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1. Introduction 

Amidst the global challenge of climate change, the careful use of our 
environment and its resources is becoming increasingly relevant. 
Lightweight design and the development of new materials with 
improved properties and reduced weight are considered key enabling 
technologies to facilitate energy and CO2 savings, especially in the 
mobility and transport sector. However, conventional lightweight 
metals have widely reached their limits with regards to their mechanical 
and thermal properties. Therefore, new material concepts such as 
composite materials have to be considered for more demanding appli-
cations. Among various types of composite materials, interpenetrating 
phase composites (IPCs) or more specifically interpenetrating metal 
ceramic composites (IMCCs) have been suggested to offer various ben-
efits and improved thermo-mechanical properties over conventional 
lightweight metals [1]. 

IMCCs are typically made of an open porous ceramic preform body 
that acts as a reinforcement and a metal matrix. A metallic melt is 
infiltrated into the porous ceramic preform by means of pressure die 
casting [1,2] gas pressure infiltration [3,4], squeeze casting [5], or 
pressureless infiltration [6,7], depending on the morphological 

properties of the preform such as pore size and the proportions of closed 
and open porosity. Local reinforcement can thus increase the mechani-
cal properties without substantially increasing the density of the 
material. 

One example is the interpenetrating aluminum-alumina composite 
studied in this paper. The alumina preform of the IMCC used in this work 
was fabricated by mechanical foaming [8]. Alternative manufacturing 
methods for the preform of an aluminum-alumina IMCC include freeze 
casting [9,10], sintering of coarse alumina powders into an open-pore 
ceramic [11] , or pore-forming processes using carbon fibers [12], 
wax [13] or starch [14] as placeholders, which are subsequently 
pyrolyzed. 

IMCCs have higher compressive strength and stiffness than metallic 
materials [15,16]. They feature a higher fracture toughness and are 
more ductile compared to other composites due to the high ductility of 
the metal component, i.e., they can absorb large impact fracture en-
ergies [17]. The combination of the soft alloy and the hard ceramic re-
sults in high wear resistance [18,19]. Since the ceramic impedes thermal 
expansion, it is significantly lower compared to the matrix metal of the 
composite [20]. This also influences the internal stress distribution 
during manufacturing and in operation, as Roy et al. investigated 
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intensively [21–25]. Load transfer takes place from the softer to the 
stiffer phase. In an interpenetrating AlSi12/alumina composite with 40 
% alumina phase, the longitudinal stress in the alumina phase is circa 
the double under tension and compression, compared with the 
aluminum phase [21]. The aluminum phase only takes half of the 
applied stress with a decreasing value due to plasticity [24]. In Roy et al. 
[22] the effect of phase architecture on the mechanical properties was 
investigated and showed for different morphologies (placeholder foam 
based and lamellar by freeze-casting) that anisotropic strengthening 
takes place by carrying up to 90 % of the applied stress in the alumina 
phase. Another effect in metal matrix composites, also relevant for the 
investigated IMCC, is microcracking and its impact on the elastic 
modulus. In resonant ultrasonic spectroscopy measurements over a 
temperature profile with a constant change in temperature, PbTe and 
PbS with SiC nanoparticles develop a hysteresis when comparing heat-
ing and cooling cycles at Tmax close to melting, due to microcracks which 
anneal at high temperature when the metal plasticizes and open up 
again during cooling [27]. A similar effect was shown by 
Castillo-Hernandez et al. in Mg2Si and Mg2Sn specimens investigated 
with the impulse excitation technique at a temperature up to 410◦C with 
a heating and cooling rate of 5 K/min and a dwell time of 30 min. All 
investigated samples exhibit a linear decrease in elastic properties with 
increasing temperature. After reaching the dwell time, a small increase 
in elastic modulus <1 % takes place, which leads to a hysteresis. As an 
integrity check, it is supposed to confirm, that the initial value for the 
elastic modulus is reached again at room temperature after the thermal 
cycle [28]. 

As Roy et al. [26] investigated for an Al12Si/alumina IMCC, the 
interfacial bond strength is inherently strong. During manufacturing, 
process induced thermal residual stress is brought into the composite. 
Generally, residual tensile stresses are built up in the metallic phase and 
residual compression stresses are built up in the ceramic phase [27]. 
Therefore, the first heating cycle is not considered for thermal expansion 
by different authors. Experiments on thermal expansion for inter-
penetrating phase composites have been conducted by Balch et al. [28], 
Skirl et al. [11] and Roy et al. [29]. The typical heating curves from the 
second cycle onwards show a strong constant increase in strain up to a 
transition temperature, where the metal starts to plasticize. Here the 
curve bends to a lower slope. The reason for this thought to be the metal 
plasticizing at the kink and flowing into voids, created by imperfect 
infiltration. This stress relief is then reflected in the significantly lower 
slope of the strain-temperature-curve. From this plasticizing point on, 
the metal phase no longer contributes to the strain, since it can flow, 
unlike the ceramic preform. Experiments were conducted with a SiC 
preform infiltrated with aluminum [28]. The same effect was shown by 
Skirl et al. for aluminum-alumina IMCCs. Furthermore, they showed, 
that due to this behavior, the coefficient of thermal expansion (CTE), 
which is the derivative of the strain, exhibits a similar effect. For a 
composite with an aluminum volume content of 65 %, the CTE in the 
first phase rises from 13 to a peak of 16⋅10–6 K–1 at about 300◦C before 
dropping to values around 7 to 9⋅10–6 K–1 at about 450◦C [11]. Roy et al. 
[29] studied IMCCs with 34 to 60 % ceramic content. The thermal strain 
and CTE were investigated in a temperature range between room tem-
perature and 500◦C with a heating rate of 5 K/min. The composites have 
shown a manufacturing related thermal anisotropy. The thermal 
anisotropy is directly related to the elastic behavior. Thermal expansion 
decreased with increasing ceramic content. For the given studies, the 
range relation for thermal expansion was only investigated from room 
temperature to one maximum temperature. For repeated heating cycles, 
a decrease of residual stress within the composites was observed. 
Nevertheless, the effect of residual stress relief, different maximum 
temperatures and the physical phenomena behind the variation of CTE 
with temperature have not been investigated yet. Also, the combination 
of dilatometry experiments with elastic modulus measurements, to 
investigate the identical phenomena behind, is described the first time in 
literature, for the best knowledge of the authors. 

For the application of IMCCs in a thermal environment, this relation 
is relevant for the understanding of the mechanisms within the material, 
as well as the investigation of the thermal dependencies of the elastic 
modulus. 

Therefore, this study investigates the behavior of the thermal 
expansion coefficient, and the elastic properties in an interpenetrating 
aluminum-alumina composite at room temperature, and the influence of 
elevated temperature on the material properties. 

2. Materials and Methods 

2.1. Materials and sample preparation 

Previous studies on this material system were carried out regarding 
microstructure, residual porosity and mechanical characterization and 
can be found in [30–33]. Based on these, the material processing is 
described in the following: 

A highly porous open-cell alumina ceramic preform with a relative 
density of approximately 26 vol.-% is used in this study. It was produced 
by Morgan Advanced Materials Haldenwanger GmbH, Waldkraiburg, 
Germany, which holds a patent on the preform manufacturing process 
[8]. To get a highly homogeneous ceramic preform, a stable ceramic 
foam suspension is produced by mechanical stirring in a slurry-based 
processing route. The use of additives and a well-engineered drying 
process makes molding and drying of the green body possible, without 
losing the fine and homogeneous distributed porosity. The ceramic foam 
is finally produced by sintering. 

A gas-pressure infiltration process with an AlSi10Mg alloy was used 
to manufacture the IMCC. In an evacuated vacuum vessel at a residual 
pressure of maximum 2⋅10–2 mbar, the ceramic preform was heated up 
to 700◦C together with AlSi10Mg slabs. After melting of the slabs sur-
rounding the ceramic foam, an external Argon gas pressure of 60 bar was 
applied onto the surface of the melt bath. For a short dwell time of 10 
min the temperature was held, and the chamber then cooled down to 
room temperature under the remaining Argon pressure. The solidified 
interpenetrating composite block was finally removed from the pres-
surized vessel for sample preparation. Details and a schematic drawing 
of the process setup are described by one of the authors in Horny et al. 
[30]. Images of the bulk and microstructure of the ceramic preform as 
well as the microstructure of the interpenetrating phase composite are 
shown in Fig. 1. 

Samples of the ceramic foam, the AlSi10Mg alloy and the IMCC were 
prepared for the respective analysis by cutting with a diamond wire-saw 
by diamond wiretec, Weinheim, Germany. The samples surfaces were 
ground with SiC grinding paper stepwise from P320 to P800. The final 
dimensions of the samples were measured with Tesa-µ-hite, by Hexagon, 
Stockholm, Sweden. For ultrasonic phase spectroscopy (UPS), the sam-
ples had a size of ca. 10 × 10 × 10 mm3. For the investigation of the 
resonant frequency damping analysis (RFDA), the samples were cut to 
rectangular bars with a geometry of ca. 60 × 10 × 4 mm3. The samples 
for the dilatometry experiments were cut to a final size of ca. 5 × 5 × 25 
mm3. 

2.2. Ultrasonic phase spectroscopy 

The elastic constants were determined with ultrasonic phase spec-
troscopy (UPS) method by nondestructive testing, as already presented 
in a previous study (cf. Horny et al. [30]): 

Continuous sinusoidal waves are emitted by a transducer and prop-
agate through the investigated material. The occurring phase shift is 
measured over a frequency range. Such a wave can be written as: 

u(x, t) = u0ei(ωt+kx) (1) 

Whereby ω is the angular frequency (ω = 2πf) and k is the wave number 
(k = 2π/f). The group velocity U of these waves can be determined for a 
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frequency sweep from the incremental ratio of the phase difference ΔΦ 
and the frequency f and the known sample thickness L, as: 

U = −
2⋅π⋅L

dΔΦ
df

(2) 

Thus, if the slope of the phase-frequency plot consisting of the phase 
difference ΔΦ and the frequency f is continuous, the corresponding 
elastic constant can be determined in dependance of the density as ρ, 
[34,35]: 

C11 = ρ⋅U2
11 (3) 

C22 = ρ⋅U2
22 (4) 

C33 = ρ⋅U2
33 (5) 

C44 = ρ⋅U2
23 = ρ⋅U2

32 (6) 

C55 = ρ⋅U2
13 = ρ⋅U2

31 (7) 

C66 = ρ⋅U2
12 = ρ⋅U2

21 (8) 

With this equation all longitudinal elastic constants (Eq. 3-5) can be 
determined from longitudinal waves with the longitudinal group ve-
locity, which is indexed as Ukl where k = l = 1, 2, 3. Index k is the di-
rection of the cuboid sample and the identical direction in which the 
wave is emitted and detected is indexed with l. 

All shear constants (Eq. 6-8) can be determined by using transversal 
waves (shear waves). Therefore, the transversal group velocity is 
indexed as Ukl where k = 1, 2, 3 is the direction of the cuboid sample in 
which the wave is emitted and detected and l = 1, 2, 3 ∕= k the direction 
in which the wave is oscillating (for Eq. 6, k = 2 and l = 3, for Eq. 7, k = 1 
and l = 3, and for Eq. 8, k = 1 and l = 2), compare for example Mah et al. 
[36] or van Buskirk et al [37]. Due to the symmetry of the system, the 
values kl = lk were summarized and averaged in the evaluation. To 
prove the isotropy of the material system, the system with the next lower 
symmetry was chosen and the stiffness matrix of an orthotropic material 
system is given (with all values different from zero) in the following 
equation 4: 

Corthotropic =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

C11 C12 C13

C12 C22 C23

C13 C23 C33

C44

C55

C66

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(9) 

To complete, the the off-diagonal elements C12, C13 and C23 must be 
defined. The equations for each are given in the following, [34,35,37]: 

C12 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
C11 + C66 − 2ρU2

12|12

)(
C22 + C66 − 2ρU2

12|12

)√

− C66 (10) 

C13 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
C11 + C55 − 2ρU2

13|13

)(
C33 + C55 − 2ρU2

13|13

)√

− C55 (11) 

C23 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
C22 + C44 − 2ρU2

23|23

)(
C33 + C44 − 2ρU2

23|23

)√

− C44 (12) 

U12|12 is the group velocity of a wave that is emitted and detected in a 
45 ◦ angle between plane 1 and plane 2 of the sample. To obtain these 
off-diagonal elements, the sample cannot simply be a cuboid, but must 
have ground edges at an angle of 45◦ at the intersections of these planes, 
as it is given in Fig. 2. 

Further details of the method can be found in other publications, as a 
representative summary is given by [37–41]. Latest publication of the 
method for the investigation of functionally graded materials was pub-
lished by Nazeer et al. [42]. One of the authors of this work established 
in previous studies with other scientists this method for IMCCs (see Roy 
et al. [43–45]). In this study, the measurements were carried out using 
an electronic network analyzer of the type R3754A, Advantest, Tokyo, 
Japan. An evaluation software (within “LabView” by National Instru-
ment, Austin, Texas, USA) written in previous work was used [40] on a 
connected computer, as well as two pairs of ultrasonic contact trans-
ducers (V122-RM, nominal central frequency 7.5 MHz and a diameter of 
the oscillator of 9.5 mm for longitudinal waves and V155-RM, nominal 
central frequency 5 MHz and an oscillator diameter of 12.7 mm for 
transversal waves, each of Olympus Deutschland GmbH, Hamburg, 
Germany). Commercially available food grade molasses was used as a 
couplant between transducer and specimen (molasses by Grafschafter 
Krautfabrik Josef Schmitz KG, Meckenheim, Germany). A thin, 
bubble-free film of the molasses was applied to the surface of the 
transducers and the sample was then clamped with the preload of 
springs between the transducers. The measurement was repeated three 
times and averaged, for each investigated orientation of the cube. As 

Fig. 1. Images of the alumina preform and the interpenetrating metal ceramic composite. a) Photo of the macroscopic structure of the open porous alumina foam. b) 
SEM image of the foam microstructure with its open cells, connected by apertures to each other. Scanning parameters are given in the info bar in the image. c) Light 
microscopy image of the infiltrated microstructure. The light and round shaped parts represent the metallic phase infiltrated into the open porous structure. The 
surrounding dark phase is the alumina ceramic. Darker grey parts within the metallic phase represent precipitations of the AlSi10Mg. d) High-resolution SEM image 
of the local microstructure, precipitations, closed porosity in the ceramic foam and infiltration faults within the metallic phase. 

Fig. 2. Image of the prepared IMCC sample geometry (decaoctahedron) for 
measuring the coefficient of the stiffness matrix via UPS, with ground cube- 
edges in a 45 ◦ angle (hexagon) and original cuboid surfaces (squares). 
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referred above to the respective literature, the ratio of the longitudinal 
and transverse velocities is used to calculate the elastic modulus. The 
effective elastic modulus and the universal anisotropy index are calcu-
lated according to Soyarslan et al. [46] in several steps from the elastic 
tensor, shear and bulk moduli and Poisson ratio, using Voigt and Reuss 
assumptions, as well as the combination. 

2.3. Resonant frequency damping analysis (RFDA) 

RFDA, also referred to as impulse excitation technique (IET), was 
used as non-destructive characterization method to determine the 
elastic properties and the damping of the material. The RFDA has been 
used in previous publications and its suitability for determination of 
elastic properties at room and elevated temperatures has been investi-
gated. Radovic et al. compared static and dynamic techniques for the 
determination of the elastic properties of different solids at room tem-
perature. 4-point bending (4PB) and nanoindentation (NI), as well as 
impulse excitation technique (IET) and resonant ultra-sound spectros-
copy (RUS) were used. The authors found that precision and repeat-
ability of the dynamic methods (IET and RUS) are superior compared to 
the static methods (4PB and NI). Furthermore, the difference in results 
from IET and RUS are not statically significant [47]. The elastic prop-
erties at application temperatures are of particular interest for the 
design. Hönig et al. investigated the suitability of the RFDA for the 
measurement of the elastic properties of a fiber reinforced ceramic 
matrix composite (CMC) at room and elevated temperatures. The elastic 
modulus determined via RFDA and 4PB showed comparable results at 
RT. The dynamic elastic modulus of the CMC has been successfully 
measured up to 1250◦C using the RFDA and agrees well with the 
modeling results using FEM [48]. 

The AlSi10Mg and IMCC samples were heat treated at 500◦C with a 
heating rate of 5 K/min, holding time of 10 minutes and cooling without 
temperature control < 5 K/min in a LVT 9/11 ashing furnace (Naber-
therm GmbH, Lilienthal, Germany) under atmospheric air prior to RFDA 
testing to minimize the influence of residual stress from manufacturing. 

The fundamental flexural and torsional resonant frequencies were 
measured at room and high temperature using a RFDA Professional and 
RFDA HT1600 setup (IMCE NV, Genk, Belgium). The frequencies were 
used to calculate the elastic properties like the elastic modulus, shear 
modulus and Poisson’s ratio. 

The elastic E and shear modulus G can be calculated from the sample 
mass m, length L, width b, thickness t and the fundamental flexural ff and 
torsional ft frequencies. The correction factors T1 and R were calculated 
according to ASTM E1876-15 [49]. 

E = 0.9465

(
mf 2

f

b

)(
L3

t3

)

T1 (13) 

G =
4Lmf 2

t

bt
R (14) 

For an isotropic material, the Poisson’s ratio ν can be obtained from 
the elastic and shear modulus by eq. (15). 

v =
E

2G
− 1 (15) 

Room temperature (RT) measurements were carried out using a 3 
mm metal projectile with a node distance of 30 mm and an impulse 
power of 50 %. For the high temperature (HT) measurements a 3 mm 
Al2O3 projectile, a node distance of 33 mm and an impulse power of 50 
% were used. To determine the flexural and torsional frequencies 
simultaneously, the automatic excitation unit and the microphone were 
positioned at diagonally opposite corners for the RT and HT measure-
ments. For the HT experiment individual measurements were performed 
every 5 K in heating- and cooling phase and for selected samples addi-
tionally every 60 s during the dwell time (see Fig. 3,a). The thermal 
expansion of the samples in the HT measurements were not considered 
in the calculation due to the small difference between the corrected and 
uncorrected graph of the elastic modulus with <0.5 GPa between all 
individual measurement points. 

Quenching experiments of the IMCC sample were carried out in a 
furnace (LT 5/13, Nabertherm, Lilienthal, Germany) at 500◦C with a 
heating rate of 5 K/min and a dwell time of 60 min under atmospheric 
air (see Fig. 3,b). After heat treatment, the specimen was removed from 
the furnace and immediately quenched with air (compressed air pistole, 
8 bar) or in silicone oil Fragoltherm X-400-A, by FRAGOL AG, Mülheim, 
Germany at room temperature. 

2.4. Dilatometry 

For determination of the coefficient of thermal expansion over the 
temperature, dilatometry measurements were carried out in a DIL 402 
Expendis Select, horizontal push-rod dilatometer from NETZSCH- 
Gerätebau GmbH, Selb, Germany. The resolution of the length is accu-
rate to 1 nm and the temperature is accurate to 1 K. The data aquisition 
rate was set to 75/min. To determine the CTE, a local derivative was 
calculated between each data point. The temperature profile was chosen 
to be 0… Tmax…25◦C. Maximum temperature (Tmax) was set to 260, 
285, 310, 335, 360 and 500◦C, in accordance with the RFDA measure-
ments for the region of interest. Tmax = 500◦C was chosen for 

Fig. 3. a) Temperature profile of an IET HT experiment with heating phase, dwell time and cooling phase. b) Scheme of the temperature profile of the quenching 
experiment; the cooling rate during quenching was not determined. Arrows indicate the heating (red) and cooling (blue) curves. 
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comparison with literature values. For each Tmax, two samples were 
measured for three cycles of which the latter two were evaluated. 
Measurements were carried out by starting with the lowest Tmax. As 
described by Huber et al. [50], the heat treatment during production has 
a significant impact on the heating curve of the first measurement 
resulting in a peak. From the second measurement onwards, the curves 
are reproduceable. Therefore, the first measurement was excluded, and 
the data shown start from the second cycle on. The sample were 
measured from lowest to highest Tmax. The heating and cooling rate was 
5 K/min and the holding time at Tmax was ten minutes. For temperatures 
lower than 75◦C, the values were neglected as the heating rate was 
process-related not constant (see Fig. 7,b). Other authors describe this 
for temperatures below 100◦C, as they observed minor fluctuations [11]. 
The pre-load was set to 0.2 N and the furnace was rinsed with a nitrogen 
gas flow of 20 ml/min. The furnace had been calibrated beforehand at 
these parameters with the second measurement of a cylindrical cali-
bration body (NETZSCH-Gerätebau GmbH, Selb, Germany, order num-
ber: 6.219.1-92.2) made of polycrystalline solid aluminum oxide 
material. It had a length of 25 mm and a diameter of 6 mm. The mea-
surement was carried out in accordance with DIN 51045:20 05-08 [51]. 
The highest 35 K were cut away uniformly, as the cooling rate had to set 
in. The data was postprocessed with a 13-fold smoothing in the NETSCH 
Proteus software to remove measuring related artifacts. 

3. Results 

3.1. Ultrasonic phase spectroscopy 

The elastic constants as well as the elastic modulus were calculated 
from UPS measurements for the ceramic foam, the AlSi10Mg alloy and 
the IMCC, as described in chapter 2.2. Results of the stiffness matrix, 
elastic modulus, Poisson’s ratio, and the universal anisotropy index Au 
are presented in Table 1. Here, for each material, four samples were 
prepared and measured. The standard deviation between the measure-
ments was calculated according to Cohen [52]. For the preform it ranges 
between 0.3 % and 1 %. The deviation for the alloy lies between 0.5 % 
and 1.6 %. The largest standard deviation is found for the IMCC ranging 
from 0.3 % to 2.4 %. 

3.2. Resonant frequency damping analysis 

Results of the room temperature measurements of the IMCC, 
AlSi10Mg and ceramic foam samples are summarized in table 2. Inves-
tigated samples have dimensions of ca. 60 × 10 × 4 mm3 except an 
additional sample IMCC-2 with dimensions of ca. 57 × 8 × 1.6 mm3. The 
elastic properties of both IMCC samples are similar in terms of elastic 
and shear modulus as well as Poisson’s ratio. The difference in the 
flexural and torsional frequencies are due to the different sample di-
mensions. The standard deviation of the calculated elastic properties, 
especially the elastic modulus, is relatively high. As the accuracy of the 
calculated elastic modulus mainly depends on the precision of the 
specimen thickness (see Eq. 13). It could be further reduced by a more 
accurate fabrication of the specimens e.g., an improved grinding pro-
cess. However, the standard deviation refers to the absolute value of the 
E- and G-modulus. In comparative RFDA measurements of the same 

sample, changes that are smaller than the standard deviation can also be 
considered. 

The IMCC and its components AlSi10Mg and Al2O3 foam were 
measured up to 500◦C with a rate of 5 K/min and a dwell time of 10 min. 
The elastic modulus versus temperature graph is shown in Fig. 4,a. Each 
point of the graph represents an individual measurement of the heating- 
and cooling phase of the experiment. The ceramic foam shows a rela-
tively low elastic modulus of 12.0 GPa at 20◦C, which decreases slightly 
to 11.0 GPa at 500◦C. The AlSi10Mg sample yields an elastic modulus of 
77.7 GPa at 20◦C, which decreases with increasing temperature. At 
500◦C the elastic modulus is 51.6 GPa, which means a reduction of 
about 34 %. The elastic modulus of the IMCC with a value of 112.7 GPa 
is significantly higher compared to its individual components. At 500◦C 
the elastic modulus decreases by 27 % to 82.4 GPa. After reaching the 
maximum test temperature and during the dwell time the elastic 
modulus of the IMCC increases by 4.1 GPa, which leads to a gap (hys-
teresis) between the heating and cooling curve. This hysteresis closes at 
around 100◦C. It is worth noting, that the elastic moduli before and after 
the HT experiment show comparable values (±1 GPa) for the IMCC and 
its individual components. Therefore, it is assumed that during a single 
heating and cooling cycle no significant irreversible changes occurred in 
the materials. 

In Fig. 4,b the elastic modulus versus temperature is shown for IMCC 
samples which were tested up to 500◦C and different dwell times of 10 
and 60 minutes. A minimum offset in elastic modulus of 1 GPa at 20◦C is 
recognizable and remains almost constant during the entire experiment. 
Overall, the reproducibility of the HT measurement is quite good. Both 
graphs show the same curve progression. The increase of the elastic 
modulus at maximum test temperature and during the dwell time differs 
slightly for the investigated samples. The elastic modulus increased by 
4.1 GPa for 10 minutes dwell time and by 5.6 GPa for 60 minutes dwell 
time. After the HT cycle the elastic modulus is comparable to the initial 
value but shows a slight reduction (< 0.6 GPa). 

Fig. 5 shows cyclic measurement for the IMCC up to different 
maximal temperatures, holding for a dwell time of 10 minutes. The 
heating- and cooling rate was set to 5 K/min. However, the cooling 
power was limited, which led to a lower cooling rate of <5 K/min for 
temperatures <300◦C (see Fig. 5,b). All measured samples show a 
decrease of the elastic modulus with increasing temperature (Fig. 5,a). 
The progression of the heating and cooling curve of the IMCC 260◦C 

Table 1 
Determined stiffness coefficients (with standard deviation of the material), elastic moduli and Poisson’s ratios and anisotropy indices of the Preform, the metal and the 
IMCC. All values are given in GPa (except for ν and Au which have no unit). 

Material C11 C22 C33 C44 C55 C66 C12 C13 C23 E11 E22 E33 Eeff ν Au 

Al2O3-Preform 27.4 
±7.1 

29.0 
±1.84 

29.9 
±2.80 

9.1 
±1.67 

8.7 
±0.19 

8.6 
±0.78 

8.9 
±1.65 

8.4 
±3.62 

9.1 
±8.33 

20.7 
±2.23 

24.3 
±0.35 

22.4 
±1.32 

20.6 
±1.71 

0.27 
±0.02 

0.23 
±0.18 

AlSi10Mg 113.5 
±0.36 

113.3 
±4.91 

113.3 
±1.06 

29.7 
±1.22 

28.7 
±0.40 

29.3 
±1.29 

52.4 
±2.32 

54.7 
±0.73 

49.3 
±0.96 

76.6 
±0.22 

76.4 
±0.67 

76.8 
±0.89 

78.2 
±1.49 

0.32 
±0.004 

0.01 
±0.003 

IMCC 146.9 
±2.44 

144.2 
±3.12 

140.9±6.15 42.8 
±2.66 

43.3 
±2.33 

42.6 
±1.48 

77.2 
±7.12 

72.7 
±9.48 

73.6 
±2.66 

110.9 
±4.76 

110.2 
±4.99 

110.2 
±6.20 

103.9 
±5.23 

0.32 
±0.01 

0.09 
±0.06 

Table 2 
Elastic properties of the IMCC, AlSi10Mg and Al2O3 foam samples measured 
with the RFDA at room temperature. 

Sample Flexural 
Frequency 
[Hz] 

Torsional 
Frequency 
[Hz] 

E- 
Modulus 
[GPa] 

G- 
Modulus 
[GPa] 

Poisson’s 
ratio 

IMCC-1 7293 24719 109.0 ±
5.5 

42.7 ±
0.9 

0.276 

IMCC-2 3040 12198 110.7 ±
3.9 

43.2 ±
0.6 

0.281 

AlSi10Mg 5314 17266 78.9 ±
4.2 

29.8 ±
0.7 

0.324 

Al2O3 
foam 

3445 10938 12.3 ±
1.9 

4.7 ± 0.3 0.309 
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sample is nearly the same. Starting with the IMCC 285◦C sample, a small 
hysteresis effect can be observed. The elastic modulus increases slightly 
after reaching Tmax. Samples IMCC 360◦C and IMCC 460◦C also show the 
hysteresis effect in a more pronounced form. After the 10 min dwell 
time, the elastic modulus increases further with decreasing test tem-
perature for all samples. In the range of 100 to 140◦C, the cooling curves 
crosses the heating curves. From then on, the elastic modulus of the 
cooling curve shows lower values than during heating. The elastic 
modulus at the beginning and the end of the high temperature experi-
ment is comparable but tends to show a slight decrease <1 GPa. As 
mentioned above, the HT experiments are comparative measurements of 
the same specimen, therefore also smaller differences in the elastic 
constants (smaller than the standard deviation) can be considered. 

The results of the quenching experiments (described in chapter 2.3) 
are presented in table 3. The elastic properties of the IMCC were 
measured with the RFDA at RT before (-1) and after (-2) the quenching 
with compressed air (IMCC-Air) or silicone oil (IMCC-Oil). The idea of 
the quenching test was to check, if the increase in elastic modulus 
observed at 500◦C and a dwell time of 60 min (see Fig. 4,b) by 
quenching, leads to a permanent change in the elastic modulus at RT. 

The expectation of freezing the state that exists at high temperature, 
which would result in a higher elastic modulus at RT, is not met. 
Quenching with compressed air revealed a slight reduction by 1.2 GPa in 
elastic modulus and by 0.4 GPa in shear modulus. The IMCC-Oil sample 

Fig. 4. Elastic modulus versus temperature in the range from RT to 500◦C using the RFDA. a) Comparison of the IMCC and its components with a dwell time of 10 
minutes. b) Comparison of the IMCC measured at different dwell times of 10 and 60 minutes. Arrows indicate the heating (red) and cooling (blue) curves. 

Fig. 5. a) Comparison of the IMCC elastic modulus measured in different temperature ranges with a dwell time of 10 minutes using the RFDA. b) Corresponding 
temperature curves. Arrows indicate the heating (red) and cooling (blue) curves. 

Table 3 
Elastic properties of the IMCC sample measured with the RFDA at RT before (-1) 
and after (-2) quenching experiment with compressed air or silicone oil. 

Sample Flexural 
Frequency 
[Hz] 

Torsional 
Frequency 
[Hz] 

E- 
Modulus 
[GPa] 

G- 
Modulus 
[GPa] 

Poisson’s 
ratio 

IMCC-Air- 
1 

7379 25008 111.6 ±
6.0 

43.7 ±
0.9 

0.277 

IMCC-Air- 
2 

7340 24875 110.4 ±
6.0 

43.3 ±
0.9 

0.275 

Difference 39 133 1.2 0.4 
IMCC-Oil- 

1 
7348 24898 110.6 ±

6.0 
43.3 ±
0.9 

0.277 

IMCC-Oil- 
2 

7298 24748 109.1 ±
6.0 

42.8 ±
0.9 

0.275 

Difference 50 150 1.5 0.5 

                    



                                

7

shows a comparable reduction in elastic modulus by 1.5 GPa and shear 
modulus by 0.5 GPa. 

3.3. Dilatometry 

As previous results have shown in literature, dilatometry experi-
ments at single interpenetrating composites and their components were 
investigated. To focus on the ongoing phenomena during heating and 
cooling, the development of the curve with increasing maximum tem-
perature (Tmax) in comparison to the RFDA results is the key point of the 
investigation. Nevertheless, the microstructure and processing tech-
nique of the here investigated ceramic preform and IMCC is unique, and 
the used metal alloy differs from other investigations, where pure 
aluminum [11,28] or Al12Si [29] was used. Therefore, a comparison of 
the dilatometry results for the IMCC and its components is given in 
Fig. 6. 

When comparing the ceramic preform, the AlSi10Mg alloy and the 
IMCC, the ceramic foam has the lowest CTE of about 6.3⋅10–6 1/K, 
slightly increasing over the whole range of tested temperatures up to 
8.5⋅10–6 1/K. The metallic CTE ranges from 2.17 to 2.67⋅10–5 1/K and 
decreases from ca. 350◦C on down to 2.39⋅10–5 1/K. The IMCCs CTE 
increases up to 240◦C from 1.4 to 1.8⋅10–5 1/K and decreases down to 
7.3⋅10–6 1/K, for temperatures above 450◦C. At this temperature, the 
CTE of the IMCC falls below the CTE of the ceramic preform, which will 
be discussed below. Cooling curves for the ceramic preform are identical 
to the heating curves. For the AlSi10Mg alloy, the curve also shows good 
agreement between heating and cooling, as the standard deviation of 
heating and cooling overlap up to temperatures above 420◦C. The 
cooling curve of the IMCC differs strongly from the heating curve. For 
cooling, the CTE increases above 1.7⋅10–5 1/K first, decreases to a local 
minimum of 1.3⋅10–5 1/K at 310◦C, increases again up to 1.6⋅10–5 1/K in 
a local maximum and finally reaches values close to 1.2⋅10–5 1/K below 
100◦C. 

For the closer understanding of the phenomena of the composite and 
the difference in heating and cooling curve for CTE for different tem-
peratures, the resulting CTE curves for different maximum temperatures 
are shown in Fig. 7. Heating curves for each Tmax and each sample are 
shown in warm colors (red and brown), cooling in cold colors (blue and 
purple). As it can be seen in the figure, heating and cooling align well for 
low Tmax. With increasing maximum temperature, they begin to differ. 
For Tmax > 310◦C the heating curve cuts across the cooling curve at high 
temperatures. The phenomenon becomes extreme for higher Tmax and 

the cooling curve starts to change its behavior, as it can be seen between 
the cooling curve of Tmax = 360 and Tmax = 500◦C. 

4. Discussion 

4.1. Determination of elastic constants 

For room temperature, the elastic modulus measurements show very 
good agreement between ultrasonic phase spectroscopy and resonant 
frequency damping analysis for the IMCC and the AlSi10Mg alloy. Also, 
the low anisotropy index shows that almost perfect isotropy (anisotropy 
index = 0) is detected. In comparison to previous studies with smaller 
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samples and slightly differing processing parameters, the values show 
small difference in the range of less than 5 % [30].The values of the 
ceramic preform differ in a higher range. The scattering of the stiffness 
and elastic modulus in between the samples brings up the big anisotropy 
index. A deviation is visible in the numerical modelling of the elastic 
modulus in comparison to the measured values via UPS in Horny et al. 
[30]. The difference between the methods UPS and RFDA lay in the same 
range. Reasons can be found in the high damping property of the highly 
open porous ceramic foam, which leads to resonance and high absorp-
tion and therefore to a strongly noisy signal, which makes evaluation 
difficult. Due to the frequency sweep carried out in the UPS method, 
these resonant frequencies can be compensated in a certain range, 
nevertheless, the determination of the slope was difficult for the ceramic 
foam. Next to this, local differences in the microstructure, invisible 
pre-damage in the samples during the preparation and transport can be 
further reason for minor difference. The very high isotropy of the IMCC 
also underlines the high isotropy of the ceramic foam, as the signal in the 
composite is way easier to measure, and no significant anisotropic in-
fluence arose through the ceramic preform (compare Roy et al. for the 
influence of the preform on the elastic anisotropy in their composite 
[29]). As the comparison to the data sheet (cf. [53,54]) shows, usually a 
range of elastic modulus of about 5 - 10 % is observed, which shows, that 
the exact determination of the elastic properties, even in an industrial 
and reproducible process, shows deviations in the range of the here 
measured material. Therefore, the frequency based approach with UPS 
and RFDA show both reproducible and precise results, compared with 
other determination methods for elastic constants (cf. [47,55]). 

4.2. RFDA 

In the HT measurements the metal and ceramic foam do not show a 
significant difference between the heating and cooling curve (hystere-
sis). Therefore, the individual components of the IMCC (AlSi10Mg and 
ceramic foam) are not considered for the hysteresis phenomena. A 
hysteresis is only observed for the IMCC. After reaching the dwell time at 
maximal test temperature the elastic modulus of the IMCC starts to in-
crease. This strengthening effect is observed for test temperatures of 
285, 360, 460 and 500◦C, except 260◦C (Fig. 5,a) and is more pro-
nounced for higher test temperatures (360, 460 and 500◦C). A signifi-
cant dependence on the dwell time at 500◦C is not found (see Fig. 4,b). 
However, further experiments are required to prove if a longer dwell 
time at test temperatures of 285 or 360◦C would lead to a stronger 
hysteresis effect. Beside the increase in elastic modulus during the dwell 
time, we assume an additional increase or decrease in elastic modulus 
during heating or cooling, respectively. However, these effects are 
barely visible in the measurement curves due to the superposition with 
the temperature-dependent increase or decrease of the elastic modulus. 
Therefore, the effect is explained schematically in Fig. 8. The total 
heating and cooling curve of the elastic measurement (Etotal) can be split 
into a thermal part (Ethermal), based on the physical expansion of ho-
mogeneous materials, and a hysteresis part (Ehysteresis), which becomes 
evident from the difference between the total elastic curve and the 

thermal weakening with increasing temperature. 
Two possible explanations for the hysteresis behavior are given by 

Skirl [11]. According to the first explanation pores are formed during 
cooling by exceeding the cavitation stress. These pores close again 
during heating due to the expansion of the metal. The pores result in a 
volume difference, which in turn causes stress and thus the hysteresis. 
Balch et al. [28] also attributed the hysteresis behavior of the coefficient 
of thermal expansion (CTE) to the presence of micro voids at the met-
al/ceramic interface. Skirls second explanation describes that during 
heating and cooling, an intrusion/extrusion process takes place, in 
which the metallic phase flows to the surface and back into the sample 
through channels. This process requires tensile stress during cooling and 
compressive stress during heating in the metal phase. The hysteresis is 
induced by the reversal of the stress. Also, a combination of both pro-
cesses is possible (cf. Skirl et al. [11] and Hoffman et al. [20]). The 
second explanation by Skirl might not be so relevant for the here 
investigated IMCC, due to the residual porosity and a significant dif-
ference in the metal/ceramic content of the composite (metal content of 
Skirl 13-40 % versus 74 % in the IMCC). In addition, the very fine-pored 
ceramic foam used here creates a kind of throttling effect, which is why 
very high pressures would presumably be required for plastic flow of the 
metal phase. By comparison, 60 bar is already required for complete 
infiltration of the ceramic preform at a significantly higher temperature 
of 700◦C, with the molten metal phase. Castillo-Hernandez et al. 
investigated Mg2Si, Mg2Sn and their solid solutions in RFDA HT mea-
surements and also found a hysteresis for the elastic modulus. The au-
thors attributed the hysteresis behavior to a microcrack healing process 
that occurs at HT and a re-opening of the cracks in the cooling phase due 
to thermal stress [55]. 

Repeated measurements of the IMCC at HT revealed a decrease of the 
elastic modulus at RT. Roy et al. attribute the lower elastic modulus to a 
decrease of internal stress in the composite due to the HT treatment 
[29]. Another point of view might be, that the lower elastic modulus 
indicates an increasing damage (defect accumulation) of the specimen 
by thermal cycling. This assumption is consistent with the description by 
Delannay, that thermal cycling in metallic composites can lead to 
deformation or degradation of the composite properties as a result of 
damage accumulation [27]. Further experiments are required to clarify 
these observations. However, this publication focuses on the explana-
tion of the hysteresis behavior, therefore no further experiments 
regarding a possible damage due to thermal cycling and the underlying 
damage mechanism were performed at this point. 

The quenching experiments with compressed air and silicone oil did 
not result in a higher elastic modulus at room temperature. The condi-
tion at HT with the increased elastic modulus (hysteresis) cannot be kept 
frozen with the applied methods. Instead, the quenching resulted in a 
small decrease in elastic modulus at room temperature. It can be 
assumed that the rapid cooling due to the highly different CTE’s resulted 
in internal stress probably causing microcracks in the composite struc-
ture. This is more in line with Delannay since the above-mentioned 
reduction of internal stress due to quenching is unlikely. 

Fig. 8. Schematic behavior of the elastic modulus E over the temperature T, from temperature dependency (left), hysteresis part (center) and the resulting 
curve (right). 

                    



                                

9

4.3. Dilatometry 

In comparison to literature, the curve of the alloy differs from the 
results of Jiang, et al. [56], as they measure CTEs for the AlSi10Mg alloy 
between 1.3 and 3.7⋅10–5 1/K, with a strong slope up to 250◦C and 
decrease to 3.5⋅10–5 1/K at 350◦C. Better agreement of the data is found 
with Gumbleton et al. [57] for their measured range up to 450 K (ca. 
175◦C). This is confirmed in the data sheet, where a range of 2 to 
2.4⋅10–5 1/K is given (e.g. [53]) and justifies the correct and precise 
measurement, regarding DIN 51045:20 05-08 [51]. 

The CTE of the composite at RT is around 1.4⋅10–5 1/K. In compar-
ison to the rule of mixture, calculated from the ceramic foam and the 
alloy, a value of 1.8⋅10–5 1/K should be reached. When comparing the 
experimental value with the rule of mixture of the metallic alloy and an 
alumina bulk material [53], the tested IMCC still shows a lower value. 
Explanation can be found in the interpenetrating structure, as the 
expansion of the metallic phase is restricted by the ceramic. Next to this, 
the internal tensile stress in the metallic phase, as described by Delannay 
[27], can also reduce the expansion of the aluminum alloy. As the inner 
stress in the metallic phase decreases with increasing temperature, the 
limited expansion is reduced and the CTE is increasing. It reaches a 
maximum at ca. 240◦C, before it starts to decrease. At this temperature, 
0.6 times of the absolute melting temperature is exceeded (237◦C for 
577◦C of the melting temperature of the eutectic composition) and 
thermal activated self-diffusion in the metallic phase becomes dominant 
[58]. The declining slope in the curve below this temperature can be 
explained by the fact that (internal) stress reduces the creep onset locally 
[59] (stress over E-module vs temperature over melting temperature 
diagram). 

Compared with the stepwise increased Tmax (see Fig. 7), the phe-
nomena of a revealing hysteresis between heating and cooling sets in 
between 260 and 285◦C, where the CTE reaches a plateau around the 
maximum. For elevated temperatures, but clearly higher temperatures 
than the IMCC (ca. 350◦C), the CTE of the AlSi10Mg alloy also reaches a 
plateau and starts to decrease. The earlier decrease in the CTE for the 
IMCC can be explained by the above-mentioned inner stress in the 
metallic phase, built up during manufacturing from liquid metal phase 
and reversed in each cooling cycle, as the interpenetrating ceramic 
phase surrounds the metallic phase. For temperatures above 360◦C, the 
heating and cooling curves not only split up, but the cooling behavior 
shows a significant change. Furthermore, a hysteresis is revealed in the 
CTE curve, caused by creep, as it can be seen in Fig. 7. 

On microstructural level, but below the resolution of visibility 
(compare Prielipp et al. [60], who carried out TEM investigation, but 
could not see the expected occurring porosity of 0.5 to 2.9 ‰, as stated in 
Skirl et al. [11]), the decrease of microporosity by expansion of the 
metallic phase into the voids decreases the thermal expansion [28]. As 
Balch et al. stated, from a very small porosity content on or even by 
interfacial debonding, the CTE is lowered in an IMCC. Both, interfacial 
detachments and residual porosity could be found in the IMCC, as pre-
vious studies have shown [30,31,33]. Close to 400◦C, the metallic phase 
lost its strength by further softening and the ceramic phase clearly 
dominates the CTE in the composite. The finally reached value (below 
the CTE of the ceramic preform) can be explained by the transverse 
strain inhibition of the metallic phase for the ceramic struts. This leads, 
in comparison to the empty pores in the ceramic foam, to a further re-
striction in expansion. The CTE of the composite reaches values of dense 
alumina bulks, in the range of 7⋅10–6 1/K [53]. 

For cooling, contrary effects to those during heating take place. The 
softened metallic phase, fully bond to the ceramic with closed interfacial 
detachment, builds up inner tensile stress and increases the CTE during 
cooling. Depending on the chosen Tmax, values at a maximum of 2⋅10–5 

1/K are reached, lying far above the heating curve. Reversal interfacial 
detachment and increasing microporosity stepwise decrease the sudden 
increased CTE of the cooling curve. The higher Tmax, the higher values 
are reached by the CTE, as the difference in the phenomena of inner 

stress and occurring porosity increases. At about 200◦C, the heating and 
cooling curve cross each other for Tmax up to 360◦C. Below this, the CTE 
of the cooling is below the one of the heating curve. For Tmax = 500◦C, 
the cooling curve lies below the heating curve from 350◦C on, but has a 
local maximum at 200◦C. The value of the maximum is equal with the 
room temperature CTE of the heating curve. A clear explanation for this 
phenomenon could not be found yet. 

Due to the interpenetrating structure of the composite, it has to be 
assumed, that inner material damage occurs over the cycles, as the inner 
stress would lead to hydrostatic stress and cannot be compensated by the 
aluminum phases alone (compare Skirl et al. [11] with their theory of 
intrusion/extrusion of aluminum). As plastic deformation can only take 
place in the metallic phase, damage in the ceramic phase is expected for 
a higher number of cycles. 

4.4. Influence of the processes in the material on the thermal expansion 
coefficient and the elastic properties at elevated temperature 

As discussed in chapter 4.2 and 4.3, a temperature dependent cor-
relation of both, the elastic properties and the thermal expansion coef-
ficient could be investigated for interpenetrating metal ceramic 
composites. The hysteresis behavior occurs above a certain temperature. 
For the investigated IMCC this temperature lies between 260 and 285◦C. 
This is relevant for component dimensioning and use in elevated tem-
perature environments, where a change in the behavior must be 
considered. 

As the discussion of the results and comparison to literature shows, 
the complex microstructure and the interaction of the phases plays a key 
role for the investigated phenomena. Residual stress in the material, 
their decrease in the metal phase with increasing temperature, the onset 
of creep and plasticity associated with changes in porosity, interface 
detachment and defects influence the investigated properties. 

Roy et al. [29] stated for the investigation of anisotropic inter-
penetrating phase composites, that there is a correlation between the 
elastic modulus and the thermal expansion. With a look at the exami-
nations made, we can extend this correlation, as the investigations show 
a direct connection of the effects, occurring in the elastic properties 
under elevated temperatures and in the thermal expansion experiments 
in general. 

Studies on the internal stress in IMCCs have already proven the 
complex interaction inside the interpenetrating composite and the load- 
transfer at room temperature under load (cf. [21,23]). As this study 
shows (in comparison to studies with higher ceramic contents [11,20, 
28]), the material combination and phase ratio influences the thermal 
expansion, the domination of the two phases and different mechanisms. 
For high temperatures (well above 0.6 times of the absolute liquidus 
temperature of the metallic phase) the ceramic phase dominates the 
composite and restricts the thermal expansion. 

Skirl et al. [11] stated the dominance of the ceramic phase for the 
thermal behavior of the composite for high ceramic contents above 75 
vol.-%. For lower ceramic contents the major influence in both investi-
gated hysteresis phenomena has to be attributed to the metal phase and 
the interaction at the interface, next to porosity and initial defects in the 
material. 

5. Conclusion 

Different conclusions can be made regarding the thermal expansion 
behavior and the elastic properties at elevated temperatures: 

- A hysteresis effect occurs for the investigated IMCC above 260◦C in 
thermal expansion as well as in the elastic properties. By experi-
mental investigation a schematic description of the phenomena 
could be derived, differentiating between a thermal and a hysteresis 
component. The hysteresis component includes porosity, surface 
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detachment and defect effects, as well as softening of the metal phase 
by creep, plasticity and changes of the internal stress distribution. 

- Unexpected at first sight, the increasing CTE of the IMCC drops from 
above 300◦C strongly to a minimum value of 7⋅10–6 1/K, below the 
ceramic foam. Closer comparison showed, the CTE of the IMCC drops 
to the value of the ceramic bulk material and microstructural ex-
planations are elaborated 

- The cooling curve of the CTE changes its behavior strongly for 360◦C 
< Tmax < 500◦C, due to the above-mentioned effects within the 
metallic phase. 

- The elastic modulus increases for the cooling curve above 260◦C, but 
is – within the framework of the findings made – not dependent on 
dwell time at the maximum temperature. 

- The properties of the changed elastic modulus at high temperatures 
cannot be conserved to room temperature by quenching the sample, 
as the elastic modulus always returns to its initial value. 

6. Outlook 

In the RFDA experiments a temperature dependence of the hysteresis 
behavior was found for the IMCC. A significant time dependence of the 
hysteresis for the tests at 500◦C was not found. Further experiments 
need to be carried out to investigate, if a longer dwell time at lower 
temperature would lead to a stronger hysteresis, which would point to a 
diffusion-controlled process. 

Further investigation needs to be done with regard to a possible 
damage accumulation in the IMCC which might occur due to thermal 
cycling or the quenching experiments. This might also contribute to the 
hysteresis component and needs detailed examination. The change in 
cooling curve behavior of the CTE between 360 and 500◦C could be 
narrowed down by further experiments at temperatures in between. 
These could also help to explain the phenomena in the CTE cooling 
curve with Tmax = 500◦C occurring around 200◦C. 
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