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The determination of tensile properties of ceramic matrix composites (CMCs) is crucial for material development
and assessment. Despite the damage tolerance of CMCs, the efforts required for proper tensile testing are similar
high than for ceramics. This study describes a method to determine the sample alignment prior every single
tensile testing and discusses the required amount of alignment for valid testing. For this purpose, carbon fiber-
reinforced silicon carbon (C/C-SiC) samples were evaluated by only two alignment criteria. Approximately 80 %

of the tensile samples failed valid with a percentage bending less than 6 % and no valid testing was achieved at a
percentage bending higher than 12.3 %. Invalid testing showed an increase of strength scattering of more than
50 %, but only a minor change of the strength. The preliminary alignment check and subsequent realignment was
able to increase the rate of validly tested samples by about four times.

1. Introduction

The need for materials to withstand harsh environments and high
temperatures has led to the development of continuous fiber-reinforced
ceramic matrix composites (CMCs). These materials are characterized by
high resistance to temperature, thermal shock, wear, oxidation, as well
as mechanical stress [1,2]. Consequently, CMCs play a key role for high
loaded applications in aerospace [3] and tribology [4]. They are used in
existing civilian aircraft engines [5] as a strategy to achieve higher ef-
ficiency, which has already been confirmed by a reduction of fuel con-
sumption and greenhouse gas emission [6,7]. Since CMC are used in
highly demanding conditions, the further expansion of CMC applica-
tions requires appropriate mechanical characterization and evaluation.

Similar to monolithic ceramics, the analysis of mechanical properties
of CMCs is usually carried out using bending tests [8,9]. Bending tests
require only a limited amount of effort in both sample preparation and
testing. Therefore, bending tests have often been used for the develop-
ment of new CMC materials, the evaluation of material performance,
and their processes [10-17]. In contrast to bending tests with concurrent
tensile and compressive stresses, tensile testing leads to a uniform stress
distribution. Tensile tests are therefore essential, especially for studying
static and cyclic fatigue phenomena of CMCs including the performance
of additional environmental barrier coatings [18,19] and at high tem-
peratures [20,21]. Even so, tensile testing requires accurate gipping of
the samples and thus a proper alignment of the samples to exclude
parasitic bending and other deviation from a pristine tensile load.
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The detrimental effect of misalignments like bending on the tensile
testing was studied and quantified in detail for monolithic ceramics [22,
23]. This led to clear recommendations and methods for the determi-
nation of misalignments [22,24], as well as technical solutions for
gripping devices and sample alignments to avoid the main sources of
misalignments [25]. Finally, it was recommended for monolithic ce-
ramics that a percentage bending of no more than 5 % during tensile
testing can be accepted to achieve valid testing and the sample dimen-
sional tolerances need to be less than 5 pm [22]. In contrast to mono-
lithic ceramics, CMCs have an improved damage tolerant failure
behavior with much higher strain to failure [1,2]. Additionally, only
moderate sensitivity to misalignment has been suggested for CMCs [26].
Since no studies of the effect of bending, i.e. misalignment, on tensile
strength testing exist for CMCs [27], the conservative percentage
bending value for monolithic ceramics of 5 % was also set for tensile
testing of CMCs [26,27].

Minor deviations from perfect specimen shapes are sometimes
inevitable or have to be accepted for tensile testing of CMCs. These
deviations in geometry are caused by the need to test samples with
additional seal coatings [28], after sandblasting and application of
environmental barrier coatings [18,19], or with the surface conditions
in the as received state [29].

The regulations to determine the degree of misalignment for tensile
specimens with rectangular cross section usually require the use of four
[22] to twelve [24] strain gauges glued on the sample surfaces. This
procedure can be very time-consuming for a large number of tested
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samples. However, optical strain measurements as an alternative to
strain gauges and clip-on extensometers can be used without manipu-
lation or marking of the sample surface [30,31].

The aim of this study is therefore to evaluate and measure the in-
fluence of misalignments during tensile testing of CMCs on the validity
of testing and their mechanical properties. Furthermore, the re-
quirements and methods needed for valid tensile testing of samples with
deviations from a perfect sample geometry are investigated. Conse-
quently, one objective of this study was the development of a method to
estimate and correlate misalignments resulting in invalid tensile failure
outside the gauge length. For this approach carbon fiber-reinforced sil-
icon carbon (C/C-SiC) tensile samples were preloaded and two verifi-
cation criteria determined by optical strain measurement were
developed and used to classify the alignment. The verification criteria
were able to identify detrimental misalignment and allowed the samples
to be realigned prior to final tensile testing.

2. Material and methods

Tensile samples were tested with concurrent alignment determina-
tion. The degree of measured misalignments was compared with the
validity of tensile testing and the corresponding strength data to analyze
their mutual dependencies and derive recommendations for appropriate
tensile testing of CMCs. It is not the intention of this study to precisely
determine, assign, and quantify misalignments like concentricity, an-
gularity, or sample geometry deviations leading to S- or C-shape errors
[25,26,32].

2.1. Material and tensile sample preparation

The ceramic matrix composite model material used in this study was
a carbon fiber-reinforced silicon carbon (C/C-SiC). The C/C-SiC with
continuous fiber reinforcement (HTA 40, Teijin Carbon Europe GmbH,
Germany) was fabricated with plain-weave fabrics leading to a laminate
with a fiber orientation in 0° and 90° (Fig. 1a). The material was made
in-house at the Chair of Ceramic Materials Engineering in Bayreuth
using the liquid silicon infiltration process (LSI) [33-35] and a ther-
moplastic matrix precursor [36-38]. Details of the used single
manufacturing steps and processes for the material can be found else-
where [29]. The microstructure of grounded and polished cross sections
and the as received surfaces of C-C/SiC were analyzed by light micro-
scopy (DSX1000, Olympus Corporation, Japan). The nominal fiber
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volume fraction of the C/C-SiC material was 51.3 + 0.6 %. The C/C-SiC
material had a skeletal density of 1.97 + 0.01 g/cm® with an open
porosity of 4.6 & 0.9 %, determined by Archimedes’ principle according
to DIN EN 1389. Laminates were made with ten or twenty layers of
fabric corresponding to C/C-SiC mean thicknesses of 2.52 + 0.03 mm or
4.95 + 0.02 mm, respectively. A total of eight square plates with a
length of either 100 mm or 150 mm were fabricated. The standard de-
viation of the mean thicknesses with about 30 um showed the high
reproducibility of the production process. Nevertheless, it needs to be
mentioned that maximum thickness differences within a single plate can
be up to 100 um. In principle, a grinding to parallel sample surfaces
would be possible to diminish thickness variations. However, C/C-SiC
laminates are anisotropic materials and especially grinding can dam-
age the fibers in the load carrying direction on the surface. This can
cause deviations of the measured from the intrinsic mechanical prop-
erties. Hence, one objective of this study was to determine the influence
of the as received state on tensile testing, alignment, and the mechanical
properties.

Two dog-bone like shapes were used for tensile and alignment testing
(Fig. 1b and c). The longitudinal axes of the samples were always
fabricated parallel to the 0° orientation of the reinforcing fibers with the
tensile load applied in this direction (Fig. 1, red arrows). Tensile samples
with these two geometries were prepared from plates with thicknesses of
2.52 and 4.95 mm, respectively, resulting in a total of four different
sample sizes. The smaller shaped samples had a total length of 60.5 mm
and a gauge width of 3.6 mm (Fig. 1b). The larger samples had a length
of 77.4 mm and a gauge width of 5.4 mm (Fig. 1c). For final testing 55
samples were prepared with the smaller shape and 37 with the bigger
shape. Both sample geometries were fabricated with the same gauge
length of 20.0 mm, a transition radius of 90 mm, and an angle in the
shoulder chamfer section of 8°. The geometry and especially the 8°
chamfer were oriented on the recommendations of ASTM C1275 [27].
The precise angle of the shoulder was necessary as it was congruent with
the chamfer in the gripping system resulting in an edge-loading and
alignment of the samples by the shoulders. The high manufacturing
precision of the 2-D sample contour as well as negligible machining
forces [39] were achieved by electrical discharge machining of the plate
material. The surface of the plates and thus the surface of the tensile
samples was not machined and remained in the as received condition.
An additional aluminum (AlCuMgl, 3.1325) dummy sample of the
smaller sample shape (Fig. 1b) and a thickness of 4.10 mm was prepared
from rolled sheet material for reference measurements with an isotropic
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Fig. 1. a) As received C/C-SiC surface with clearly visible orientation of the 0° and 90° fiber bundles of the plain-weave fabric. The load was always applied parallel
to the 0° direction. 2-D sample geometries for samples with a gauge width of b) 3.6 mm or ¢) 5.4 mm. Both sample shapes were tested with a thickness of 2.52

and 4.95 mm.
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material of smooth surface.

2.2. Tensile testing and alignment

A universal test device (Z050 TEW 50 kN Allround floor, ZwickRoell
Testing Systems GmbH, Austria) with a 10 kN load cell (Xforce K,
ZwickRoell Testing Systems GmbH, Austria) was used for tensile and
alignment testing. The load train was equipped with a test device
designed for edge-loading and self-alignment of tensile samples
described and evaluated in detail in a previous paper [29]. The main
functions of this device are summarized in Fig. 2. Swivel heads were
used to connect the tensile gripping units with the load train allowing
some degree of free rotation (Fig. 2a). Consequently, torque that could
arise by slightly twisted sample geometries can be minimized. The
tensile samples were centered in the gripping by movable inserts with a
system of congruent wedges independent from sample thickness
(Fig. 2b). Finally, the edge-loaded samples were pulled, self-aligned and
fixed in the gripping by using identical wedge angles of the sample and
the gripping (Fig. 2c). Due to the intended use of samples with as
received surfaces, the centering of the sample in the gripping by
movable inserts had some adjustability in absolute positioning. This
absolute positioning was changed by detaching and re-mounting of the
samples. Hence, the re-mounting of samples in the alignment device
were repeated until an optimum alignment was achieved for the single
sample.

The alignment was measured with the method described in Section
2.3. For this purpose, the tensile samples were repeatedly preloaded to
30 MPa. This was below the limit of 45-55 MPa reported for the devi-
ation from the initial proportional stress strain curve for a similar fabric
reinforced C/C-SiC material [29]. Additionally, a sample was also
stepwise preloaded to 30 MPa, 100 MPa, and ultimate tensile load to
evaluate the stress strain behavior and the load level required for
alignment verifications according to ASTM C1275 [27]. The alignment

a)

Fig. 2. a) Swivel head connect gripping with free rotation (+ 5°) relative to the
load train; b) Guided wedges (purple) and movable brass inserts (red) with
congruent chamfers for centering of tensile samples in the gripping; c) Principle
of self-alignment and fixation of the tensile specimen (black) in the gripping
(metallic gray) using identical wedge angles.
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verification needs to be done with a loading to a strain of 0.05 % or to
one half of the strain at the onset of cumulative fracture process
whichever is greater. Moreover, the aluminum dummy sample was
preloaded several times far below its yield strength (Rpo.2 about
245 MPa) in the linear elastic region to 780 N or about 53 MPa. The
monotonic tensile tests to failure after the alignment measurement as
well as the preloading tests for alignment were carried out with a
loading rate of 0.5 mm/min to the preload of 5N and a subsequent
loading to failure or preload level with 1 mm/min. The fracture loca-
tions were measured after detachment of the ruptured tensile samples
with a caliper on the two fragments.

2.3. Alignment measurement

The alignment of preloaded tensile samples was examined with an
optical strain measurement system (laserXtens 2-120 HT/TZ, Zwick-
Roell Testing Systems GmbH, Austria) [40]. The measurement system
illuminated the sample surface with a green laser diode of 532 nm
wavelength. A camera followed the movement of characteristic surface
speckle patterns on different preset sample positions to calculate the
longitudinal strain [30,31]. No additional markings were needed on the
sample surface for the speckle-correlation technique. The telecentric
optic of the laserXtens compensates a lateral movement of the sample in
the field of view direction of the camera in the range of + 1.5 mm in
comparison to the focus plane. In contrast to established alignment
standards and recommendations, which require four to sixteen strain
gauges glued equispaced around all circumferential sides of the sample
[22,24,26], the optical strain was measured from only one side (Fig. 3).
The field of view of the camera covered the surface obtained after
electrical discharge machining perpendicular to the rough as received
surfaces. Hence, this surface was smooth and due to the manufacturing
also precisely parallel to its opposite sample surface within the gauge
section. Furthermore, it was expected that the highest misalignment
from the samples came from the absolute position accuracy of the as
received surfaces in the wedge alignment. The used field of view
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Fig. 3. Optical measurement of the strain within the gauge section: The per-
centage of bending was calculated from the strains measured on the outer left
and right positions at a measurement length of 16.5 mm (red). The strain dif-
ference of up and down positions (blue) were determined at a measurement
length of 5 mm.



S. Flauder et al.

perpendicular to the as received surfaces had therefore the highest
sensibility to measure these misalignments.

For the quantification of the misalignment two different criteria were
used: First, the percentage of bending (PB) between the left and the right
side (Eq. 2.1) and secondly the strain difference between an up and
down measurement position (Eq. 2.2) in the gauge section. For both
criteria the samples were preloaded in the elastic region. To ensure the
fixed state of sample mounting in the test device during repeated pre-
loading, the load was only removed to a small residual of 0.5 N. The
longitudinal strains were measured for the left (Sir) and right (Syign)
side of the sample gauge section at a distance of 16.5 mm (Fig. 3, red).
The up (Syp) and down (Sgon) strains were determined at a measurement
length of 5 mm (Fig. 3, blue). For S, the lowest measurement position
was set 5 mm above the centerline of the 20 mm gauge section, whereas
the highest measurement position of Sg,,, was set 5 mm below the
centerline of the gauge section. The strains of the four different mea-
surement positions were determined at least for three loading repeti-
tions to calculate the respective means (S, Strain data are given in
Supplementary material S1). For the PB value, the axial strain (Sgyiq)
was quantified as the mean value of all strain measurements from the
left and the right side.

(Siefe  —

S’ig“.lom 2.1
Sa.xial

PB =|

A(up/down) =[Sy, —  Saown| (2.2)

The laserXtens achieved the highest resolution of 0.15 um for a
measurement point with a setting of an area of interest for the speckle
observation larger than 128 pixels [31] in the strain direction. For this
reason, the areas of interest were set to 256*256 pixels for the up and
down and 40%*256 pixels for the left and right measurements with the
software (laserXtens, version 3.12.0.7, ZwickRoell Testing Systems
GmbH, Austria). All strain measurements were performed with a data
acquisition rate of the camera set to 70 Hz and a smoothing of raw data
acquisition during the test by a moving average and a time parameter of
100 ms. Since no directional dependencies were observed for the strain
analysis between left and right or up and down measurements, the
alignment parameters of Eq. (2.1) and Eq. (2.2) were computed as ab-
solute values.

According to standards and recommendations for tensile testing of
monolithic ceramics and ceramic matrix composites, samples were
found to be in the aligned state when the calculated percentage bending
(PB) was less than 5 % [22,27]. Hence, this 5 % criterion was chosen as
maximum allowable value for the left and right strain measurement. For
the up and down strain criterion, the present gauge length of 20 mm
restricted the measurement length to only 5 mm. This led to absolute
strains of about 2.7 um. For these small strains, the 5 % criterion was not
sufficient as it was exceeded solely by the measurement uncertainty of
about 0.15 pm. Consequently, the simple 5 % criterion was replaced by a
maximum allowable strain difference of 0.45 ym, which was three times
the measurement uncertainty and can be reliably distinguished by the
measurement as misalignment. Preloaded tensile samples were detached
and re-mounted in the testing device until fulfilment of the two align-
ment criteria was achieved. Subsequently, these samples with compli-
ance of alignment were loaded until final failure. Some samples were not
able to achieve compliance of alignment. Nevertheless, they were also
tested to failure after being mounted in the best possible alignment
condition measured.

3. Results and discussion

To investigate the role of alignment for valid tensile testing of CMCs,
the method to check the alignment will be discussed first for the
aluminum dummy sample and the C/C-SiC model material. The influ-
ence of the validity of tensile testing and its consequences for the
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obtained strength data of C/C-SiC is then evaluated. Finally, the inter-
dependence of quantified sample alignment and the corresponding valid
or invalid failure of CMC tensile samples will be discussed in detail.

3.1. Preloading of C/C-SiC samples and alignment measurement with
aluminum dummy

As can be seen in Fig. 4, a characteristic stress-strain curve was
observed for the monotonic tensile loading of the tested C/C-SiC sam-
ples. The deviation of the linear slope increased gradually above 50 MPa
stress and 0.1 % strain until the sample fractured at 164 MPa. This de-
viation was attributed to the cracking of the matrix, a debonding of the
fibers from the matrix, fiber cracking and fiber pull-out with increasing
load, which is typical for ceramic matrix composites [2]. Below this
blurred threshold, a linear-elastic behavior of the samples can be
assumed. Hence, the preloading level for the alignment was set to
30 MPa.

To further ensure that damages in the samples due to the preloading
during alignment verification can be neglected, a sample was stressed
with increasing stages of load. Subsequently, the permanent strain was
determined (Fig. 5). Compared to the permanent strain of 0.02 %
measured after a high loading to 100 MPa, the permanent strain after a
previous load to 30 MPa was negligible. Furthermore, the total strain at
30 MPa was only 0.06 %. Hence, the requirement for alignment deter-
mination according to ASTM C1275 [27], which requires the application
of a load sufficient to achieve half of the strain at the onset of the cu-
mulative fracture process or a minimum strain of 0.05 %, was met with
the 30 MPa preloading.

The alignment procedure was checked with the isotropic aluminum
sample of perfect geometry with a thickness of 4.10 mm and a gauge
width of 3.6 mm. The sample was repeatedly loaded to about 53 MPa
and the corresponding strains were determined at the up and down
(Fig. 6, blue lines) as well as the left and the right (Fig. 6, red lines)
measurement positions on the surface. The differences between the
strains of the up-down and left-right measurement positions were used
to determine deviations from nonhomogeneous axial strain states. The
mean up/down strain difference was 0.11 pm with a maximum strain
difference of 0.13 um (Fig. 6b). It was further found that the maximum
difference of axial strain between left and right measurement positions
was only 0.21 um (Fig. 6¢), whereby the calculated mean strain differ-
ence of 0.07 um corresponding to a PB value of only 0.6 %. The
aluminum reference sample thus met both alignment criteria. The
strains of left and right measurement positions as well as the strains of up
and down positions did overlap. Hence, the measured strain difference
of the aluminum dummy sample was in the range of the maximum
measurement resolution of the used optical measurement device
(laserXtens). The results of the aluminum dummy empirically confirmed
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Fig. 4. Typical stress-strain curve of a C/C-SiC sample with monotonic loading

up to failure. The linear slope highlights the deviation from a linear elastic
material behavior above a stress of about 50 MPa.
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Fig. 5. Stress-strain curve of a C/C-SiC sample loaded to 30 MPa (red) and
100 MPa (blue) prior final tensile testing (black) with almost ideal elastic

behavior after 30 MPa loading but clear signs of permanent strain after
100 MPa loading.

the high sensitivity and applicability of the alignment measurement
described in Section 2.3. Furthermore, it also clearly showed the level of
alignment achieved by the alignment tensile testing device when
excluding deviations due to errors of as received surfaces or anisotropy
of the tested material.

Journal of the European Ceramic Society 45 (2025) 117001
3.2. Microstructure and as received surface of C/C-SiC samples

Fig. 7a exhibits a characteristic microstructure of the C/C-SiC ach-
ieved from the LSI manufacturing [33-35] with a thermoplastic matrix
precursor [29,36,37]. The bundle segments of the carbon fiber rein-
forced carbon (C¢/C) oriented in the 0° and 90° directions were sur-
rounded by thin layers of grey SiC. The white silicon that did not react to
form SiC can be found in the regions of former pores and cracks. The
different phases, the anisotropy due to fiber bundle orientation,
roughness, as well as small cracks and pores are typical for the in-
homogeneity of the C/C-SiC surface. This inhomogeneity did not affect
the speckle pattern observation for the optical strain measurement used
in this study. By contrast, for the application of physical attached strain
gauges it is recommended to apply treatments like surface filling and to
use strain gauges with dimensions of not less than 6-12 mm to overcome
the localized strain effects of the beforementioned inhomogeneities
[27]. However, the use of such large strain gauges would not have
allowed an alignment determination with samples of a gauge section of
2.52-4.95 mm width.

One objective of this study was to achieve tensile testing and align-
ment of samples in the as received surface condition. The roughness of
the as received surfaces (Fig. 7b) resulted in line and point contacts
between the centering brass inserts and the samples (Fig. 7¢). This kind
of contact limited the absolute positioning accuracy to about 50 pm. As a
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Fig. 6. The alignment check with the aluminum sample, which was preloaded in the elastic region several times to ~53 MPa, demonstrated a perfect alignment with
very small strain deviations between b) the up (u;-u3) and down (d;-d3) and c) the left (1;-13) and right (r;-r3) measurement positions.
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Fig. 7. a) Cross-section of the C/C-SiC sample with a characteristic phase
composition and microstructure - the blue dashed line highlights the deviation
of the sample surface from a smooth surface; b) 3-D light microscopy of as
received C/C-SiC with weave structure on the surface; ¢) The yellow-golden
brass inserts centered the tensile sample trough line and point contacts.

consequence, the re-mounting of the samples in the gripping allowed
change of the absolute positioning until a minimum of misalignment was
measured.

3.3. Influence of valid and invalid failure on the strength data of C/C-SiC

The verification of alignment prior failure testing of every single C/
C-SiC tensile sample showed that far less than 15 % of the samples ful-
filled both alignment criteria after their very first assembly in the testing
device. More than 30 % of the samples finally achieved a compliance
with alignment after several re-mountings of the samples in the testing
device. Even so, it was not possible to be in accordance with both
alignment criteria for all samples after the re-mounting and alignment
procedure. However, all 92 samples were tested to evaluate the align-
ment criteria. Table 1 summarizes the results of the tensile tests. Samples
found in compliance with alignment did achieve both alignment criteria.
More than 96 % of these samples exhibited valid failure within the
gauge section. Only one of these samples was invalid with a failure
within the gripping. This kind of failure was only observed once for all of
the tested samples and appeared to be a manufacturing defect of the
sample. Samples not passing both alignment criteria were classified as
misaligned. A misalignment was measured prior final testing for 97 % of
the samples invalidly tested with a failure outside the gauge length.
Hence, the rate of successful forecasting of valid and invalid testing with
the alignment method was highly successful.

Fig. 8 shows the locations of the final failure of the tensile samples.
No preferred failure was found between a location of fracture up or
down from the center of the sample. The failure locations are displayed
for both used sample geometries with the same gauge length of 20 mm
as distance from the sample center. Thus, samples did fail valid within
the gauge section up to a distance from the sample center below
10.0 mm (Fig. 8a). About 54 % of the valid samples failed within the

Table 1
Amount of the 92 total tested samples failing inside or outside the gauge section
with regard to alignment.

Compliance of alignment Misalignment
Failed within gauge section 28 30
Failed outside gauge section 1+ 33

" Outlier failed within the edge-loading shoulder gripping.
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first half of the gauge length. No preferred location of fracture was found
for the validly tested samples. Invalidly tested samples failed outside the
gauge section with a distance of fracture location of 10.0 mm and above
(Fig. 8b). The transition radius of the samples ends at a distance of
16.00 mm and 17.34 mm for the smaller shaped and the bigger shaped
samples, respectively. In total only one of the smaller shaped samples
failed outside the transition radius at a distance of 16.55 mm within the
gripping. Consequently, the absolute majority of the invalid samples
failed within the transition radius. About 74 % of the failure locations of
invalid samples occurred to a distance of 13.3 mm. Hence, the invalid
samples fail outside of the end of the gauge section within the first half of
the transition radius.

The evaluation of the influence of the tested sample size on the
strength was not the objective of this study. This ongoing research will
be discussed in a future publication. For the smaller shaped samples with
3.6 mm gauge width, enough samples were tested within this study to
compare the strength data of validly tested samples with the strength of
samples failing outside the gauge section (Table 2). The strength of the
samples failing outside the gauge section was calculated from the
maximum force at failure divided by the cross section at failure position
within the transition radius of the sample.

It was found that the mean strength did not change for samples with
a thickness of 2.52 mm (Fig. 9a). For samples with the larger thickness of
4.95 mm a very slightly decrease of strength from 163.6 to 156.5 MPa
was measured (Fig. 9b). However, this strength decrease will pass a
significance test only with a level of confidence less than 98 %. Hence,
there was none or only a very slight tendency of strength decrease
considering the data derived from failure outside the gauge section. By
contrast, the standard deviations of strength between valid and invalid
tests were different (Table 2). The standard deviation strongly increased
for the invalid samples by 59.1 % and 53.7 % for samples with 2.52 mm
and 4.95 mm thickness, respectively. Thus, the invalid samples showed
an increase of scattering of more than 50 %.

As a result, the determination of the mean strength of C/C-SiC
appeared to be very robust against misalignment. Consequently,
strength measured by tensile testing qualifies as a suitable method for
quality control and materials development. On the other hand, it was
reported that brittle monolithic ceramics sometimes exhibited strength
decrease with increased amount of percentage bending during tensile
testing [22,23]. Nevertheless, it is not recommended to use the data of
C/C-SiC samples failing outside the gauge section for modeling or
methods of probabilistic failure prediction [41-43]. The high observed
scattering would otherwise be a major source of uncertainty.

3.4. Influence of the alignment on valid tensile testing of CMC samples

The histogram in Fig. 10 summarizes the percentage bending
determined before tensile testing and after the alignment procedure for
all the samples failed valid. The distribution reveals that validly tested
samples did not occur in the class with PB of more than 14 % and the
majority of 80 % of validly tested samples were in the classes of PB
values less than 6 %. The increase of PB gradually decreased the
observed frequency of validly tested samples. Furthermore, the rate of
valid testing, the PB value, and the measured up and down criterion
were independent from the contour geometry or the thickness of the
samples.

The tested samples were divided into three failure categories to
correlate the influence of sample failure with the measured alignment
criteria: a) The first category included the samples with valid failure and
which fulfilled the alignment criteria before testing. b) The total of all
samples with valid failure within the gauge section were in the second
category. c¢) The last category merged samples with invalid failure,
which did not achieve the alignment criterion before testing.

For the criterion of percentage bending the valid samples with
compliance of alignment had a low mean PB of 2.7 % and an upper
quartile of only 4.0 % (Fig. 11a). It has to be considered that all the 58
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Fig. 8. Frequency of failure locations as distance from the sample center for samples failed a) valid and b) invalid.

Table 2
Strength data of samples with a gauge width of 3.6 mm failed valid or invalid.

Mean strength [MPa] Standard deviation [MPa]

Valid, 2.52 mm 159.1 4.4
Invalid, 2.52 mm 159.2 7.0
Valid, 4.95 mm 163.6 5.4
Invalid, 4.95 mm 156.5 8.3

a) Thickness 2.52 mm b) Thickness 4.95 mm
160 -

120 1

Stress [MPal
3

N
o
L

0-

Fig. 9. Strength comparison of the samples failing within (green) or outside
(brown) the gauge section for samples with a gauge width of 3.6 mm and a
thickness of a) 2.52 mm and b) 4.95 mm.
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Fig. 10. Distribution of the measured percentage bending (PB) for all samples
failing within the gauge section showed that about 80 % of valid samples had
PB values of less than 6 %.

validly tested samples increased the mean PB to 4.2 % and the upper
quartile to 5 % (Fig. 11b). The highest measured PB for a valid sample
was 12.3 %. The invalid samples had a mean PB of 9 % with a lower
quartile of 6.2 % (Fig. 11c). Although no sharp threshold for the tran-
sition from valid to invalid testing was found, the region between the
upper quartile of 5.0 % for the valid samples and the lower quartile of
6.2 % for invalid samples can be addressed as a transition zone. Hence, a
percentage bending above 6 % marked the point at which the invalid
testing becomes predominant compared to valid testing, which was only
slightly higher than the existing 5% PB criterion currently recom-
mended for ceramic matrix composites [27]. Moreover, the mean PB of
invalid samples was more than two times higher compared to the mean
value of valid samples and more than three times compared to the mean
PB value for valid samples with compliance of alignment. Thus, the
precheck and alignment procedure presented in this study led to clear
measurement distinctions to predict both valid and invalid testing.

Fig. 12 depicts the measurement results for the up/down strain dif-
ference criterion. The valid samples that passed the alignment criterion
had a mean strain difference of only 0.20 um and an upper quartile of
0.30 um (Fig. 12a), which was far below the set up/down threshold
criterion of 0.45 ym. The up/down strain difference of all validly tested
samples showed a mean of 0.47 pum (Fig. 12b). By contrast, the invalidly
tested samples achieved a mean value about two times higher than the
value of valid samples with a strain difference of 0.90 um (Fig. 12c).
Hence, the up and down criterion was able to determine a prediction of
valid and invalid samples. Compared to the PB criterion, the measured
difference between valid and invalid sample alignment was less pro-
nounced for the up and down criterion. It was found that all validly
tested samples with an upper quartile of 0.61 pm had a slightly overlap
with the lower quartile at 0.54 um of the invalid samples. The PB cri-
terion showed a clearer selectivity than the up/down criterion due to the
optical measurement system. The majority of misalignments measured
for the PB and the up/down criteria came from the sample itself in terms
of an offset in the gripping, cross sectional changes due to thickness
changes, slightly curvature, and inner inhomogeneity. In contrast, only
the up/down measurement can be influenced by biased strain reading of
the optical measurement system, which is triggered if the sample moves
in the direction to or apart from the camera in terms of tilting [31,44].
That could superimpose the strain measurement. Hence, it couldnt be
distinguished between a movement of the sample and a difference in the
strain. Nevertheless, in each case a determined difference of the up and
down strains could be the cause of an invalid testing. Consequently, the
difference of up and down strain rate was found to be a useful second
criterion for the precheck of sample alignment. Although it was not as
robust and informative as the percentage bending criterion, it was still
responsible to determine 33 % of the invalid samples that did not met
the alignment criterion before testing.
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Fig. 11. Comparison of the percentage bending measurements of three sample categories: a) Samples failing within the gauge section with compliance of alignment,
b) All samples failing in the gauge section, and c) Samples failing outside the gauge section.
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Fig. 12. Comparison of the up and down strain difference measurements of three sample categories: a) Samples failing in the gauge section with compliance of

alignment, b) All samples failing in the gauge section, and c) Samples failing outside the gauge section.

More than 96 % of the tensile samples which passed both alignment
criteria were tested with a valid failure in the gauge section. Conversely,
97 % of the invalid samples that failed outside the gauge length did at
least failed for one of the two precheck criteria. Hence, the alignment
checks prior testing achieved a highly reliable prediction. Finally, more
than 60 % of all tested samples were tested validly after the alignment
procedure and the remounting of the samples. This also included the
samples that were tested despite not complying with the alignment
criteria and were therefore expected to fail outside the gauge section.
Only less than 15 % of the samples passed the alignment criteria without
remounting. Consequently, it can be estimated that the rate of validly
tested samples within this study were increased by up to four times. Our
proposed procedure was therefore a significant improvement applying
this simple and fast alignment method. Since the number of test samples
for tensile evaluation is often very limited when developing new CMC
materials and processes, the alignment method can be consequently
highly recommended. It is expected that increasing the rate of successful
tested samples increases the learning rate and the overall outcome of
CMC developments that are often driven by empirical design of
experiments.

The alignment method developed in this study for C/C-SiC tensile
samples with imperfections due to as received surfaces, can be of valu-
able interest if deviations from perfect sample geometry must be
accepted. As a case in point, CMCs for aviation and space applications
need to be tested after an application of an environmental barrier
coating [18,19], or a coating to seal porosity [28]. The necessary pre-
treatment of CMC samples prior coating like sand blasting as well as the
coating by atmospheric plasma spraying itself will lead to inevitable
changes of sample shapes from the initial geometries [18,19]. It should
be further emphasized that the alignment method used an optical
measurement system that can still be used at high temperatures, at
which glued strain gauges can no longer be applied.

4. Conclusions

This study described a nondestructive method to precheck the
alignment of CMC tensile samples before final testing. This alignment
check was carried out with a state-of-the-art optical strain measurement
system. Hence, additional strain gauge attachments on the sample sur-
face were unnecessary and the alignment of samples can be also tested at
high-temperatures.

In this study carbon fiber-reinforced silicon carbide (C/C-SiC) tensile
samples were preloaded at room temperature in the linear elastic stress
region and the sample alignment was determined by strain measurement
from one side. For this purpose, a percentage of bending and a strain
difference between an up and down measurement position on the
samples were derived. Samples which did not pass a minimum align-
ment level were remounted in the tensile test device with self-aligning
components. It was assumed that the rate of validly tested C/C-SiC
samples was increased by four times with this procedure. Our method
is therefore highly useful to increase the rate of valid testing of CMC
samples if only a few samples are available, or the testing of as received
surfaces or thermal or environmental coating do not allow a further
sample machining.

It was found that the CMC material C/C-SiC was somewhat less
sensitive to misalignment than monolithic ceramics and the minimum
requirements necessary for their testing [22,26,27]. Nevertheless, valid
failure was not observed with an amount of percentage of bending
higher than 12.3 %. Furthermore, the rate of validly tested samples
strongly decreased for a measured percentage bending above 6 %.

In addition, it was found that failure within or outside the gauge
section resulted only in minimal deviations of the calculated nominal
tensile strength for the C/C-SiC material. However, the scattering of the
strength data increased by more than 50 % for failure outside the gauge
section.
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