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Abstract

The present paper proposes an investigation of the failure events in a melt-infiltrated
SiC/SiC composite. In-situ X-ray microtomography tensile tests were performed at room
temperature and at 1250°C in air. Digital Volume Correlation has been used to identify
the damage mechanisms within the material at increasing loads and to propose a dam-
age scenario. Realistic finite element meshes have been constructed from the 3D images
to numerically reproduce the experiments at the meso-scale. Elastic simulations exhibit
stress concentrations in the planes containing the weft tows. The first cracks and subse-
quent damage localization were found to appear within these planes thanks to the analysis

of the in-situ tomographic data.

Keywords: In-situ, Tomography, Digital Volume Correlation, Finite element, SiC/SiC

composites

1. Introduction

Ceramic matrix composites (CMC) are high performance materials displaying re-
markable properties such as damage tolerance, low density and excellent thermomechan-

ical properties at high temperatures. They appear as promising candidates for structural
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applications at elevated temperatures, e.g. for civil aeronautic engines [1]. CMC are
complex materials because of their multi-scale structure and damage mechanisms. This
complexity makes the service lifetime prediction required for such applications a real
challenge. The understanding of the first failure events and of their propagation is of great
interest for improving the design and the architecture of the material, and consequently
the thermomechanical behavior. Damage mechanisms of CVI SiC/SiC composites have
been largely studied and are well understood, at least at room temperature [2], [3], [4].
Experimental studies of damage mechanisms in melt infiltrated (MI) SiC/SiC composite
have relied on electrical resistance change [3], acoustic emission and 2D microscopic ob-
servations [6]], [[7]]. These studies revealed that matrix cracks initiate in weft tows and in
the matrix-rich regions. At low stress, microcracks, associated with low energy acoustic
signals, develop within the weft tows. When the stress increases, these microcracks prop-
agate until they create through-thickness cracks, associated with high intensity acoustic
signals. Crack initiation and propagation within the weft tows have also been observed
using Scanning Electron Microscopy (SEM) [8]. This latter study has revealed damage
mechanisms such as micro-debondings around the fiber/matrix interfaces and their perco-
lation into a larger matrix crack through the weft tow.

Coupling X-ray microtomography (¢CT) and mechanical tests is a promising tech-
nique which has been increasingly used in the past decade to visualize and better un-
derstand the damage mechanisms within a material [9], [10]. In-situ tests are particu-
larly relevant for materials such as CMC to keep the cracks open during acquisition since
damages initiate at very small strain levels [11]. To observe the small cracks openings,
synchrotron radiation is necessary to obtain a monochromatic, parallel and high intensity
beam allowing high resolution and high signal-to-noise ratio. Analysis of the resulting
images provide rich 3D information of failure events and have notably been performed
for polymer-matrix composites [12], [13]], [14], [15] and unidirectional ceramic matrix
composites at room temperature [16], [17], [[18] and at 1750°C [19].

Digital Volume Correlation (DVC) can be used on reconstructed X-ray tomographic data



to measure three dimensional displacement fields [20], [21]. Based on the conservation of
the local X-ray absorption coeflicient, (i.e. the grey level of the 3D volume), DVC consists
in minimizing residuals, defined as the difference between the deformed volume corrected
by a kinematic field and the reference volume. In global DVC approaches, displacement
fields are interpolated via finite element basis [22]], which ensures the continuity of the
displacement fields. Therefore, any discontinuity in the deformed image, such as a crack,
could be detected through the study of the local residuals. Such analyses have already
been conducted in [23]], [24], [25]], [26] to study the development of cracks. Note that at
very small strain level, a regularization approach can be used to improve the DVC results
[27].

Three-dimensional images obtained by uCT can be used as input data for finite ele-
ment modeling (FEM), allowing to account for the exact geometry of the sample. In the
case of metal foams, calculated strain and stress fields localizations have been success-
fully compared to the observed deformation mechanisms under loading at the cell scale
(28], [29] and the strut scale [30]. FE models based on 3D images are of great interest to
provide a physical explanation to the observed damage events and to develop damage laws
consistent with experiments. In this study, simulations at the mesoscopic scale have been
performed where the yarns are modeled as homogeneous orthotropic materials. This scale
seems relevant for image-based modeling from tomographic data since it enables taking
into account the reinforcement architecture, yet not being too heavy for FE calculations,
as compared to micro-scale simulations. Many authors are currently developing FE mod-
els at the meso-scale for composites either by creating a virtual material [31]], [32]], [33]]
or directly using 3D images [34], [33].

The purpose of this paper is to propose a damage scenario of a SiC/SiC at both room
temperature and 1250°C under tensile loading using X-ray pCT. Image processing and
DVC residuals are used to identify the damage mechanisms at increasing loads. Elastic FE
calculations directly based on the 3D images are also presented to validate the locations

of the first cracks initiations within the material.



2. Materials and methods

2.1. Materials

The investigated material is a SiC/SiC composite developed by Safran Group. Fibrous
yarns are made of 500 Hi-Nicalon S fibers with an average diameter of 12 ym and woven

in a 3D architecture. Fibers are coated with a thin interphase, followed by MI route.

2.2. Experimental procedure

Two in-situ tests have been carried out on the ID19 beamline at the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble at room temperature and 1250°C using
a special tensile device presented on Figure [T] (a). The specimens have a reduced gauge
length of 10 mm, a thickness of 3.2 mm and a width of 2 mm. A hydraulic pump is
used to apply the load. Load and displacements are monitored through a load cell and
a displacement sensor located respectively on the lower and the upper jaw. Two glass
tubes are used to bear the compression load balancing the sample traction. Tests can
be performed at high temperatures by heating the samples using Joule effect (Figure []
(b)). The sample temperature was measured with a bichromatic pyrometer. Tests were
paused during approximately 20 minutes to carry out the X-ray acquisitions at 0.5 oy, 0.7
or and 0.85 o where o is the failure stress of the tested samples at room temperature
and at 1250°C. The tensile strengths of the observed specimens were very close at both
considered temperatures but were approximatively only half of the corresponding values
for larger macroscopic samples of a similar material [36]. Due to the small size of the
specimens, the measured values of strengths should be considered with caution: this will
be discussed further later in section i.3] The specimen was placed at 190 mm from the
CDD camera and a 35 keV beam energy was used. To observe the entire length of the
specimen, several acquisitions were performed at a resolution of 0.9 um for each loading

level, each scan containing 2160 projections, in standard absorption mode.



Figure 1: (a) High temperature tensile device adapted for in-situ uCT acquisitions placed on the ID19
beamline and (b) zoom on the specimen heated at 1250°C.

2.3. Image processing

2.3.1. Crack segmentation based on images differences

A coarse crack segmentation is first proposed. Images are stitched together and down-
scaled by a factor of 2. For each loading step, the rigid body motion between the reference
image f(x) and the deformed one g(x) is partially corrected using the normalized mutual
information metric [37]. The difference between the reference f(x) and the registered
deformed volume g’(x) is computed, d = f — g’. As the cracks are mainly located in yz
planes where X is the loading axis, they could be extracted by performing morphological
operations with a horizontal structuring element on each xy slice of d(x). This is followed
by a morphological closing with a circular structuring element to retain only the most sig-
nificant cracks. A manual control of the user is required to isolate the cracks. This coarse
segmentation procedure allows to quickly visualize the network of main cracks during

loading and to locate the main areas of interest.

2.3.2. Crack segmentation based on DVC residuals

A finer segmentation procedure based on DVC residuals is proposed hereafter. The

Correli-C8R code developed by LMT Cachan has been used [23]], [26]], based on a weak



formulation with C8 finite elements and a regularized approach [27]]. Damage analysis is
carried out on small Regions Of Interest (ROIs) of 300 x 300 x 300 voxels extracted in
the regions where cracks were observed with the previous coarse segmentation procedure.
No rescaling is used here. The size of the elements for the calculation is 20 voxels and the
length of regularization is 100 voxels. The residuals ®(x) are obtained in each voxel as
the difference between the reference image f(x) and the deformed image corrected by the
DVC displacement field g(x + u(x)). If the displacement field were a single translation,
then the residuals @ would be comparable to the previous difference d(x). Residuals are

filtered using a 3D non-local mean algorithm to remove noise.

2.3.3. Yarns segmentation

To separate the weft and warp yarns, image gradients V f are first computed using the
spatial convolution mask defined in [38]. Then, we define the structure tensor 7(f) of
the image in each voxel as the product Vf ® Vf. The structure tensor is a 3 X 3 matrix
which can be diagonalized : the eigenvector v} corresponding to the smallest eigenvalue
Ay indicates the direction of smallest grey level variation which is expected to be aligned
with the fibers direction [39], [34]. The x and y components of v} are thresholded in order
to get masks of the warp and the weft yarns. Morphological operations similar to those

used in [33]] are applied to improve the quality of the masks.

2.4. Image-based FEM

2.4.1. FE model construction

A FE model is constructed from the tomographic data to recreate numerically the
experimental tests. Only the test carried out at 25°C is presented here. The tows are
first segmented. An initial manual step is required, consisting in contouring by hand the
section of the yarn in the middle of the specimen (Figure 2{(b)). These envelopes are then
propagated within the masks of weft and warp yarns obtained previously. Figure [2] (c)
presents the segmentation of individual yarns. The segmented images were meshed with

FE tetrahedral elements since they were found to be more suitable for meso-scale analysis



of local stress than voxel-based meshes [40]. The generalized Marching Cube routine was
used to generate a conforming surface triangulation from the images and GHS3D [41] was
used to provide a tetrahedral mesh of the domain. The resulting mesh is shown in Figure[2]
(d) and contains approximately 5 millions of elements. The matrix is considered isotropic
and homogenous. Transversely isotropic properties have been attributed to the yarns in
the same way as presented in [33]], using the centroid axis of each yarn to ascribe the
mechanical properties. The Table [I| resumes the properties used for the model, provided

by [42] at room temperature for a similar material.

Figure 2: Methodology for creating FE models from tomography data. (a) is the reconstructed volume, (b)
the contoured yarns cross section in the middle of the sample, (c) the individual yarn segmentation after
propagation of envelopes and (d) final FE model obtained after meshing with tetrahedral elements. The
volume of the specimen is 10 X 2 x 3.2 mm?

Eiy | Exn | Es3| Gio | Gi3 | Gz | vi2 Vi3 V23
Yarn 3201 149 | 149 | 59.6 | 59.6 | 64.8 | 0.176 | 0.176 | 0.15
Matrix 310 132.5 0.17

Table 1: Meso-scale mechanical properties at room temperature where E and G are expressed in GPa and v
is the Poisson ratio coeflicient. (Values from [42])

2.4.2. Boundary conditions
DVC has also been used to evaluate the real boundary conditions (BCs) applied to the

specimen and to quantify the difference between the expected and the actual BCs. ROIs



are extracted around the top and the bottom of the specimen for each loading step. As a
first approximation, the displacements are linearized by fitting the three displacement field
components to a plane. The resulting BCs are eventually applied to the corresponding

nodes of the FE model. Elastic FE simulations have been performed using Abaqus 6.12.

3. Results

3.1. Damage analysis

3.1.1. Main cracks network

The main crack network obtained using the coarse crack segmentation procedure is
presented Figure [3|for increasing loads at room temperature and at 1250°C. In both cases,
cracks initiate near the free surfaces and propagate perpendicularly to the loading axis.
Once a crack is initiated, multiple microcracks develop in its vicinity (up to 20 mm~ for
0.85 o). This leads to an uneven distribution of cracks, that appear clustered in some
particular regions (labelled with stars in Fig. 3) while other ones remain crack free. The
location of the final failure is indicated in Figure [3|by a black ellipse in the initial volume.
As expected, the final fracture appears both at 25°C and 1250°C in one of the highly
damaged zones.
To better understand how the architecture of the material influences the development of
the crack network, Figure { shows the number of voxels belonging to cracks (in red) and
to weft yarns (in green) projected along the length of the sample location for increasing
loads at (a) 25°C and (b) 1250°C. The peaks of the green curves correspond to the location
of the weft planes. At room temperature, most of the cracks are located in these planes.

As the load increases, cracks proliferate in these particular areas.
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Figure 3: Crack network development at increasing loads states at (a) room temperature and (b) 1250°C.
On the initial states (left), a black ellipse corresponds to the areas where the final fracture occurred (right).
The volume of both specimens is 10 x 2 x 3.2 mm?
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Figure 4: Projection of the number of voxels corresponding to cracks (in red) and weft yarns (in green)
along the sample length at (a) room temperature and (b) 1250°C at increasing load states.



3.1.2. DVC residuals results

DVC residuals are analyzed to characterize the damage events in a more local manner.
Figure[5|presents (a) the reference image f(x) of a uCT slice of the sample tested at 25°C,
(b) the deformed images corrected by the displacement field g(x + u(x)) obtained by DVC
at increasing loads, and (c) the corresponding residuals ®(x). Before propagating in the
volume, cracks initiate in the weft yarns. Cracks initiation can hardly be seen on the
deformed images, but appear clearly on the residuals fields. When load increases, other
matrix cracks initiate in the crossing between yarns and propagate to matrix rich regions or
longitudinal yarns until they interact and merge themselves into a larger through-thickness
crack.

0.5 ox 0.7 ox 0.85 oy

Figure 5: uCT slice of the sample tested at room temperature : (a) reference image, (b) deformed images at
several load steps corrected by a DVC displacement field and (c) the corresponding residuals fields. Black
ellipses highlight the observed damage events

Other damage events can be observed thanks to the DVC residuals. Fiber/matrix
debondings are detected at high temperature in longitudinal tows (Figure [] (a)). Fiber
failures are also easily detected with residuals (Figure [f] (b)). At high temperature, fibers
mostly break in the main crack plane while at room temperature, the are spread over 200

pum from the crack as shown in Figure [7] (a). This has been confirmed by post-mortem
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SEM observations that clearly show a smoother fracture surface at 1250°C than at room

temperature (Figure[7](b)).

Figure 6: uCT slices of reference images (left), deformed images corrected by a DVC displacement field
(middle) and corresponding residuals (right). They show (a) debondings in longitudinal yarn (black ellipse)
at 1250°C and (b) fiber failures (black ellipse) at room temperature

Figure 7: (a) uCT slices at 0.85 o of the sample tested at room temperature (left) and at 1250°C (right)
showing a transverse crack. Fiber failures outside the main crack are surrounded by black ellipses. (b)
Fracture surfaces at room temperature (left) and 1250°C (right).

Subvolume of the residuals at 25°C was extracted and thresholded for two different
orientations (Figure[§](b)). These images bring further insight into the shape of the cracks.
In particular, cracks appear to be not perfectly plane and exhibit deviations and branching.
At 0.7 o, fiber failures start to be noticeable around the main crack. Typical fiber failures

penny-shape are illustrated Figure [§](c).
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0.5 ox

Figure 8: (a) Subvolume of the sample tested at room temperature (340 X 640 x 640 voxels), (b) 3D filtered
thresholded residuals at increasing load states for two different orientations superimposed to the subvolume
(in light grey) and (c) zoom on fiber breakage (in red) of an extracted subvolume (60 x 350 x 200 voxels)

3.2. FE results

Figure 9| (a) presents the FE model of the central part of the specimen at 25°C. On
the top and the bottom of the FE model (indicated by stars on Figure [9] (a)), the three
components Uy, U,, U, (normalized by Ur = €g X Lyupi) of the displacement fields
obtained by DVC are plotted (red dots) as well as the best fitting planes for a load of 0.5
o (Figure 0] (b)). We define 6U.(y, z) as the difference between U,(y,z)/ Uy evaluated
at the top of the specimen and U,(y, z)/Ug evaluated at the bottom. The average of 6U,
gives a positive value, which is consistent with a tensile test in the X direction. However,
oU, is clearly not uniform which indicates flexion within the sample. The values of U,
and U, calculated at the top of the specimen exhibit a variation respectively in the y and
in the 7 directions. On the contrary, U, and U, evaluated at the bottom of the specimen
show a gradient respectively in the Z and in the ¥ directions which give rise to a twisting
moment around the X axis and to shear stress on the yz plane. The sample is therefore
subjected to a complex tensile/flexural/torsional loading.

The same analysis has been performed on the specimen loaded at 1250°C. The boundary
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conditions evaluated by DVC at 0.5 o at room temperature and at 1250°C have been
applied to an homogenous macroscopic FE model of the sample. Figure [T0] shows the
normalized strain €;; on the deformed shape of the models where the deformations have
been magnified by a factor 30. The non-uniform loading due to the real BCs is clearly
visible since the sample should have remained straight in the case of a perfect tensile test.
However, the strain fields and the deformed shapes of the samples are very similar at room
temperature and at 1250°C, which indicates that the experiment was quite reproductible

and that the observed damage events can be compared.

(@) (b)

Normalized DVC displacement components evaluated in *

Figure 9: (a) FE model at room temperature before calculation, (b) Displacement field components calcu-
lated with DVC at 0.5 o (red dots) at the top and the bottom of the specimen (respectively * and ** in (a)).
The blue planes fitting these points at best are applied as BCs in the FE model

FE calculations on the meso scale were only performed on the specimen at room
temperature depicted Figure [9] (a). Figure [IT] presents a slice of the specimen tested at
25°C for increasing loads (Figure [I1] (b)) and the local strain field €, obtained from the
FE calculations on the corresponding slice (Figure [IT](c)). The zones which experience
higher strain in the X direction (black ellipse) are consistent with the observed asymmet-
rical crack development visible on Figure [IT|(b). Weft planes display higher strain levels

which is consistent with the observations of Figure[d] In the zone of excess tensile stress,
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Figure 10: Strain fields €; on the deformed shape of the FE homogeneous model with real boundary
conditions evaluated by DVC at 0.5 o (a) at room temperature and (b) at 1250°C.

the first cracks appear in the transverse tow at a local strain level €, estimated for a global
load of 0.5 ok. Strains are also higher around the notches at the surface of the specimen
(indicated by black arrows Figure[TT](c) at 0.7 og). These notches come from the texture

of the material and are accurately reproduced by the FE model.

0.5 og 0.7 og 0.85 o

€11/ E1tmax

1
io

(e

Y

Figure 11: (a) 2D segmented slice of the sample tested at 25°C, (b) same slice at increasing loads where the
cracks are highlighted in black and (b) corresponding normalized strain fields calculated by FE. The black
ellipses show the side of the specimen where the cracks are mainly located and where the strains are higher.
The black arrows highlight higher strains around the notches at the surface
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4. Discussion

4.1. Damage identification at 25°C and 1250°C

The tensile device described here offers the possibility to perform tests at temperatures
very close to the real service conditions. DVC residuals showed that the first matrix cracks
initiate in the transverse yarns, both at 25°C and at 1250°C, and mainly develop within
the transverse yarns planes. This is consistent with the conclusions of Morscher [6],
for a similar material, although he also observed cracks nucleation in the matrix-rich
regions. In our case, matrix cracks propagate from weft yarns to matrix-rich regions or
to longitudinal yarns. After damage initiation, differences have been noted between the
tests at room temperature and at 1250°C. In particular, fiber/matrix debondings within
longitudinal yarns have only been observed at high temperature and could be attributed
to the thermal history of the material. In contrast to room temperature, almost no fiber
failures are observed outside the main crack at 1250°C (see Figure[J). In both cases, the
oxidizing species can penetrate in the material due to the crack network at high damage
level. However, the oxidation kinetics become more significant at elevated temperature
[43]], which results in a more brittle failure at 1250°C than at room temperature. These
differences observed in damage mechanisms could be related to the decrease in strength

and strain to failure with temperature for macroscopic tensile tests performed on a similar

SiC/SiC composite [36]].

4.2. Coupled in-situ tests and image-based FE methodology

After applying the BCs evaluated by DVC to the FE model constructed from the to-
mography data at the meso-scale, the resulting strain fields are consistent with the loca-
tion of the first cracks observed experimentally. It is not the case with a perfect tensile
test simulation. We underline here the necessity to take into account the real BCs for
an accurate image-based FE simulation. Of similar importance, a simulation where the
specimen is treated as a homogeneous material is insufficient to accurately predict the first

failure events, even by applying the BCs evaluated with DVC. It is therefore mandatory to
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combine a high-fidelity FE model at the meso-scale and the real BCs to be able to predict
the location of the first failure events within the material. Planes containing weft yarns
were found to be more severely loaded : it is therefore not surprising that the first cracks
were observed in these areas. The local strain level € in the transverse tows at which the
first cracks appear is estimated for a global load of 0.5 o in the zone of excess tensile
stress. This value is however obtained with a given set of properties for the yarns and the
matrix provided by literature [42]. A finer identification of these properties, in particular
by a multi-scale identification procedure [44], [45], [46] may lead to a slightly different
estimate. Moreover, DVC calculations revealed that the performed tests were actually a
combination of non-uniform traction, flexion and torsion. Under such a complex loading,
we could expect that the damage mechanisms would slightly differ from a perfect tensile

test.

4.3. Limitations

Although quantitative damage mechanisms can be extracted from the in-situ tomo-
graphic imaging and image processing, some data cannot be retrieved. Crack openings in
the investigated material are very small, roughly the size of a voxel. They can be observed
mainly due to the phase contrast phenomenon which enhances the contrast at interfaces.
Therefore, crack opening widths cannot be precisely quantified. Complementary tests
have to be performed, such as those realized by [8] under SEM to quantify matrix crack
opening widths. These data would be of prime interest for developing coupled thermo-
mechanical and physico-chemical models also taking into account the oxidation mecha-
nisms.

The tested volume (10 X 2 x 3.2 mm?) of the investigated samples is below the geometric
Representative Elementary Volume (RVE). Due to these small dimensions, the represen-
tativity of the performed tests may be questioned. First, surface defects are proportionally
more influential on the onset of damage as compared to larger ones. The influence of the
distance to the free surfaces is also questionable about the representativity of the effective

stress state of the tested volume as compared to the same volume inside a bigger sample.
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This effect is likely to be limited in the case of a perfect tensile test, but not in the case
of a complex mechanical loading. As mentioned before, the measured strengths at room
temperature and at 1250°C are significantly lower compared to those obtained for macro-
scopic samples. This peculiar behavior is related to the small dimensions of the samples
(2 mm width) with respect to the size of a yarn. This limited size impedes the stress
transfer within the material which makes the sample more sensitive to the first damage
events. As presented Figure[l0} the specimens experienced a complex multiaxial loading,
which could also partially explain the lower strength values. Due to the small dimensions
of the samples and the non-uniform mechanical loading, the realized in-situ tests cannot
be used directly to characterize the mechanical behavior of the nominal material and must
be used in addition of standard macroscopic tests. However, it provides an excellent way
to identify the damage mechanisms and especially the first ones, of prime interest for the

design of the material.

5. Conclusions and outlook

In-situ tensile tests have been carried out at both room temperature and at 1250°C
under uCT on SiC/SiC materials. The study of DVC residuals revealed the apparition and
the evolution of damage patterns within the material and allowed to propose a qualitative
damage scenario. Matrix cracks first initiate in weft yarns, develop and proliferate in
the weft planes until they coalesce and create a through-thickness failure. The location
of the first matrix cracks is consistent with the results of FE simulations at the meso-
scale which show higher strain at the yarn crossings. The tests also revealed that, while
fibers break outside the crack planes at 25°C, they break within the main crack plane at
1250°C. Beside the qualitative proposed scenario, the image processing tools presented
in this paper enable extracting quantitative data such as crack growth kinetics or fiber
failures kinetics, of great interest for damage models development. The image-based FE
methodology employed here proved its interest : it allowed to predict where the first

cracks would appear in the material, as confirmed by this experimental investigation.
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Further works include the development of non-linear FE models to predict not only
the location of the first cracks, but also their propagation. Secondly, the investigated
samples here are small-sized and it would be desirable to proceed to further investigations
on larger samples. Finally, crack opening widths cannot be evaluated yet, even with the
high resolution employed in this study. Additional in-situ SEM tensile tests could be
relevant to estimate the cracks openings. This would help to develop high temperature
models taking into account chemo-mechanical coupling, e.g. subcritical crack growth in

oxidizing environments at elevated temperatures.
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