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Abstract

The determination of elastic properties at application temperature is fundamental for
the design of fibre reinforced ceramic composite components. An attractive method
to characterize the flexural modulus at room and high temperature under specific
atmosphere is the nondestructive Resonant Frequency Damping Analysis (RFDA).
The objective of this paper was to evaluate and validate the modulus measurement
via RFDA for orthotropic C/C-SiC composites at the application temperature. At
room temperature flexural moduli of C/C-SiC with 0/90° reinforcement were meas-
ured under quasi-static 4-point bending loads and compared with dynamic moduli
measured via RFDA longitudinally to fibre direction. The dynamic modulus of C/C-
SiC was then measured via RFDA up to 1250°C under flowing inert gas and showed
an increase with temperature which fitted with literature values. The measured fun-
damental frequencies were finally compared to those resulting from numerical modal
analyses. Dynamic and quasi-static flexural moduli are comparable and the numeri-
cal analyses proved that bending modes are correctly modeled by means of dynamic
modulus measured via RFDA. The nondestructive RFDA as well as the numerical
modeling approach are suitable for evaluation of C/C-SiC and may be transferred to

other fibre reinforced ceramic composite materials.
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Resonant Frequency Damping Analysis

was already studied by Weglewsky et al. on metal-ceramic
composites.1 This study could prove both discrepancies be-

The design of fiber reinforced ceramic composite materials
requires an accurate assessment of thermo-mechanical prop-
erties in the temperature range of application. Conventionally,
tensile tests and bending tests are coupled at low and elevated
temperature to determine the elastic behavior of the material
under quasi-static conditions and to estimate the flexural mod-
ulus of the tested sample. The comparison of elastic properties
assessed through destructive and nondestructive measurement
techniques as well as micro-CT based computational modeling

tween the results obtained through destructive (3-point bending
test) and nondestructive (amongst others Resonant Frequency
Damping Analysis [RFDA]) techniques of measurement, and
the similar elastic properties between RFDA measurements
and the micro-CT based computational modeling.

Since the 1950s, dynamic procedures for flexural mod-
ulus assessment have been appreciated as nondestructive
approach of elastic property determination.* The measure-
ment techniques are based on the treatment of the acoustic
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signal emitted by the specimen due to slight mechanical ex-
citation. The emitted resonant frequency strongly depends
on the stiffness of the material. According to the nature of
sample excitation or acoustic signal acquisition, different
techniques of measurements can provide a trustful assess-
ment of elastic properties. RFDA is particularly valued for
very fast acquisition and processing and moreover for the
accurate estimation of flexural modulus, shear modulus, and
Poisson's ratio.*> This measurement technique is based on
the treatment of the resulting acoustic signal after mechani-
cal excitation of the sample with the help of a light mechan-
ical impulse.5 6

In order to enhance numerical modeling via Finite Element
Method (FEM), the consideration of the flexural modulus of
the developed material sample at application temperature
is even more profitable. Therefore, RFDA turns out to be a
beneficial experimental procedure as both, room temperature
and high temperature measurements can be performed under
specific atmospheric conditions.”

Ceramic matrix composites (CMC) combine the advan-
tages of high thermal shock resistance as well as damage
tolerance tailored by the fibre architecture and an appropri-
ate fibre-matrix interface. Their lower density compared to
metallic alloy used for high temperature application is also
a key advantage. Since the middle 1980s, DLR has been de-
veloping a cost-efficient production route for CMC materi-
als based on Liquid Silicon infiltration (LSD®*The resulting
C/C-SiC composites allow thin-walled, complex components
for example, for aerospace applications as well as thick plates
for example, for brake discs. !0

Conventionally the flexural modulus of the C/C-SiC
materials is experimentally characterized via quasi-static
bending tests. At high temperatures the mechanical tests
must be performed in inert atmosphere in order to prevent
oxidation'® Some typical flexural properties of C/C-SiC
materials are given in.3!""¥Mechanical testing requires at
least 5 specimens and application of strain gauges for mea-
suring flexural modulus according to DIN EN standard. At
high temperatures—the main application field for C/C-SiC
materials—the complex flexural modulus estimation can be
done with the help of high temperature strain gauges, laser or
mechanical extensometer and cross head displacement eval-
uation. Therefore publications about flexural modulus char-
acterization via quasi-static method at high temperatures are
rare 8161921

Different to quasi-static mechanical testing the RFDA
method by IMCE (Integrated Material Control Engineering,
Belgium) applied at the Institute of Mineral Engineering of
the RWTH Aachen is of great advantage for analyzing the
flexural modulus at high temperatures. With densities of
about 1.9-2.0 g/cm3 C/C-SiC composites8 are suitable for
the RFDA method as these densities allow a local impulse

excitation with low damping and without a global shift of the
sample. Maile et al. measured the flexural modulus of one
C/C-SiC material (0/90°) via RFDA at room temperature and
reported only a graphical information'® The present work is
filling this gap with detailed RFDA evaluation at room and
high temperature.

Wanner et al. determined the flexural modulus of rein-
forced C/C composites at different temperatures via resonant
beam technique22 Nevertheless, the correlation between the
material properties and the eigenfrequency was not reported.
With the help of numerical analyses, this dependency is
quantified in this paper.

The objective of this paper is to evaluate and validate
the flexural modulus measurement method via RFDA for
orthotropic C/C-SiC composites at the application tem-
perature. Flexural moduli under 4-point bending load of
C/C-SiC were characterized at room temperature via RFDA
and via quasi-static testing. The dynamic modulus of the
C/C-SiC material was also characterized up to 1250°C via
RFDA in argon atmosphere and compared to literature val-
ues. The first bending mode was then numerically analyzed
and the frequencies resulting from finite element analyses
were compared to those measured experimentally via the
RFDA method.

For simplification reason in this paper the flexural modu-
lus is called modulus.

2 | MATERIALS, EXPERIMENTAL
METHODS, AND NUMERICAL
ANALYSIS

2.1 | C/C-SiC material

For the manufacturing of C/C-SiC material, stacked sized
Tenax® HTA prepregs (type 40/200 tex, 3k, style 462 Ko
2/2, woven fabrics 0/90° of carbon fibres with a JK60 phe-
nolic resin) were cured under vacuum and consolidated in an
autoclave. The green body was then pyrolysed under inert
atmosphere; a C/C porous preform was created. Finally LSI
led to the orthotropic C/C-SiC composite. A typical fea-
ture of the microstructure is a block formation of C/C sur-
rounded by SiSiC layers. This allows block fibre pull-out
effects under mechanical loading, and thus a high damage
tolerance.

All specimens characterized via RFDA and quasi-static
bending testing method were machined from one single
plate called PH2110. At room temperature fewer specimen
are required for RFDA compared to the quasi-static testing:
since the standard test method for dynamic modulus ASTM
C1548-02 does not provide any information about the mini-
mum number samples, the authors decided to test 3 specimens
as specified by the standard DIN EN 843-2 for monolithic
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ceramics. The specimens 1-3 were firstly experimentally an-
alyzed via nondestructive RFDA method and then tested in
quasi-static 4-point bending mode at room temperature. The
specimens 4 and 6 were analyzed via RFDA technique up
to temperature of respectively 900°C and 1250°C in argon
atmosphere. At high temperature the testing methodology is
evaluated on 2 different specimen geometries, no statistical
evaluation will be done. Open porosities and densities of
C/C-SiC were measured by Archimedes method according to
DIN EN 993-1. The specimen dimensions, weights, open po-
rosities and densities are listed in Table 1. The density values
listed in this table are used for the estimation of the dynamic
moduli via RFDA as well as material input data for the nu-
merical analyses.

The coefficient of thermal expansion (CTE) of the
sample, required for the RFDA at high temperatures, was
measured along fiber direction following the standard
DIN EN 1159-1. For numerical analysis the transverse
CTE is also required; values at 100°C and 1500°C are
found in’ The longitudinal and transverse CTE values are
described within the numerical model description chapter
(Figure 3).

TECHNOLOGY

2.2 | Experimental methods

221 |

In a first part of the study, RFDA was performed at room
temperature to measure the flexural modulus of C/C-SiC
materials. Three samples were measured to estimate a rep-
resentative mean value or possible scatter of the moduli. The
dynamic modulus of each sample was determined through
RFDA according to ASTM C1548-02 with help of an IMCE
(Belgium) testing device (RFDA system 23).

Once the specimen was positioned on the sample holder
as shown on Figure 1, it was excited by a slight mechanical
impulse in the middle of its lower surface. The acoustic re-
sponse was sensed by a microphone and processed accord-
ing to the frequency and attenuation rate detection. A Fast
Fourier Transformation was carried out by the corresponding
software and a corresponding graph was created based on the
amplitude of the measured frequencies. Every frequency that
exceeds an adjustable threshold value is taken into account
for the calculation of the elastic properties.

RFDA at room temperature

TABLE 1 Sample properties, open porosity and densities of the characterised C/C-SiC
Dimensions

Specimen Length Width Thickness Weight Open porosity Density
Plate name number [mm] [mm] [mm)] [e] [Vol.%] [g/cm3]
PH2110 1 150.1 24.8 3.0 20.9¢ 0.9* 1.90*

2 25.1 3.1 21.1° 1.91*

3 25.2 3.1 21.3° 1.91*

4 25.0 3.1 21.0° — 1.81°

6 76.4 33.2 3.1 14.2¢ — 1.81°

#Open porosity and bulk density measured by Archimedes method (DIN EN 993-1).

Geometric density (room temperature weight over volume).
“Dried weight.
YWeight measured at room temperature and room humidity.

Microphone

Sample
Support ?
wires
FIGURE 1 RFDA facility for room
temperature investigation. RFDA, Resonant
Frequency Damping Analysis Mechanical

actuator |
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For samples with square cross-sections excited at the flex-
ural mode of vibration, the dynamic flexural modulus (E) is
calculated using the following equation:

m-j;z l 3
E=o.9465.<7>.(z) T (1)

The parameter m is the weight of the specimen (g), f; is
the flexural resonant frequency of the specimen (Hz), & is the
specimen thickness in excitation direction, [ is the specimen
length, b is the specimen width (mm) and 7 is a geometrical
correction factor that depends on the aspect ratio of the spec-
imen (depending on / and /) and on the Poisson's ratio (sup-
posed to equal to 0.20 in this study for each specimen). Three
measurements were carried out on each sample to control the
reproducibility of the measurement and to provide represen-
tative mean value of modulus.

For comparison of the results, the geometric setup was
kept constant. The node distance was set depending on the
sample length (0.224 X length of the edge of the sample) to
impose the mechanical boundary condition for unaffected as-
sessment of the flexural resonant frequency. The distance be-
tween the microphone and the samples was kept to 5 mm. The
excitation was delivered with help of an automatic hammer.
To avoid any undesirable effects and to minimize eventual
nonlinearity acoustic response, the intensity of the impulse
excitation was kept constant®

2.2.2 | RFDA at high temperatures

In a second part of the study, RFDA measurements were
carried out at elevated temperatures up to 1250°C accord-
ing to the same standard ASTM C1548-02 with a testing
device also developed by IMCE (Belgium), RFDA HT1750
illustrated on Figure 2. This device combines the meas-
urement principle previously described under room tem-
perature conditions with a heating furnace up to maximum
temperature 1750°C. RFDA measurements were performed
on the C/C-SiC materials up to 1250°C with a heating and
cooling rate of 5 K/min. In order to achieve a suitable tem-
perature profile, the measurements were performed each
30 seconds. In order to limit the sample damaging through
oxidation during the test, the experiment was carried out
while the furnace chamber was purged with argon.

The dynamic modulus was corrected according to the fol-
lowing equation by taking into consideration the CTE:

g—p, (1 2.(;) )
T77REN for 1+a.AT

Parameters E; and Ejg; respectively represent the flex-
ural modulus of the material at temperature 7" and room

temperature RT (GPa). Parameters f; and fp are the flexural
resonant frequencies of the material at temperature 7 and
room temperature RT (Hz), respectively. The coefficient a
corresponds to the CTE of the specimen (K™") in the tem-
perature range AT =T — RT (K).

2.2.3 | Four-point bending test at room
temperature

Four-point bending tests according to DIN EN 658-3 were
carried out at room temperature on C/C-SiC samples in a
Zwick 1494 testing facility. For the quasi-static tests, longitudi-
nal strain gauges were glued on the middle of the tensile loaded
face of each sample. The test provides the flexural modulus, the
flexural strength and the flexural failure strain for C/C-SiC spec-
imen 1-3. Specimen dimensions are listed in Table 1.

2.3 | Numerical modal analysis: model
description

All the orthotropic C/C-SiC samples experimentally charac-
terized via RFDA were numerically modeled with the help
of the commercial FEM software ANSYS. The first bending
mode of each sample was studied via a modal analysis. The
resulting eigenfrequency was then compared to the frequency
measured experimentally via RFDA method.

The samples were considered as perfect rectangular
cuboid and built up on the measured averaged dimensions
listed in Table 1. The blocks were homogeneously meshed
with quadratic 20-node elements. The mesh size was chosen
so that the thickness of each sample was divided into 4 ele-
ments; this was precise enough for modeling the first bending
mode. The z direction is defined as the out-of-plane direc-
tion, the x direction is the length direction of the sample and
the y direction is the width direction.

Contrary to the RFDA method, an inverse approach has
to be conducted here: the in-plane dynamic modulus de-
termined via RFDA Equation (1) was used as input for the
numerical analysis. The fundamental frequencies of the first
bending modes were then numerically estimated via modal
analysis and compared to experimental frequencies.

The C/C-SiC material was defined as linear elastic with
orthotropic properties. The density p, the longitudinal dy-
namic moduli E, and E, (RFDA) as well as the in-plane lon-
gitudinal CTE were e){perimentally measured in this study.
The unknown mechanical material properties at room tem-
perature were defined via literature values'’ or hypothetical
values at elevated temperature.

For both C/C-SiC samples modeled at elevated tem-
peratures, the modulus evaluated via RFDA (consider-
ing thermal correction via equation [2]) as well as the
temperature dependent CTEs were used as material input
properties. The transverse CTE at test temperature is



HONIG Er AL.

Applied |

FIGURE 2 RFDA facility for high
temperature investigation. RFDA, Resonant

Microphone and
thermocouple

Frequency Damping Analysis

Waveguide tube

(inside the oven)

Furnace

Sample
holder

also required for defining the numerical material model;
it is calculated via linear extrapolation based on litera-
ture values. Krenkel’ gives values of the out-of-plane
CTE at 100°C and 1500°C of respectively 2.5.10°/C
and 6.5.10°%/C. Between these temperature points and
for room temperature, a linear extrapolation is done. Out
of the given temperature range, ANSYS sets the near-
est CTE as constant value. The thermal variations of the
other material properties from literature'” were consid-
ered constant over the temperature. The material prop-
erties used in the FEM models are described in Table 2
and Figure 3.

Static structural analyses were firstly performed at
room temperature and in 50 K steps between 200°C and
900°C or 1250°C for specimen 4 or 6 respectively, so
that the thermal expansion was calculated. The applied
load was a constant temperature over the whole sample
with free mechanical boundary conditions. Modal analy-
ses were then performed on each thermal loaded models,
the frequency of the first longitudinal bending mode was
calculated.

Ceramic
TECHNOLOGY

ample

CIC-SiC San
-
L7

A B

SiC Rods Mechanical Oxide
actuator ceramic
holder

A parameter correlation study and a sensitivity analysis
based on specimen 1 were then conducted. The objective was
firstly to identify which material property mainly influences
the fundamental frequency and secondly to quantify the level
of this influence. This helps to evaluate the transfer of the
isotropic based RFDA approach to the orthotropic C/C-SiC
composites. Hajianmaleki showed in** that no simple analyt-
ical approach is available for dynamic analysis of laminate
beams. On the contrary, numerical modeling can provide a
quick overview of the main influencing material parameters.

3 | RESULTS AND DISCUSSION
3.1 | Experimental investigations
3.1.1 | Investigation at room temperature

The dynamic and quasi-static flexural moduli determined ex-
perimentally at room temperature for the C/C-SiC samples
1-3 are presented on Figure 4.

CTE of C/C-SiC
6.0 -
50 | S
40
<
© L
gaor
w 20
= ——CTE long. (experimental)
© 10}
- - -CTE transv. (Krenkel, 2000)
0.0 {/ } t t t } t
1.0
0 200 400 600 800 1000 1200 1400
T [°C]

FIGURE 3 CTE of C/C-SiC used in the FEM models at elevated temperatures. CTE, coefficient of thermal expansion
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TABLE 2 C/C-SiC material properties used in the FEM model (x, y, and z directions correspond respectively to the length, width and
thickness directions of the flexural sample)

G

E.=E, E, G,, - G,, Dy Vi P
C/C-SiC sample p [g/cm3] [GPa] [GPa] [GPa] [GPa] [GPa] [-1 [-1 [-]
1 1.90% RFDA 20° 5.1¢ 6.6° 6.6° 0.01°¢ 0.1¢ 0.1¢
2 1.91° results
3 1.91°
4 1.81°
6 1.81°

“Bulk density measured by Archimedes method (DIN EN 993-1).

"Geometric density (room temperature weight over volume).

“From literature.!”

The average quasi-static modulus is 63 GPa with a stan-
dard deviation of 3 GPa. This is in good agreement with the
longitudinal modulus value of 65 GPa given in the recent lit-
erature'” but higher than the modulus of 47 GPa given in.*®
All samples fail in tensile fracture mode. A typical stress-
strain curve for the 4-point bending tests of the C/C-SiC ma-
terial as well as a picture of the specimens after bending tests
are shown on Figure 5. An almost linear-elastic behavior up
to failure can be observed, which allows to use a linear elastic
model in the numerical analyses.

The average dynamic modulus (RFDA) is 67 GPa with
a standard deviation of 3 GPa. The dynamic modulus fol-
lows the same evolution than that of the quasi-static modu-
lus. However the dynamic modulus always exceeds slightly
the quasi-static modulus. Microcracks in the materials re-
sult in a reduced modulus when measured quasi-statically
due to shear lag effects. The average difference between the
dynamic and quasi-static modulus of each sample is 4 GPa
which is close to the standard deviation of 3 GPa for both,
quasi-static and dynamic modulus. Therefore the modulus

Flexural Modulus (C/C-SiC)

values evaluated via quasi-static and RFDA technique are
considered as comparable.

3.1.2 | Investigations up to 1250°C

Figure 6 shows the moduli measured experimentally at
different temperatures via RFDA and 4-point bending
methods for all C/C-SiC specimens of this study as well as
moduli measured quasi-statically in literature.>%!

The dynamic elastic behavior of the specimen 4 and 6
are measured at temperatures respectively up to 900°C and
1250°C under argon flushing atmosphere. Since slight oxi-
dation happens at the end of the heating cycle which alters
the sample behavior, only the behavior during heating phase
is discussed here. For a better visualisation in Figure 6 only
the averaged modulus is plotted; the scatter is not shown.

Starting from dynamic modulus values at room tempera-
ture of 59 GPa and 64 GPa for specimen 4 and 6 respectively,
which are in agreement with the averaged dynamic modu-
lus 67 GPa of specimen 1-3, the modulus increases with

Four-point bending stress-strain behaviour

100 t t t
ORFDA 250 at room temperature

80 Oquasi-static 4-point bending 2
= I g
o =200

n
f 2
ER 5 — 150
3 c®
3 85
= 40 == 100
- $
-
T 20 f E
o 1 1 L 1
0

Sample names

FIGURE 4 Flexural moduli of C/C-SiC samples measured
via RFDA and 4-point bending tests at room temperature. RFDA,
Resonant Frequency Damping Analysis

0.00 0.10 0.20 0.30 0.40 0.50
Strain [%]
—Sample No. 1

FIGURE 5 Four-point bending test of C/C-SiC specimen at
room temperature: typical stress-strain behavior and typical fracture
surface
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Flexural Modulus versus temperatures (C/C-SiC)

SiC samples measured via RFDA and quasi- 140
static bending tests at different temperatures.
RFDA, Resonant Frequency Damping 120 |
Analysis E 100
e
[
=
S
=]
<]
=
g
3 °
3 40
o
20
0
0

250

-=-Sample No. 4
——Sample No. 6
X Sample No. 1, 2 and 3 (RFDA)
x Sample No. 1, 2 and 3 (quasi-static 4-pt bending)
* Quasi-static bending (Heidenreich, 2008)
¢ Quasi-static 4-pt bending (Hahn, 1997)

elevated temperature up to around 1200°C to achieve a value
of 90 GPa. Since the measurement of sample 4 was only
performed up to 900°C, the modulus only reaches 79 GPa.
From 1200°C up to 1250°C, the modulus decreases. Indeed,
above 1200°C the virtually inert atmosphere through argon
purging (argon gas insertion without vacuum support) was
not sufficient to prevent the nonoxide C/C-SiC material
from oxidation. Figure 7 shows the cut edge microstructure
of specimen 6 after the RFDA measurement up to 1250°C.
Single fibre degradation as well as bundle degradation due to
oxidation can be observed, leading to the modulus decrease.

The averaged quasi-static and dynamic moduli of all
the C/C-SiC samples measured at room temperature in this
study, 63 + 3 GPa and 65 + 4 GPa respectively, are closed.
This indicates that a good reproducibility of the modulus
measurement at room temperature with both methods is

= SiSiC layer

FIGURE 7 Microstructure of cut edge of C/C-SiC specimen
6 after high temperature RFDA measurement up to 1250°C. RFDA,
Resonant Frequency Damping Analysis

500 750

TI[°C]

1000 1250 1500

guaranteed, even though the samples present different ge-
ometries (see Table 1). Geometry variations between the
samples are considered within the calculation of the result-
ing Young's modulus values.

As the dynamic modulus is approximately identical to the
quasi-static 4-point flexural modulus values at room tem-
perature it can be assumed, that the quasi-static modulus will
also increase with rising temperature under inert atmosphere.

The moduli from literature®” are 12-20 GPa lower than
those measured in this study (Figure 6), whereas the moduli
measured in®! approaches the moduli of this study. It should
be noticed, that in references®’
ing procedure is given. In*' Hahn characterised the modulus
with 4-point bending method in vacuum, which is comparable

no information about the test-

sExpansion of C/C blocks—=-SiSiCale
| SiSiC
layer
L 0° fibre
direction
: : Pore
~- closure— \AC|0\SUI'9," : | 90° fibre
direction

FIGURE 8 Microstructure modifications of C/C-SiC during
thermal expansion
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Fundamental frequencies
of the first bending mode (C/C-SiC)

Antinode Nodes

—
Modal —
Form \
Antinode
840
ORFDA
OFEM
830
T 820 |
u
810 |
800
No. 1 No. 2 No. 3

Sample names

FIGURE 9 C/C-SiC: fundamental frequencies estimated via
RFDA technique and numerical modal analyses at room temperature.
RFDA, Resonant Frequency Damping Analysis

to the present experiment. Nevertheless, as measured here a
comparable increase of the flexural modulus along the tem-
perature is observed for C/C-SiC material in.3?

Maier'® measured the tensile and compressive moduli of
C/C-SiC called P2 which is comparable to the material tested
in this work at temperatures up to 1600°C in vacuum. The re-
sults proved that the tensile modulus is constant for tempera-
tures up to about 1350°C. Maier measured also an increase in
the compressive modulus up to temperatures of about 1400°C.

The evolution of the bending, tensile, and compressive
stiffness behavior along the temperature is driven by the
microstructure. The transverse CTE of HTA carbon fibres

increases from 0.107%/C at room temperature to 7.107%/C at
1000°C whereas the longitudinal CTE increases more slowly
from 0.107%/C at room temperature to 1.107%C at 1000°C.%
The CTE of SiC (4.10_6/C) is also higher than the CTE lon-
gitudinal to the fibres.?® Therefore during thermal expansion
under inert atmosphere, the SiSiC layers as well as the C/C
blocks in transverse direction expand faster and more than
the C/C blocks in longitudinal direction. The microcracks in-
side the SiSiC layers and C/C-blocks and transversal to fibre
direction closed then during temperature increase, the ther-
mal expansion is illustrated on Figure 8. This is confirmed
by Wanner et al. who observed increase in flexural modulus
and closure of microcracks in bidirectional carbon/carbon
composites inside C/C-blocks along the temperature.22 The
compressive and flexural properties are dependent on the
fibre Young's modulus and on the matrix stiffness. Due to
pore closing during thermal expansion, the matrix stiffness
increases along the temperature up to about 1350°C, whereas
the fiber modulus remains constant. It results in an increase
of the compressive and flexural moduli of the C/C-SiC mate-
rials. Up to a temperature of approximately 1413°C the resid-
ual silicon is melting and further microstructural mechanisms
occur inducing different mechanical behaviour.'®

3.2 | Numerical modal analysis

3.2.1 | Numerical modal analysis performed
at room temperature

For each sample analyzed via RFDA, the fundamental
frequency of the first bending mode was numerically analyzed.

Frequency of first bending mode versus temperatures

(cIC-SiC)
960 4000
920 1 3750
Z -
i °
% 880 1 3500 =2
g g
4 5
840 1 3250
8a0g : : : : : 3000 FIGURE 10 C/C-SiC: fundamental
0 250 500 750 1000 1250 1500 . . .
TrC] frequencies characterised via RFDA

—=—Sample No. 4, RFDA
-+= Sample No. 4, FEM
——Sample No. 6, RFDA
-=-- Sample No. 6, FEM

technique and resulting from numerical
modal analyses along the temperature.
RFDA, Resonant Frequency Damping
Analysis
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As the C/C-SiC samples are relatively thin (factor length/
thickness of 50), the nodes and antinodes of the first bending
modes are well defined. The representative modal form of the
C/C-SiC sample and the fundamental frequencies determined
experimentally and numerically at room temperature are
shown on Figure 9.

For the numerical model of C/C-SiC, experimental orth-
otropic material properties (Table 2) were used. The differ-
ence between the experimental and numerical fundamental
frequencies reaches a maximal value for the sample 2 and
corresponds to 0.2% of the averaged experimental dynamic
frequencies for this sample. Therefore the Poisson's ratio of
0.2 used in Equation (1) for the RFDA method has a negli-
gible influence on the results and the presented FEM model
at room temperature is realistic for orthotropic C/C-SiC
materials.

(A) Response Surface

f [Hz]
950
- 900
N
=
Y- 850
800
750
700
21
22 &
75 >
Ex [GPa] <&
Response Surface
)]
f [Hz]
850 850
800
800
750 N
I 750
700 %
700
650
650
600
10 600

60
65 5 4 \(,"”\
Ex [GPa] 75 2 o
FIGURE 11 (A) and (B): Response surfaces: evolution of

the first fundamental bending frequency with variation of the most
influencing material properties (E,: bending longitudinal modulus, G,
intralaminar shear modulus, f: eigenfrequency)

3.2.2 | Numerical modal analysis performed
at high temperatures

The C/C-SiC samples 4 and 6 are numerically analyzed up
to a temperature of 900°C and 1250°C respectively. For each
sample, the fundamental frequency of the first bending mode
at room temperature and in 50 K steps between 200 and
900/1250°C is studied. The numerical and experimental fre-
quencies are compared to each other in Figure 10.

Due to the different geometries of specimens 4 and 6 (Table 1),
the measured frequencies of sample 6 are approximately 4 times
higher than those of sample 4. It is noticeable that the frequen-
cies measured via RFDA and calculated numerically correspond
to the evolution of the dynamic flexural modulus increase ver-
sus the temperature shown in Figure 6, as expected from RFDA
Equation (1). Between the experimental RFDA frequencies and
numerical frequencies a slight difference can also be observed,
which remains almost constant along the temperature. The differ-
ence between the experimental and numerical frequency reaches
a maximal absolute value of 0.4% and 1.4% of the experimental
frequency for samples 4 and 6, respectively. Therefore it can be
concluded that the FEM model predicts sufficiently the longitu-
dinal dynamic flexural behavior of current developed C/C-SiC
materials at high temperatures.

The influence of the material properties was estimated
with a parameter correlation study and 3D response surfaces.
Correlation coefficients between the material properties of
the FEM model and the first fundamental bending frequency
were calculated. The closer the absolute correlation value
is to 1, the stronger the relationship. The sign of the coeffi-
cient indicates whether it is a positive or negative correlation
between the input and output parameter.

With correlation coefficients of about 0.6 and —0.6, a strong
dependence of the eigenfrequency from respectively the longi-
tudinal dynamic modulus E, and the density was shown. The
intralaminar shear modulus G, shows a correlation coefficient
of 0.2 indicated a lower dependence of the eigenfrequency
from G,,. The signs of the coefficients illustrates a frequency
increase with £, and G, and a decrease with the density, which
corresponds to the behavior in RFDA Equation (1). The cor-
relation coefficients between the eigenfrequency and the other
material properties are negligible (between —0.07 to 0.04).

In a final step, the sensitivity of the eigenfrequency to the
most influencing material parameter E,, G, and the density p
was analyzed. In Figure 11 the resulting response surfaces illus-
trate an exponential dependency from the longitudinal modulus
and the density. The dependency of the frequency from G,, ex-
ists up to a threshold value. The frequency increases exponen-
tially with G, until G,, reaches a value of about 4.5 GPa. If G,
is higher than this threshold value then the frequency remain
constant. It can be stated that the longitudinal modulus as well
as the density mainly influenced the first fundamental bending
frequency if G, is above the threshold value of 4.5 GPa.
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CONCLUSIONS

The RFDA was evaluated for the first time for measuring
Young's moduli of C/C-SiC materials 0/90° at room and
high temperature in fibre direction. The Young's moduli
of C/C-SiC materials were measured via nondestructive
RFDA and compared with destructive quasi-static 4-
point bending method at room temperature. The dynamic
modulus of C/C-SiC material was measured up to 1250°C
via RFDA technique. The fundamental frequencies of the
first bending modes of all the samples analyzed via RFDA
were numerically evaluated via FEM modal analyses.

The room temperature modulus measured via RFDA
(67 + 3 GPa) is comparable to the quasi-static 4-point flex-
ural modulus (63 + 3 GPa). Therefore determination of
Young's modulus via RFDA method is even valid for ortho-
tropic materials as C/C-SiC.

While longitudinal tensile modulus of C/C-SiC ma-
terial remains constant from room temperature up to
approximately 1350°C under inert atmosphere, it was
shown experimentally that longitudinal flexural modulus
increases with temperature. Thus, for C/C-SiC materials
subjected to bending loads at elevated temperature it is
recommended to use the numerical approach by means of
flexural modulus values.

Finally, it could be proved that the presented RFDA
technique shows a high potential for cost-efficient charac-
terisation of CMCs Young's modulus under bending load
at operation temperature and allows to surrender laborious
destructive bending tests with applied strain gauges.
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