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1. Introduction

Interpenetrating phase composites (IPC) with a 3-3 connectivity
(according to the nomenclature proposed by Newnham et al. [1]) of the
metallic and ceramic phase offer a good combination of strength,
toughness and wear resistance [2,3]. They also display a lower coeffi-
cient of thermal expansion (CTE) than particle reinforced composites
[4]. Moreover, the structure and properties of IPCs can be readily tai-
lored by varying the morphology and amount of the constituent phases.
Correspondingly, significant research and development efforts have
been invested in recent years to study the processing-structure-property
correlations in different kinds of IPCs [5]. These include composites
fabricated by melt infiltration in wood ceramics [6], in porous ceramic
preforms manufactured by freeze-casting [7,8], in porous ceramic
preforms made using polymer wax as pore formers [9,10], etc.

The properties of the IPCs which have mostly been studied so far are
the mechanical properties at room temperature [11-14]. While the
thermal properties, precisely the thermal expansion behavior of IPCs
containing metallic and ceramic phases, are important for their po-
tential application at elevated temperatures (in comparison to polymer
matrix composites), they have been studied relatively less. Thermal
expansion behavior of metal/ceramic composites is inherently complex

due to the interplay between numerous factors such as the significantly
different thermal expansion coefficients (CTE) of the metallic and
ceramic phases, the effect of processing induced residual stress, initia-
tion of early plastic deformation in the metallic phase, etc. [15].
Whatever studies on thermal expansion behavior of metal/ceramic
composites have been carried out, deal predominantly with ceramic
reinforcements either in particulate or continuous-fiber form [16-23].
In an IPC, it is even further complicated due to the possible significant
variations in the morphology and volume fraction of the constituent
phases as well as the lack of a regular structure (unlike in particle or
unidirectional fiber-reinforced composites).

Whatever limited studies on the thermal expansion behavior of IPCs
have been carried out so far, have considered the composite to behave
as an isotropic material assuming identical properties along all direc-
tions [9,21,24-26]. In an earlier study, the current authors carried out a
thorough analysis of the elastic properties of an interpenetrating
Al12Si/alumina composite made by melt infiltration in porous alumina
preforms fabricated using cellulose fibers as pore formers [27]. There it
was shown that the initial uni-axial cold pressing of the ceramic
powder-cellulose fiber mixture resulted in elastic anisotropy, with the
composite stiffness parallel to the uni-axial press direction being always
smaller than the stiffness transverse to this direction. In this work, the
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Fig. 1. Typical scanning electron microscope images of the porous alumina preform — a) micrograph for the face perpendicular to the preform press direction; b—c)

micrographs for the faces parallel to the preform press direction.

thermal expansion behavior of the same IPC has been studied along
different directions and over a wide range of ceramic content in the
range of 34— 60 vol.%. This study is important, as, in anisotropic ma-
terials, the variation of stiffness along different directions has a strong
influence on the thermal expansion behavior [28]. Preliminary results
from thermal expansion analysis of the studied interpenetrating com-
posite material were reported in an earlier publication [29]. A more
thorough analysis, taking into consideration both the structural and
elastic anisotropy of the composite, has been carried out in this work.
For each ceramic volume fraction, thermal expansion has been mea-
sured along three mutually orthogonal directions. The effect of ceramic
volume fraction on the temperature dependence of CTE has been cal-
culated. Finally, the CTE values have been compared with different
micromechanical models.

2. Experimental procedure
2.1. Material

The IPC was fabricated at the Materials Research Team of Aalen
University of Applied Sciences, Germany, following a processing route
thoroughly described in [27]. Commercially available alumina powder
(CL2500 from Almatis GmbH) was used to prepare porous ceramic
preforms. Cellulose fibers (Arbocel P290 from J. Rettenmaier & Sohne
GmbH & Co. KG, Germany) having a nominal average length of 150 pm
were added as pore-forming agent. After deagglomerating the alumina
powder particles, they were mixed with the pore-forming agent and
freeze-dried. The powders were subsequently pressed under 100 MPa
applied pressure into plates and then sintered in a tube furnace under
an oxidizing atmosphere. The sintering temperature was 1550 °C, and
during this process, pyrolysis of the pore-forming agents also occurred.
The porous preforms were subsequently infiltrated with Al12Si melt via
direct squeeze-casting along the same direction as that of powder

pressing under 100 MPa infiltration pressure.

Typical scanning electron microscope images of the porous alumina
preform for the three mutually perpendicular faces are shown in Fig. 1.
In this figure, the micrograph (a) corresponds to the face perpendicular
to the preform press direction, while the two micrographs (b—c) cor-
respond to the faces parallel to the preform press direction (= vertical
direction in the micrographs). The structural anisotropy of the pre-
forms, resulting from the uni-axial pressing before sintering, is dis-
cernible in this figure. The pores have been flattened along the preform
press direction and they have an elongated morphology. Typical optical
micrograph of the studied metal/ceramic composite is shown in Fig. 2.
In this micrograph, the darker regions are alumina, while the lighter
areas correspond to the metallic phase Al12Si. For determination of the
ceramic content in each sample, the samples were assumed to be pore-
free and the densities of alumina and Al12Si were taken as 3.90 Mg m 3
and 2.66 Mg m 3, respectively. However, as has already been reported
in [27], the composite samples contain microporosity in the range of
0.1-0.5vol.%. If this amount of microporosity is considered, the cal-
culated ceramic volume content will be around 0.2-1.1 % vol.% higher.

2.2. Experimental procedure

Measurement of the thermal expansion was carried out at the
Institute of Applied Materials (IAM-WK), Karlsruhe Institute of
Technology, Germany, in a dilatometer of type DIL 805A/D from B&hr-
Thermoanalyse GmbH, Hiillhorst, Germany by measuring the sample
length change with temperature. A brief description of the experimental
procedure is provided here, and for a thorough description, we refer to
[30]. The ceramic content of the samples ranged from 34— 60 vol.%.
For each ceramic content, three samples were studied, one each along
the three mutually orthogonal directions of the fabricated composite
plates. The samples had rectangular parallelepiped shapes with nominal
dimensions of 7 X 4 x 4mm?, with length change being measured



Fig. 2. Typical optical micrograph of the metal/ceramic composite.

along the long axis of each sample. Here onwards, the direction of
ceramic preform pressing will be named as direction 1, while the two
directions orthogonal to this will be designated as directions 2 and 3,
respectively (Fig. 3c). For the measurement of thermal expansion, the
specimen was held between two push rods made of alumina. One of the
push rods was fixed; the other was connected to a linear variable dif-
ferential transformer (LVDT) and transmitted the dilatation of the
specimen. The specimen was placed in the center of an induction coil,

allowing high heating rates. A thermocouple was spot welded to the
sample to measure and record its instantaneous temperature. Four
thermal cycles were carried out for each sample between room tem-
perature and 500 °C at a rate of 5 °C/min in an inert helium atmosphere
(Fig. 3a). Before measurement, the two opposite faces of each sample
along the direction of strain measurement were polished to ensure
plane parallelism when in contact with the measurement rods inside the
dilatometer.

To determine the CTE evolution, the plot of length change vs.
temperature was divided into discrete intervals of 30 K each. A best fit
straight line was fitted to the plot in each interval (Fig. 3b). Subse-
quently, the CTE (o) at the mean temperature of each interval was
determined following the relation

1 ( dl )
o= —e

Iy \dT
where | is the sample length at the start of each interval, and (dl/dT) is
the slope of length change vs. temperature plot.

3. Results

The evolution of the thermal strain with temperature during all four
cycles in unreinforced Al12Si is shown in Fig. 4a. The plot shows the
presence of residual thermal strain in the sample after thermal cycling.
The highest residual strain is obtained in the first cycle, and in sub-
sequent cycles, the residual thermal strain decreases. Fig. 4b shows the
representative plot of thermal strain vs. temperature for the composite

Fig. 3. Methodology employed to determine the thermal expansion behavior of the IPC. (a): Temperature-time plot, (b) determination of thermal expansion
coefficient (CTE) from the measured length change and (c) coordinate system employed for characterization of sample anisotropy.



Fig. 4. Evolution of thermal strain with temperature during all four cycles in (a) unreinforced Al12Si alloy and in (b) in a composite sample with 47 vol.% alumina

along direction 1.

sample with 47 vol.% alumina, with the strain measured along direc-
tion 1. This sample also shows the highest residual thermal strain after
the first cycle. Similar behavior of high thermal residual strain during
the first thermal cycle is observed for all the composite samples studied
in this work and the identical trend has been found in several other
studies involving thermal cycling in metal/ceramic composites [9,31].
The presence of the high residual strain during the first thermal cycle
can be attributed to the presence of processing induced thermal stresses
in the composite material resulting from the significantly higher CTE of
the metallic phase in comparison to the ceramic phase. For the sub-
sequent cycles, the thermal strain vs. temperature response for in-
dividual samples shows near-identical behavior. This indicates that the
composite samples have stabilized due to the slow heating and cooling
during the first thermal cycle, and correspondingly, the subsequent
cycles are more representative of the composite behavior. Here onward,
the thermal response of the samples only during the second heating
path will be considered for further discussion of the thermal expansion
behavior of the composite.

The evolution of the thermal strain during the second heating path
in unreinforced Al128Si, as well as along the three orthogonal directions
of the studied composite samples, is shown in Fig. 5. The highest
thermal strain is obtained in unreinforced Al12Si. As expected, with
increasing ceramic content in the composite, the thermal strain con-
tinuously decreases. While the thermal strain experienced by

Fig. 5. Evolution of thermal strain with temperature during the second heating
path in unreinforced Al12Si and the composite samples along the three ortho-
gonal directions.

unreinforced Al12Si at 500 °C is approximately 1.1 %, in the sample
with 60 vol.% ceramic along direction 1 the achieved thermal strain is
only 0.67 %. Additionally, the plot also shows a systematic anisotropic
behavior in the composite - at all ceramic contents, the highest thermal
strain is observed along direction 1; much lower and almost identical
thermal strains are found along directions 2 and 3. Here onward the
direction 1 will be referred to as transverse direction and the directions
2 and 3 will be referred to as longitudinal directions, respectively.
Fig. 6 shows the evolution of CTE with temperature during the
second heating path in all samples. The CTE plots for the composites
also show a pronounced anisotropy - for any ceramic content, the
highest CTE is observed along transverse direction while much lower
and similar CTEs are observed along longitudinal directions. Similar to
the thermal strain evolution, the composite CTE along any particular
direction continuously decreases as the ceramic content increases. Up
to a temperature of around 300 °C, the highest CTE is obtained in un-
reinforced Al12Si and the shapes of the CTE evolution plots are similar
to that of unreinforced metallic alloy. At temperatures higher than
300 °C the thermal anisotropy of the composite increases — while the
longitudinal CTE values continue to follow a shape similar to the un-
reinforced metallic alloy, the behavior along the transverse direction is
different. At low ceramic content (corresponding to the curves for
34 vol.% and 41 vol.% alumina), the CTE curves show an increase with
increasing temperature and they become even higher than the CTE of

Fig. 6. Evolution of CTE with temperature during the second heating path in
unreinforced Al12Si and the composite samples along the three orthogonal
directions.



Fig. 7. Schematic microstructure of the composite with the direction 1 being
the preform press direction. The dark regions denote the flattened pores in the
preform, which have been infiltrated by the liquid metallic alloy in the com-
posite.

the unreinforced metallic alloy. With increasing ceramic content, the
CTE rise at this high-temperature range, decreases, and finally, for the
sample with 60 vol.% alumina, no increase is observed at all and the
shape of the CTE vs. temperature curve is similar along all directions.

4. Discussion

The observed thermal anisotropy in the interpenetrating composite
material is directly related to the elastic behavior of the material. A
thorough analysis of the elastic properties of the composite material
over the complete range of ceramic content studied in this work was
carried out in [27]. Uni-axial pressing of the powder mixture during
ceramic preform fabrication resulted in flattening of the pores, and the
pores had an elongated shape along directions 2 and 3 (see Fig. 1).
These pores were subsequently filled up by liquid metal during melt
infiltration, and due to the flattening of the pores along direction 1, the
composite displayed a transversely isotropic elastic behavior — reduced
stiffness along direction 1 while similar and higher stiffness along di-
rections 2 and 3. Schematic image of the preform microstructure
showing the pore flattening is provided in Fig. 7, while optical micro-
graphs along all three directions for a composite with 35 vol.% ceramic
are provided in [27]. Such flattening of pores in porous ceramic bodies
due to application of uni-axial pressure and the corresponding stiffness
reduction along preform press direction have already been reported in
several research studies [9,32]. The interfacial bond strength between
Al12Si and alumina is inherently strong [7]. This along with the higher
stiffness along longitudinal directions, restrict the thermal expansion of
the composite along these directions. This results in both a reduced
thermal strain and CTE along these directions. Similar thermal aniso-
tropy in composites having preferred orientation has already been re-
ported for composites reinforced with unidirectional long fibers [33],
short fibers [34,35], and metallic glass flakes [31].

The sudden increase in CTE along transverse direction at tempera-
tures higher than 300 °C for composites with ceramic content up to
55vol.% can be attributed to the complex and continuously evolving
stress-state within the metallic alloy phase in the composite. As the
composite was fabricated by cooling after melt infiltration and because
the CTE of the metallic alloy is significantly higher than that of the
ceramic, processing induced thermal residual stresses are present in the
as-fabricated composite. These residual stresses are generally tensile in

Fig. 8. Plot of the longitudinal elastic constants and preform elastic anisotropy
as a function of ceramic volume fraction. (For interpretation of the references to
colour in the text, the reader is referred to the web version of this article.)

the metallic phase and compressive in the ceramic phase [15]. During
subsequent heating, the thermal expansion of the metallic phase will
again be hindered by the strongly bonded, stiff ceramic phase, and as a
result, compressive stresses are generated within the metallic phase.
The generated compressive stress will keep on increasing with in-
creasing temperature, and at some point, it will cancel out the pro-
cessing induced tensile residual stress. A further increase in tempera-
ture will generate more compressive stresses in the metallic phase. The
rise in temperature has an additional effect of reducing the yield stress
of the material. A combination of both these factors will cause the
metallic alloy to yield and it will start deforming plastically at some
temperature during heating. As has already been discussed, the lower
thermal strain and CTE along longitudinal directions are due to the
higher ceramic preform stiffness along these directions. As the stiffness
anisotropy of the ceramic preform leads to the thermal expansion ani-
sotropy observed in the composite, an estimation of the dependence of
the preform elastic anisotropy on ceramic content is required. Unin-
filtrated preforms with ceramic volume fractions of 0.41, 0.54 and 0.62
were available and the longitudinal elastic constants along the three
directions 1, 2 and 3 (C;1, Ca, and Css, respectively) were measured by
non-destructive ultrasound phase spectroscopy (details of the theore-
tical background and experimental procedure of this technique can be
found in [9,36]). Fig. 8 shows the dependence of the longitudinal elastic
constants on the ceramic content in the preforms. As already discussed,
at all ceramic contents, the elastic constants C,, and Css are similar,
while the elastic constant Cy; is significantly smaller. The preform an-
isotropy is defined in this work according to the following relation

Anisotropy = 1 — S | N
average (Cy,, Cs3)

The calculated anisotropy is also plotted in Fig. 8 as a function of the
ceramic content (as a green line). It is clearly observed that the preform
elastic anisotropy decreases as the ceramic content increases.

Comparison between Figs. 6 and 8 clearly shows that the extent of
thermal anisotropy in the composite at elevated temperatures scales
directly with the elastic anisotropy present in the uninfiltrated ceramic
preforms — the CTE anisotropy decreases as the preform elastic aniso-
tropy also decreases. Following the previous discussion on the de-
formation of the metallic alloy at high temperatures, as the increasing
compressive stress in the metallic alloy crosses the reduced yield point
during heating, the alloy starts deforming plastically and behaves like
an incompressible material with constant volume. The considerable
stiffness anisotropy at low ceramic contents has the most substantial
effect. As the strong constraint along longitudinal directions restricts
the expansion of the metallic alloy, to maintain its constant volume
condition, it expands much more freely along the transverse direction



Fig. 9. Correlation of the experimentally determined thermal expansion coefficient of the composites with various analytical models at different temperatures — (a) at

100 °C and b) at 400 °C.

due to the lesser constraint present. Correspondingly, the CTE along
transverse direction at low ceramic contents becomes very high and
becomes even higher than that of the unreinforced metallic alloy. The
extent of CTE anisotropy at high temperatures decreases with in-
creasing ceramic content. Finally, at 60 vol.% ceramic in the composite,
the forms of the CTE-temperature curves are identical along all three
directions, suggesting no sudden enhancement of the thermal aniso-
tropy at high temperatures.

Numerous analytical models exist to predict the effective thermo-
physical properties of composites (such as elastic modulus, shear
modulus, CTE, thermal conductivity, etc.) using the properties of the
constituents of the composite, their volume fractions, and spatial dis-
tributions. Among these, the theoretical prediction of the CTE of metal/
ceramic composites is somewhat complicated as numerous factors such
as the presence of processing induced thermal residual stresses, plastic
deformation and stress relaxation of the metallic phase, damage de-
velopment, strength of the interfacial bond etc. affect the behavior of
the actual materials, which are however not considered in model cal-
culations. Still, a comparison of the experimental results with these
analytical models provides valuable insight regarding the thermal ex-
pansion behavior of composite materials. Strictly speaking however,
such a comparison should only be valid when all constituents are un-
dergoing purely elastic deformation; there is no damage and the in-
terfacial bonding is strong. In Fig. 9, the experimentally determined
CTE values of the composites along all three directions have been
compared with several micromechanical models. The comparison has
been carried out at two different temperatures — (a) at 100 °C where the
shapes of the CTE-temperature plots show that the constituents, as well
as the composite itself, is undergoing only elastic deformation macro-
scopically and (b) at 400 °C where the metallic alloy phase is under-
going plastic deformation, however, the sharp jump in the CTE values
along direction 1 has not yet occurred.

A thorough description of the analytical models used in this work is
beyond the scope of this work, and for each model, only a very brief
description is provided. The simplest analytical model is the rule of
mixtures (ROM), and it assumes each phase to be homogeneous, iso-
tropic and linearly elastic [37]. Turner model [38] considers a homo-
geneous strain, an ideal interface and a hydrostatic stress condition in
the composite. The difference to the ROM is the inclusion of the in-
terface and, thus the consideration of internal stresses. Kerner model
[39] is based on the assumption of randomly distributed reinforcing
particles in the matrix. In composites where both the matrix and re-
inforcement have identical bulk modulus, the CTE expressions of the
ROM, Kerner model and Turner model become identical. While the
Kerner model is more appropriate for particle reinforced composites,

the Turner model represents the interpenetrating phase geometry
better. Schapery [28] derived expressions for the effective longitudinal
and transverse CTE values for unidirectional fiber-reinforced compo-
sites employing extremum principles of thermoelasticity.

The analytical models discussed so far assume both matrix and re-
inforcement phases to be purely elastic. However, as has already been
discussed so far, for the interpenetrating composite material studied in
this work, at high temperatures, the compressive stress developed in the
metallic alloy phase due to the thermal expansion mismatch crosses the
yield stress and thereby undergoes plastic deformation. To capture this
effect in the expression for CTE of unidirectional fiber-reinforced
composites, Bohm et al. [33] modified the original expressions pro-
vided by Schapery [28] by replacing the matrix Young’s modulus with
the hardening modulus and considering it to be incompressible (i.e.,
Poisson’s ratio = 0.5). By further assuming this hardening modulus to
be much smaller than Young’s modulus of the reinforcement, the ex-
pression for the axial CTE of the composite becomes equal to the CTE of
the reinforcement. In the current study, as at 100 °C, both the metallic
alloy and the ceramic reinforcement are undergoing elastic deforma-
tion, the experimentally determined CTE values have been compared
with the ROM, Turner model, Kerner model and Schapery models (see
Fig. 9a). As at 400°C the metallic alloy is undergoing plastic de-
formation, in addition to the analytical models considered at 100 °C, the
expressions proposed by Bohm are also considered for comparison with
the experimental results (see Fig. 9b).

For the calculation of the analytical model expressions, the elastic
constants (Young’s modulus and Poisson’s ratio) and CTE of the con-
stituent phases (Al12Si and alumina) at both 100°C and 400 °C are
required. While the CTE of Al12Si at both temperatures was determined
from the experimental curve in Fig. 6, CTE of alumina was determined
from the literature values provided in [40,41]. No data for the elastic
constants of Al12Si could be found for the temperature range studied in
this work. Hence, the elastic constants of Al7SiMg, compiled by Huber
[42] over the complete temperature range, was used. Although Young’s
modulus of Al12Si should be marginally higher than Al7SiMg, it is
expected that the influence of the variations in the experimental data
will overshadow this for the purpose of comparison. Elastic constants of
alumina were calculated from the expressions summarized by Auerkari
[43]. The material properties for Al12Si and Al,03 used to calculate the
analytical model predictions are summarised in Table 1. For each ma-
terial constant used, the literature source is also mentioned beside each
number.

Fig. 9a shows that at 100 °C, the Kerner model predicts the long-
itudinal CTE values of the composite most accurately. The transverse
CTE is marginally higher and follows the ROM predictions best. Good



Table 1

Material properties for Al12Si and Al,O3 used to calculate the analytical model predictions.

T =100°C T = 400°C

E (GPa) v a(x107%/K) E (GPa) v a(x107%/K)
Al12Si 71.2 [42] 0.33 [42] 20.8 58.4 [42] 0.36 [42] 23.94
A0, 386 [43] 0.241 [43] 6.52 [40,41] 372 [43] 0.246 [43] 8.51 [40,41]

fit with the Kerner model is rather surprising, as for a composite with
interpenetrating phase morphology, the CTE values should be lower
and lie closer to the predictions of the Turner model. Similar observa-
tions have been reported in previous studies on interpenetrating metal/
ceramic composites [9,26]. The CTE vs. temperature plots in Fig. 6
show that up to around 300 °C, the shapes of composite CTE curves are
similar to that of the unreinforced metallic alloy, suggesting that at this
temperature range, the thermal expansion behavior of the composite is
controlled by the metallic alloy. As both phases are still elastic, reduced
stiffness along direction 1 results in an increase in CTE along this di-
rection, without any noticeable effect on the CTE vs. temperature
curves. Once plastic deformation sets in in the metallic alloy due to the
thermal expansion mismatch, the longitudinal CTE of the composite
decreases due to increased constraint along this direction and corre-
spondingly, to maintain the incompressibility of the metallic matrix the
transverse CTE increases. Fig. 9b shows that up to a ceramic content of
55vol.% Schapery model for transverse direction provides the best fit
for transverse CTE, while the Turner model is the most appropriate for
the longitudinal CTE. Good fit of the longitudinal CTE with the Turner
model up to 55vol.% alumina can be attributed to the enhanced re-
straint imposed by the stiff interpenetrating ceramic network, which
controls the thermal expansion of the composite along the longitudinal
direction in the presence of the plastically deforming incompressible
metallic alloy. Due to the pronounced elastic anisotropy of the ceramic
preform at these ceramic contents, the restraint to dilatation of the
metallic alloy along the transverse direction is relatively less and the
CTE of the composite follows the Schapery model for transverse di-
rection. Finally, at 60vol.% ceramic, the longitudinal CTE of the
composite approaches the CTE of pure alumina, and due to the reduc-
tion in preform elastic anisotropy, longitudinal and transverse CTE
values are reasonably close to each other. This suggests that in the
presence of the plastically deforming metallic phase, as the elastic an-
isotropy of the ceramic preform decreases and the overall ceramic
content increases, the thermal expansion behavior of the composite
along all directions becomes ceramic controlled. This is in line with the
observation of Skirl et al. [26] in Al/Al,O3 interpenetrating composites.
They studied composites having very high ceramic contents of > 60
vol.%, and although they did not consider anisotropic behavior, at
temperatures above 500 °C, the CTE of the composite became in-
dependent of the ceramic content and equal to that of the ceramic
phase.

5. Conclusions

Thermal expansion behavior of an interpenetrating Al12Si/alumina
composite having ceramic content in the range of 34 —60vol.% has
been studied in this work. The main conclusions are summarised below:

e The composite displays anisotropic thermal expansion behavior
with both the thermal strain and coefficient of thermal expansion
being the highest along the transverse direction. This thermal ex-
pansion anisotropy can be explained by the elastic anisotropy pre-
sent in the uninfiltrated ceramic preform and metal/ceramic com-
posite — high stiffness along the transverse direction results into
reduced thermal strain and coefficient of thermal expansion along
this direction

e At low temperatures, the thermal expansion behavior of the com-
posite is controlled by the metallic alloy. As the temperature in-
creases, compressive stresses generated due to thermal expansion
mismatch cause plastic deformation of the metallic alloy, and sub-
sequently, the thermal expansion behavior along longitudinal di-
rection becomes controlled by the stiff ceramic network. Due to the
large elastic anisotropy of the preforms containing up to 55 vol.%
ceramic, the composite also displays high thermal expansion ani-
sotropy at temperatures higher than 300 °C. Finally, at a ceramic
content of 60 vol.%, the preform elastic anisotropy decreases, and
correspondingly the thermal expansion coefficient of the composite
along both longitudinal and transverse directions become similar
and approach that of the ceramic phase.

e Comparison with the analytical models shows that at low tem-
peratures, where the composite thermal expansion behaviour is
metallic alloy controlled, Kerner model and rule of mixtures provide
the best predictions for the thermal expansion coefficient of the
composite. This suggests that the interpenetrating ceramic network
has less influence on the composite thermal expansion behavior at
this stage and the composite response is similar to particle re-
inforced composites. At elevated temperatures, as the metallic alloy
undergoes plastic deformation, the stiff interpenetrating ceramic
network imparts more control on the composite thermal expansion
behavior. Correspondingly, while the Turner model provides the
best approximation for the thermal expansion coefficient along the
longitudinal direction, the Schapery model best explains the re-
sponse along the transverse direction.

CRediT authorship contribution statement

Siddhartha Roy: Conceptualization, Methodology, Investigation,
Data curation, Writing - original draft, Visualization. Alwin Nagel:
Resources, Writing - review & editing. Kay André Weidenmann:
Supervision, Project administration, Writing - review & editing.

Declaration of Competing Interest
The authors declare no conflict of interest.
Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.tca.2019.178488.

References

[1] R. Newnham, D. Skinner, L.E. Cross, Connectivity and piezoelectric-pyroelectric
composites, Mater. Res. Bull. 13 (1978) 525-536.

[2] M. Sternitzke, M. Knechtel, M. Hoffmann, E. Broszeit, J. Roedel, Wear properties of
alumina/aluminum composites with interpenetrating networks, J. Am. Ceram. Soc.
(1996) 121-128.

[3] M. Kouzeli, D.C. Dunand, Effect of reinforcement connectivity on the elasto-plastic
behavior of aluminum composites containing sub-micron alumina particles, Acta
Mater. 51 (2003) 6105-6121, https://doi.org/10.1016/51359-6454(03)00431-2.

[4] G. Roudini, R. Tavangar, L. Weber, A. Mortensen, Influence of reinforcement con-
tiguity on the thermal expansion of alumina particle reinforced aluminium com-
posites, Int. J. Mater. Res. (2010) 1113-1120.

[5] A.Mortensen, J. Llorca, Metal matrix composites, Annu. Rev. Mater. Res. 40 (2010)


https://doi.org/10.1016/j.tca.2019.178488
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0005
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0005
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0010
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0010
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0010
https://doi.org/10.1016/S1359-6454(03)00431-2
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0020
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0020
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0020

[6]

[7]

(8]

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

243-270, https://doi.org/10.1146/annurev-matsci-070909-104511.

X. qing Xie, D. Zhang, T. xiang Fan, T. Sakata, H. Mori, T. Okabe, T. Hirose, The
fabrication of composites with interpenetrating networks based on woodceramics,
Mater. Lett. 56 (2002) 102-107, https://doi.org/10.1016/S0167-577X(02)
00426-3.

S. Roy, B. Butz, A. Wanner, Damage evolution and domain-level anisotropy in
metal/ceramic composites exhibiting lamellar microstructures, Acta Mater. 58
(2010), https://doi.org/10.1016/j.actamat.2009.12.015.

S. Roy, J. Gibmeier, A. Wanner, In situ study of internal load transfer in a novel
metal/ceramic composite exhibiting lamellar microstructure using Energy dis-
persive synchrotron X-ray diffraction, Adv. Eng. Mater. 11 (2009), https://doi.org/
10.1002/adem.200800352.

S. Roy, K.G. Schell, E.C. Bucharsky, K.A. Weidenmann, A. Wanner, M.J. Hoffmann,
Processing and characterization of elastic and thermal expansion behaviour of in-
terpenetrating Al12Si/alumina composites, Mater. Sci. Eng. A 743 (2019) 339-348,
https://doi.org/10.1016/j.msea.2018.11.100.

S. Roy, J. Gibmeier, K.G. Schell, E.C. Bucharsky, K.A. Weidenmann, A.M.J. Wanner.
Hoffmann, Internal load transfer in an interpenetrating metal/ceramic composite
material studied using energy dispersive synchrotron X-ray diffraction, Mater. Sci.
Eng. A 753 (2019) 247-252.

Z. Zhou, B. Yao, L. Duan, J. Qin, Production and anisotropic compressibility of 304
stainless steel fiber/ZA8 zinc alloy interpenetrating phase composites, J. Alloys
Compd. 727 (2017) 146-152, https://doi.org/10.1016/j.jallcom.2017.07.180.

H. Sharifi, K. Ostovan, M. Tayebi, A. Rajaee, Dry sliding wear behavior of open-cell
Al-Mg/A1203 and Al-Mg/SiC-Al203 composite preforms produced by a pressureless
infiltration technique, Tribol. Int. 116 (2017) 244-255, https://doi.org/10.1016/j.
triboint.2017.07.023.

R. Moon, M. Tilbrook, M. Hoffman, A. Neubrand, Al-Al203 composites with in-
terpenetrating network structures: composite modulus estimation, J. Am. Ceram.
Soc. 88 (2005) 666-674.

S. Roy, J. Gibmeier, V. Kostov, K.A.A. Weidenmann, A. Nagel, A. Wanner, Internal
load transfer in a metal matrix composite with a three-dimensional interpenetrating
structure, Acta Mater. 59 (2011) 1424-1435, https://doi.org/10.1016/j.actamat.
2010.11.004.

F. Delannay, Thermal stresses and thermal expansion in MMCs, in: A. Kelly,

C. Zweben (Eds.), Compr. Compos. Mater. vol. 3, 2000.

N. Chawla, X. Deng, D.R.M. Schnell, Thermal expansion anisotropy in extruded SiC
particle reinforced 2080 aluminum alloy matrix composites, Mater. Sci. Eng. A 426
(2006) 314-322, https://doi.org/10.1016/j.msea.2006.04.054.

J. Sadanandam, G. Bhikshamaiah, M. Jain, Effect of different reinforcements on the
thermal-expansion of 2124 aluminum metal-matrix composites, J. Mater. Sci. Lett.
11 (1992) 1518-1520.

S. Elomari, M.D. Skibo, A. Sundarrajan, H. Richards, Thermal expansion behavior of
particulate metal-matrix composites, Compos. Sci. Technol. 58 (1998) 369-376,
https://doi.org/10.1016/50266-3538(97)00124-3.

H.E. Nassini, M. Moreno, C.G. Oliver, Thermal expansion behavior of aluminum
alloys reinforced with alumina planar random short fibers, J. Mater. Sci. 36 (2001)
2759-2772, https://doi.org/10.1023/A:1017973132276.

R. Arpon, J. Molina, R. Saravanan, C. Garcia-Cordovilla, E. Louis, J. Narciso,
Thermal expansion behaviour of aluminium/SiC composites with bimodal particle
distributions, Acta Mater. 51 (2003) 3145-3156.

D.K. Balch, T.J. Fitzgerald, V.J. Michaud, A. Mortensen, Y.L. Shen, S. Suresh,
Thermal expansion of metals reinforced with ceramic particles and microcellular
foams, Metall. Mater. Trans. A: Phys. Metall. Mater. Sci. 27 (1996) 3700-3717,
https://doi.org/10.1007/BF02595462.

Y.L. Shen, A. Needleman, S. Suresh, Coefficients of thermal expansion of metal-
matrix composites for electronic packaging, Metall. Mater. Trans. A 25 (1994)
839-850, https://doi.org/10.1007/BF02665460.

L. Weber, R. Tavangar, Diamond-based metal matrix composites for thermal man-
agement made by liquid metal infiltration—potential and limits, Adv. Mater. Res.
59 (2009) 111-115, https://doi.org/10.4028/www.scientific.net/AMR.59.111.

T. Huber, H.P. Degischer, G. Lefranc, T. Schmitt, Thermal expansion studies on

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]
[39]

[40]

[41]

[42]

[43]

aluminium-matrix composites with different reinforcement architecture of SiC
particles, Compos. Sci. Technol. 66 (2006) 2206-2217, https://doi.org/10.1016/j.
compscitech.2005.12.012.

L.Z. Zhao, M.J. Zhao, X.M. Cao, C. Tian, W.P. Hu, J.S. Zhang, Thermal expansion of
a novel hybrid SiC foam-SiC particles-Al composites, Compos. Sci. Technol. 67
(2007) 3404-3408, https://doi.org/10.1016/j.compscitech.2007.03.020.

S. Skirl, M. Hoffmann, K. Bowman, S. Wiederhornp, J. Roedel, Thermal expansion
behavior and macrostrain of A1203/Al composites with interpenetrating networks,
Acta Metall. 46 (1998) 2493-2499.

S. Roy, O. Stoll, K.A. Weidenmann, A. Nagel, A. Wanner, Analysis of the elastic
properties of an interpenetrating AlSi12-Al203 composite using ultrasound phase
spectroscopy, Compos. Sci. Technol. 71 (2011), https://doi.org/10.1016/j.
compscitech.2011.02.014.

R.A. Schapery, Thermal expansion coefficients of composite materials based on
energy principles, J. Compos. Mater. 2 (1968) 380-404, https://doi.org/10.1177/
002199836800200308.

S. Roy, F. Kessler, K.A. Weidenmann, A. Wanner, A. Nagel, Thermal expansion
behavior of an interpenetrating metal/ceramic composite, Proc. 19. Symp. DGM
Verbundwerkstoffe Und Werkstoffverbunde, Karlsruhe, Germany, 2013.

D. Kaiser, B. de Graaff, S. Dietrich, V. Schulze, A novel procedure to account for
high temperature gradients in an induction dilatometer sample during rapid
heating, Thermochim. Acta 646 (2016) 8-15, https://doi.org/10.1016/j.tca.2016.
10.014.

K. Lichtenberg, K.A. Weidenmann, Effect of reinforcement size and orientation on
the thermal expansion behavior of metallic glass reinforced metal matrix compo-
sites produced by gas pressure infiltration, Thermochim. Acta 654 (2017) 85-92,
https://doi.org/10.1016/j.tca.2017.05.010.

S. Roy, K.G. Schell, E.C. Bucharsky, P. Hettich, S. Dietrich, K.A. Weidenmann,

A. Wanner, M.J. Hoffmann, Processing and elastic property characterization of
porous sic preform for interpenetrating metal/ceramic composites, J. Am. Ceram.
Soc. 95 (2012), https://doi.org/10.1111/§.1551-2916.2012.05347 .x.

H.J. Boehm, H.P. Degischer, W. Lacom, J. Qu, Experimental and theoretical study of
the thermal expansion behavior of aluminum reinforced by continuous ceramic
fibers, Compos. Eng. 5 (1995) 37-49.

A. Rudajevova, S. Ktdela, S. Kidela, P. Lukac, Anisotropy of the thermal expansion
in Mg fibre composites, Scr. Mater. 53 (2005) 1417-1420, https://doi.org/10.
1016/j.scriptamat.2005.08.018.

S. Kudela, A. Rudajevova, S. Ktdela, Anisotropy of thermal expansion in Mg- and
Mg4Li-matrix composites reinforced by short alumina fibers, Mater. Sci. Eng. A 462
(2007) 239-242, https://doi.org/10.1016/j.msea.2006.05.173.

A. Wanner, Elastic modulus measurements of extremely porous ceramic materials
by ultrasonic phase spectroscopy, Mater. Sci. Eng. A 248 (1998) 35-43, https://doi.
org/10.1016/50921-5093(98)00524-3.

Z.H. Karadeniz, D. Kumlutas, A numerical study on the coefficients of thermal ex-
pansion of fiber reinforced composite materials, Compos. Struct. 78 (2007) 1-10,
https://doi.org/10.1016/j.compstruct.2005.11.034.

P. Turner, Thermal expansion stresses in reinforced plastics, J. Res. Natl. Bur. Stand.
(1934) 37 (1946) 240-250.

E. Kerner, The elastic and thermo-elastic properties of composite media, Proc. Phys.
Soc. Sect. B 69 (1956) 808-813.

B. Yates, R.F. Cooper, A.F. Pojur, Thermal expansion at elevated temperatures. II.
Aluminium oxide: experimental data between 100 and 800 K and their analysis, J.
Phys. C: Solid State Phys. 5 (1972) 10461058, https://doi.org/10.1088/0022-
3719/5/10/009.

D. De Faoite, D.J. Browne, F.R. Chang-Diaz, K.T. Stanton, A review of the proces-
sing, composition, and temperature-dependent mechanical and thermal properties
of dielectric technical ceramics, J. Mater. Sci. 47 (2012) 4211-4235, https://doi.
org/10.1007/510853-011-6140-1.

T. Huber, Thermal Expansion of Aluminum Alloys and Composites, TU Wien
(2003).

P. Auerkari, Mechanical and Physical Properties of Engineering Alumina Ceramics,
(1996).


https://doi.org/10.1146/annurev-matsci-070909-104511
https://doi.org/10.1016/S0167-577X(02)00426-3
https://doi.org/10.1016/S0167-577X(02)00426-3
https://doi.org/10.1016/j.actamat.2009.12.015
https://doi.org/10.1002/adem.200800352
https://doi.org/10.1002/adem.200800352
https://doi.org/10.1016/j.msea.2018.11.100
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0050
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0050
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0050
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0050
https://doi.org/10.1016/j.jallcom.2017.07.180
https://doi.org/10.1016/j.triboint.2017.07.023
https://doi.org/10.1016/j.triboint.2017.07.023
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0065
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0065
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0065
https://doi.org/10.1016/j.actamat.2010.11.004
https://doi.org/10.1016/j.actamat.2010.11.004
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0075
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0075
https://doi.org/10.1016/j.msea.2006.04.054
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0085
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0085
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0085
https://doi.org/10.1016/S0266-3538(97)00124-3
https://doi.org/10.1023/A:1017973132276
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0100
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0100
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0100
https://doi.org/10.1007/BF02595462
https://doi.org/10.1007/BF02665460
https://doi.org/10.4028/www.scientific.net/AMR.59.111
https://doi.org/10.1016/j.compscitech.2005.12.012
https://doi.org/10.1016/j.compscitech.2005.12.012
https://doi.org/10.1016/j.compscitech.2007.03.020
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0130
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0130
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0130
https://doi.org/10.1016/j.compscitech.2011.02.014
https://doi.org/10.1016/j.compscitech.2011.02.014
https://doi.org/10.1177/002199836800200308
https://doi.org/10.1177/002199836800200308
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0145
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0145
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0145
https://doi.org/10.1016/j.tca.2016.10.014
https://doi.org/10.1016/j.tca.2016.10.014
https://doi.org/10.1016/j.tca.2017.05.010
https://doi.org/10.1111/j.1551-2916.2012.05347.x
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0165
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0165
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0165
https://doi.org/10.1016/j.scriptamat.2005.08.018
https://doi.org/10.1016/j.scriptamat.2005.08.018
https://doi.org/10.1016/j.msea.2006.05.173
https://doi.org/10.1016/S0921-5093(98)00524-3
https://doi.org/10.1016/S0921-5093(98)00524-3
https://doi.org/10.1016/j.compstruct.2005.11.034
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0190
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0190
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0195
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0195
https://doi.org/10.1088/0022-3719/5/10/009
https://doi.org/10.1088/0022-3719/5/10/009
https://doi.org/10.1007/s10853-011-6140-1
https://doi.org/10.1007/s10853-011-6140-1
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0210
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0210
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0215
http://refhub.elsevier.com/S0040-6031(19)30848-2/sbref0215

	Anisotropic thermal expansion behavior of an interpenetrating metal/ceramic composite
	Siddhartha Roy, Alwin Nagel, Kay A. Weidenmann
	Nutzungsbedingungen / Terms of use:
	CC BY-NC-ND 4.0  

	Anisotropic thermal expansion behavior of an interpenetrating metal/ceramic composite
	Introduction
	Experimental procedure
	Material
	Experimental procedure

	Results
	Discussion
	Conclusions
	CRediT authorship contribution statement
	mk:H1_9
	Supplementary data
	References


