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Abstract

In situ observations of damage development within 3-dimensional 5-directional braided carbon fiber
reinforced carbon and silicon carbide (C/C-SiC) ceramic composites, fabricated by gaseous silicon
infiltration (GSI) and precursor infiltration pyrolysis (PIP), have been obtained using laboratory X-
ray computed tomography during in situ flexural tests. The GSI composite has a denser structure
than that fabricated by PIP, but contains initial defects within the fiber bundles. The GSI composite
ultimately failed due to fracture across the fiber bundles, while failure of the higher strength PIP
composite propagated along the interface between the fiber bundle and matrix with a greater degree
of fiber pullout. These differences arise from the higher process temperature and greater degree of
matrix-fiber reaction of GSI compared to PIP. Digital volume correlation (DVC), applied to the
tomographs, measured the 3-dimensional deformations and hence the specimen curvature. This
demonstrated the significant reduction in elastic modulus caused by the development of internal

cracking with tensile strain in both materials.
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1 Introduction

Carbon fiber reinforced carbon and silicon carbide composites (C/C-SiC) are important for aerospace
structure components [1-3] because of their good high temperature mechanical properties and
superior physical/chemical properties. They also find uses in advanced friction systems [4,5] due to
their high coefficient of friction, high abrasion resistance and good maintenance of properties in wet
environments, and are promising materials for applications in advanced nuclear energy [6] and
ballistic protection [7]. For structural applications, there is a need to investigate and better
understand the influence of both the fiber arrangement and the processing method on mechanical
properties, as these affect how deformation and damage are accommodated. Fibers have anisotopic
properties, and anisotropy in composites is generally controlled by using laminates or two-
dimensional weaves. However, the through-thickness strength, stiffness, interlaminar shear strength,
impact toughness and damage tolerance are low in such structures, and various concepts for
reinforcement through the thickness direction have received attention in recent years, including the
use of three dimensional (3D) textile patterns such as braiding, weaving and needling. Three-
dimensional braided patterns are particularly interesting, and studies of 3D five-directional braiding
in carbon fiber-resin systems have shown it allows the design of composites with more isotropic
strength and stiffness [8,9] and excellent delamination resistance [10]. These properties rely on the
mechanical interaction between the fibers and matrix [8], but are dominated by the fiber properties
and architecture in polymer matrix composites. For ceramic composites, in which the stiffness of the
matrix and fibers can be of similar magnitude, it is important to recognize that the internal strains,
cracking and changes in the fiber-matrix interface that may be induced by processing are all
important in determining the mechanical properties [11]. In the few studies of 3D five-directional
braided ceramic matrix composites [12,13] that have been published, pre-existing defects have been

identified as important factors.



There are many production methods for C/C-SiC composites, of which Precursor Infiltration and
Pyrolysis (PIP) and Silicon infiltration (SI) are two of the most frequently used [4]. The PIP method
[14—16] has a relative low reaction temperature that tends not to damage to the fibers. PIP-fabricated
materials therefore usually have good mechanical properties, although large porosity (10~15%) can
occur due to inadequate infiltration of the precursor and the escape of gases during pyrolysis. The SI
method, which includes Liquid Silicon Infiltration (LSI) [17,18] and Gaseous Silicon Infiltration
(GSI) [19,20], offers a shorter fabrication process than PIP and can produce compact structures with
less than 5% porosity. However, the high reaction temperature of SI may cause damage to fibers [21]
that together with the effects of residual silicon [4,22] can be detrimental to the mechanical

properties.

Good mechanical properties are a basic requirement for C/C-SiC composites in load-bearing
structures. Consequently, research has been conducted to investigate the mechanical behavior and
damage mechanisms in C/C-SiC composites. For example, Weigel et al. [23] studied 2D C/C-SiC
composites that were loaded by tension, shear and compression, observing that in tensile loading,
transverse cracking occurred at an early stage before fiber fracture in the longitudinal plies that lead
to final fracture; in shear loading, cracks initiated at 0°/90° and 45° to the fiber axes, with the latter
causing final fracture; and in compression loading, it was buckling of the fiber bundles that preceded
catastrophic failure. Chen et al. [24] investigated the tensile behavior and failure mechanisms of 3D
needled C/C-SiC composites using tensile experiments from room temperature to 2000°C. It was
observed that the interfacial strength decreased with increasing temperature, and the corresponding
increased fiber pullout lead to a lower tensile elastic modulus but higher strength. Li et al. [25]
studied the mechanical behavior of 3D C/C-SiC composites under flexural fatigue loading, observing
cracking and interfacial degradation to the tensile side of the neutral axis, with no damage in the
compressive region. These studies demonstrate the significant complexity of damage development

in C/C-SiC composites. Optimisation of these materials requires a better understanding, and
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measurement, of how the as-fabricated microstructure affects the initiation and propagation of

damage under mechanical loading.

One effective method to study damage development, particularly in complex microstructures such as
composites, is the combination of X-ray computed tomography (XCT) and Digital Volume
Correlation (DVC). XCT is a nondestructive method that provides high resolution three-dimensional
imaging of the microstructure [26], and it can be applied during mechanical tests to obtain in situ
observations of the progression of damage development [27]. The digital images provided by XCT
can be analyzed using DVC to measure the full-field displacements and strains; this is particularly
useful to detect cracks and can quantify the deformation gradients in the material. Together, XCT
and DVC have been applied to study a wide range of materials that includes concrete [28], wood [29],
graphite [30], gypsum [31] and SiC-SiC ceramic composites [32]. Very few such studies have been
made of C/C-SiC composites. For instance, Hausherr et al. [33] used high-resolution XCT to
observe the morphology changes in C/C and C/SiC with each LSI processing step, and some of the
authors of this work have previously demonstrated the application of combined XCT/DVC in a study
of compressive damage development within a 3D braided C/C-SiC composite, fabricated by GSI

[13].

In this study, flexural bending tests have been conducted on 3D braided C/C-SiC composites, which
were fabricated using the PIP and GSI methods. High resolution in situ XCT images obtained of
four-point bend tests using a laboratory-based X-ray microscope have been analysed by DVC to
measure the 3D deformation of the microstructures. The aim was to investigate the effect of the

fabrication method on the development of mechanical damage.



2 Experimental

2.1 Material Preparation

Three dimensional, five-directional braided, carbon fabrics (volume fraction ~50%) provided by the
Composites Institute of Tianjing Technology University (China) were used to prepare C/C preforms
through Chemical Vapor Infiltration (CVI) at 960°C, with propylene and argon used as precursor and
carrier diluting gases respectively. Preforms with a density of about 1.40 g/cm? (after 130 hours of
CVI) were used to fabricate C/C-SiC composites by Gaseous Silicon Infiltration [34] at 1700°C.
Preforms with density of about 1.08 g/cm? (after 35 hours of CVI) were used to fabricate composites
by the Precursor Infiltration and Pyrolysis method [35] at 1200°C. The final bulk densities of the

C/C-SiC composites were 2.20 g/cm® and 1.75 g/cm? respectively for the GSI and PIP methods.

The samples for four-point mechanical testing with in situ tomography observation (cuboid
specimens, nominally x x y X z, ~ 25 mm x 3 mm x 5 mm) were cut from a plate with original
dimensions of 120 mm x 50 mm X 5.2 mm by using water-jet cutting (x-z planes) and then a water-
cooled diamond saw (0.6 mm blade width) (y-z planes). The x-y surfaces were prepared by
metallographic grinding. Specimens for 3-point bend tests were similarly prepared with dimensions

40 mm *x 3 mm X 5 mm for each material type.

2.2 Mechanical Testing

The three-point bend tests were performed in a 1 kN capacity WDW-100 universal testing machine
(Changchun Research Institute of Testing Machines, Jilin, China), with a crosshead displacement
speed of 0.5 mm/min and a loading span of 30 mm. The four-point bend tests (inner span 6 mm,
outer span 20 mm) were done with a Deben CT5000 loading rig (5 kN load capacity, glassy carbon
loading pins) that was mounted within an Xradia Versa 510 X-ray microscope, operated at 80 keV

energy and 7 W power. The actual sample dimensions (x x y x z) were 25 mm X 3.1 mm X 5.1 mm
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and 25 mm x 3.0 mm X% 5.1 mm for the GSI and PIP samples, respectively; this is the maximum
dimension of bend specimen that can be tested within the constraints of the Deben loading rig, which
is designed for in situ high resolution tomography'. Each tomograph was reconstructed from 1601
projections recorded over a 360° rotation, with tomographs obtained from a pre-load of 5 N and then
at progressively higher loads, with the applied crosshead displacement held constant during each
observation. To reduce the time requirement, each radiograph employed 2x binning of the 2048 x
2048 pixel camera to obtain a 1024 x 1024 pixel image, with a final image pixel size of 11.5 pm.
Each tomography scan required about 2 hours and 40 minutes, and a region of interest around the
position of maximum bending (Figure 1a) was observed. The attenuation contrast tomographs were
reconstructed using the instrument software, without any correction for the material outside of the
region of interest. These were cropped to dimensions of ~9.66 mm x 2.95 mm x 4.97 mm and ~9.62
mm x 2.96 mm x 4.90 mm for the GSI and PIP samples respectively (https://imagej.net/) [36] and
were then visualized using the Avizo 9.3.0 software. Tomographs with a voxel size of 2.5 um
(volume ~2.47 mm x 2.53 mm % 2.48 mm, 80 keV energy, 7 W power, 2x binning, 1601 projections,
duration 1.5 hours per scan) were also recorded of the unloaded specimens after failure, without the

Deben rig, in order to observe the damage at higher resolution.

The LaVision Davis software (version 8.4.0) was used for the digital volume correlation (DVC)
analysis of the 11.5 pm tomographs, after downsampling from 16 bit to 8 bit, with the initial

tomograph at 5 N pre-load as the reference and using the FFT (fast Fourier transform) correlation

! See https://deben.co.uk/tensile-testing/pxct/tensile-stages-for-x-ray-ct-tomography/ for details of

this standard uXCT loading stage set-up on an Xradia Versa microscope.



algorithm. The small final subset size (24x24x24 voxels, 75% overlap, 2 passes) achieved a higher
spatial resolution of the displacement field, after iterative analysis by larger subset sizes of
128x128%128 (75% overlap, 2 passes) and 64x64x64 (75% overlap, 2 passes). The resulting data
volumes were cropped to approximately 9.16 mm % 2.60 mm x 4.69 mm (796 x 226 x 407 voxels)
and 9.23 mm X 2.67 mm x 4.82 mm (802 x 232 x 418 voxels) for the GSI and PIP sample,
respectively, with potentially inaccurate displacement data removed from subsets that approached the

edges of tomographed volume.

3 Results

3.1 Microstructure Characterization

Tomographs obtained at 11.5 um voxel resolution in the preloaded condition are shown in Figure 1b
and 1c for the GSI and PIP samples; the fiber bundle direction is parallel to the x axis in both. The
tomographs are visualisations of the X-ray attenuation coefficient, and the silicon rich SiC has
brighter contrast than the carbon fibers due to its higher electron density (i.e. from the combination
of higher atomic number elements and physical density), while porosity is observed as black (i.e. low
X-ray attenuation). The microstructures are illustrated more clearly in the orthogonal slices in Figure
2. The regions between the fiber bundles of the GSI sample (Figure 2a) are filled with dense SiC
matrix, leaving a few near-spherical (inter-bundle) pores between the bundles of fibers. The lower
density PIP sample (Figure 2b) has less matrix between the fiber bundles, and significantly more
inter-bundle pores that are elongated along the fibers. Initial planar defects (i.e. cracks) within the

fiber bundles can be observed in the GSI sample (marked by white arrows in Figure 2a).

The SiC matrix and pores were segmented by greyscale thresholding using the Avizo software. Their
3D visualizations are shown in Figure 3 and their proportions are quantified in Figure 4. The

microstructures are quite constant, in terms of matrix and porosity content, along the length of the



tomographed volumes. The GSI sample, with a calculated matrix volume fraction of 41.7 % (Figure
4a), has large regions of inter-bundle matrix (Figure 3a), while the PIP sample exhibits thinner
matrix regions (Figure 3b) with a lower matrix volume fraction of 23.6 % (Figure 4a). The total

porosity is correspondingly higher in the PIP sample (13.1%) than in the GSI sample (4.5%).

Gravimetric analysis [37] of materials from the same blocks as the tested samples measured a carbon
volume fraction of 53% and matrix volume fraction of 42.1% (SiC 22.1%; Si 20.0%) with a porosity
of 4.9% for the GSI material, whereas for the PIP material the carbon volume fraction was 61.9%,
with a SiC matrix of 21.5% and 16.6% porosity. In the PIP sample, the observed porosity is
distributed both within (intra-bundle) and between (inter-bundle) the fiber bundles and is mostly
inter-bundle, whereas in the GSI microstructure the observed porosity is predominantly intra-bundle
(Figure 4b); the small amount of measured porosity includes the intra-bundle and inter-bundle
spherical pores. Scanning electron microscopy was conducted on samples that had been etched in a
mixture of nitric and hydrofluoric acids (HNOs;:HF=4:1) at 40°C to dissolve residual silicon as part
of the gravimetric analysis (Figure 4c). In the etched GSI composite, the regions near the inter-
bundle region, which is the path for the silicon infiltration, show evidence of greater attack in
comparison to the PIP composite; this indicates a greater penetration of silicon and conversion of

fibers to SiC in the fiber bundles of the GSI composite.

3.2 Observation of Damage Development

Mechanical test data for the ex situ three-point bend tests are shown in Figure 5a. They are presented
as flexural stress vs. crosshead displacement to remove the effects of small differences (<6%) in
specimen cross-section dimensions. The mean flexural strengths, obtained from the peak loads, were
140 = 7 MPa and 344 + 36 MPa for GSI and PIP. The respective flexural moduli, obtained by a
regression fit to the linear region below 50% of the peak load, were 59 + 4 GPa and 66 = 10 GPa.

The load-crosshead displacement data for the in situ four-point flexural tests are shown in Figure 5b,
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in which open circles indicate the positions at which tomographs were recorded. A small load
relaxation occurred during each scan (less than ~9.5%). The maximum loads were 336 N and 470 N,
respectively (i.e. peak flexural stresses in the x-direction of the x-z surface plane of 137 and 210

MPa). In all tests, quasi-brittle fracture was observed in both the GSI and PIP materials.

Scanning electron microscopy of fracture surfaces from the four-point bend tests (Figure 6) show
significant roughness due to convoluted crack paths. This is particularly the case for the PIP
composite, in which the fracture has propagated between the fiber bundles to a much greater degree
than the GSI composite. The degree of fiber pullout is also much greater in the PIP composite than

for the GSI composite.

Tomographs recorded after the peak load in the four-point bend tests, at voxel size of 11.5 um, are
shown in Figure 7, with the locations of the loading pins marked by white dashed lines. Both the
GSI and PIP samples have developed a dominant crack at this stage. In the GSI sample, the crack is
approximately orthogonal to the x-axis, propagating across the fiber bundles and matrix, whereas in
the PIP sample the dominant crack is inclined to the x-axis and tends to follow the matrix/fiber
bundle interfaces. This is shown more clearly in the unloaded higher resolution (2.5 um voxel)
tomographs (Figure 8). In these, fiber fractures and inter-bundle cracking can be clearly observed
within the GSI sample (Figure 8a), while in the PIP sample the cracks that follow the matrix/fiber
bundle interface are mostly within the SiC matrix (Figure 8b). The higher resolution tomographs

also confirm that the PIP microstructure has both higher inter- and intra-bundle porosity than the GSI.

The sequence of damage development is illustrated in Figure 9, which shows x-y plane slices from
the same position in the tomographs (z=2.80 mm). In both GSI and PIP samples, cracks started from
the tensile region (bottom of the images); there is no apparent damage in the compressive region of
the GSI sample although intra-bundle cracking can be observed in the compressive region of the PIP

sample after the peak load (see Figure 9b, Failed). In the GSI sample, new cracks are first observed
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from 200 N. A typical example is highlighted by a white dotted box at 200 N (Figure 9a), in which
the crack runs across a fiber bundle. The final dominant crack, which is highlighted within the
dashed white box (A), propagated across the matrix and fiber bundles and took a path that both
followed and crossed the fibers. No new damage was observed until 350 N in the PIP sample
(Figure 9b). As shown in the selected box (B), the fracture of the PIP sample tended to propagate
along the fiber bundle/matrix interface, with the damage in the fiber bundle tending to follow the

fiber interfaces.

The strong attenuation contrast of the cracks in the tomographs allow their segmentation, and the 3D
development of cracking with increasing load is visualized in Figure 10. This illustrates the pattern
of pre-existing predominantly intra-bundle cracks (green color) in the GSI sample (Figure 10a),
which increased in number and dimension with increasing load. New cracks (red) are also shown
that have initiated perpendicular to the applied stress at different positions, and propagated from the
tensile region to cause the final failure; these had little interaction with the pre-existing defects in the
microstructure. There were no significant initial cracks observable for the PIP sample (Figure 10b),
and the damage (blue) evolved to predominantly follow the interfaces between the matrix and fiber
bundles. These cracks can be observed within both the tensile and compressive regions of the

specimen, but are predominantly within the tensile region.

3.3 Digital Volume Correlation Analysis of Deformation

The flexural deformation of the specimens was quantified by considering the change in the x
displacement between the two vertical (y-z) planes beneath the loading pins, which are separated by a
distance of 6 mm. The displacements were normalized by the bending moment at each load and are
visualised in Figure 11, which shows that although the data at lower loads are more scattered due to
the smaller displacements in comparison to measurement errors, the composites exhibit uniform

flexure across the z-axis. The average values along the z axis, as a function of y, are thus shown in
11



Figure 12(a and b), with the standard deviation at each y-position represented by the error bars. In
Figure 11, the position of the neutral axis moves from the midpoint and away from the tensile (lower)
surface at 300 N in the GSI sample, and at 450 N in the PIP sample. The quantification in Figure 12
is more sensitive and shows the movement of the neutral axis and steepening of the displacement

gradient at 200 N in the GSI, and from 300 N in the PIP.

A simple Euler—Bernoulli (slender beam, linear homogeneous elastic properties) analysis was used to
estimate the apparent elastic moduli of the two composites as a function of increasing load. The

analysis neglects the movement of the neutral axis that is observed in Figure 11, and uses the linear

) . d S )
gradient of the strain, di;, to provide its radius of curvature, R, thus:

M =El/panax = ~1/p (1)

Where M is the bending moment, [ is the second moment of area of the beam and E is the elastic
modulus. The bending moment that caused the measured deformation is obtained from the applied
load and four-point bending geometry, treating the small 5 N preload as negligible. The strain
gradient is calculated using a linear regression analysis of the average strains, which are obtained
from the measured change in displacement, Ax, over the 6 mm distance between the loading points;
all the data that are represented by the +1 standard deviation error bars of Figure 12(a and b) are
considered, and the standard deviation of the best fit gradient is better than 2%. This analysis (Figure
12c¢) finds that the apparent elastic modulus of the PIP composite decreased progressively from 101 +
2.1 GPa to 36 = 0.4 GPa; the most significant change occurred above 200 N applied load. The
smaller number of observations of the GSI composite show a continuous fall in apparent modulus

from 119 +£2.5 GPa to 38 £ 0.5 GPa.

The DVC data have also been used to calculate the displacement difference in the y direction,

between the two (x-z) planes close to the top ()»=2.81 mm) and bottom (y1=0.15 mm) of the
12



specimen. The data are shown as strain maps in Figure 13, where the average through-thickness
strain was calculated by normalizing the displacement difference by the distance (2.66 mm) between
the measurement planes. The GSI sample (Figure 13a) shows an elongated pattern of through-
thickness strain that is aligned with the fiber bundle direction; it changes significantly at 300 N with
a reversal in sign at some locations. The PIP sample (Figure 13b) shows a progressive and localized

increase in through-thickness strain from 300 N.

3.4 Discussion

These tomography observations of the initial microstructures (Figure 1 and Figure 2) show that the
GSI process produces a more compact and dense structure than the PIP process, in which the
distribution of the resulting SiC matrix is controlled by its growth from the surface of fiber bundles
(Figure 3). The observed proportions of matrix and porosity are quite consistent with the gravimetric
analysis, although the limited resolution of the tomographs has not allowed measurement of finer
pores, so the total observed porosity is an underestimate of the full porosity. The infiltration of
silicon into the GSI sample filled not only the inter-bundle regions of the braided preform, but also
the fiber bundles (Figure 8) to acheive a low intra-bundle porosity (Figure 4b). This is confirmed by
the etching behaviour of the intra-bundle regions (Figure 4c), which reveals the penetration of silicon.
The increased resistance to fiber pullout (Figure 6) in the GSI composite, compared to PIP, is also
consistent with partial conversion of the fibers to SiC, which would increase the shear resistance of

the fiber-matrix interface.

In comparison with surface imaging techniques such as optical and scanning electron microscopy,
the significant advantage of XCT observation as the specimens are loaded is that it allows study of
the progressive development of damage within the material. It also gives confidence that none of the
observed damage was introduced by destructive specimen preparation. This study confirms that the

pre-existing internal defects in the GSI composite were predominantly intra-bundle cracks (Figure 9).
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Internal cracks are expected to be more prevelant in the GSI composite since the high process
temperature, in comparison to PIP, would increase the thermal strains between matrix and fibers that
are due to their significant difference of transverse thermal expansion coefficient [38]. Similar
process-induced cracks, which were proposed to contribute to a reduction in Young’s modulus, have
been reported previously in the matrix of two-dimensional C-SIC composites fabricated by LSI [11].
However, this is the first time that the three-dimensional distribution of such internal cracks, and
their development, has been visualised. The fracture of the GSI composite did not interact
significantly with these cracks, and the low strength of the GSI composite arises from the lack of
resistance to crack propagation compared to the PIP composite in which crack deflection and fiber

pullout are significant due to the weak fiber-matrix interface.

The GSI and PIP composites were fabricated from the same preform, so from simple mechanical
considerations [39] the higher density GSI composite would be expected to have higher stiffness.
This is not observed in the three-point or four-point bending behaviours (Figure 5) that are described
by the relationships between load and applied crosshead displacement; the GSI appears more
compliant than the PIP. However, advantage can be taken of the in situ observations by XCT and

DVC to measure the actual deformations of the four-point bend specimens (Figure 11 and Figure 12).

In the linear elastic analysis of the specimen curvatures, the initial apparent elastic moduli of the PIP
and GSI composites were 101 + 2.1 GPa and 119 + 2.5 GPa respectively. These measurements of
elastic properties, which were obtained by direct measurement of the specimen deformation, are
significantly higher than calculated using the load and crosshead displacement data. It should be
noted that the applied crosshead displacements in the elastic regime (i.e. below 50% of peak load)
are very small; less than 100 pm for GSI and 200 pm for PIP. The transverse elastic modulus
(perpendicular to the fiber direction) in the GSI composite is low, due to the low transverse stiffness

of the carbon fibers in the braided structure, and has been measured to be ~20 GPa [13]. A similarly



low transverse modulus would be expected also in the PIP composite, which is fabricated from the
same carbon fiber preform. Transverse compression of the specimens due to low transverse stiffness
will add to the crosshead displacements, particularly in short bend specimens that require high loads
to obtain a significant flexural stress, and this would reduce the apparent flexural stiffness (Figure 5).
The flexural moduli obtained in the three and four-point bend tests using load and crosshead
displacement data are therefore not reliable, and would not be reliable even if the load-line
displacements were measured directly at the specimen. Standardised flexural tests for ceramic
composites [40] require a span to thickness ratio in excess of 15. This is primarily to avoid shear
effects, which were not observed in these tests, but a high span to thickness ratio would also reduce
contact loads, and so diminish the effects of transverse compression on the load-displacement

behaviour in these anisotropic materials.

There are currently no published data for the tensile elastic moduli of these GSI and PIP composites,
but there are data for composites with similar constituents; the tensile modulus of T300 carbon fiber
i1s ~230 GPa [41] and the typical modulus of SiC produced by the GSI process is ~200 GPa [42]. In
a two-dimensional LSI-fabricated C-SiC composite with 40% fiber content, the highest tensile
modulus was 145 GPa; lower values were attributed to the effects of thermal residual stresses [11].
A high tensile modulus of 130 GP was obtained in a CVI-fabricated two-dimensional C-SiC
composite (40% fiber content) [39], although a study of a similar composite achieved a modulus of
94 GPa [43], and values from 60 GPa to 75 GPa have been reported for lower density CVI processed
C-SiC composites with needle-stitched 0°/90° carbon fiber preforms [44,45]. In all these studies, the
tensile modulus decreased with increasing tensile strain. In the flexural loading of the GSI and PIP
composites in this study, up to half of the specimen cross-section is under compression (Figure 11);
this would act to close any pre-existing internal cracks that would then have a lesser effect on the
stiffness. A previous study, which examined the longitudinal compressive behaviour of the same

GSI material, obtained a lower-bound estimate of 160 GPa [13]. The flexural moduli of ~100 to 120
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GPa (Figure 12c) obtained in this study by DVC of tomographs are therefore reasonable. The initial
stiffness (Figure 12c) of the GSI is ~18% greater than that of the PIP, and this trend is consistent

with their observed 26% difference in porosity (Figure 4a).

If the flexural deformation followed simple beam theory with constant linear elastic modulus (i.e.
constant flexural rigidity), then the normalized displacements (Figure 12) should have a constant
gradient, with the zero value of the neutral axis at the specimen midsection (i.e. at y~1.5 mm). The
data show a changing gradient and a movement of the neutral axis with increasing load, which means
that the curvature of the specimen has increased above that expected for its flexure at constant elastic
modulus. Similarly, for elastic deformation in four-point bending with constant modulus, the
through-thickness strains (Figure 13) should be small and approximately constant. The observed
changes therefore reveal the effects of intra- and inter-bundle cracking, which increase the total strain
and reduce the effective elastic modulus in tension. The inter-bundle splitting of the PIP sample
(Figure 7) is very evident (Figure 13b), and the opening of intra-bundle cracks in the GSI sample

caused a pattern of displacements that reveal the heterogeneous microstructure.

The use of tomography and DVC to effectively strain gauge the microstructure shows that there is
change in the flexural rigidity of the composites with increasing load. This is due to the reduction in
elastic modulus in the tensile region that is caused by an increase in the proportion of open cracks in
the microstructure with increasing tensile strain (Figure 10). The behavior is similar to that of a
functionally-graded material [46] in which a reduced elastic modulus can act to lower the surface
stresses in the microstructure and increase strength; in this case, the apparent modulus is reduced due
to the effects of crack development [47] and is thus a function of the applied strain. In principal, a
more detailed analysis of the three-dimensional displacement field with increasing bending moment,
such as with the finite element method, could be used to quantify the material relationship between

tensile strain and elastic modulus to support composite design. A more extensive study, utilizing



tomographs recorded both under load, and after full or partial unloading, would be necessary to

separate unambiguously the effects of cracking from inelastic deformation [30].

This study has shown that DVC measurements from tomographs can provide unambiguous
observations of deformation that identify the onset of mechanical damage. Combined studies using
XCT and DVC can therefore be used to reliably quantify the effects of mechanical loading on
damage development and the flexural properties of braided ceramic composites. This approach
would be applicable to other material systems, including ceramic composites with different preforms,
and also those in which complex structural modifications such as short-cut webs and needle stitching
are introduced. The combined XCT/DVC approach may also be extended to more complex stress
states and cyclic loading. Ultimately, measurements of the evolution of the displacement field may
also be used to verify numerical models for damage development, which can aid the optimal design

of composites [48,49].

4 Conclusion

The flexural behaviour of 3-dimensional S5-directional braided C/C-SiC ceramic composites
produced by the GSI and PIP methods from the same preform have been studied in situ, for the first
time, with laboratory X-ray computed tomography (XCT). Measurements of the internal
displacement field by digital volume correlation (DVC) show that both composites experience a
progressive degradation of flexural modulus with increasing tensile strain that is due to mechanical
damage by crack propagation. The GSI composite has higher density, which gives it an initially
higher stiffness than the PIP composite. The GSI composite has a significant intrinsic population of
intra-bundle crack-like defects due to its high processing temperature, and a lower tendency for fiber

pullout. Consequently its strength is lower than the composite produced by PIP.
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7 Figure Captions

Figure 1: Set up of in situ four-point bending test. (a) schematic diagram; 3D visualization of
observed region of (b) GSI sample and (c) PIP sample.

Figure 2: Tomograph cross-sections (11.5 um voxel) from Figure 1 to show the microstructure of (a)
GSI sample and (b) PIP sample. Intra-bundle cracks are indicted by white arrows.

Figure 3: Microstructure 3D visualization. (i) matrix, (i1) total porosity and (iii) inter fiber bundle
pores of (a) GSI sample and (b) PIP sample.

Figure 4: Quantitative measurement of microstructure by image segmentation of 11.5 um voxel
tomographs: (a) area fractions of pore and matrix along x axis and (b) the porosity ratios of inter
bundle and intra bundle pores to the total measured porosity; (c) Scanning electron microscopy
(SEM) characterization of acid etched surfaces; (1) GSI and (i1) PIP.

Figure 5: Mechanical testing data for GSI and PIP materials: (a) flexural stress vs. displacement for
the three-point bending; (b) applied load vs. displacement for the tomographed specimens in four-
point bending. The points at which tomography (11.5 pm voxel) was performed are indicated.

Figure 6: Scanning electron microscopy (SEM) fractography of a) GSI and b) PIP four-point bend
specimens.

Figure 7: Damage visualization using tomography (11.5 pum voxel) of (a) GSI and (b) PIP samples
after failure; (i) 3D volumes and orthogonal slices parallel to (ii) x-z plane and (iii) x-y plane.
Common lines A-A and B-B are indicated. The y-x planes below the loading pins are marked by
white dotted lines.

Figure 8: Sections (x-y plane) of high resolution tomographs, after failure, (2.5 pm voxel) of (a) GSI
and (b) PIP samples.

Figure 9: The sequence of crack development with increasing load, observed in the x-y sections of (a)
GSI and (b) PIP samples. The locations of the y-z planes beneath the loading pins are marked by
white dashed lines.

Figure 10: 3D visualization of crack development with increasing loads of (a) GSI and (b) PIP
samples. The y-z planes at the loading points are marked by black dashed lines. In (i) to (iv), the
tensile flexural surface is at the bottom of the image, and in (v) the volume is viewed from the
bottom surface.

Figure 11: Maps of the evolution with increasing load of the x-displacement difference between the
y-z planes at the loading points (normalized by applied bending moment) for (a) GSI and (b) PIP
samples.

Figure 12: Data from Figure 11, averaged along z axis and plotted as a function of y for (a) GSI and

(b) PIP samples. Error bars are the standard deviations; c¢) the apparent elastic moduli, obtained from
the measured strain gradient and load.
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Figure 13: Maps of the evolution with increasing load of the average y-strain between the x-z planes
at the upper and lower surfaces of (a) GSI and (b) PIP samples.
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