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1. Introduction 

Metal-matrix composites (MMC) have been of interest to researchers 
for several years, as they promise to close the gap in the material se-
lection between lightweight metals (high specific mechanical properties 
and good heat conductivity, but low temperature resistance) and ce-
ramics (excellent elastic properties and high operating temperature 
limits, but brittle behavior). Combining both materials in a composite 
has majorly improved mechanical stiffness, strength and wear resis-
tance, as well as the coefficient of thermal expansion (CTE) in wide-
spread applications [1]. Examples range from the automotive industry 
[2] across aerospace applications [3] to electronic components [4]. 
Here, MMCs have the decisive advantage that they can combine high 
thermal conductivity and an adjustable CTE which can be exploited for 
example in heat sinks for high-performance electronic components [5, 
6]. 

Interpenetrating metal-ceramic composites (IMCC), where both 

phases are continuous, offer an even greater potential than conventional 
whisker [7], particle [8], fiber [9] or platelet [10] reinforced MMCs 
[11]. Improved mechanical properties (higher stiffness and strength), 
enhanced wear-resistance, as well as lower and even taylorable CTEs are 
reported [12]. 

Combining two phases interpenetratingly in a composite, rises a 
number of scientific questions regarding the temperature dependent 
properties, the build-up of internal stresses during manufacturing and 
thermal cycling and the influence of residual porosity. 

Early studies have already addressed some of these issues, and 
fundamental findings have been made on the thermal strain and CTE 
hysteresis between heating and cooling [13], as well as on estimating 
internal stresses [14] in Al2O3/Al interpenetrating phase composites 
(IPCs) manufactured by pressure infiltration. Thermal expansion of IPCs 
with similar constituents produced by liquid displacement reaction has 
been studied by LaVecchia et al. [15]. In a more recent work [16], an-
isotropies of the CTE behavior in freeze-cast IMCCs have been 
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investigated. 
Nevertheless, there are still open questions regarding the mecha-

nisms behind the observed phenomena, that have been answered only 
partially or not at all. For example, the studies mentioned revealed the 
importance of the ceramic fraction on the thermal expansion behavior of 
the IMCC. However, composites with Al2O3 fractions < 40 vol% have 
not been investigated. The influence of porosity was suggested and 
discussed theoretically by Balch et al. [17] and Skirl et al. [13]. It has 
been suggested, that pores in the metallic phase contribute to the 
heating cooling hysteresis of thermal expansion in experimental [4] and 
numerical [18,19] studies of SiC/Al IPCs with ceramic contents 
> 55 vol.%. However, a detailed analysis regarding the relevance of 
porosity on the temperature dependence of the CTE is still missing. 
Further, the appearance of a peak in the CTE curve during the first 
heating cycle, as well as the discussion of the CTE cooling curve has not 
been considered in most studies. Only a few authors present possible 
explanation approaches (cf. Huber et al. [4]).Advanced investigation 
methods, as the in-situ SEM with subsequent digital image correlation 
(DIC) evaluation and the combination of experimental and numerical 
methods can shed light to the mechanisms of action. 

For this purpose, the heat capacity, thermal conductivity and ther-
mal expansion coefficient of an AlSi10Mg/Al2O3 interpenetrating metal 
ceramic composite with an alumina fraction of 26 vol.% as well as the 
influence of thermal cycling on the microstructure and the effective 
properties are investigated in this study. Temperature dependent ther-
mal properties are studied in a series of experiments and supplemented 
by 3D simulations with varying model assumptions. The synergy of 
advanced experimental and numerical analyses gives insights into the 
microstructural mechanisms that are relevant to the macroscopic ther-
mal behavior of the IMCC. It further helps to discuss the hypotheses 
proposed in literature and to answer some of the remaining scientific 
questions. Finally, cyclic in-situ heating experiments are performed and 
the evolution of the related, thermally induced stresses is investigated 
numerically in order to asses the potential of AlSi10Mg/Al2O3 IMCCs in 
operating conditions. 

2. Material system 

The interpenetrating composite consists of two, continuously con-
nected phases. The ceramic phase is manufactured via mechanical stir-
ring of a stabilized alumina slurry, subsequently dried and sintered. The 
resulting open-porous ceramic foam is provided by Morgan Advanced 
Materials Haldenwanger GmbH, who hold a patent on the 
manufacturing [20]. The metallic phase is infiltrated into the ceramic 

foam’s open-porous, spherical pore structure via gas pressure infiltra-
tion. Therefore, a ceramic preform cuboid (approx. 65 x 65 x 20 mm3) 
with a steel sinker on top is put into a boron nitride covered crucible, 
together with slabs of the metallic AlSi10Mg alloy. The crucible is 
heated up to 700 ∘C in a gas pressure infiltration system under vacuum 
with a residual pressure of maximum 2⋅10−2 mbar. As the alloy is fully 
melted and surrounds the evacuated porous alumina foam, argon gas 
pressure is applied to the melt surface at a pressure of 60 bar to infiltrate 
the aluminum alloy into the open porosity of the ceramic preform. After 
a dwell time of 10 minutes, the setup is cooled passively to room tem-
perature and the metal solidifies within the ceramic foam under 
remaining pressure. More details about the manufacturing process, as 
well as a schematic drawing of the setup can be found in a former 
publication by the authors [21]. Samples were cut out of the inner of the 
infiltration block with a diamond wire saw DWS.250, Diamond Wire 
Tech, Weinheim, Germany and a respective diamond wire of 350 μm 
diameter. 

The microstructure of the composite shows a mean pore radius of 
14.4 μm and a median pore radius of 10.0 μm (compare Horny et al. 
[21]). The metallic phase infiltrates the accessible open porosity of the 
ceramic preform and forms precipitations during solidification, 
regarding the Scheil scheme of AlSi10Mg (compare Mrvar et al. [22] in 
Vocina et al. [23]). Previous research has shown residual porosity of the 
composite clearly below 3% [24]. The phase interaction was determined 
to be strong between ceramic and metal, as soon as complete wetting 
takes place during manufacturing and sickle-shaped porosity by internal 
surface detachment could be reduced by increasing the infiltration 
pressure from 40 to 60 bar (compare Horny et al. [21]). Mechanical 
properties were investigated for elastic modulus in Horny et al. [21] and 
the temperature dependent elastic modulus in Schukraft et al. [25]. The 
elastic-plastic behavior of the material system is described and discussed 
by Schukraft et al. [24,26]. 

3. Experimental 

In the following the experimental procedure of the investigation 
methods will be presented. 

3.1. Dynamic scanning calorimetry 

To measure the specific heat capacity Cp of the composite according 
to equation 1, heat-flux dynamic scanning calorimetry (DSC) was per-
formed using a DSC 214 Polyma, by Netzsch, Selb, Germany. 

Cp =
ΔQ

m⋅ΔT
(1) 

If the amount of heat ΔQ is added to or removed from a body, its 
temperature T changes proportionally. The proportionality factor is 
composed of the body’s mass m and the specific heat capacity. Six 
samples of about 25 mg were heated from 0 to 120 ∘C with a heating rate 
of 10 K/min and isothermic holding times of 10 min at the beginning and 
the maximum temperature. 40 ml/min of nitrogen were used as a purge 
gas. Measurements were conducted according to DIN 51007:2019-04 
[27]. A sapphire sample was used for calibration. For comparison, a 
preform and an AlSi10Mg sample were measured twice each. 

3.2. Laser flash analysis 

The thermal conductivity λ is a material-specific constant that relates 
the flow of thermal energy. It is defined as follows [28]: 

λ = a⋅ρ⋅Cp (2) 

Where a is the thermal diffusivity, ρ is the density, and Cp is the specific 
heat capacity described in Section 3.1. Thermal diffusivity was 
measured according to ASTM E1461-13(2022) [28] by a laser flash 

Fig. 1. A representative time-temperature diagram of the experimental 
captured data for one heating cycle. 
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analysis setup LFA 1000 by Linseis, Selb, Germany. Two samples with 
dimensions of about 20 x 20 x 3 mm were each measured ten times at 
room temperature and at 100 ∘C with a 2 ms trapeze pulse. For com-
parison an AlSi10Mg sample was also measured ten times. 

3.3. Dilatometry 

The determination of the CTE was carried out with a Netzsch Dil 402, 
Selb, Germany, according to DIN 51045:2005-08 [29]. The sample was 
held between a fixed end and the measuring plunger with a force of 
200 mN and in nitrogen atmosphere with a purge rate of 20 ml /min 
during the whole experiment. The heating and cooling rate was set to 5 K 
/min in a range from 0 to 500 ∘C and a holding time of 10 min was set at 
the maximum temperature, to stabilize the temperature while a vortex 
cooler was switched on for a continuous cooling process. To calibrate the 
equipment, a reference measurement with pure alumina, provided by 
the manufacturer, was carried out with the planned temperature pro-
gram. A temperature plot of one thermal cycle is given in Fig. 1, showing 
a continuous cooling rate down to 50 ∘C. The cuboid specimen had di-
mensions of approximately 25 x 5 x 5 mm3. Data of the length change (dL 
/L0), temperature, time and contact force of the measuring plunger were 
recorded with the length of the specimen at room temperature L0 =

L(T = 25 ∘ C). The differential coefficient of thermal expansion (CTE) is 
subsequently determined by the temperature derivative of the thermal 
strain: 

αth(T) = CTE(T) =
dL
L0

d
dT

(3) 

Three aluminum alloy samples with the same thermal history as the 
infiltrated IMCC, three ceramic preform samples and seven IMCC sam-
ples were measured three times and the average was calculated and 
plotted for each cycle. For the investigation of the material behavior 
under cyclic heating, three IMCC samples were measured for six further 
heating cycles. 

3.4. In-situ scanning electron microscopy experiments 

To investigate the microstructure of the sample during heating and 
cooling, as well as at certain temperature steps, a tensile-compression in- 
situ module with a heating unit by Kammrath&Weiss, Schwerte, Ger-
many, was used in a Quattro ESEM by Thermofisher Scientific, Waltham, 
USA, located at the German Aerospace Center, Institute of Test and 
Simulation for Gas Turbines, Augsburg. Temperature controlling unit 
TDS and force-displacement controlling unit DDS4, each also by 
Kammrath&Weiss were used. Samples were cut into cuboids with di-
mensions of 50 x 5 x 2 mm3, grinded with SiC abrasive paper of grade 
P800 and finally polished on one side for microstructural investigation. 
Four polishing steps were used on a Tegramin 25, by Struers, Ballerup, 
Denmark, described in detail by Wegscheider et al. [30]. The experi-
ments were carried out force controlled with 0 N and the temperature, 

force and elongation (measured at the crosshead of the setup with an 
linear encoder) were tracked. High-resolution images were captured at 
three different positions at every temperature step and one overview 
image of the relevant sample section was recorded. The 
time-temperature plot is given in Fig. 2. Acceleration voltage was chosen 
to 10 kV, beam current to approx. 100 pA, a spot size of 3.5 and a 
capturing time of 45 μs in the secondary electron mode with an ETD 
detector. The scale bar is given in each image. The software ARAMIS 
Professional from GOM Correlate, Braunschweig, Germany was used to 
evaluate the strain field on the sample surface. Therefore, the SEM im-
ages were imported into the software with a resolution of 1536 x 1094 
pixels. The facet size was chosen to 31 pixels and the dot pitch to 16 
pixels respective the microstructural surface pattern and a pixel length 
of 675 nm within the images. 

4. Modeling 

4.1. Basic model 

Numerical investigations are performed on 3D cubic volume ele-
ments (VEs) of the IMCC with an overall ceramic volume fraction of 26% 
and a representative size according to [21]. Both reconstructed and 
generated microstructures are used for the geometrical representation 
(cf. Fig. 5). These representative volume elements (RVEs) are subjected 
to an in-phase heating and cooling in a range of 25− 500 ∘C. Due to the 
low experimental heating and cooling rates, spatial variations in the 
temperature field are neglected and a uniform temperature throughout 
the volume element is assumed. In some analyses an initial cooling from 
a temperature T0 is added before the first heating. For clarity, the 
respective temperature profiles are shown in Fig. 3. 

Fig. 2. Schematic time-temperature di-
agram of the in-situ experiments. For 
equilibrium conditions at the respective 
temperature steps, a holding time was 
set before the images were captured. 
The first heating cycle was captured in 
25 K steps up to 350 ∘C, followed by 50 K 
steps up to 500 ∘C. For cooling the 
relevant area in the dilatometry curve 
was investigated in smaller steps. In the 
cycle 2 to 4, the temperature was 
captured at 500 and 50 ∘C, and cycling 
took approximately 45 min per cycle. 

Fig. 3. Temperature profiles of the numerical investigations. First heating and 
cooling cycle without and with initial cooling from different initial tempera-
tures T0. 
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Along the surfaces of the cuboid with the dimensions lx ×ly ×lz the 
displacement boundary conditions ui = 0, i ∈ {x, y, z} along the planes x 
= 0, y = 0 and z = 0 are used. The surfaces at x = lx, y = ly and z = lz are 
enforced to stay planar, i.e. ui = ui, during thermal extension to preserve 

the compatibility with adjacent RVE cells as shown in Fig. 4. 
Thermal strains εth due to heating or cooling from a temperature T1 

to T2 can be calculated by 

εth =

∫ T2

T1

αth(T) dT. (4) 

with the (temperature dependent) coefficient of thermal expansion 
αth(T) of the respective material. Stresses are induced by thermal loading 
if a volume cannot expand freely. This can be caused by e.g. boundary 
condition constraints or in the case of the IMCC by neighboring mate-
rials with different expansion behavior. These stresses can be deter-
mined using 

σ = C (ε − εth) (5) 

with the stiffness matrix C and the total strain ε. 
Linear elastic behavior is considered for the Al2O3 ceramic and an 

elasto-plastic model with J2 plasticity and a rate independent Swift 
hardening law [31]. 

k = A
(
εpl − ε0

)n (6) 

Here, the equivalent plastic strain εpl and the hardening parameters {A,
ε0, n} are used for the AlSi10Mg alloy. Isotropy is assumed for both 
materials. The hardening parameters A = 442.67, ε0 = 0.001 and n =

0.112 at room temperature (T = 25) have been determined experi-

Fig. 4. Scheme of a cuboid, representative volume element with planar expansion boundary conditions. 

Fig. 5. Reconstructed (a) and simplified generated (b) microstructure of the IMCC with an Al2O3 fraction of 26 vol%. 

Table 1 
Temperature dependent material input parameter for Al2O3 and AlSi10Mg. T is 
the temperature in ∘C. It is used in a unitless form, i.e. T⋅K−1 in the presented 
equations. ΔT refers to the dimensionless difference (T −Tt)⋅K−1 between the 
current temperature T and the transition temperature Tt = 200 ∘C in the bi- 
linear expression for the AlSi10Mg Poisson ratio. The parameters a −e for 
αth(T) are given by: a = 1.04⋅10−5, b = 1.88⋅10−8, c = −1.73⋅10−11, d = 1.66⋅ 
10−13 and e = − 3.68⋅10−16. Regarding σy(T), the corresponding parameters 
are: f = 102.5, g = −100, h = −2.5 and j = 0.01. 

Material Property T-dependent value 

Al2O3 E [GPa] 351.31− 5.25⋅10−2 T [32] 
ν [ − ] 0.23+ 1.12⋅10−5 T [32] 
αth [K−1] 6.24⋅10−6 + 2.32⋅10−9 T [32] 

AlSi10Mg E [GPa] 71.1− 4.38⋅10−2 T [4] 
ν [ − ] 0.33 , for T ≤ 200 ∘C 

[4] 
0.33+ 1.4⋅10−4 ΔT , else 

αth [K−1] a+ bT+ cT2 + dT3 + eT4 
Fig. 9 

σy [MPa] f + gtanh(h+ jT)
[33] 
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mentally. Temperature dependent mechanical and thermal properties 
are implemented considering elastic constants (E(T), ν(T)) for both 
materials [4,32] and temperature dependent yield stresses σy(T) for the 
AlSi10Mg [33] with parameters from literature. 

As these material systems differ slightly from the ones in this study, 
the literature values have been fitted and scaled with respect to the 
experimental values for Al2O3 and AlSi10Mg determined at room tem-
perature. For example, the hardening laws at the respective tempera-
tures are derived by scaling the yield stress function k at room 
temperature with the ratio of yield strength at the respective tempera-
ture k(T) = k(25∘C) [σy(T) /σy(25∘C)]. Regarding the temperature 
dependent coefficient of thermal expansion αth(T), values from literature 
[32] as well as the experimental results for the heating presented in 
Fig. 9 are applied to the numerical analyses for the Al2O3 and the 
AlSi10Mg, respectively. All relevant parameters and equations for the 
temperature dependent material properties are summarized in table 1. 

4.2. Boundary condition and parameter variation 

Parameter studies are performed to evaluate the influence of 
boundary conditions on the thermal expansion behavior and to correlate 
the results with different mechanisms described in literature [4,13,18, 
19]. 

Geometry 
As already mentioned in Section 4.1, both reconstructed and 

generated microstructures are considered (cf. Fig. 5) to investigation 
whether geometrical simplifications of the microstructure are reason-
able to achieve equivalent results with a reduced time consumption. The 
reconstructions are based on X-ray CT-scan images which have been 
segmented, binarized, filtered, smoothed and meshed according to 
Horny et al. [21,34]. For the generated structures, the metallic cavities 
are assumed to be spherical (see [34]), monodisperse and arranged in a 
perfectly ordered manner in order to study if anisotropic behavior is 
induced by certain boundary conditions. 

Boundary conditions 
The planar expansion boundary conditions at the volume element 

surface described in Section 4, cf. Fig. 4, are used in numerous numerical 
studies on the thermal expansion behavior [17,18,35–37] as they pre-
serve RVE compatibility. However, a systematic comparison and 

influence of other boundary conditions is neglected in most in-
vestigations. In this study, two other models with (i) no expansion 
constraint and (ii) a constraint only at the surface in x-direction (repli-
cating the experimental dilatometer setup) with ux = 0 for x = 0 and 
ux = ux for x = lx are considered. 

Pores 
Idealized assumptions of a perfect infiltration are made in the basic 

model neglecting residual porosity in the aluminum phase. However, 
experimental [13] as well as numerical [18] investigations state that 
pores are relevant for the thermal strain hysteresis and lead to a general 
reduction of the CTE. As shown in Fig. 6, a model including pores in the 
AlSi10Mg directly at the interface is used to study these presumptions. 
Further, the pores are placed in a regular pattern only in the xy-plane to 
study anisotropy effects. 

Interface 
According to the literature, thermal strain hystereses found for 

interpenetrating metal ceramic composites can be explained by chang-
ing stress signs due to the load transfer between the two materials upon 
the heating/cooling change [4] as well as void formation, debonding 
and in-/extrusion of the metal phase at the surface [4,13]. These 
partially competing processes are studied using two extreme case sce-
narios considering the properties of the AlSi10Mg/Al2O3 interface. (i) A 
perfectly bonded interface between ceramic and metal is chosen to 
ensure a full load transfer and (ii) a free, frictionless contact constraint is 
used to allow for a relative motion of the materials caused by e.g. 
interface defects. 

Initial cooling 
As stated by Sharma et al. [19], thermal residual stresses due to 

initial cooling of the volume element, e.g. from the manufacturing 
process of the material, can not be neglected in a subsequent thermal 
expansion analysis. Therefore, we use varying initial cooling tempera-
tures T0 in a range of 200− 600 ∘C (cf. Fig. 3) and compare the results to 
microsturctures without initial cooling, thus starting from a stress free 
state at the first heating cycle. 

Temperature dependent properties 
In the basic model both thermal and mechanical parameters of 

AlSi10Mg were chosen to be temperature dependent. However, it is 

Fig. 6. Cut view through the AlSi10Mg phase: (a) without pores and (b) with 1 vol.% pores included in the xy-plane of the AlSi10Mg. 
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uncertain whether the effective thermal expansion of the composite 
might also be a result of either T-dependent mechanical E(T), ν(T), σy(T)
of both constituents combined with the interpenetrating microstructure. 
Both cases are studied in separate models. 

4.3. Evaluation of modeling results 

Unless mentioned otherwise, the CTE is determined in the first 
heating (t1 < t < t2) and cooling cycle (t2 < t < t3) presented in Fig. 3, 
respectively. For the calculation according to equation 3, the initial 
length of the VE in the respective direction i ∈ {x, y, z} is chosen to be 
the length L of the sample at the time t1, i.e. L0,i = Li(t1). Without an 
initial cooling, L0,i coincides with the initial cuboid dimension of the 
respective direction li (cf. Fig. 4). Upon thermal loading, the length 
change of the cuboid dL(t) is determined by using the difference of the 
mean nodal surface displacements ûi(t) in the respective direction in 
order to calculate the thermal strains dLi(t)/L0,i, with dLi(t) = Li(t) − L0i 

= ûi: 

ûi(t) =
1

N+

∑N+

n+=1
ui,+(n+) −

1
N−

∑N−

n−=1
ui,−(n−), i ∈ x, y, z (7) 

Here, n+/− denotes the current node and N+/− is the number of all nodes 
on the respective surface with the positive (+) and negative (−) normal 
vector. In the case of the basic model using planar surface constraints 
this can be simplified by tracking the displacements ui directly, as ûi(t)
= ui(t) in this case. 

The stress analysis of the single components Al2O3 and AlSi10Mg in a 
volume averaged fashion by integrating the volume weighted stresses 
over the volume Vc of the respective component c: 

〈σ〉 = 1
Vc

∫

Vc

σ dV . (8) 

For the stress evaluation we focus on the normal stress components 
〈σ〉i in the respective directions i ∈ {x, y, z}. In general, the volume 
averaged stress tensor 〈σ〉 is anisotropic, thus 〈σ〉x ∕= 〈σ〉y ∕= 〈σ〉z. How-
ever, the simplified generated microstuctures and similar boundary 
conditions on every RVE surface result in an isotropic tensor. Therefore, 
in general only one value 〈σ〉 is displayed in the results and directional 
dependencies of the volume averaged stresses are mentioned explicitly. 

5. Results 

5.1. Initial heating related experimental results 

5.1.1. Specific heat capacity 
The average specific heat capacity from the DSC measurements of six 

samples of the IMCC, among others, is shown in Fig. 7. The values in-
crease from 826 J kg−1K−1 at 10 ∘C to a value of 931 J kg−1K−1 at 110 ∘C. 
The standard deviation over the complete temperature range is circa 
50 J kg−1K−1. 

For comparison, the specific heat capacities of alloy and preform are 
also shown. The former is clearly higher than that of IMCC at 20 ∘C. At 
higher temperatures, both materials reach similar values and the de-
viations overlap. The specific heat capacity of the ceramic foam is well 
below that of the IMCC but increases more steeply than the others. For 
preform and alloy, two samples each were measured. The standard de-
viation in both cases is much smaller than the IMCC’s. The preform’s 
deviation rises noticeably with increasing temperature. At room tem-
perature, the specific heat capacity of the IMCC is 839 J kg−1K−1, that of 
the alloy is 888 J kg−1K−1, and that of the foam is 720 J kg−1K−1. 
Together with the values at 100 ∘C the values are noted in table 2 in 
Section 5.1.2. 

In Fig. 8 the actual IMCC values are compared to calculated values 
obtained via the linear mixing rule of the two raw materials, which is 
shown in equation 9. 

Cp,c = Cp,m⋅cm + Cp,v⋅cv (9) 

With Cp,c being the composite’s specific heat capacity and Cp,m and 
Cp,v being those of the matrix (AlSi10Mg) and the reinforcement (pre-
form). cm and cv are the mass fractions of matrix and reinforcement. The 
calculated values for Cp,c are somewhat lower, ranging from 
816 J kg−1K−1 at 10 ∘C to 917 J kg−1K−1 at 110 ∘C. As the temperature 
increases, the deviation from the measured data increases slightly. The 
values according to the linear mixing rule are up to 1.5% lower than the 

Fig. 7. Specific Heat Capacity of the aluminum alloy, IMCC and Preform. 

Table 2 
Thermal diffusivity a, specific heat capacity Cp and thermal conductivity λ of 
IMCC and alloy at room temperature and 100 ∘C. 

Material T [C] a [cm2s−1] Cp [J kg−1K−1] λ [Wm−1K−1] 

IMCC 20 0.317 ± 0.007 839 78 
100 0.343 ± 0.015 922 93 

AlSi10Mg 20 0.539 ± 0.006 888 128 
100 0.573 ± 0.004 942 145 

Fig. 8. Comparison of the specific heat capacity of the IMCC with the estima-
tion from the rule of mixtures. 
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measured ones. To determine the fraction in weight percent, the values 
in volume percent were calculated with the densities of alloy and pre-
form material. For AlSi10Mg, a density of 2670 kg/m3 [38] results in a 
fraction of 66 wt%, and for Al2O3, with a density of 3950 kg /m3 [39] 
gives a fraction of 34 wt%. 

5.1.2. Thermal diffusivity and thermal conductivity 
Values for thermal diffusivity and thermal conductivity are shown in 

table 2. Both characteristics increase with rising temperature. The 
thermal diffusivity of the IMCC increases by 8% when heated from 20 ∘C 
to 100 ∘C . Over the same temperature range, the diffusivity increase in 
the alloy is only 6%. Comparing the thermal diffusivity at room tem-
perature, the value of the alloy is about twice that of the IMCC. The 
quality of the fit was very good in most cases. The largest deviations in 
the upper range occurred for the IMCC samples at room temperature. 
This is also reflected in the standard deviation of the thermal diffusivity. 
IMCC’s thermal conductivity compared to the alloy is 61% at room 
temperature and 64% at 100 ∘C. 

5.1.3. Thermal expansion behavior 
The thermal behavior of the interpenetrating composite material and 

its components, the AlSi10Mg alloy and the alumina preform, are 
investigated and the results plotted in Fig. 9. As it is expected from 
manufacturing and described in literature [40], the internal stresses will 
be significantly reduced during the first heating cycle. Therefore, not 
only the first, but also the second cycle is plotted for all three materials 
and compared. 

The ceramic preform has the lowest differential coefficient of ther-

mal expansion (CTE) in a range between 6.3⋅10−6 and 8.5⋅10−6 K−1 

(compare Schukraft et al. [25]). Heating and cooling curves are very 
narrow and within the standard deviation of the measurement identical 
to each other for both cycles. The aluminum alloy has the highest CTE, 
ranging between 2.16⋅10−5 and 3.52⋅10−5 K−1. 

The AlSi10Mg alloy shows a peak-like increase of the CTE for the first 
cycle above 200 ∘C. This reaches its maximum approximately at 250 ∘C 
and decreases down to the level before the peak at around 300 ∘C. For 
higher temperatures, the curve ranges between 2.39⋅10−5 (at 400 ∘C) 
and 2.29⋅10−5 K−1 (at 500 ∘C). The second heating cycle of the AlSi10Mg 
alloy is much smoother and only ranges between 2.18⋅10−5 and 
2.66⋅10−5 K−1. For higher temperatures it is above the curve of the first 
cycle. Except of the area around the maximum temperature, the cooling 
CTE curve of the aluminum alloy is very similar to the heating curve and 
runs slowly below the heating curve between 175 and 425 ∘C, but still 
within the standard deviation. 

The IMCC has a CTE in the range of 7.3⋅10−6 and 2.4⋅10−5 K−1, with a 
significant peak-like increase in the first cycle, between 200 and 300 ∘C, 
with its peak at 250 ∘C. The second cycle has a slight increase from 1.4⋅ 
10−5 up to 1.8⋅10−5 K−1. From 300 ∘C on, a strong decrease of the CTE 
sets in down to values below 1⋅10−5 K−1, for the first and second cycle. 
The final value for the first cycle at 500 ∘Clies below the CTE of the 
ceramic preform. The cooling CTE of the IMCC is double the heating CTE 
at temperatures close to 500 ∘C and runs relatively horizontally, with a 
slightly negative slope (decreases from approximately 1.5⋅10−5 (at 
400 ∘C) to 1.3⋅10−5 K−1 (at 300 ∘C). In the range from 300 ∘C down to 
200 ∘C, an increase in the CTE is observable. From this local maximum, 
the value decreases down to 1.2⋅10−5 K−1 for values below 100 ∘C. 

In the following simulations, the input data to the numerical model is 
based on the second cycle. 

5.1.4. In-situ scanning electron Microscopy experiments 
For a closer investigation of microstructure related phenomena next 

to the dilatometry experiments regarding thermal expansion, in-situ 
experiments with a heating stage in a compression/tensile module 
were carried out in the vacuum chamber of an environmental scanning 
electron microscope. Images of the IMCC surface were captured at 
different magnifications and regions on the sample surface and at 
different temperature steps in a force-controlled experiment, so the 
linear encoder at the crosshead could be used to track the thermal 
expansion. For improved accuracy, detecting the sample expansion, 
digital image correlation was applied using the recorded images. For all 
SEM images, the facet pattern was applied and the optical strain was 
evaluated over the whole first heating and cooling cycle, with the strain 
values given for the surface analysis and an optical extensiometer. 
Fig. 10 shows the initial state of the mounted sample at room temper-
ature and at 500 ∘C. Strain increases homogeneously with temperature 
over the whole heated area and the arithmetic average fits with the 
strain value of the optical extensiometer. At some heating steps, local 

Fig. 9. Averaged coefficient of thermal expansion results for heating (red) and 
cooling (blue) of first (dark colour) and second (light colour) cycle for the 
AlSi10Mg alloy (dashed), the IMCC (straight) and the ceramic preform (dotted). 

Fig. 10. Digital image correlation, based on the microstructural pattern of the composite surface during the first heating cycle at room temperature (left) and at 
500 ∘C (right), with surface analysis (0.0 and 0.580% strain) and optical extensiometer (0.0 and 0.584% strain), represented by the black double-arrow. Strain scale is 
given on the right. At areas of bigger metal accumulations, the pattern cannot be identified correctly and results in miscalculated strain-bipoles. 
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facets could not be correlated with the initial step and form a gap on the 
strain surface. Bigger areas of the metal phase are difficult to be corre-
lated due to their homogeneous gray scale and can therefore lead to 
miscalculation and the appearance of strain-bipoles, as they are visible 
for 500 ∘C on the right side of Fig. 10. At this maximum temperature of 
investigation, the strain on the surface reaches 0.580% for the surface 
analysis and 0.584% for the optical extensiometer. 

CTE-Values of DIC evaluation are in the range from 6.5⋅10−6 to 1.9⋅ 
10−5 K−1 and therefore within the range of dilatometry experiments, 
although they are not sensitive enough to fully represent the curve of the 
dilatometer. For the first cooling cycle, smaller steps were used between 
300 and 175 ∘C (compare Fig. 2), to investigate the microstructural 
phenomena in the area of interest from dilatometry experiments, where 
an local increase of the differential CTE takes place. Neither in the DIC 
investigations, nor in the microstructural images a special hint for the 
explanation or any noticeable abnormality from the rest of the cooling 
section could be found. 

For heating of the first cycle instead, a clear correlation between the 
dilatometry measurements and the microstructural changes could be 
found. Fig. 11 shows a representative SEM image on the left, with 
highlighted areas of interest and their local magnification on the right, 
for different temperature steps during the first in-situ heating cycle. As 
the blue arrow in the upper row highlights, a pre-crack is present within 
a metallic precipitation. For increasing the temperature, the crack seems 
to vanish, as the fracture halves are pressed together. For temperatures 
above 400 ∘C, major plastic deformation takes place and presses the 
fracture surfaces into each other. The lower row shows a bigger metallic 
area, where cracks are forming in the interface between a metallic 
precipitation and the α-aluminum at 350 ∘C and increasing to grow into 
the α-aluminum for higher temperatures (compare yellow arrow at 
400 ∘C in the lower row of Fig. 11). 

5.2. Initial heating related simulation results 

5.2.1. Geometry variation 
The thermal expansion behavior of both reconstructed and generated 

microstructures (cf. Fig. 5) have been modeled according to the basic 
model described in Section 4.1 without initial cooling (cf. Fig. 3). The 
numerical results of the T-dependent CTE and the volume averaged 
stresses during the heating-cooling-cycle are shown in Fig. 12. For both 
heating and cooling the results of reconstructed and generated micro-
structure are qualitatively similar as depicted in Fig. 12(a). All CTE 
curves exhibit an almost linear increase in the range of 25− 250 ∘C , with 
a subsequent non-linear increase of the slope up to a peak value at 
approx. T = 400 ∘C and an eventual decline for T > 400 ∘C. Quantita-
tively, the generated microstructure shows a slightly lower CTE for both 
heating and cooling. In case of heating the simulations yield values of 
CTE(25 ∘C) = 1.54⋅10−5 K−1, CTEmax = 2.13⋅10−5 K−1 and 
CTE(500 ∘C) = 1.96⋅10−5 K−1 for the reconstructed compared to 
CTE(25 ∘C) = 1.53⋅10−5 K−1, CTEmax = 2.07⋅10−5 K−1 and 
CTE(500 ∘C) = 1.94⋅10−5 K−1 for the generated microstructure. 

Regarding the volume average stresses 〈σ〉 depicted in Fig. 12(b), an 
increase of tensile stresses in the ceramic and compressive stresses in the 
aluminum can be observed upon first heating from T = 25 ∘C  to T =

500 ∘C. In case of the reconstructed microstructures, the thermal 
expansion behavior is not perfectly isotropic, thus the range between 
maximum and minimum volume average stresses is displayed. The 
stresses of the Al2O3 and AlSi10Mg for both microstructure geometries 
coincide well up to a temperature of approx. 260 ∘C and the generated 
microstructure is the upper limit to reconstructed microstructures. For 
T > 260 ∘C, the absolute value for both components increases stronger in 
the generated structures leading to 〈σ〉Al2O3

= 857.9 MPa and 
〈σ〉AlSi10Mg = −300.2 MPa at T = 500 ∘C compared to 〈σ〉Al2O3

=

Fig. 11. Selected results with appro-
priate magnification from the in-situ 
SEM experiment. The two areas of in-
terest are highligted in the overview 
image on the left and displayed for 
relevant temperature steps during the 
first in-situ heating cycle. In the upper 
row a pre-crack is highlighted with an 
arrow at room temperature and the 
compression of it displayed up to plastic 
compression of the fracture halves into 
each other (arrow on the right upper 
row). In the lower row a bigger metallic 
section is displayed, showing the for-

mation of a crack at the phase boundary of the α-aluminum and a precipitation (arrow at 350 ∘C) and the crack growth into the α-aluminum phase (arrow at 400 ∘C). A 
scale bar is given for each image. 

Fig. 12. Comparison of the thermal expansion behavior of reconstructed and generated microstructures without initial cooling: (a) CTE and (b) volume average 
stresses 〈σ〉. For the reconstructed microsturcture the mean CTE value and the 〈σ〉-range of x,y and z direction is shown. 
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690.1 MPa and 〈σ〉AlSi10Mg = −273.9 MPa in case of the reconstructed 
microstructure. Upon cooling, the tensile stresses in the ceramic and the 
compressive stresses in the aluminum are reduced and a change of sign is 
observed between T = 167 ∘C and 110 ∘C for the reconstructed and at 
approx. T = 90 ∘C for the generated microstructure. Back at T = 25 ∘C, 
non-zero average stresses are observed for both components: 〈σ〉Al2O3 

from −264.3 MPa to −148.4 MPa and 〈σ〉AlSi10Mg from 55.5 MPa to 
95.6 MPa for the reconstructed microstructure and 〈σ〉Al2O3 

= −

100.8 MPa as well as 〈σ〉AlSi10Mg = 40.1 MPa for the generated 
microstructure. 

5.2.2. Boundary condition variation 
Generated microstructures (cf. Fig. 5) have been modeled according 

to the basic model (cf. Section 4.1) with modified boundary conditions 
as described in Section 4.2. The results of the first heating-cooling cycle 
without initial cooling using no planar surface constraints (w/o 
constraint) and a constraint only in x-direction (w/ x-constraint) are 
presented in Fig. 13 and compared to the basic model (w/ constraint) 
using constraints in all directions. The curves for the basic model (solid 
lines in Fig. 13) are already described in the previous Subsection 5.2.1 
(dashed lines in Fig. 12). 

In comparison, the model without constraints exhibits similar ther-
mal expansion behavior for both heating and cooling as shown by the 
dashed lines in Fig. 13(a). The maximum heating expansion CTE = 2.11⋅ 
10−5 K−1 is 2.7% higher than for the fully constrained model and the 
peak is shifted to lower temperatures of approx. T = 350 ∘C. Upon 
cooling, the maximum CTE difference between the basic model and the 
unconstrained model is 2.96% at T = 25 ∘C. However, differences in the 
volume averaged stress can be observed as depicted in Fig. 13(b). Upon 
heating the extreme values occur at around T = 270 ∘C and they are 
reduced to 〈σ〉Al2O3

= 286.6 MPa and 〈σ〉AlSi10Mg = −101.0 MPa for the 
ceramic and the aluminum, respectively. A subsequent decline of the 

absolute values is followed by an incline to 〈σ〉Al2O3
= 197.6 MPa and 

〈σ〉AlSi10Mg = −68.7 MPa at T = 500 ∘C. Upon cooling, a stress free state 
in the IMCC is reached at T = 330 ∘C and the final stresses 〈σ〉Al2O3

= −

425.1 MPa and 〈σ〉AlSi10Mg = 151.1 MPa at T = 25 ∘C correspond to 
approx. four times the fully constrained model. 

In case of the microstructures constrained only in x-direction, an 
anisotropic expansion behavior is observed. Especially upon heating, 
strong differences between the CTE in x- and in y,z-direction occur for 
temperatures > 200 ∘C  as shown by the bright colored, dotted lines in 
Fig. 13. The CTEx decreases down to 0 K−1 whereas the CTEy,z increases 
up to 3.3⋅10−5 K−1 at T = 350 ∘C. At T = 500 ∘C the CTE ranges from 
CTEx = 1.12⋅10−5 K−1 to CTEy,z = 2.36⋅10−5 K−1. This anisotropy can 
be observed for the cooling as well, however in a less pronounced way. 
Averaging the CTE in all three directions results in the dark colored, 
dotted CTEmean curves, which coincide very well with the basic model 
and the model without constraints. The peak upon heating at T =

350 ∘C is 4.2% higher than the value in the fully constrained model 
which represents the biggest difference between the curves. Upon 
cooling the values vary within ±2%. The volume average stresses (cf. 
Fig. 13(b), dotted line) are qualitatively equal to the model without 
constraints but they differ in x- and y,z-direction. Upon heating, the 
ceramic peak stress in x-direction 〈σ〉x = 400.9 MPa is located at T =

290 ∘C whereas 〈σ〉y,z = 325.5 MPa occurs at T = 330 ∘C. After the local 
minimum of at T = 405 ∘C , 〈σ〉x and 〈σ〉y,z of the ceramic coincide and 
reach 309.0 MPa at t2. For the aluminum, the peak values of 〈σ〉x = −

141.4 MPa and 〈σ〉y,z = −114.5 MPa increase to 〈σ〉x,y,z = −108.0 MPa at 
T = 500 ∘C. Upon cooling, a stress free state is reached between T =

310 ∘C and T = 280 ∘C for the x- and the y,z-direction, respectively. The 
final stresses at T = 25 ∘C range between 〈σ〉x = −526.7 MPa and 
〈σ〉y,z = −364.6 MPa for the ceramic and 〈σ〉x = 186.6 MPa and 〈σ〉y,z =

129.2 MPa for the aluminum. 

Fig. 13. Influence of different surface 
constraint boundary conditions on the 
thermal expansion behavior of gener-
ated microstructures without initial 
cooling: (a) CTE and (b) volume average 
stresses 〈σ〉. For the simulations using a 
planar surface extension constrain in x- 
direction only (dotted lines), the effec-
tive behavior of the IMCC is different in 
x- and y,z-direction. The CTE of the 
different directions CTEx and CTEy,z as 
well as the mean value of all directions 
CTEmean is given in (a). Same applies to 
the volume averaged stresses 〈σ〉x and 
〈σ〉y,z in (b). 

Fig. 14. Influence of pores on the thermal expansion behavior without initial cooling. Comparison to IMCC with pores: (a) CTE and (b) volume average stresses 〈σ〉. 
1 vol% of pores are included in xy-planes of the aluminum phase at the interface. 
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5.2.3. Pore inclusion 
Generated microstructures (cf. Fig. 5) have been modeled according 

to the basic model (cf. Section 4.1) including 1 vol% of pores in xy-planes 
of the AlSi10Mg at the interface as shown in Fig. 6 in Section 4.2 without 
initial cooling. The results are presented in Fig. 14 and compared to the 
basic model without pores. 

Including pores only in the xy-plane introduces an anisotropy to the 
IMCC behavior. Therefore, the xy-direction (dashed line) and the z-di-
rection (dotted line) are examined separately. Compared to the micro-
structure without pores (solid line), the inclusion of pores shows no 
significant influence on the CTE behavior upon heating up to T = 250 ∘C 
as depicted in Fig. 14(a). For T > 250 ∘C the IMCC including pores ex-
hibits a lower heating and curves between the directions differ upon 
further heating. Peak values of 1.97⋅10−5 K−1 in xy-direction and 1.99⋅ 
10−5 K−1 in z-direction are observed. At T > 450 ∘C the heating CTE for 
all directions coincide again leading to a value of CTE(500 ∘C) = 1.87⋅ 
10−5 K−1 at maximum temperature. In case of cooling, the 

microstructures with and without pores show similar CTE behavior. 
Upon heating, the absolute volume average stresses in both compo-

nents are reduced compared to the basic model without pores for 
T > 250 ∘C as shown in Fig. 14(b). As only very small differences of <
0.1% in the stresses between xy- an z-direction are observed, no 
distinction is made between the directions in the following description 
of the results. The maximum absolute stresses at T = 500 ∘C are 
〈σ〉Al2O3

= 813.6 MPa and 〈σ〉AlSi10Mg = −285.5 MPa for the ceramic and 
the aluminum, respectively. Upon cooling, the sign change occurs at a 
higher temperature of approx. 105 ∘C by incorporating pores compared 
to 90 ∘C in case of no pores. After final cooling at t3(T = 25 ∘C), the 
volume average stress in the components are 〈σ〉Al2O3

= −141.3 MPa and 
〈σ〉AlSi10Mg = 54.4 MPa. 

5.2.4. Interface variation 
Generated microstructures (cf. Fig. 5) have been modeled according 

to the basic model (cf. Section 4.1) with modified interface conditions as 

Fig. 15. Influence of interface properties on the thermal expansion behavior of generated microstructures with and without initial cooling from T0 = 500 ∘C: (a) CTE 
and (b) volume average stresses 〈σ〉 in x,y and z direction. 

Fig. 16. Influence of different initial cooling temperatures T0 = 200− 600 ∘C on generated microstructures with free interfaces: (a) CTE at first heating, (b) CTE at 
first cooling and (c) volume average stresses 〈σ〉 in x,y and z direction. 
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described in Section 4.2 both without and with initial cooling from T0 =

500 ∘C. Without initial cooling, the results for the tied and the free 
interface coincide as shown in Fig. A.21 in the appendix. The results for 
microsturctures with initial cooling and tied (dashed line) as well as free 
interface (dotted line) are presented in Fig. 15 compared to the basic 
model without inital cooling (solid line). 

Applying an initial cooling to a microstructure with a tied Al2O3/ 
AlSi10 interface (dashed line) has no qualitative effect on the CTE 
compared to the basic model (solid line) as shown in Fig. 15(a). 
Including initial cooling reduced the CTE values upon both heating and 
cooling for temperatures T > 300 ∘C by an average of 5%. In Fig. 15(b) it 
can be seen that average compressive stresses of 〈σ〉Al2O3

= −980.2 MPa 
and tensile stresses of 〈σ〉AlSi10Mg = 353.5 MPa are induced at t1 (T =
25 ∘C, cf. Fig. 3) by initial cooling from T0 = 500 ∘C in the ceramic and 
the aluminum, respectively. During heating, these thermal stresses are 
continuously reduced resulting in a sign change very close to T = 500 ∘C 
where 〈σ〉Al2O3

= 2.26 MPa and 〈σ〉AlSi10Mg = − 0.92 MPa. Upon cooling, 
compressive stresses in the ceramic and tensile stresses in the aluminum 
build up again to 〈σ〉Al2O3

= −989.0 MPa and 〈σ〉AlSi10Mg = 357.7 MPa at 
t3. 

For microstructures with a free interface (dotted line), an initial 
cooling from T0 = 500, ∘C  has a remarkable effect on the T-dependence 
of the CTE, as depicted in Fig. 15(a). During heating, the initial 
CTE(T = 25 ∘C) = 1.38⋅10−5 K−1 increases up to 1.68⋅10−5 K−1 at T =
260 ∘C and subsequently decreases to reach a plateau level of 8.19⋅ 
10−6 K−1 at T = 500 ∘C. Further, a thermal strain hysteresis, i.e. a dif-
ference between heating and cooling CTE is observed, which represents 
the experimental findings in a qualitative manner. Regarding the 
stresses displayed in Fig. 15(b), lower absolute stresses due to the initial 
cooling 〈σ〉Al2O3

= −567.2 MPa and 〈σ〉AlSi10Mg = 205.3 MPa compared to 
the tied interface are observed at t1 for both components. Upon heating, 
a stress free state is reached at T = 335 ∘C. Subsequently, the tensile 
stresses in the ceramic and the compressive stresses in the aluminum 
increase slightly and reduce again to 〈σ〉Al2O3

= 12.69 MPa and 〈σ〉AlSi10Mg 

= −4.51 MPa at T = 500 ∘C. Upon subsequent cooling, a change of sign 
regarding the stresses takes place immediately and on average, the 
stresses in the ceramic and the aluminum at t3 are 〈σ〉Al2O3 

= −632.2 MPa 
and 〈σ〉AlSi10Mg = 228.6 MPa. 

5.2.5. Initial cooling - T0 variation 
Generated microstructures (cf. Fig. 5) have been modeled according 

to the basic model (cf. Section 4.1) with a modified free interface con-
dition as described in Section 4.2 and varying initial cooling tempera-
tures T0 = 200− 600 ∘C (see Fig. 3). The temperature dependent CTE 
upon heating and cooling as well as the volume averages stresses are 
shown in Fig. 16 in comparison to the a microstructure with free in-
terfaces without initial cooling. 

During heating the microstructures with a free interface subjected to 
initial cooling all CTE curves coincide for T < T0 (see 16(a)) and follow 
the description of the microstructure with T0 = 500 ∘C from Section 
5.2.4 (dotted line in Fig. A.21). However, the IMCC exhibits a CTE jump 
up to the level of the microstructure without initial cooling when 
reaching the respective initial cooling temperature T = T0. Only for 
T0 ≥ 500 ∘C the curves coincide and the CTE remains at a low plateau 
level for T > 400 ∘C. During cooling, the thermal expansion behavior 
differs from the heating for all initial cooling temperatures T0 as pre-
sented in Fig. 16(b). Similar to the heating, the CTE curves follow the 
IMCC subjected to no initial cooling for T > T0 and are slightly below it. 
At T = T0 the curves clearly deviate downwards from the composite 
without initial cooling. For T0 > 500 ∘C the cooling CTE differs 
completely from the microstructure without initial cooling revealing an 
increase followed by a decrease at 350 ∘C < T < 450 ∘C and a final in-
crease of the CTE for T > 450 ∘C. 

As shown in Fig. 16(c), the absolute volume average stresses in both 
components after initial cooling increase with T0. In the ceramic stresses 
at t1(T= 25 ∘C) vary from 〈σ〉 = −308.4 MPa to 〈σ〉 = − 586.1 MPa. The 
volume average stress in the aluminum alloy varys between 〈σ〉 =
110.3 MPa and 〈σ〉 = 212.9 MPa. Upon heating, the stress free state is 
reached between T = 195 ∘C for T0 = 200 ∘C and T = 350 ∘C for T0 =

600 ∘C. For initial cooling temperatures T0 ≤ 400 ∘C  the maximum 
tensile stresses in the ceramic occur at t2(T = 500 ∘C), varying between 
〈σ〉 = 563.1 MPa for T0 = 200 ∘C and 〈σ〉 = 178.6 MPa for T0 = 400 ∘C. 
This applies also to the compressive stresses in the aluminum ranging 
from −198.2 MPa to − 63.3 MPa. However, for T0 ≥ 500 ∘C the 
maximum stress in the Al2O3 of 〈σ〉 = 31.3 MPa for T0 = 500 ∘C and 〈σ〉
= 24.4 MPa for T0 = 400 ∘C located at T = 385 ∘C. Upon subsequent 
cooling, a on average stress free state occurs between T = 225 ∘C for 
T0 = 200 ∘C and T = 490 ∘C for T0 = 600 ∘C. At t3(T = 25 ∘C), stresses 
range from 〈σ〉Al2O3

= −358.7 MPa and 〈σ〉AlSi10Mg = 128.1 MPa for T0 =

200 ∘C and to 〈σ〉Al2O3
= −637.6 MPa and 〈σ〉AlSi10Mg = 231.3 MPa for 

T0 = 600 ∘C in the ceramic and the aluminum, respectively. 

5.2.6. Temperature dependent properties 
Generated microstructures (cf. Fig. 5) have been modeled according 

to the basic model (cf. Section 4.1) with a modified free interface con-
dition, initial cooling from T0 and T-independent mechanical or thermal 
material properties as described in Section 4.2. For the T-independent 
material properties the values at T = 25 ∘C  are used, cf. table 1. The 
temperature dependent CTE upon heating and cooling as well as the 
volume average stresses are presented in Fig. 17 in comparison to the 
microstructure with free interfaces, initial cooling and T-dependent 
material properties. 

As shown in Fig. 17(a) the heating CTE of the IMCC modeled with 
only temperature dependent expansion properties αth(T) (dashed line), 
coincides with the curve of the model using all temperature dependent 

Fig. 17. Influence of T-independent mechanical and thermal properties on generated microstructures with free interfaces and initial cooling from T0 = 500 ∘ C: (a) 
CTE and (b) volume average stresses 〈σ〉 in x,y and z direction. 

                    



                                

12

parameters up to T = 250 ∘C. Subsequently it increases further up to a 
maximum of 1.76⋅10−5 K−1 and decreases again to 1.54⋅10−5 K−1 at T =
500 ∘C. The cooling CTE is similar to the heating CTE with ≤ 5.3% 
higher values at high temperatures and ≤ 5.9% lower values at low 
temperatures. Regarding Fig. 17(b)), the thermal residual stresses after 
initial cooling are equal to the model using all T-dependent parameters 
(solid line). Also, the stress free state upon heating occurs at the same 
location. However, using only T-dependent thermal properties results in 
maximum stresses at T = 500 ∘C of 〈σ〉Al2O3

= 316.4 MPa and 〈σ〉AlSi10Mg 

= −113.8 MPa that differ significantly from the whole T-dependent 
curves. Upon cooling the sign change is at T = 330 ∘C  and the final 
stresses at t3 are 〈σ〉Al2O3

= −571.5 MPa and 〈σ〉AlSi10Mg = 207.3 MPa. 
For the IMCCs modeled with only T-dependent mechanical proper-

ties E, ν, σy(T) (dotted line) the heating CTE is constant at 1.42⋅10−5 K−1 

for T < 275 ∘C as shown in Fig. 17(a). Then it reduces to 6.1⋅10−5 K−1 for 
T > 450 ∘C. The cooling CTE follows the curve of the all T-dependent 
parameter simulation in a qualitative manner with reduced absolute 
values. Also the volume averages stresses depicted in Fig. 17(b) show 
similar behavior to the all T-dependent simulations. Small differences 
can be observed in the stresses after initial cooling, the sign change upon 
heating and the remaining stresses after final cooling. 

5.3. Cyclic heating related results 

In addition to the first, respectively second heating cycle, the cyclic 
behavior and its influence on the microstructure and physical and me-
chanical properties was investigated and shall be presented in the 
following subchapter. 

5.3.1. Cyclic thermal expansion and in-situ SEM experiments 
In addition to the first two cycles, the dilatometry experiments were 

continued for seven more cycles and the heating and cooling cycles are 
presented for every second cycle with the average and standard devia-
tion in Fig. 18 a) and b). As the diagram shows, the heating curves are 
very close for all nine cycles in the range up to 250 ∘C (except the first 
one with its already described peak at 250 ∘C). For temperatures above 
300 ∘C, the curves continue in their linear CTE slope to higher temper-
atures with increasing cycle number and fall off less steeply. As the 
second cycle has its drop at around 300 ∘C and falls down to 
7.3⋅10−6 K−1, the ninth cycle has its drop at approx. 325 ∘C and only 
reaches values of 1.3⋅10−5 K−1. The standard deviation decreases for all 
cycles from 3.88⋅10−7 K−1 in average to 1.87⋅10−7 K−1 in average. The 
cooling cycles show a similar behavior and an increasing CTE with 
increasing cycle numbers can be observed in the temperature range 
between 300 and 500 ∘C. For the ninth cycle, the local maximum at 
approx. 200 ∘C is almost not visible anymore in the cooling curve, as the 
CTE below 200 ∘C does only change slightly in comparison to the CTE 

above 300 ∘C. 
Next to the CTE, the thermal strain is compared for the cyclic mea-

surements between dilatometry experiments and DIC evaluation of the 
SEM images. In table 3 the values are compared for the first four cycles 
of the dilatometry experiments and the four measured cycles of the in- 
situ SEM evaluation. 

For the microstructural evaluation, the cyclic testing results of the in- 
situ SEM experiments are presented in Fig. 19. The changes beyond the 
first cycle are in focus in this figure, but also significant changes during 
the first cycle, influencing the following cycles are highlighted within 
the figure and described below. 

In the image Section 1 in Fig. 19 (first row), the influence of inter-
facial porosity is shown. The pore induced by manufacturing shows 
additional interface detachment during the first heating cycle, as high-
lighted with the arrow in the second column. For further thermal 
cycling, the detached area seems to stabilize and the pore does not grow 
anymore under heating, but narrows down (compare arrows in first row, 
column 5 and 6 in Fig. 19). For the cooling process, the pore expands in 
further cycling (cf. e.g. the arrows in first row, column 8 and 9 in 
Fig. 19). In image Section 2, the second row shows the development of 
interface detachment and its influence on intra-metallic porosity. In the 
first column, the arrow highlights intra-metallic porosity which shrinks 
strongly under increasing temperature in the first cycle (second column) 
and does not increase in the first cooling step anymore in favor inter-
facial detachment, formed in the upper area (cf. arrow in column 3). The 
interface detachment continues to enlarge over the four thermal cycles 
and finally covers a large part of the interface, as highlighted in the last 
column by arrows. In image Section 3, identical to the image section in 
Fig. 11 in the upper row, the influence of thermal cycling on the pre- 
crack in the metallic precipitation is presented and shows the crack 
closure at high temperatures (column 2, 4, 6 and 8) and increasing crack 
opening under cooling (compare column 3, 5, 7, and 9). In addition, in 
this section another, but very small interface detachment can be 
observed, closing at high temperatures and opening during cooling 
(analogous to image Section 1 in the first row). In image Section 4, the 
influence of thermal cycling on pre-cracks in precipitations and the 
α-aluminum is presented at the junction of two metal-filled spheres. An 
enlargement of the crack can be observed, as well as additional 

Fig. 18. Averaged CTE heating (a) and cooling (b) cycles 1-9 of three different samples. 

Table 3 
Maximum thermal strain values for cycle 1-4 at 500 ∘C measured with dila-
tometry for three different samples and with DIC on the in-situ SEM sample. 

Cycle In-situ SEM DIC [%] Dilatometry [%] 

1 0.580 0.72 ± 0.014 
2 0.582 0.71 ± 0.013 
3 0.608 0.72 ± 0.012 
4 0.628 0.73 ± 0.006 
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detachment at neighboring interfaces between the α-aluminum and 
metallic precipitations. 

5.3.2. Cyclic simulation of thermal expansion 
Starting from the first cycle of the IMCC with free interfaces sub-

jected to initial cooling from T0 = 500 ∘C described in Section 5.2.5, 
additional 8 heating-cooling-cycles have been simulated. The results for 
the heating and cooling CTE over the temperature for the different cycles 
are shown in Fig. 20. 

In the case of heating an increase of the CTE peak and a shift to 
higher temperatures can be observed with increasing cycle number, cf. 
Fig. 20(a). In the first cycle the peak of 1.68⋅10−5 K−1 is at T = 260 ∘C 
whereas it increases to 1.77⋅10−5 K−1 is at T = 330 ∘C. The slopes of the 
subsequent CTE drop are very similar over the cycles and curves coin-
cide at the same plateau level for T = 500 ∘C. The cooling CTE curves 

displayed in Fig. 20(b) all show similar courses however the absolute 
CTE values increase slightly with the cycle number. 

6. Discussion 

6.1. Discussion of the experimental findings 

In this section, the experimental findings are brought together, dis-
cussed and put into comparison to literature. 

6.1.1. Specific heat capacity and thermal conductivity 
The measurement of the specific heat capacity for the alloy is in good 

agreement with literature values (cf. CES EduPack database [38]. In 
comparison to the rule of mixture (cf. Fig. 7), the composite has an 
identical curve in the range of standard deviation and shows that the 

Fig. 19. Selected results with appropriate magnification from the in-situ SEM experiments under cyclic heating and cooling. The areas of interest are numbered and 
highlighted in the overview image on the left and displayed for the four temperature cycles (compare figure 2). Relevant changes are marked with arrows and 
described in the respective text. 
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interpenetrating microstructure does not influence the heat capacity. 
The thermal conductivity of the composite underlies bigger reduc-

tion by the ceramic phase, than the specific heat capacity and has a 
comparable value to iron at room temperature [41]. Reasons for that can 
be found in the microstructure of the spherical shaped metallic parts, 
which are only connected at a small cross-section with each other. 
Another reason is the porosity and damage due to manufacturing, as 
cracks in the metalic phase (c.f. Fig. 11. This reduces the thermal con-
ductivity for 20∘Cin comparison to the aluminum alloy about 39 %. For 
increasing temperature, the higher thermal expansion and further phe-
nomena, discussed in detail in Section 6.1.2, lower the reduction in 
thermal conductivity and at 100 ∘C, the thermal conductivity of the 
composite is only reduced by 36 % in comparison to the aluminum alloy. 
This is an increase of 3 % in comparison to 20 ∘C. For higher tempera-
tures, an increasing improvement of thermal conductivity is expected, as 
porosity lowers and interface detachments are closed due to the 
expanding metallic phase (cf. Fig. 19. 

6.1.2. Dilatometry and in-situ SEM investigations 
As the results in Fig. 9 show, the ceramic preform has the lowest CTE 

with an almost linear behavior and identical behavior for heating and 
cooling in the investigated temperature range. The AlSi10Mg alloy 
instead shows a strong difference between the first and second heating 
cycle between 200 and 300 ∘C. This allows the conclusion that the in-
fluence of the peak in the IMCCs CTE curve is affected by the metallic 
phase. Other authors investigating metal-ceramic composites or even 
interpenetrating composites, only evaluated the strain-temperature di-
agram (Balch et al. [17]), investigated systems with pure aluminum 
(Skirl et al. [13]) without this phenomenon or did not take the CTE 
values of the first cycle into account (Roy et al. [16]). Huber et al. [4] 
investigated two composites with pure aluminum as well as an 
aluminum alloy (AlSi7Mg), measured a peakless first CTE curve for the 
pure aluminum and detected the same peak for the AlSi7Mg alloy. They 
also refer on studies, where AlSi7 without magnesium was investigated 
and stated, the low ratio of magnesium (0.5%) does not have an influ-
ence on the peak, as it also appeared for AlSi7 [42]. They followed in 
their discussion, the phenomenon originates in the T4 treatment of the 
AlSi7(Mg) alloy and the slow heating rate of 5 K/min brings the 
quenched and supersaturated Si in a thermodynamic equilibrated solu-
tion and causes the peak [43]. They state for further cycles that the 
heating and cooling rate is too low to generate supersaturation and 
therefore, the peak does not appear anymore. In our investigated ma-
terial system with the AlSi10Mg alloy, the cooling rate during 
manufacturing is in the range or below the 5 K/min (compare chapter 2), 
which should result in the peak not being observed in the first cycle. 
Nevertheless, we also observe a peak in the first cycle for our material 
system and therefore we state the following explanation for that 
phenomenon: 

After the infiltration of the ceramic preform with the AlSi10Mg alloy, 
individual samples were cut from the composite material, which has 
cooled down in the infiltration process throughout. The same was done 
for the AlSi10Mg alloy, which had been also subjected to infiltration in 
order to examine the microstructure identical to the one of the alloy in 
the composite. In the cooling process of the liquid alloy, various pre-
cipitates develop as a result of solidification up to the eutectic temper-
ature (compare Mrvar et al. [22] in Voncina et al. [23]). These form a 
”composite” in the metallic phase of different CTEs, Young’s modulus 
and yield and tensile strength - for the AlSi10Mg alloy in the same way, 
as for the AlSi7 and AlSi7Mg alloy. Residual stresses occur in this process 
(compare Sharma et al. [19], Agrawal et al. [44] and Hoffman et al. 
[14]), and lead in the cut samples to an uneven internal stress distri-
bution. For reasons of homogenisation with the driving force to reduce 
mechanical energy in form of distortion energy, residual stresses are 
reduced in the composite from an activation temperature of 200 ∘C, and 
the aluminum alloy in the first cycle and lead to an temporary increase 
in CTE. The pure aluminum on the other hand does not form any pre-
cipitation and therefore has no peak-like behavior in the first heating 
cycle, as it is observed by Skirl et al. [13] and Huber et al. [4] for the 
composite with pure aluminum. In the conclusion of this argumentation 
it can also be stated that the activation temperature for inner processes 
in the metal phase (of the composite) is in the range of 200 ∘C, as Fig. 9 
shows with the onset of internal activities. 

For the following course of the CTE curve, Huber et al. [4] state the 
re-dissolution of up to 0.8% Si in the α-aluminum as a reason for the CTE 
decrease from 300 ∘C on, as the atomic volume decreases due to the 
substitutional Si in the Al lattice. This decrease is visible for the first 
cycle of the AlSi10Mg samples, for the second cycle from about 360 ∘C 
and for the composite in the first cycles from 300 ∘C, for the further 
cycling it is shifted to higher temperatures. The solubility of Si in the 
α-aluminum is for sure one of several processes taking place at elevated 
temperatures within the composite, but next to this other and more 
dominant processes are taking place, like changes in residual stress and 
porosity, creep, plastic deformation and crack formation, as well as 
interface detachment. Fig. 11 has shown the closure of pre-cracks, 
formed in precipitations in the metal phase during manufacturing 
(compare Morbitzer et al. [45]). This is a result of increasing residual 
stress in the metallic phase during heating. The onset of visible crack 
formation at 350 ∘C in the composite shows, damage is another phe-
nomena going beyond the plastic deformation at elevated temperatures. 
Besides, the material throw-up from the compressed crack halves at 
450 ∘C in Fig. 11, and accompanied creep (compare [46]) shows the 
reduced influence of the metallic phase and the increasing dominance of 
the ceramic phase in this temperature range. The CTE of the IMCC 
finally reaches values below the ceramic preform, which was already 
explained by some of the authors in Schukraft et al. [25] and results from 
the high porosity content of the ceramic preform (74%), because the 

Fig. 20. Influence of thermal cycling on the thermal expansion behavior of generated microstructures: (a) heating and (b) cooling CTE of thermal cycles 1-9 with 
initial cooling from T0 = 500 ∘ C. 
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porosity allows higher transverse strain than a bulk material (bulk 
alumina [14] or the IMCC). The second cycle of the aluminum curve 
differs from literature values, presented by Jiang, et al. [47]. Better 
agreement of the data is found with Gumbleton et al. [48] for the range 
up to 177 ∘C. 

In comparison to the experimental data, analytical models of CTE 
prediction should be discussed: The rule of mixtures only takes the 
volume fraction and individual properties of the two materials into ac-
count and therefore does not consider microstructural reasons or inter-
action, as the interfaces have to be slide free and the constituents flow 
free. Other models, set up from Turner [49], Kerner [50] or Scharpery 
[51] take this, at least partly, into account. Turner considers a strong 
interface and homogeneous strain within the composite, Kerner a strong 
interface for an enclosed sphere in another with elastically deforming 
phases. Scharpery extended the models to linear visco-elastic materials 
[52] and later extended his model to range within an upper and lower 
bound for volumetric and linear thermal expansion, based on energy 
principles [51], and discussed the extend to non-linear materials [53]. 
Huber et al. find good correlation with the Turner model up to 200 ∘C for 
heating of their composite, but due to plastic deformation, there is no 
valid correlation at higher temperatures anymore. This strengthens the 
conclusion, made from the peak-like behavior of the first cycle of ther-
mal heating, that non-linear processes in the metal phase are activated 
above this temperature. Hoffman [14] and Skirl [13] make the more 
complex microstructure, the time depencence due to high residual 
stresses and the uneven behavior of the linear elastic ceramic and the 
visco-plastic metal responsible for the mismatch between the analytical 
models and their results. The deviation of the here investigated material 
system from the models is even higher due to the lower ceramic content 
in the IMCC and confirm the argumentation in literature with our 
investigations. 

Furthermore, the DIC evaluation will be discussed in this chapter. In 
the surface strain calculation, bi-poles formed locally, as it is visible in 
Fig. 10 on the right side. The GOM-Correlate software needs neighboring 
facets to calculate the strain of the observed facet. If neighboring facets 
are missing due to the lack of contrast in metallic areas, strain bi-poles 
can be formed. This anomaly only appears locally and in individual 
frames and mostly disappear directly again in the next frame. Therefore, 
these are not a material phenomena. As the comparison of the strain 
values of the surface analysis and the optical extensiometer show, the bi- 
poles almost eliminate each other and do not influence the average value 
in a strong way. The influence of the sensitivity of the first derivative 
(differential coefficient of thermal expansion) instead deviates from the 
CTE curve, measured in the dilatometry experiment. Combined with the 
uncertainty of temperature at the investigated sample surface during the 
in-situ SEM experiments, the final results of the DIC show that the CTE 
cannot be measured as sensitive as in the dilatometry setup. Neverthe-
less, to the best of the authors knowledge, this is the first time in liter-
ature that the CTE was captured and evaluated on the sample surface 
within an in-situ SEM experiment for interpenetrating phase composites. 
Possible improvements could be achieved with a trained AI-algorithm 
and DIC-software, especially developed for SEM or microscopy gray- 
scale images. 

6.2. Discussion of the numerical findings 

As shown in Fig. 12 in Section 5.2.1, the CTE and the internal stresses 
of reconstructed and generated microstructures are in good agreement. 
Especially the CTE curves match very well and are in good agreement 
with the heating experiments for T < 250 ∘C. The internal stresses in the 
generated structure exceeds the stress in the reconstructed IMCC. An 
explanation for the lower CTE and the increased stresses is the regular 
geometry of the generated structures with relatively thick ceramic rods 
in all directions and sharp edges. These prevent an unhindered expan-
sion of the AlSi10Mg phase and lead to local stress concentrations at the 
sharp edges. Nonetheless, the deviations due to the geometry 

simplification are acceptable regarding the reduced computation time of 
the generated microstructures. Therefore, only generated microstruc-
tures are used in the other numerical investigations. 

As presented in Fig. 13 in Section 5.2.2, a planar expansion 
constraint in all directions and no constraint in any direction yields 
almost identical results for the CTE over temperature. Applying a planar 
surface constraint in x-direction only, results in strong anisotropies 
regarding the CTE parallel and perpendicular to this direction. Aver-
aging over all directions, the resulting curve coincides with the other 
two boundary condition approaches. However, using anisotropic 
boundary conditions and evaluating the expansion only in one direction 
leads to physically not reasonable CTE values. The small differences in 
the (mean) CTE curves of the different boundary conditions can be 
explained by the thermal strain calculation shown in equation 7 which is 
based on the mean displacement of the respective surface nodes. Using 
unconstrained surfaces, this can lead to deviations and may not be an 
ideal measure. As expected, the volume average stresses are reduced 
with less surface constraints at the boundaries. Overall, the plausibility 
of the planar expansion boundary conditions proposed in literature [17, 
18,35–37] can be confirmed in this study and has been used in all of the 
other simulations. 

Incorporating pores in the aluminum leads to a reduction in the 
heating CTE for T > 250 ∘C as shown in Fig. 14. This is in accordance 
with the experimental results discussed in Section 6.1.2 and the simu-
lations of Shen [18]. It has to be stated, that in [18] a much higher pore 
fraction of 7% is used and the thermal strain hysteresis is mainly effected 
if pores occur in a composite with a non-continuous aluminum phase. In 
this study, with a pore fraction of 1% the effect is far less pronounced. 
Further, the interpenetrating microstructure imposes less expansion 
constraints to the metal phase, which reduces the impact of pores in 
accordance to the findings of a composite with a continuous aluminum 
phase in [18]. Unlike in literature, the thermal strain hysteresis and the 
CTE difference between heating and cooling does not occur over the 
whole temperature range of the thermal cycling. Therefore, this study 
suggests that a reasonably small fraction of residual porosity or pores in 
the metallic phase due to imperfect infiltration is not solely responsible 
for the temperature dependent CTE behavior and the big differences 
between heating and cooling behavior. 

Varying the interface properties has little to no influence on the CTE 
and the internal stresses during the first heating and cooling if no initial 
cooling is applied as shown in Fig. A.21 in the appendix. However, if an 
initial cooling is included, the interface properties have a major influ-
ence on both quantities as presented in Section 5.2.4, Fig. 15. The CTE 
drop at T = 300 ∘C in the heating experiments can only be observed in 
the numerical model by using free interfaces and initial cooling. This 
also accounts for the thermal strain hysteresis resulting in different CTE 
behavior for heating and cooling. Especially for the heating, free in-
terfaces and initial cooling lead to an underestimation of the CTE for 
T < 300 ∘C as a detachment of the two components at large areas of the 
interface for the used initial cooling temperature T0 = 500 ∘C. For 
T > 300 ∘C  the simulation result matches very well with the experi-
mental findings, indicating that the relative motion of the Al2O3 and the 
AlSi10Mg at the interface becomes relevant at higher temperatures. 
Remaining differences between the CTE curves for heating and cooling 
might result from the oversimplified interface conditions as well as 
missing implementation of high temperature induced mechanisms like 
creep and damage. Further, a relation between internal stresses and the 
CTE response can be determined, as the major CTE drops are always 
accompanied by sign changes of the average stress in the components. 
Huber’s [4] explanation for the thermal strain hysteresis due to chang-
ing stress signs upon heating/cooling change can also be confirmed by 
the numerical model. 

The variation of the initial cooling temperature in Section 5.2.5 
confirms these findings. As depicted in Fig. 16, every jump or drop of the 
CTE is accompanied by a sign change or a significant slope change of the 
stress curve. This is in accordance with [19], stating that thermal 
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residual stress is not negligible in a thermal expansion analysis. 
Regarding the heating, it can be observed that the CTE curves of T0 =

500 ∘C and T0 = 600 ∘C coincide at what is referred to as the ”lower 
level” in the following. For initial cooling temperatures < 500 ∘C a jump 
from this lower level up to the upper level represented by the CTE curve 
of the IMCC without initial cooling can be noticed. Similarly, a deviation 
from the upper level at the initial cooling temperature for T0 < 500 ∘C 
occurs upon cooling. 

As shown in Fig. 17 in Section 5.2.6, both the temperature dependent 
thermal αth(T) and mechanical E(T), ν(T), εpl(T) properties have an in-
fluence on CTE and internal stresses. However, different temperature 
ranges can be determined in which the dominance of the respective 
parameters varies. Upon heating, temperature dependent thermal 
properties are sufficient to describe the CTE behavior for T < 250 ∘C. In 
this low temperature range also the volume average stresses are repre-
sented correctly. For high temperatures > 350 ∘C, T-dependent me-
chanical properties are relevant to describe the CTE decrease and the 
internal stresses correctly. In case of cooling, E(T), ν(T), εpl(T) are 
dominant for the slope of the CTE curve, however using only tempera-
ture dependent mechanical properties results in a poor quantitative 
agreement with the all T-dependent simulations. With this knowledge, 
the conclusions often drawn in the literature that discrepancies between 
numerical models and experimental investigations might result from not 
using temperature dependent mechanical properties of the metallic 
phase (e.g. yield stresses) [19] can only be partly confirmed. This holds 
true for a high temperature regime whereas for low temperatures, using 
temperature dependent coefficients of thermal expansion αth(T) for both 
constituents is sufficient. 

6.3. Discussion of the findings from thermal cycling 

In this sub-chapter, the findings from experimental and numerical 
investigation are combined. 

Cyclic heating influences the microstructure of the composite, as 
described for Fig. 19, and the microstructural phenomena have an in-
fluence on the CTE behavior. In the following, the complex interaction of 
the phenomena should be put in context and compared to findings 
published in literature. Residual porosity in the composite was investi-
gated and pores are influenced by internal stresses and change their size. 
Balch et al. state that the compression of porosities at elevated tem-
peratures comes from the higher thermal expansion of the metal phase 
[17]. In the here investigated composite, this is observed in the exper-
iments for increasing cycle number. For the first cycle instead, the in-situ 
experiments showed, that residual porosities are growing under heating. 
Under cooling, the pores should grow regarding Balch et al., and also 
this finding can be confirmed for higher cycle numbers in our in-
vestigations. In the first cycle however, intra-metallic porosity is 
reduced during cooling, in favor of interfacial debonding (cf. Fig. 19). 

In the cyclic heating CTE curve, there are no markable changes up to 
250 ∘C. The drop in the CTE curve increases with cycle number and is 
suggested to be associated with increasing solidification. With 
increasing cycle number also the interfacial detachment and plastic 
deformation and therefore, internal stresses relaxation took place over 
the cycles. This lessens the decrease of the CTE, induced by pore closing 
of the metallic phase, as stated by Huber et al. [4]. The numerical 
modelling shows this effect clearly in good agreement with the experi-
ments and gives deeper understanding of the temperature dependency 
of the mechanical properties and their dominance for temperatures 
above 300 ∘C, as well as the role of interface detachment for modelling 
the effects, observed experimentally. 

In case of cyclic cooling, the CTE behavior cannot be fully explained 
by this study, however important insight and indicators of possible ex-
planations could be gained. Both experimental (cf. Fig. 9) and numerical 
(cf. Fig. 16) findings reveal a CTE jump upon the heating-cooling change 
at T = 500 ∘C. This jump is a result of a sign change in the internal 
stresses as shown by the simulative analysis, which is in accordance to 

the assumptions of Huber et al. [4]. With successive temperature 
decrease during cooling, the experimental CTE curves decrease to a local 
minimum at approx. 300 ∘C and subsequently increase to a local peak at 
T = 200 ∘C. In the numerical investigation we have seen, that at high 
temperatures in particular, the temperature dependent mechanical 
properties of the AlSi10Mg are decisive for the CTE’s behavior. There-
fore, the continuing solidification of the AlSi10Mg and the increase of its 
mechanical stability for temperatures below 300 ∘C could be the reason. 
Still active mechanisms, like dislocation creep and under internal 
stresses also further creep mechanisms (compare Ashby et al. [46]), 
counteract the CTE increase and the resulting dominance of the 
aluminum alloy partly. From temperatures in the range of 200 ∘C, 
thermally activated processes come to a standstill and the increase in 
dominance of the metallic phase reaches its maximum in the CTE curve. 
Rising internal stresses, due to the lack of compensation by creep, result 
in damage and interface detachments, which reduces the stress transfer 
between the AlSi10Mg and the Al2O3. 

This assumption is supported by the fact that the simulations using a 
free interface between the two components coincide very well with the 
experiments for temperatures below 200 ∘C. Differences between simu-
lation and experiment, especially in the high temperature regime, might 
result from the fact that no mechanisms like creep and damage have 
been considered in the numerical approach. 

During thermal cycling, the CTE curves shift upwards with 
increasing cycle number as shown in Fig. 18. This might be due to the 
cyclic hardening of the AlSi10Mg over the number of cycles leading to 
an increased load transfer between the components. Further, the local 
peak at approx. 200 ∘C shifts to higher temperatures with increasing 
cycle number. We assume, that due to the increasing plastification of the 
aluminum alloy over the cycle number, the point of sign change for 
internal stresses shifts to higher temperatures upon cooling which leads 
to the shift of the peak. The thermal cycling simulation presented in 
Section 5.3.2, Fig. 20 is capable of describing the evolution of cooling 
CTE over the cycle number and it can also reproduce the trends and 
tendencies from the experimental findings shown in Fig. 18 in a quali-
tative manner. Again, differences, especially in the high temperature 
regime might result from the fact that no mechanisms like creep and 
damage have been considered in the numerical approach. 

7. Conclusion 

The experimental approach combining dilatometry and in-situ SEM 
with DIC imaging, shows great potential for the investigation of the 
macroscopic thermal expansion behavior with a direct link to the 
microstructural evolution of the material system. Combined with nu-
merical investigations, the following mechanisms could be determined: 

• microstructural changes during heating and cooling in form of crack 
formation occur in the metallic phase and metallic precipitation. 

• porosity has an influence on the CTE behavior of the composite, but 
no decisive in the range of the porosity present in the composite 
investigated. 

Further conclusions could be drawn on the effect of the temperature 
dependent CTE upon heating: 

• contrary to previous research, the peak in the CTE curve during the 
first heating cycle of the IMCC arises from the thermal activation of 
the internal stress relaxation in the metallic phase and its 
precipitates. 

• interface detachment and changes of pore size emerge during cyclic 
heating. 

• phenomenon explanation of the peak in the CTE curve during first 
experimental heating cycle due to residual stresses and damage was 
determined. 
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• the correlation between internal stresses in the components and the 
CTE behavior was confirmed. 

• the dominance of different parameters (e.g. boundary conditions, 
temperature dependency of properties) in different temperature 
ranges on the CTE behavior was assigned. 

During cyclic cooling, the study found: 

• temperature dependency of AlSi10Mg’s mechanical properties, in-
ternal stresses, and interface detachment induce a cooling peak in the 
CTE curve at 200 ∘C after the AlSi10Mg falling below 0.6 Tm(K) ab-
solute melting temperature. 

• the peak is shifted to higher temperatures during thermal cycling due 
to plastic deformation and the changes of internal stresses in the 
metallic phase. 

8. Outlook 

Future investigations should serve a better understanding of the 
underlying effects of the findings and correlations between thermal and 
mechanical properties obtained in this study. On the one hand, the in-
fluence of microstructural changes during heating on the thermal con-
ductivity beyond 100×C will be investigated. On the other hand, the 
correlation of stiffness decrease over thermal cycling in the temperature 
range up to 500×C, by measurement of the elastic modulus via non- 
destructive methods, as well as the influence of thermal cycling stabil-
ity on bending strength and fracture toughness should be studied. 
Finally thermo-mechanical investigations in different temperature 
ranges and their influence on the lifetime and damage mechanisms will 
be investigated. 

Data availability 

The raw/processed data required to reproduce these findings cannot 
be shared at this time as the data also forms part of an ongoing study. 

CRediT authorship contribution statement 

Joél Schukraft: Conceptualization, Methodology, Writing – original 
draft. Dominik Horny: Writing – original draft, Software, Formal 
analysis. Frederik Siegmund: Writing – original draft, Investigation, 
Visualization. Katrin Schulz: Writing – review & editing, Supervision. 
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behavior and macrostrain of al2o3/al composites with interpenetrating networks, 
Acta Mater. 46 (7) (1998) 2493–2499, https://doi.org/10.1016/S1359-6454(98) 
80033-5. 

[14] M. Hoffman, S. Skirl, W. Pompe, J. Rödel, Thermal residual strains and stresses in 
al2o3/al composites with interpenetrating networks, Acta Mater. 47 (2) (1999) 
565–577, https://doi.org/10.1016/S1359-6454(98)00367-X. 

[15] G.M. La Vecchia, C. Badini, D. Puppo, F. D’Errico, Co-continuous al/al2o3 
composite produced by liquid displacement reaction: Relationship between 
microstructure and mechanical behavior, J. Mater. Sci. 38 (17) (2003) 3567–3577, 
https://doi.org/10.1023/A:1025613011787. 

[16] S. Roy, A. Nagel, K.A. Weidenmann, Anisotropic thermal expansion behavior of an 
interpenetrating metal/ceramic composite, Thermochim. Acta. 684 (2020) 
178488, https://doi.org/10.1016/j. 

[17] D.K. Balch, A. Mortensen, S. Suresh, Y.-L. Shen, T.J. Fitzgerald, V.J. Michaud, 
Thermal expansion of metals reinforced with ceramic particles and microcellular 
foams, Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 27 (11) (1996) 3700–3717, 
https://doi.org/10.1007/BF02595462. 

[18] Y.L. Shen, Combined effects of microvoids and phase contiguity on the thermal 
expansion of metal-ceramic composites, Mater. Sci. Eng. A, 237 (1) (1997) 
102–108, https://doi.org/10.1016/S0921-5093(97)00121-4. 

[19] N.K. Sharma, R.K. Misra, S. Sharma, Modeling of thermal expansion behavior of 
densely packed al/sic composites, Int. J. Solids Struct. 102-103 (2016) 77–88, 
https://doi.org/10.1016/j. 

[20] O. Lavrentyeva, Verfahren zur herstellung von aufgeschäumten keramischen 
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