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1. Introduction

Among metal matrix composites (MMC) with different phase
morphologies, interpenetrating phase composites (IPC) offer good
combination of strength, toughness, stiffness, wear resistance and
thermal properties along all directions [1-3]. In IPCs the constituent
phases are percolating in three dimensions and according to the no-
menclature proposed by Newnham et al. [4], a two phase IPC may be
classified as a material with 3-3 connectivity. As both the phases are
continuous in three dimensions, the designation matrix is no more valid
in a strict sense, and hence these composites with one metallic and one
ceramic phase as constituents are more commonly referred to as metal/
ceramic composites.

The strengthening mechanisms of MMCs can broadly be classified as
direct and indirect modes [5]. While direct strengthening occurs by
load transfer from the soft, compliant and plastically deforming me-
tallic phase to the stiff and strong ceramic [6]; indirect strengthening is
caused by the interactions between dislocations generated at the metal-
ceramic interfacial region due to their structural mismatch [7]. MMCs

are almost always fabricated at elevated temperatures (either by
powder metallurgical or solidification casting route) and due to the
significant difference in the thermal expansion coefficients (CTE) of the
metallic and the ceramic phases, processing induced thermal residual
stresses are generated. As metals generally have higher CTE than the
ceramics, the thermal residual stresses are generally tensile in the me-
tallic phase and compressive in the ceramic phase [8,9]. These ther-
mally induced stresses may significantly affect the mechanical proper-
ties of MMCs under external loading [10,11]. If a MMC is loaded, when
both metallic and ceramic phases are elastic, load shared by both of
these phases is not dependent upon the applied stress. At its yield point,
the metallic phase starts deforming plastically and its load bearing ca-
pacity decreases and the load is transferred to the stiffer and stronger
ceramic phase. The extent of load transfer is dependent upon the
properties of the two phases, their orientation as well as the strength of
the interfacial bond between them. With continuous plastic deforma-
tion, the load borne by the ceramic phase continuously increases, until
the ceramic fails or a debonding of the interface occurs [12]. The op-
timum design of MMCs for load bearing applications thrives for
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maximising the load borne by the ceramic reinforcing phase without
damaging it. Hence, thorough understanding of the internal load
transfer mechanism is important for any newly developed MMC.
Diffraction based techniques are most commonly employed to study
the internal load transfer mechanism in MMCs, as they allow analysing
all the crystalline phases of the composite. Elastic lattice strains are
measured from the diffraction peak shifts and phase stresses are cal-
culated therefrom. Considering the wealth of information provided by
such studies and their importance in understanding the mechanics of
MMCs, numerous diffraction based stress analysis studies have been
carried out in last about one decade [12-21]. In these previous works,
either neutron diffraction or angle dispersive high energy synchrotron
X-ray diffraction was employed as both of these techniques allow stress
analysis in the bulk of a material. Another diffraction based technique,
Energy dispersive synchrotron X-ray diffraction (EDXRD), has also been
employed rather successfully for the same purpose [22-28]. EDXRD
provides an excellent combination of flux and penetration depth and
correspondingly, stress analysis is possible within the bulk of a material
using a fairly small gauge volume [29]. Additionally, in EDXRD a white
beam is used enabling diffraction analysis over a wide energy range
from a multitude of diffraction peaks for all crystalline phases involved.
Correspondingly, the calculated average strain is more representative of
the real lattice strains in each phase in comparison to analysis based on
only one or two diffracting planes; as more commonly employed in
neutron diffraction or angle dispersive synchrotron X-ray diffraction.
The current authors recently proposed a simple processing route for
fabricating an interpenetrating metal/ceramic composite [30] with
easily tailorable phase morphology and phase content. Open porous
alumina preforms were fabricated first by burning and sintering a
powder mixture of alumina and two different polymer waxes. The
porous preforms were then infiltrated with Al12Si melt using inert gas
pressure infiltration. Thorough study of the elastic properties was car-
ried out using ultrasound phase spectroscopy, while thermal expansion
behaviour was measured by thermal cycling between room temperature
and 500 °C. In the present work the mechanism of internal load transfer
in one composite sample is studied under external compression by
EDXRD. This technique was earlier used very successfully for stress
analysis in metal/ceramic composites based on freeze-cast ceramic
preforms [23,31] as well as in another interpenetrating composite
[24,27]. While the composites based on freeze-cast ceramic preforms
had a predominantly lamellar microstructure, the interpenetrating
composite had metal rich regions interspersed between ceramic rich
regions. The composite studied in this work has a significantly different
microstructure and the processing route allows to easily tailor both the
phase morphology and the phase contents. Using EDXRD, lattice strains
are determined in all three crystalline phases (alumina, silicon and
aluminum solid solution) both along and transverse to the loading di-
rection. For each phase, multiple diffraction peaks are analysed for
lattice strain determination and correspondingly the extent of inter-
planar anisotropy can also be investigated. Phase stresses as well as the
stress concentration factors are simultaneously calculated from the
measured lattice strains using standard elasticity relations. This way a
thorough study of internal load transfer mechanism in this inter-
penetrating metal/ceramic composite has been carried out.

2. Experimental procedure
2.1. Specimen material

A very brief description of the studied IPC is provided here and for a
thorough description of the microstructure of both the preforms and the
composite we refer to Ref. [30]. Porous alumina preforms were first
fabricated by burning and sintering a cold pressed green body formed
from a mixture of alumina powder and two different polymer waxes.
One of the polymer waxes was coarse grained and the other one was
much finer and they were mixed in 1:1 ratio in the initial powder
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Fig. 1. Typical SEM image of the studied interpenetrating All12Si/alumina
composite.

mixture. The alumina:total wax mixture ratios were varied to fabricate
preforms having open porosities in the range of 55-65 vol%. The sin-
tered open porous preforms were subsequently infiltrated with molten
Al12Si alloy using inert argon gas pressure. To perform the melt in-
filtration, the porous preforms along with billets of Al12Si were placed
inside a pressure chamber. The chamber was initially evacuated to re-
move all air from the porous preforms and subsequently the tempera-
ture inside the chamber was raised to 750 °C. Finally pressure using
argon gas was applied on the molten metal to infiltrate the porous
preforms to form the IPC.

A typical SEM image of the studied IPC is shown in Fig. 1. Regions of
the metallic alloy as well as the ceramic rich regions are shown marked
in this micrograph. The solubility of aluminum in silicon is almost
negligible and correspondingly the metallic alloy consists of needle
shaped pure silicon particles distributed within aluminum solid solution
[32]. Some micropores are also marked and they are typically found
within the ceramic rich regions due to lack of complete infiltration
within the densely packed ceramic rich regions. Presence of such re-
sidual microporosities within ceramic rich regions in MMCs have also
been reported by earlier studies [24,33]. Density of the studied IPC
samples was measured following Archimedes principle by immersing in
distilled water.

2.2. In-situ energy dispersive synchrotron x-ray diffraction (EDXRD)
experiment

The experiment was carried out at the Materials Science Beamline
EDDI at the BESSY synchrotron radiation source at Berlin, Germany.
Thorough description of the beamline components can be found in Ref.
[34]. Uniaxial compression test of one IPC sample was carried out in-
situ in a miniature tensile compression module manufactured by
Kammrath & Weiss GmbH (Dortmund, Germany). An image of the
mechanical test module mounted on the diffraction table is provided in
Ref. [23]. The module was mounted on the motorized table of the
diffractometer unit which consisted of a 6-0 diffractometer, a five axis
sample positioning unit as well as a detector arm with two slit systems
to define the diffracted beam. For the current experiment the primary
beam was masked by a cross slit system with an opening of
1 mm X 1 mm; while the slits in the path of the diffracted beam had
dimensions of 0.06 mm X 8 mm. The sample used for in-situ compres-
sion test had dimensions of 2.66 mm X 2.65mm X 2.56 mm and 20 ym
thick aluminum foil was used between the sample and the hardened
punches to reduce frictional effect. For the diffraction experiments a
constant scattering angle of 260 = 10.23° was chosen as it provides both,
good energy separation and a sufficient peak intensity for analysis.
Density of the sample was measured from its mass and dimensions and



it corresponded to a ceramic content of 42 vol% assuming no porosity.
A preload of —43N (corresponding to a compressive stress of about
6 MPa) was first applied to ensure the sample did not displace during
subsequent experiment. Lattice spacing in all indexed diffraction planes
of the three phases with only this preload was measured and this was
used as the reference value for subsequent lattice strain calculation.
Correspondingly, processing induced thermal residual stresses were not
measured and only the change in lattice spacing caused solely by the
external compressive stress has been analysed. Compression test was
carried out at a constant crosshead velocity of 2 um s~ !, corresponding
to a nominal strain rate of 10~ s~ !. Compressive load on the sample
was increased stepwise and at each step the test was stopped and dif-
fraction measurements were carried out following the sin®y method
[35] of stress analysis by stepwise tilting the test setup between y = 0°
and 89.9°. Following compressive stress steps (all in MPa) were em-
ployed 6 —27 — 52— 76 — 105 — 145 — 187 — 228 — 274 — 316 —
349 — 396 — 430. Previous stress analysis on Al12Si/alumina inter-
penetrating composites showed that plastic deformation of the metallic
phase initiates in the range of 80 MPa compressive stress [23,27].
Correspondingly, the steps for diffraction based stress analysis were
maintained at around 25 MPa until about 100 MPa applied compressive
stresses and subsequently the gap between each step was increased to
approximately 40 MPa. After each load application and before each
diffraction measurement sufficient waiting time was maintained to
minimize the effects of stress relaxation in the sample during the dif-
fraction measurement itself. Individual diffraction peaks were fitted by
a Pseudo-Voigt function to determine the peak positions. Lattice strains
were determined from the calculated lattice plane spacings) according
to the following relation

hkl hkl
g}
hil
dg

(€8]

where dj* corresponds to the lattice plane spacing in the initial state
(with the applied preload of —43 N) and dj; corresponds to the cor-
responding lattice plane spacing at different applied stresses.

hkl
0

3. Results and discussions

Fig. 2 shows typical EDXRD diffractogram of the studied IPC
sample. The indexed diffraction planes employed for lattice strain
analysis are marked in the figure. 7 diffraction planes of alumina, 4
diffraction planes of aluminum solid solution and 3 diffraction planes
for pure silicon were indexed. At each applied load step and for all
diffracting planes of the three crystalline phases, d-spacing vs. sin®y

Fig. 2. Typical EDXRD diffractogram obtained for the IPC sample studied.
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Fig. 3. d-spacing vs. sin®y plots for {300} planes of alumina, {220} planes of
aluminum solid solution and {220} planes of silicon at an applied compressive
stress of —274 MPa.

plots were made at eleven different -tilts between 0° and 89.9°. Sub-
sequently, best fit straight lines were calculated for each d-spacing vs.
siny plot. Determination of the longitudinal and transverse lattice
spacings from the best fit straight lines drawn based on multiple -tilts
ensured a much better statistical confidence in comparison to mea-
surements carried out at only two extreme tilts of 0° and 89.9°. At
y = 89.9° the scattering vector was almost parallel to the loading di-
rection and at y = 0° the scattering vector was nearly transverse to the
loading direction. At each applied stress step and for all analysed dif-
fraction planes, the lattice plane spacings along and transverse to the
loading direction were finally determined from the best fit straight
lines. Fig. 3 shows representative d-spacing vs. sin®y plots for {300}
planes of alumina, {220} planes of Al solid solution and {220} planes of
silicon. Similar plots were also obtained for other diffraction planes.

Fig. 4 shows the evolution of lattice microstrain along the loading
direction (hereafter named as longitudinal lattice strain) as a function
of the applied compressive stress in all three crystalline phases of the
composite material. The plots a-c in this figure show the evolution of
longitudinal microstrain in all indexed diffraction planes of alumina,
aluminum and silicon, respectively. For each phase the continuum
mechanics average lattice microstrain was calculated according to the
methodology proposed by Daymond [36], considering the multiplicity
factor and diffraction elastic constants of each diffraction plane and
assuming absence of any texture (texture factor taken as unity). This
continuum mechanics average microstrain for all three phases is also
shown in each plot as bold lines and additionally they are plotted se-
parately in Fig. 4d against the applied compressive stress for the sake of
clarity. The error bars on the lines for average microstrains of each
phase correspond to the standard deviation of the lattice strains mea-
sured by all indexed diffractions planes of that phase and they are a
measure of the interplanar anisotropy.

Fig. 4 shows that at low applied compressive stresses until about
100 MPa, the longitudinal lattice strain in all three phases increase al-
most linearly. At this stage, all phases of the composite are undergoing
only elastic deformation. At higher applied stresses however the lattice
microstrain in aluminum solid solution increases at a slower rate,
suggesting a decrease in the load carrying capacity of aluminum solid
solution. Corresponding to the downward trend of the longitudinal
strain in aluminum solid solution due to its plastic deformation, the
curve for the alumina phase should show an upward trend as load is
being transferred from aluminum solid solution to this phase (as was
reported in Ref. [27]). However, no such clearly discernible upward
trend is observed in alumina and the slope for the curve for alumina



Fig. 4. Evolution of lattice strain along loading direction in all crystalline phases of the composite at different applied compressive stresses: a) alumina, (b) aluminum
solid solution, (c) silicon and (d) combined plot for the average lattice strain in all three phases. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

remains almost unaltered until very high loading stresses. This can
probably be attributed to initiation of early damage in the alumina
phase (e.g. cracking of the ceramic phase or delamination at the metal/
ceramic interphase) which limits its load carrying capacity even at ra-
ther low applied compressive stresses.

Diffraction line spacings measured at a y-tilt of 0° at different ap-
plied compressive stresses were used to determine the lattice strain in
all indexed diffraction planes at a direction transverse to the direction
of applied compressive stress. Here onwards, the strain so determined
will be termed as transverse lattice microstrain. Fig. 5 shows the evo-
lution of the continuum mechanics average transverse lattice micro-
strain in all three phases as a function of the applied compressive stress.
The figure clearly shows the different trend shown by aluminum phase
in comparison to both alumina and silicon. As lattice strain is being
measured along transverse direction, due to the positive Poisson's ratio,
transverse strain should be positive in all three phases. The plot shows
that it is indeed so for silicon and alumina. However, over the course of
the applied compressive stress range the aluminum solid solution phase
displays a transition in behaviour. Until about 100 MPa compressive
stress, the lattice strain in aluminum is also positive, as expected due to
elastic deformation at this stage. However, at higher applied stresses,
corresponding to its plastic deformation, the transverse lattice strains in
aluminum solid solution become negative. Similar behavior was also
reported in earlier studies [23,27] and it can be attributed to a change
in Poisson's ratio of aluminum from about 0.35 in the region of elastic
deformation to 0.5 in the region of plastic deformation. As the Poisson's
ratio suddenly increases, aluminum solid solution tries to undergo an

Fig. 5. Evolution of continuum mechanics average transverse lattice micro-
strain in all three phases of the composite as a function of applied compressive
stress.

increased transverse strain, which is however constricted by the much
stiffer and stronger alumina and silicon phases and the presence of
strong interfacial bonding. Correspondingly, the effective transverse
strain in the highly constricted aluminum solid solution becomes



compressive in nature in the region of plastic deformation. Ad-
ditionally, the observed slope change at 100 MPa compressive stress
further corroborates the fact that the inception of plastic deformation in
aluminum solid solution phase starts at this point.

Average phase stress along the loading direction (hereafter referred
to as longitudinal phase stress) can be calculated according to the fol-
lowing relation [37] assuming each phase is macroscopically isotropic.
The validity of the assumption of isotropy in the three phases concerned
(alumina, aluminium solid solution and silicon) was discussed in detail
in Ref. [27]. In both alumina and aluminium solid solution the elastic
anisotropy is rather small and average strain was calculated from
multiple diffraction planes. Silicon has a rather large anisotropy ratio
and lattice strains measured from only three diffraction planes were
used to calculate the average strain. Correspondingly, for silicon, the
assumption of isotropy may cause some errors in stress calculation.

__E g + vE (g+8+sg)
1+v Qw2 7 @
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where 0 is the longitudinal phase stress, ¢; is the average lattice strain
in each phase along the loading direction, €5 and e3 are the average
lattice strains in each phase along transverse direction while E and v are
respectively the Young's modulus and Poisson's ratio of each phase. The
macroscopic Young's modulus and Poisson's ratio of Al, Si and alumina
were used for calculation (Table 1 of [24] lists these values). Thorough
analysis of the elastic properties of this composite was carried out in an
earlier work [30] and the composite behaves as an isotropic material.
Correspondingly, the measured lattice strain transverse to the loading
direction has been taken as the resulting lattice strain along both 2 and
3 directions (g5 = €3).

The evolution of the longitudinal stress, calculated according to eqn.
(2), in all three phases as a function of the applied stress is shown in
Fig. 6. Lines for different constant ratios of the longitudinal stress to the
applied stress ranging from 0.25 to 3.0 are also shown in the same
figure. The plot shows that at all applied compressive stresses, the
highest longitudinal stress is always observed in alumina, while it is the
lowest in aluminum solid solution. This can be attributed to the sig-
nificantly higher stiffness of alumina. Until about 100 MPa compressive
stress, the ratio of the longitudinal stress to applied stress in alumina
lies within 1.5-2.0. At higher applied stresses, this ratio for alumina
increases marginally to between 2.0 and 2.5 and becomes highest at an
applied compressive stress of 187 MPa. This increase in the phase stress
in alumina is caused by the load transfer from the aluminum solid so-
lution, as already discussed. At still higher applied stresses, the stress

Fig. 6. Evolution of the longitudinal stress in all three phases as a function of

the applied compressive stress.

ratio for alumina continuously decreases — which can be attributed to
continuous exhaustion of its load bearing capacity due to progressive
damage evolution. Throughout the range of the applied compressive
stress, the ratio of the longitudinal stress to applied stress in silicon
remains relatively constant and close to unity, suggesting that no sig-
nificant load transfer occurs within the metallic alloy phase itself from
aluminum solid solution to the stiffer and stronger needle shaped si-
licon phase. The evolution of longitudinal stress in aluminum solid
solution shows a behaviour that compliments the trend observed in
alumina. Immediately following the plastic deformation at around
100 MPa compressive stress, the ratio of longitudinal stress to applied
stress in aluminum solid solution decreases marginally due to load
transfer from this phase. The stress ratio attains its lowest value at an
applied compressive stress of 317 MPa. At even higher applied com-
pressive stresses, as the stress ratio in alumina continuously decreases
due to damage initiation, the stress ratio in aluminum solid solution
shows an increase, suggesting a higher proportion of load being carried
by this phase to maintain the stress balance in the composite.

4. Conclusions

The mechanism of internal load transfer in an interpenetrating
metal/ceramic composite fabricated by infiltration of Al12Si melt in an
open porous alumina preform was studied for the first time in this work.
The preform was fabricated using a 1:1 mixture of two different
polymer waxes having very different particle diameters as pore formers.
It is possible to vary both the powder mixture ratios as well as the total
polymer content to fabricate porous preforms as well as inter-
penetrating composites having different ceramic contents and pore
morphologies. Study of internal load transfer in all three crystalline
phases of the composite, i.e. alumina, aluminum solid solution and pure
silicon was carried out using energy dispersive synchrotron x-ray dif-
fraction. Using this technique lattice strain was measured in several
diffraction planes of the three phases both along and transverse to the
loading direction. The continuum mechanics average lattice strain for
each phase was calculated based on the strain measured from in-
dividual diffraction planes. As lattice strains were measured from
multiple diffraction planes, the reported data was more representative
of the macroscopic material behaviour. Stress in each phase along the
loading direction was calculated from the measured lattice microstrain
and assuming isotropy of the material. Following conclusions are
drawn:

a) Until about 100 MPa applied compressive stress all three phases
undergo elastic deformation with lattice microstrain along the
loading direction increasing with increasing applied stress at a more
or less constant rate.

b) Aluminum being soft and compliant, at applied compressive stresses
higher than 100 MPa, it starts deforming plastically. Consequently,
its load carrying capacity decreases and more load is carried by the
stiffer and stronger alumina phase. However, the increase in load
carried by alumina concurrent to the plastic deformation of alu-
minum solid solution is not significant, as alumina itself undergoes
relaxation (probably resulting from cracking or debonding) starting
at a rather early stage of deformation.

c) At applied compressive stresses higher than 187 MPa the ratio of the
phase stress to applied stress for alumina decreases continuously.
This is concurrent with an increase in the stress ratio in aluminum
solid solution to maintain stress balance. Throughout, the stress
ratio in silicon remains almost constant, suggesting no significant
load transfer mechanism operating within the metallic alloy itself.

Data availability statement

Raw research data used for this publication will be made available
on request.
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