp content. It further states that 5 wt% and 10 wt%

SiCp composite foams aged faster than dense alloy. Out

of these, the 10 wt% SiCp composite foam aged at the

same time as that of composite. On the other hand,

20 wt% SiCp composite foam aged more slowly as

compared to the fully dense composite, but aged at the

same rate as that of the monolithic alloy. It was, in

general, also noted that the composite foam exhibits

secondary age hardening peaks unlike that observed in the

alloy and composites. This is attributed to the precipita-

tion of CaAl2, CaAl4 precipitates which comes from the

dissolution of Ca from CaH2 during foaming and forming

an intermetallic phase with aluminium. Typical micro-

structures of composite foam in under aged, peak aged

and over aged conditions are shown in Fig. 7a, b and c,

respectively. The precipitate coarsed significantly during

over ageing.

It was noted that peak aging time increases with in-

creases in SiCp content (Fig. 8) in Al composite foam,

unlike that in the fully dense composite. In case of the fully

dense composite, the peak aging time is invariant to SiCp

content, but faster then the alloy. This is attributed to the

fact that the during foaming considerable micro-porosities

are generated in the plateau and cell walls due to dissolu-

tion of hydrogen gas and its evolution during solidification

(Fig. 9a). The evolution of gas also led to weak interface

bonding, which acts as stress releasing sites and dislocation

sinks (Fig. 9b). The discontinuous interface and the micro-

porosities may act to retard the diffusion within the solids.

The micro-porosity and weak interface area increase with

increases in SiCp content. As a result, the age-hardening

kinetics reduces with increases in SiCp content in com-

posite foam. It may be noted that the 5 wt% SiCp com-

posite foam ages faster than either the monolithic alloy or

the fully dense composite. This is attributed to the fact that

the effective cooling rate in case of composite foam is

faster than that of solid alloy and composite because of

significantly higher surface area of the cells exposed during

Fig. 5 Secondary electron images showing the matrix microstructure

of the heat treated composite: (a) Peak aged and (b) Over aged

Table 2 Volume fraction of SiCp particles, density and porosity in

alloy and composites

S.

No.

Composition Volume fraction

Of SiCp (%)

Density

(gm/c.c.)

Percentage

Porosity (%)

1. 2014 Alloy 0.0 2.75 1.5

2. 2014 + 5%

SiCp

5. 2.75 2.2

3. 2014 + 10%

SiCp

11.2 2.71 3.3

4. 2014 + 20%

SiCp

21.3 2.68 4.1
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Fig. 6 Effect of aging time on the microhardness of aluminium

foams containing different SiCp contents
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quenching after solutionizing. The higher rate of quenching

is expected to lead to higher degree of quenching stress and

more dislocation density. The poisoning effect of micro-

porosity and weak interface (interface incoherency) may be

overpowered by the effect of significantly higher quench

stress vis-à-vis higher dislocation density.

Conclusions

1. Addition of SiCp in fully dense composites accelerate

aging behavior (precipitation and coarsening of pre-

cipitates) as compared to the monolithic alloy. The

aging kinetics is invariant to SiCp content, however,

above a threshold SiCp loading.

2. In the case of the composite foam, the aging kinetics is

different when compared to the fully dense composite.

The foam containing 5 wt% SiCp exhibits accelerated

aging as compared to composite. When the SiCp

increased to 10 wt%, the foam exhibits primary peak

aging times similar to that of the fully dense composite.

At further increases in SiCp to 20 wt%, however, the

primary peak aging time of foam increased to 6 h,

which is similar to that of monllithic alloy.

Fig. 7 Secondary electron

images showing (a) limited

precipitation in the matrix

region of closed cell aluminium

foam after aging for 2 h; (b) the

extent of precipitation at the

peak aging condition (6 h); (c)

the coarsening of precipitates

during over aging (8 h)
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Fig. 8 Curve showing the relationship between the peak aging time

and the percentage of SiCp content in aluminium foam and in a dense

composite

Fig. 9 Secondary electron images of the composite foam showing (a)

microporosities in the cell wall and plateau region, and (b) weak

interface between SiCp particles and matrix and large amount of SiCp

particles in cell wall and plateau region

J Mater Sci (2007) 42:7408–7414 7413

123



3. In foam, in addition to the primary aging, a secondary

aging behavior due to precipitation of CaAl2 and

CaAl4 is noted.

4. The peak aging time in composite foam increases with

increases in SiCp content. This is attributed to

increased porosity and, very weak SiCp matrix inter-

face, which retard the nucleation as well as growth

behavior of precipitates.
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