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Radiographic inspection of reaction-sintered
discontinuously reinforced Al–Si alloy composites
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Detection and identification of defects and reinforcement phases in reaction-sintered
hypereutectic Al-13.5Si-2.5Mg alloy composites was studied using X-ray radiation. Both the
coconut shell char-reinforced and zircon sand-reinforced alloy composites revealed cavities
due to thermal defects, gas pores, and voids. The low-density char particles were not
detected, but the high-density zircon particulates appeared as dark inclusions on the
exographs and this offers a good visual measure of particle dispersion in the liquid-phase
sintered parts. At the same conditions of irradiation, the low-density Al-Si alloy composites
containing high-density zircon particles did not reveal any clear images. Clusters of
alumina-silica short fibres as well as line defects appeared bright but their nature was not
discernible, making it difficult to identify the defects in the radiographs.  1998 Kluwer
Academic Publishers
1. Introduction
The commercialization of aluminium metal matrix
composites (AMC) is fast increasing as investors seek
to reduce materials and production costs while devel-
oping high performance, lower weight, structural
materials [1]. However, while the non-destructive
evaluation (NDE) of monolithic metallic materials has
continued to attract the interest of investigators [2, 3],
parallel efforts have not been undertaken in NDE of
the emerging discontinuously reinforced-composite
materials for detection and identification of flaws.
Most of the available studies [4—6] have been focused
on polymer-based composites. Composites have vari-
ous kinds of flaws built into them during the manufac-
turing process, and similar looking ones (on surface
visual appearance) may have quite different properties
depending upon their internal features.

Most of the discontinuously reinforced AMC con-
tain low cost, poor thermal conductivity, and low
coefficient of expansion ceramic particles or short
fibres such as graphite, alumina, carbon chars, silicon
carbide, and zircon. These reinforcements (some of
which are denser than many commercial aluminium
alloys) confer high anisotropy, high acoustic attenu-
ation as well as high thermal stresses and defects due
to thermal mismatch with the aluminium alloy ma-
trices in the composites. Both solidification processing
and the powder technique are common fabrication
methods for the composites. While both methods are
known to produce voids at the interfaces when good
wetting between the matrix and the reinforcement is
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lacking, the reaction-sintered parts, without any post-
consolidation processing, are more prone to voids,
pores and dimensional changes even after the consoli-
dation stage [17]. Also, the homogeneous distribution
of the filler phase in the matrix is critical to a sound
composite part, and the currently common means of
evaluating the distribution is by optical metallo-
graphy.

The increased reliance on NDE by a wide range of
industries is being fueled by the growing and well
documented emphasis on quality assurance, process
control, in-service monitoring and life prediction [7].
Among the various methods of NDE, radiography,
ultrasonic and magnetic testing are popular in detect-
ing defects within a component or structure. Although
X-ray inspection cannot identify discontinuities paral-
lel to the direction the radiation is travelling and the
cost of the inspection is relatively high, the inspection
of relatively simple small parts can be accomplished
using only a fraction of each piece [8]. Martin [9]
used low energy X-rays to measure the resin content in
carbon/epoxy composites, but concluded on the basis
of the results that the use of the X-ray adsorption
technique for measuring composite resin content is
not feasible. Harris [10] has earlier claimed that radio-
graphy of composites can be used to identify voids and
that thermal cracks cannot be distinguished. However,
Prakash [6] suggested that thermal cracks are readily
detected, as are foreign objects and inclusions. While
Salkind [11] was unable to find void or crack indica-
tions in his tests, Nevadunsky et al. [12] were able to
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detect large voids, porosity, and cracks in adhesives.
Although these studies work in non-metallic systems,
the apparent disagreement in results reported deserves
investigative attention. In addition, attempts to inves-
tigate the detection of reinforcements in metal matrix
composites have not been published in the literature.

The present work aims to investigate the detection
and identification of processing defects as well as the
discontinuous ceramic reinforcements incorporated
into a hypereutectic aluminium-silicon alloy. A low-
cost fabrication method of reaction sintering was ad-
opted for making the composites. The low density
carbon char particles, medium density alumina-silica
short fibres (saffil), and the high density zircon sand
particles used as filler phases were introduced at
various volume fractions.

2. Experimental procedure
The unreinforced alloy, Al-13.5Si (composition in
wt%), and the composites used in this study were
prepared by reaction-sintering of blended elemental
powders. The details of the fabrication procedure are
given elsewhere [13], and only a brief description is
presented here. The matrix is the hypereutectic alloy
with small amounts of magnesium as a co-sinter,
Al-13.5Si-2.5Mg. The composites, C1 to C3 (C-series),
contain various amounts of milled coconut shell char
particles (size:(140lm) ranging from 4, 8 to 12 vol%,
respectively. Compositional analysis of the char using
a CEC 240XA elemental analyser yielded the follow-
ing in weight per cent: 77.15% C, 2.88% H, 0.24% N,
0.018% P,(0.1% S and others, 19.7%. The Z1 to Z3
(Z-series) composites contain ground zircon particles
(size:(200lm) ranging from 9, 12 to 15 vol %, respec-
tively, while F1 to F3 (F-series) are short fibre (Saffil:
Al

2
O

3
/4 wt% SiO

2
, density: 3.3 to 3.5 g cm~3, length:

1.5mm, nominal diameter: 0.003mm) reinforced com-
posites with the fibre vol% of 0.3, 0.9 and 1.2, respec-
tively. Although low loadings of reinforcement was
used in this case, their clusters were dispersed in order
to promote defects in the final parts.

The chemical composition of the zircon sand is
(in wt%): 62.12% ZrO

2
, 33.13% SiO

2
, 2.01% Fe

2
O

3
,

1.82% HFO
2
, 0.58% TiO

2
, and others, 0.34%. Stearic

acid (size: 500lm) in the amount of 1 wt% was used
to aid compaction. A die-wall lubrication using
0.5 wt % aluminium stearate was also applied to re-
duce the stripping pressure of the compacts from the
hardened steel mould. While the C-series were cold-
pressed at 250 MPa, Z-series and F-series were
compacted at 350MPa. Fig. 1 shows the schematic
representation of the shape and specifications of the
sample parts. The specimens have gauge lengths of
uniform thickness, and grip ends of larger thickness.
Consolidation of the green parts was carried out in
vaccum at temperatures between 580 °C and 620 °C
for times that vary from 10 min to 2 h in order to
generate shrinkages and other possible defects in the
sintered parts.

Density measurements of the particles were made
by mercury porosimetry. Because magnesium forms
an amalgam with mercury, the densities of the sintered
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Figure 1 Schematic representation of shape and specifications of
the sample parts.

parts were measured using light paraffin oil. This
colourless liquid has a kinematic viscosity (at 37.8 °C)
of not more than 30 centistoke. The method of radio-
graphy was used to examine the distribution of the
particulate and short fibres as well as the presence of
voids and defects in the sample parts. The Macrtank-
K X-ray set with a Hewlett Packard Faxitron Contact
Radiography camera was used for this testing. A volt-
age of 80 kV, current of 5 mA and an irradiation time
of 5min were applied because of the non-uniformity of
the thickness of the samples. Source to (flexible) film
distance of 70 cm was maintained and the slow, high-
contrast, very fine-grain Mx Kodak film grade was
used. Lead screen placed in direct contact behind the
film was utilized as the intensifier to increase the
sharpness of the radiographs.

3. Results and discussion
3.1. Contrast and defects
The primary X-ray beam was focused on the gauge
lengths (which is the region of interest) and this ex-
plains the sharp contrast revealed by the exographs
between this section and the thicker ends. The dosage
absorbed by the parts because of the voltage and
exposure time (5min) used (80 kV) produced a, a good
definition of the images as could be observed. In
addition, lower speed, fine-grained films are known to
give high contrast, better definition radiographs.
However, radiographing a specimen of non-uniform
thickness with one exposure on one film reproduces
the thick parts as low densities on the film, and
(because film gradient varies directly as film density)
there will be a loss of flaw sensitivity in those low
densities compared with a normal-density radiograph
of these sections [16]. At the other end, the thin
sections will be reproduced as high film densities
which soon reach the stage of being too high to be
viewed. Figs 2 to 4 are the exographs of C-series,
Z-series and F-series, respectively, with visually ob-
servable distortions along their lengths. Large
dimensional changes on reaction-sintered products
are known to result from both shrinkage and growth



Figure 2 (a) Radiograph of unreinforced Al-13.5Si alloy, and (b)
optical micrograph of the alloy revealing porosities (dark); magn:
400].

Figure 3 Radiographs of reinforced Al-13.5Si-2.5Mg alloy contain-
ing (a) 4 vol % (b) 8 vol % and (c) 12 vol % coconut shell chars.
Cavities and elongated porosities (bright) are revealed.

Figure 4 Radiographs of reinforced Al-13.5Si-2.5Mg alloy contain-
ing (a) 9 vol% (b) 12 vol% and (c) 15 vol% zircon particles, reveal-
ing low amount of defects.

phenomena. While shrinkage is believed to be in-
fluenced by surface tensions, chemical reactions, re-
crystallization processes and increasing attraction and
consequent closer contact between the particulate,
growth (that is a decrease in apparent density during
the sintering process) is controlled by the gas content
of the green parts. Kehl et al. [14] earlier observed
more distortions in internally lubricated sintered parts
than in die-wall lubricated and in unlubricated parts.
The observed distortions in our discontinuously-
reinforced composites therefore may have been due to
four factors: lubrication, differing thermal behaviours
of the reinforcements and matrix, poor die-filling and
poor consolidation conditions. In this consideration,
defects such as voids, porosities, thermal cracks and
segregation are apparent in our composites.

3.2. Particulate composites and defects
The determined density of the unreinforced alloy is
78% of the theoretical. Shown in Fig. 2a is the radio-
graph of the alloy. The delubrication and sintering
stages have created pores left by the gasified lubri-
cants. These pores (bright in appearance) are revealed
in the figure and are aligned in a direction normal to
the applied pressure, showing the shape deformation
of the lubricants. An optical micrograph of the alloy
showing some of the elongated pores is shown in
Fig. 2b. It is possible that some matrix particles may
have welded together appearing as large bright spots
in the exographs, especially when it is noted that
aluminium and silicon are of low atomic numbers. All
of these can be seen to align transversely to the pres-
sure direction. While C-series and F-series did not
consolidate by liquid phase sintering, the zircon-
reinforced parts did. The char-reinforced composites
shown in Fig. 3a to c reveal both voids and porosities
(rounded bright spots). Nevadusky et al. [12] have
earlier detected large voids, cracks and porosities in
adhesives. Discontinuities, in the form of pipes in the
composites matrix, due to a swelling effect, could also
be observed. On the other hand, the char particles as
well as reinforcement segregation are not revealed.
Because of the low atomic numbers of carbon and
nitrogen, the low density char particles (0.89 g cm~3)
did not absorb much of the primary radiations and
therefore are not reproduced on the film.

Zircon reinforced composites (Fig. 4a to c) of more
than 82% density of theoretical were produced. Al-
though blackening of the film occurred due to poor
irradiation (and this was due to the difficulty in sharp-
ening the effects due to particulate density and part
thickness variations), porosites or voids are not read-
ily revealed in these exographs. In Fig. 5 is shown
the optical micrograph of the alloy reinforced with
15 vol% zircon particulate, revealing few porosities
only around the coarse-sized zircon particles. This is
not only because the population of defects is small but
also the high density zircon particulate (theoretical
density, about 4.33 g cm~3) resulted in radiation at-
tenuation. This event reduced any sharp contrast on
the film due to any defects. Absence of macroscopic
defects, such as porosities, is expected in parts with
good sintering aid and consolidated by liquid phase
sintering [15]. Under liquid phase sintering, thermal
transport of atoms by surface diffusion, bulk diffusion
4031



Figure 5 Optical micrograph of Al-13.5Si-2.5Mg alloy containing
15 vol % zircon. Few porosities are present around the coarse-sized
particles; magn: 50].

Figure 6 Optical micrograph of Al-13.5Si-2.5Mg alloy containing
12 vol% zircon sectioned at the region with cavity. Porosites (dark)
are revealed with no particle; magn: 400].

and grain boundary diffusion are promoted, resulting
in closing of porosities by the vacancy mechanism
[15]. Here, particles of zircon appear very dark and
could be seen to be uniformly distributed in the test
specimen.

These observations, which revealed only zircon
sand and no coconut shell char particles, have refined
the report by Prakash [6]. Prakash had earlier con-
cluded that foreign objects and inclusions are readily
detectable by the X-ray method. Large localized re-
gions of material discontinuities due to the interplay
of swelling and shrinkage as well as to non-uniform
die-filling also appear bright (Fig. 4b). A section of this
portion was prepared metallographically, and the
micrograph is shown in Fig. 6. The voids are dark with
no particle present in them.

3.3. Discontinuous fibre composites and
defects

Bright features appear in the short fibre com-
posites (Fig. 7a to c). The individual strands of the
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Figure 7 Radiographs of reinforced Al-13.5Si-2.5Mg alloy contain-
ing (a) 0.3 vol% (b) 0.9 vol% and (c) 1.2 vol% alumina-silica short
fibres. Cavities and line defects can be seen.

Figure 8 Scanning electron micrograph of swollen section of
1.2 vol % alumina-silica short fibre reinforced Al-13.5Si-2.5Mg
alloy. Fibre clusters and open cavities are clearly revealed.

alumina-silica short fibres (density: 3.3—3.5 g cm~3) are
not revealed in the low fibre volume fraction (0.003)
composites. Fibre strands aligned parallel to the beam
direction appear dark in films due to reduced attenu-
ation [18]. Crane et al. [4] were able to radiogra-
phically identify boron fibres in polymer-based
composites only when the fibres were dusted with a
flourescent dye-powder. Thermal cracks, observed on
visual inspection, lying across the X-ray beam and
nearly traversing the specimen thickness could also be
observed (Fig. 7c). This observation, while agreeing
with the report by Prakash [6] on metal composites,
contradicts earlier findings by Harris [10] on resin-
bonded composites. While Prakash observed that
specially-oriented thermal cracks are readily detected,
Harris had earlier reported that radiography can be
used to identify voids, but fibre resin debonding or
cracks resulting from thermal contraction cannot be
identified. Clusters of the short fibres in the 0.009 and
0.012 »

f
composites are not clearly revealed, but ap-

pear like cavities in the exographs (Fig. 7b and c). This
was discovered when the swollen region in the part
shown in Fig. 7c was sectioned, polished and exam-
ined under the scanning electron microscope. The
micrograph is shown in Fig. 8. It was also observed
that the matrix-fibre bonding which occurred along
the periphery of the clusters with the matrix was not



extended to the cluster centre due, probably, to re-
stricted powder flow. This resulted in a large shrink-
age cavity (dark, in the secondary electron image) in
the portion.

The above observations seem to suggest a contrast-
ing behaviour of thermally-synthesized polymer and
metal composites to X-rays.

4. Conclusions
The use of ‘‘slightly hard’’ X-rays of 80 kV detected
high density particulates, discontinuities due to ther-
mal effects, voids and gas pores in the reaction-
sintered discontinuously-reinforced Al-13.5Si-2.5Mg
alloy composites. In the coconut shell char reinforced
composites, the low-density char particles were
not detected in the low-density (2.64 g cm~3), hy-
pereutectic Al—Si alloy. The liquid-phase sintered zircon-
reinforced particulate composites revealed both
porosities as well as the zircon particles (which appear
dark in the exographs), and this could offer a good
measure of particle dispersion in the sintered part.
Localized cavities — suspected to arise from the ther-
mal mismatch between the matrix alloy and zircon —
were also revealed in this inspection. It is further
concluded that the density of the radiographic film
used appears reduced when high-density particulates
(such as zircon sand) are used as reinforcements in
a low-density alloy matrix, than when low-density
particles (such as carbon chars) are used. This suggests
the use of different irradiation conditions in radio-
graphy of composite parts filled with reinforcement
phases of differing densities. Both the strands and
clusters of fibres used as discontinuous reinforcements
is sintered Al-13.5Si-2.5Mg alloy composites were also
not detected by this technique. However, the positions
of these clusters appeared as bright regions of cavities
in the radiographs.
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