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Abstract This article accesses the impact performance of

ceramic-faced, metal–ceramic interpenetrating composites

(IPCs) produced in situ from infiltrating ceramic foams

with a molten aluminium–magnesium alloy. The approach

had two variations, viz., the production of a metal bond

between a ceramic front face and backing IPC and the

creation of a ceramic bond. The impact performance of

metal-bonded IPCs was evaluated using both split

Hopkinson’s pressure bar (SHPB) and depth of penetration

(DoP) techniques. With a 4-mm thick Al2O3 front face and

an 8-mm thick IPC backing, the DoP was zero. In one case,

a sample survived fundamentally intact with only spall

damage to the dense Al2O3 front face. The resulting

damage was thoroughly assessed using a range of tech-

niques, including polarized light microscopy, scanning

electron microscopy (SEM), 3D MicroCT and transmission

electron microscopy (TEM). The metal phase deformed as

a result of the formation of large numbers of dislocations,

whilst the ceramic phase accommodated the deformation

via localised cracking. Metal bridges across the cracks

formed, increasing the damage tolerance of the IPCs. The

metal bond between the ceramic front face and the IPC was

also observed to withstand the impact of the armour

piercing rounds without any sign of debonding occurring.

Introduction

Light weight armour materials are becoming increasingly

important due to the need for increased personnel protec-

tion and also the move towards lighter, faster, more fuel

efficient vehicles. For an armour tile to be effective it needs

both high penetration resistance and the capability of

withstanding more than a single impact, i.e. multi-hit

potential. Whilst ceramics such as Al2O3, SiC and TiB2 are

attractive materials for ballistic applications in terms of

their abrasion resistance (which can blunt the incoming

projectiles and absorb the energy, hence defeating the

threat) they have poor multi-hit potential, shattering after

as little as one impact and need to be replaced [1]. Whilst

such deficiencies can be at least partially addressed by

using a mosaic approach and constraint, ceramic armour is

generically fairly heavy.

Most armour systems are made up of composite layers

of a number of materials to obtain the maximum protection

for the minimum mass [2]. However, when there is a

ceramic front face, acoustic impedance mismatches at the

resulting interface can be a cause of significant problems

since the stress waves from the ballistic event are reflected

back inside the ceramic as tensile waves, causing its rapid

destruction [3, 4].

Metal matrix composites (MMCs) have been shown to

display improved strength, stiffness, hardness, wear and

abrasion resistance, lower thermal expansion coefficients

and better resistance to elevated temperatures and creep

compared to the matrix metal, whilst retaining adequate

electrical and thermal conductivity, ductility, impact and
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oxidation resistance [1, 5, 6]. They are starting to be used

in a variety of applications, including the aerospace and

defence industries [7–11]. 3–3 interpenetrating composites

(IPCs), consisting of two three-dimensionally interpene-

trating matrices of different phases, are interesting mate-

rials with potentially superior properties compared with

traditional dispersed phase composites [12]. One of the

most widely used methods to fabricate metal–ceramic IPCs

is via the infiltration of molten metals into ceramic foams

or powder beds [13]. Whilst infiltration under pressure,

such as squeeze casting, offers high efficiency, it is difficult

to fabricate complex-shaped components and the pressures

involved risk damaging the ceramic preform. Pressureless

infiltration approaches avoid these limitations [14, 15]. By

careful control of the thermo-atmospheric cycle and the use

of precursor coatings, a range of molten aluminium alloys

can be successfully infiltrated into a number of ceramic

foam compositions, including alumina, mullite, silicon

carbide and silicon nitride [16–19].

Previous work [20] has demonstrated that whilst metal–

ceramic IPCs are not suitable for resisting high velocity,

armour piercing (AP) rounds on their own, when bonded to

a 3 mm thick, dense Al2O3 front face, significant deflection

was observed and the depth of penetration (DoP) was

reduced. The objective of the present work was to develop

a route to the in situ manufacture of IPCs bonded to a dense

ceramic front face, using the pressureless infiltration

technique, with the aim of reducing the acoustic impedance

mismatch between the ceramic and the aluminium backing.

The ballistic properties were evaluated using both split

Hopkinson’s pressure bar (SHPB) and DoP techniques. The

damage to the samples after testing was thoroughly

assessed using both optical and electron microscopy.

Experimental

Processing

The metal infiltrant, an Al–8Mg alloy, was prepared from

commercially pure Al and an Mg–Al master alloy, AZ81,

using an approach described in detail elsewhere [21]. For

both ‘metal-bonded’ and ‘ceramic-bonded’ composite

systems, the IPCs were made from alumina foams mea-

suring [ 50 9 8 mm in size with a density of either 25 or

45% of theoretical and average cell diameters of

50–150 lm. They were manufactured by Dyson Thermal

Technology, Sheffield, UK, using a gel-casting technique

[22]. [ 50 9 4 mm thick, dense, slip cast alumina discs

were also made from submicron Al2O3 powder (CT3000,

SG, Alcoa Industrial Chemicals Europe, Frankfurt,

Germany) and sintered to [99% of theoretical density.

To produce the ‘ceramic-bonded’ ceramic-IPC samples,

Dyson Thermal Technology sintered the 4-mm thick green

slip cast alumina discs to one face of the 45% ceramic

foams. Note that differential shrinkage between the foam

and the slip cast discs prevented bonding for foams with a

density lower than 45% of theoretical.

For the ‘ceramic-bonded’ ceramic-IPC samples, the

dense ceramic/ceramic foam couples were placed in an

alumina boat with the dense ceramic layer at the bottom

and a disc of the Al–8Mg alloy on top of the foam, Fig. 1a.

During the subsequent heat treatment described below, the

metal melted and infiltrated the foam forming the IPC in

situ. For the ‘metal-bonded’ ceramic-IPC samples the

arrangement of the materials was the same, Fig. 1a, though

the 25% dense foams were used and the dense ceramic was

not presintered to the foam. Now, when the metal melted

and infiltrated the foam forming the IPC it also formed a

thin metal layer between the IPC, Fig. 1b, and effectively

bonded the front face to the IPC in a single process step.

The infiltration process took place in pure N2 (oxygen

free, BOC Gases, Manchester, UK) at 915 �C with a

holding time of 30–60 min being used to obtain complete

infiltration with the alloy penetrating through the foam as a

result of capillary action [21]. Heating to and cooling from

915 �C was performed in an argon atmosphere using a

heating rate of 20 �C min-1 and a cooling rate of

10 �C min-1. The atmosphere was changed to nitrogen

once the temperature stabilised at 915 �C and then back to

argon once infiltration was complete. The latter could be

ascertained by visual examination of the process through a

gas-tight window at one end of the tube furnace.

Impact testing

Initial evaluation of the high strain rate characteristics of

the composites was carried out using the SHPB technique

on samples measuring 9 mm in diameter and 4.5 mm in

thickness. The impact from a striker bar, transmitted to the

Fig. 1 a The arrangement for producing in situ IPCs bonded attached to a dense ceramic layer and b the resulting composite system with a thin

layer of metal bonding the ceramic to the IPC (not to scale)
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samples via an incident bar, generated an incident wave,

part of which was reflected back whilst the rest was

transmitted through the composite. The stress–strain curve

of the composite was obtained from the analysis of the

incident wave, the reflective wave and the transmitted

wave [23]. The DoP ballistic evaluation of the composites

was performed by Permali (Gloucester) Ltd. using 7.62 mm,

steel, AP rounds at a velocity of 700 ± 20 m s-1. The

composites were glued onto an aluminium backing with a

thickness of *50 mm; the residual energy of the bullet after

passing through the target composite was indicated quanti-

tatively by the DoP of the round into the backing. This was

ascertained by cutting the backing aluminium in half to

reveal the DoP. For both techniques, the dense ceramic front

faces of the samples were positioned facing the impact.

Microstructure characterisation and damage assessment

For scanning electron microscopy (SEM) observation

(LEO 1530VP, Carl Zeiss SMT, Oberkochen, Germany),

fragments from the tested samples from both techniques

were ground and polished metallographically using dia-

mond paste and then given a final polish using 0.02 lm

colloidal silica. For polarized light microscopy, the sam-

ples were anodized using 5% fluroboric acid at 20 V. TEM

samples from the metal–ceramic interface were specifically

prepared from both SHPB and DoP tested samples using a

Dual Beam Focused Ion Beam (Nova 600 Nanolab, FEI

Company, Hillsboro, OR, USA); in the latter, the samples

were prepared from near the impact site. The thin films

were then examined in a JEOL 2000FX. The physical

structure of the samples as well as the damage after the

ballistic testing were also observed using a micro-focus

X-ray and Computer Tomography (micro CT) inspection

system (XT H 225, Metris, Belgium).

Results and discussion

Processing

A typical cross-sectional micrograph of the interface

between the dense ceramic front face and the IPC for a

‘metal-bonded’ ceramic-IPC is shown in Fig. 2a. It reveals

that the process worked extremely well with the dense

ceramic face being bonded onto the IPC with no gaps or

residual porosity. The thickness of the metal bonding layer

was in the range 100–300 lm along the length of the

interface. A typical SEM micrograph of the IPC itself,

which also appears at the bottom of Fig. 2a, is shown in

Fig. 2b; it can be seen that the foam was essentially fully

infiltrated in the same processing step. A few residual pores

may be observed at localised positions, these were either a

result of metal shrinkage or a result of the very small

number of closed pores in the foam struts.

A microCT image of a ‘ceramic-bonded’ ceramic-IPC is

shown in Fig. 3a; it can be seen that the ceramic and the

foam were seamlessly bonded, though there is also evi-

dence for some residual porosity in the ‘dense’ ceramic

layer. However, after infiltration, Fig. 3b, it can be seen

that whilst the molten metal infiltrated evenly from the

periphery of the ceramic foam, the centre of the foam was

not infiltrated. This might have been due to gas becoming

trapped between the molten alloy front and the ceramic

face; drilling fine holes in the front face would probably

have solved this problem. It is also probable that the use of

a foam as dense as 45% of theoretical will not have aided

the infiltration process. Either way, the lack of full infil-

tration of these foams meant that they were not used for

further testing; the degree of success achieved with the

‘metal-bonded’ approach meant that further effort was not

expended trying to improve the degree of infiltration for the

‘ceramic-bonded’ approach.

Ballistic evaluation

Representative SHPB results are shown in Fig. 4. In

Fig. 4a, the Al–Mg alloy, included for comparison, showed

a continuous increase in the stress with strain as expected

as a result of strain/work hardening. Although the metal-

bonded ceramic-IPCs contained both a ceramic skeleton in

the IPC as well as the ceramic facing, they yielded at 4–6%

strain then displayed plastic deformation, Fig. 4b, behav-

iour typical of a metallic material. As expected, the max-

imum stress of the ceramic-faced IPCs was significantly

higher than that of the alloy on its own, viz., *530 versus

370 MPa. Observation of the samples following the tests

showed that the ceramic front face fractured during the test;

this may correspond to the ‘yield point’ at *400 MPa in

Fig. 4b. The further increase in stress following this initial

‘yield point’ was probably a result of the plastic defor-

mation of the IPC. Based on previous work on the SHPB

testing of metal–ceramic IPCs [20], it suggests that the

interpenetrating ceramic structure suffered the initiation of

microcracking and fracture. Although the IPCs contained

rigid ceramic struts, the samples plastically deformed with

only localised fracture in the ceramic phases. It should be

noted that Fig. 4 only presents the performance of the

components at relatively low strain rates as attempts at

using higher strain rates resulted in damage to the striker

and transmitter bars—suggesting that the metal-bonded

ceramic-IPCs may offer excellent ballistic properties.

Typical images of the metal-bonded ceramic-IPCs after

the DoP tests are shown in Fig. 5. From Fig. 5a, the sample

fractured into several pieces and detached completely from

the backing, however, the ceramic front face remained
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largely bonded to the IPC backing. In Fig. 5b, again, the

sample fractured into several pieces, though some

remained attached to the backing this time. Once again, the

front face remained bonded to the IPC. To summarize,

although the samples generally detached from the backing

and fractured into several pieces, there was no penetration

into the Al alloy backing, i.e. the DoP was zero for every

sample. One sample (Fig. 5c), in particular, survived fun-

damentally intact with only the Al2O3 dense facing

cracking perpendicular to the impact and the front spalling

off. These results significantly exceed the tests performed

earlier on the Al–Mg/15%Al2O3 IPCs ([ 50 9 8 mm) to

which a [ 10 9 3 mm slip cast Al2O3 disk had been

attached by the same method [14], though the larger size of

the Al2O3 disks in the current research could have

improved the ballistic performance of the samples. Mass

efficiency calculations of the metal-bonded IPCs yielded a

value of 2.6, which is a favourable result [24].

The ballistic properties of ceramic-faced armours have

been widely studied [25–28]. The presence of a function-

ally gradient layer between the ceramic front face and

metal back face can make the acoustic impedance change

less abrupt, resulting in less damage from reflected tensile

forces [3]. It has also been reported that when a porous

ceramic preform is infiltrated by aluminium, the presence

of the aluminium skeleton can improve the residual

strength after impact [29]. In the present work, it is

believed that the attachment of the IPC to the dense Al2O3

100 µm 

(b) 

IPC 

Ceramic front face 

Metal bond layer 

IPC 100 µm 

(a) 

Fig. 2 SEM micrographs of a the interface between the IPC and the dense ceramic front face for the ‘metal-bonded’ ceramic-IPC; b the IPC

itself

Top view 

Dense 
front face 

Infiltrated 
PC 

Side view (b)

Un-infiltrated 
IPC 

Top view 

Side view 

Foam 

(a) 

Dense 
front face 

Fig. 3 Typical MicroCT

images of a ceramic-bonded

ceramic-IPC sample a prior to

infiltration and b after

infiltration

Fig. 4 Stress-strain curves

(Red: engineering stress–strain;

blue: true stress–strain)

of a Al–Mg alloy; b metal-

bonded ceramic-IPCs. Both at

*1200 s-1
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layer may have reduced the acoustic impedance mismatch,

resulting in the superior ballistic performance of the

samples.

Microstructure characterisation and damage assessment

A typical optical image and SEM micrograph of an IPC

after SHPB are shown in Fig. 6. The deformation of the

original spherical cells into ellipses may be clearly seen,

localised fracture in the ceramic phase occurring to

accommodate the deformation. No macroscopic metal–

ceramic interfacial debonding was observed, a result that

was expected. As a result of the protection offered by the

ceramic front facing, less deformation and cracking was

observed in the IPCs that were bonded to the dense ceramic

layers.

A 3D MicroCT image of a metal-bonded ceramic-IPC

after DoP testing (the sample in Fig. 5c) is shown in Fig. 7.

Fig. 5 Some typical metal-bonded ceramic-IPCs after ballistic testing using steel tipped, armour piercing rounds at 700 ± 20 m s-1

Fig. 6 a Optical and b SEM micrographs of an IPC after SHPB testing at 1200 s-1
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It clearly shows that no damage was caused to the IPC

layer beneath the ceramic front face and that the latter was

still firmly bonded to the IPC beneath it despite being hit by

a steel tipped, 7.62 mm, AP round at 700 m s-1.

Typical cross-sectional SEM micrographs of a fragment

from Fig. 5a are shown in Fig. 8a and b. These show no

evidence of interfacial debonding, though the ceramic front

face is cracked, presumably as a result of reflections of

Topview

Side view

Dense 
front face  

IPC 

Fig. 7 MicroCT image of the

metal-bonded ceramic-IPC

shown in Fig. 5c

Fig. 8 SEM micrographs of the metal-bonded ceramic-IPC after DoP: a, b cross-section; c, d fracture surface along a radial crack;

e, f top surface of the ceramic front face
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longitudinal stress waves [25]. Compared with the damage

observed in the IPCs ballistically tested without a ceramic

front face [20], very little plastic deformation and cracking

was observed in the IPC layer in the metal-bonded ceramic-

IPC components. One surface crack that propagated prefer-

entially in the ceramic struts was seen on the fractured

surface, Fig. 8c and d, this was bridged by at least one

spherical metal relic (presumably from a ruptured cell in the

ceramic foam). As observed previously [20], the interpene-

trating metal structure contributed to the damage tolerance of

the IPCs by bridging the cracks formed. Some very fine,

partially developed radial cracks were observed from the top

surface of the dense Al2O3 front face, Fig. 8e; from Fig. 8f, a

higher magnification view, it can be seen that the Al2O3

fractured primarily in an intergranular manner. It would

appear that the ceramic front face absorbed most of the

kinetic energy from the round whilst the IPCs reduced the

acoustic impedance mismatch with the Al backing.

An image of a TEM sample specifically prepared using

the dual beam FIB from the metal–ceramic interface is

shown in Fig. 9a; the interface remained intact without any

porosity or interfacial debonding. The observation showed

that tremendous numbers of dislocations were formed in

the metal alloy with both SHPB and DoP testing as

expected; an example is shown in Fig. 9b. A large number

of dislocations were also formed in the metallic phase

along the Al2O3 grain boundaries, Fig. 9c, which could

have assisted dramatically the plastic deformation within

the ceramic struts under the impact; the presence of the thin

layer metallic phase along the Al2O3 grain boundaries is a

direct result of the excellent wetting between the molten

Al–Mg alloy and the Al2O3 grains and the molten metal

infiltration. However, few dislocations was observed in the

Al2O3 grains in the ceramic struts in the DoP sample,

Fig. 9c and none were observed in the struts in the SHPB-

tested samples, Fig. 9d. This might result in localised

fracture in the ceramic struts. It appears that the plastic

deformation in the IPC samples may be attributed to the

presence of dislocations in the metallic phase both in the

alloy and the Al2O3 grain boundaries, and localised frac-

ture in the ceramic struts.

Conclusion

Ceramic-faced, metal–ceramic IPCs have been produced in

situ using a pressureless infiltration technique and two

different approaches, viz., a metal-bonded and a ceramic-

bonded configuration. The former worked very well

indeed; the latter needs further development if it is to be

pursued. The ballistic performance of the metal-bonded

components was evaluated using both a laboratory high

Fig. 9 TEM micrographs of the IPCs at the metal–ceramic interface after ballistic testing: a the metal–ceramic interface; b the Al–Mg alloy;

c the ceramic struts from a DoP sample and d the ceramic struts from an SHPB sample
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strain rate approach, SHPB, and DoP measurements, the

latter undertaken using steel tipped, 7.62 mm, AP rounds.

The results have shown that the metal-bonded ceramic-IPC

configuration prevented the rounds from penetrating

through to the aluminium backing for the DoP measure-

ments, i.e. the DoP values were zero. Whilst most of the

samples fractured and often detached from the backing

plate, the bond between the ceramic front face and IPC

always remained intact. One sample survived with only

spall damage to the dense Al2O3 front face. It is surmised

that the IPC layer provides a reduction in the impedance

mismatch from the ceramic front to the Al backing. The

plastic deformation in the IPCs was observed to result from

the presence of dislocations allowing the metal phase to

deform whilst the ceramic phase coped with the distortion

via localised cracking. The presence of metal bridges

across the crack fronts helped to increase the damage tol-

erance in the IPCs.
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