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The deformation and fracture of a 0/90° Nextel 720 mullite fibre / alumina matrix ceramic-matrix composite
material has been observed by in situ synchrotron x-ray computed micro-tomography at ambient temperature and
at 1100 °C. A three-point loading configuration was used and samples were loaded monotonically until final
fracture. The flexural strength was found to be unaffected by temperature. 3D visualisation of the microstructure
showed fracture occurred by propagation of internal cracks at stresses close to the flexural strength. Shear
fractures propagated across fibre bundles that were oriented perpendicular to the flexural stress at both room

temperature and 1100 °C. At the higher temperature, an additional failure mode of delamination was observed,
that may arise from relaxation of thermal residual stresses and creep.

1. Introduction

Oxide ceramic-matrix composites (CMCs) are used as structural
materials in high temperature oxidising environments [1]. Due to their
thermal stability, continuous fibre oxide-based CMCs have been used to
make aircraft exhaust components, e.g., nozzle flaps [2,3], light weight
helicopter exhaust ducts [2,4], sealing/casting shrouds and stationary
vanes in gas turbines [3,5,6]. Compared with SiC-based CMCs, oxide
CMCs offer a superior environmental stability and can be made into
larger components at significant lower cost as their processing does not
involve repetitive re-infiltration or pyrolyzation steps [3,7]. For
example, alumina (Nextel 720) fibre-based CMCs have been proposed
for novel revolutionary combustors [8] that will shorten the combustion
length by up to 50 %. Furthermore, compared to the aerospace alloys
currently being used for gas turbine seals, oxide CMCs can provide
resistance to creep at temperatures 200—300°C higher than current
operating temperatures [3].

CMCs can be considered to have three primary components: the
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fibre, the matrix and the fibre/matrix interface. The interface is often a
weak boundary that plays an important role in improving the fracture
toughness, since when a crack that typically originates in the matrix
reaches the interface, delamination along that interface can deflect the
crack. This increases the fracture resistance of the composite relative to
its monolithic form [4]. However, if the interfacial layer is too strong,
cracks can propagate into the fibre instead, causing a reduction in
toughness [9]. In SiC fibre/SiC matrix CMCs, it is common to use boron
nitride or carbon at the interface, but most oxide CMCs employ a
weaker, more porous matrix as a substitute for an interface phase [8].
Three different matrices are currently available for high-temperature
oxide CMCs [7]: alumina, mullite (the only chemically stable interme-
diate phase in the SiO2-Aly03 system) and aluminosilicate (compounds
of aluminium, silicon and oxygen with substitution by other elements).

Due to the orthotropic nature of the material systems, the strength
and stiffness depend on the load direction relative to the fibre directions.
For example, the stress-strain behaviour of a Nextel 720 fibre/alumi-
nosilicate matrix material, tested in bending, was found to be stable up
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to 1100 °C with 0/90° ply orientation [10]. As the ply orientation was
changed to +45°, significant anisotropy in the mechanical properties
was observed. This was attributed to the generation of a tensile stress
along the +45° orientation relative to the weak fibre/matrix interface.
There was also a difference of three to four orders of magnitude in the
creep rate at 1100 °C, from 10" s ™! in the 0/90° sample to 10”° s”! for the
samples with +45° orientations [8]. The strength of composites
comprising Nextel 720 fibres within a mullite matrix [9] or alumina
matrix generally remains unchanged after aging at 1200 °C for 1000 hs.
Significant weakening can occur in the aluminosilicate matrix system at
temperatures of ~1200 °C. Electron microscopy investigations have
shown that the aluminosilicate matrix begins to sinter at 1100 °C,
whereas the fibre (Nextel 720) microstructure remains unchanged [10].

The matrix properties can be optimised to improve high temperature
performance; for instance, the introduction of a small amount of yttrium
aluminium garnet significantly slowed the sintering of the alumina at
1300°C [11] and helped maintain its strength at elevated temperatures.
Nano-particles may also be added to the matrix to modify its properties.
For instance, with the additions of SiC nanoparticles the tensile creep
rate of a mullite matrix composite was reduced to a much lower value of
2.9 x 10~8 s at 1400°C, which is roughly four times less than that of the
monolithic mullite [12]. Different oxide fibres can perform optimally
under different conditions. In a study of the long-term tensile creep
behaviour of oxide ceramic-matrix composites [13] tested at tempera-
tures up to 1100 °C, the materials with Nextel 610 fibres exhibited
higher strength and stiffness, in contrast to another study [3] of the
materials with Nextel 720 fibres where lower strength and stiffness were
measured though the latter performed better in terms of creep at
1100°C. However, the creep resistance of Nextel 720 fibre/alumina
matrix CMCs can degrade at temperatures higher than 1100°C in steam
environments [14].

In situ observations of damage development within ceramic com-
posites is essential in providing an in-depth understanding of the me-
chanical interactions between the matrix, fibres and porosity [15], as
these cannot be accessed by surface observations. The application of
high-resolution computed x-ray tomography (pXCT) allows new insights
into damage development within ceramic composite microstructures,
and when such in situ studies are coupled with digital volume correlation
(DVCQ) [16] it is possible to quantify the deformation and strain states
[17-20] and their interactions with the architecture of the composite
[17]. High temperature in situ observations are also feasible, as shown by
a recent study involving real-time synchrotron x-ray tomography during
uniaxial tension testing above 1600 °C of a SiC-SiC composite [21] to
investigate fracture propagation through the woven microstructure,
including the influence of oxidation.

The objective of this work was to adopt this in situ approach to study
failure in a Nextel 720 mullite fibre/alumina matrix CMC at ambient
temperature and at 1100 °C, and document the evolution of damage
with particular attention to the initiation of cracks and their subsequent
propagation within the microstructure.

2. Experiments and materials

The material under study was an oxide ceramic-matrix composite,
fabricated by Composite Horizons, LLC (PPC structurals, USA) with an
eight harness-satin weave in the 0/90° orientation. The matrix is
alumina (Al,03) and the Nextel 720 fibres (Al,O3 with 15 % SiO,
addition) have a diameter of 10-12 pm; no interfacial layer was added
between the fibre and the matrix. The matrix was fabricated by slurry
infiltration, by which a slurry containing ceramic Al,O3 particles wicks
into the porous fibre preform cloths [13] to form a matrix-infiltrated
prepreg. The cloths were then stacked and consolidated using vacuum
bagging at a temperature of around 150°C to drive out water or any
remaining solvents. This was followed by pressureless sintering in the
range of 1000-1200°C. The surfaces of the CMC plate were ground
(Hauser S 35 400 CNC) to a tolerance of 0.1 mm, using a SiC cutting tool.
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Prior to the in situ experiments, the microstructure of a rectangular
specimen (15 x 4 x 5 mm) was first examined with laboratory tomog-
raphy using a Zeiss Xradia 510 Versa 3D x-ray microscope, operating at
80 kV energy with 7 W power. The acquisition time is 10 s per projec-
tion. The tomograph was reconstructed from 2001 projections recorded
over a 360° rotation, with 2x binning of the 2048 x 2048 pixel camera,
to visualise a cylindrical region of interest (~2.7 mm diameter x 2.7 mm
height) at a voxel size of 2.7 x 2.7 x 2.7 pm°. The specimen’s longest
dimension was parallel to the rotation axis to minimise the x-ray path
length. The tomograph was reconstructed using the instrument soft-
ware, and then visualised and post-processed using the Avizo software
(Version 9.5.0b).

In situ x-ray tomography experiments were conducted at beamline
8.3.2 in the Advanced Light Source, at the U.S. Lawrence Berkeley Na-
tional Laboratory [22]. During the experiments, a unique device that
permits mechanical loading at elevated temperatures was used [23];
details of the device can be found in ref. [21,24]. Its central part is an
aluminium chamber (~150 mm in diameter) where the heating is pro-
vided by six ellipsoidal 150 W Halogen lamps which illuminate a uni-
form hot zone region (~0.5 cm®). The test specimen was positioned in
the hot zone, and in line with a 300 pm thick aluminium window to
allow x-ray transmission from the source (white beam, 6-43 keV) to the
detector. A detailed image of the setup was shown in Fig. 4 (a). In
addition, a similar zoom-in image was included in Supplementary Ma-
terials Figure S1 inlcuding a schematic of the three-point bending and
positions of thermocouple [24]. The field of view on the detector (PCO
Edge 2 x CCD camera, 2560 x 2560 pixels) was 8 x 4 mm (voxel size:
3.25 pm); for higher resolution characterisation, it was reduced to 3.2 x
2.6 mm (voxel size: 1.3 pm). In each scan, 1969 projections were
collected over a rotation of 180°, with an acquisition time of 30 ms for
each projection (time per scan approximately 17 min). Rectangular
beam specimens, with dimensions of approximately 2 x 3 x 20 mm were
tested at the lower resolution, and with dimensions of 1.75 x 1.75 x 20
mm at the higher resolution. These were loaded using a three-point
bending configuration with a 16 mm span (the diameter of the loading
rollers was 3 mm).

Tests were conducted at two temperatures: RT (nominally 25°C) and
1100°C. Two samples were tested at each temperature, with one of these
observed by tomography for RT at 3.25 pm voxel size. Two samples
observed by tomography for 1100°C at two different voxel sizes: Sample
S1 was imaged at 3.25 pm voxel size, and Sample S2 was imaged at 1.3
pm voxel size. A thermocouple was placed in contact with the side of the
sample to control the temperature via the lamp current. The hot zone
size is sufficiently large to include the whole sample cross-section. A
detailed analysis of the hot zone was analysed in [21] and a schematic
was included in Figure S2. For each in situ tomographed sample, several
scans were undertaken from the pre-load (essentially load-free) condi-
tion until fracture. The reconstruction was performed using the Gridrec
algorithm [25] with the centre of rotation of each scan individually
identified. This was necessary to eliminate artefacts caused by defor-
mation especially for the elongated vertically oriented samples under
bending. Conventional flat field correction was used to normalise the
acquired projection images to reduce the detector’s fixed pattern noise.
3D visualisation and segmentation were undertaken subsequently using
Avizo.

Digital volume correlation (DVC) of the synchrotron x-ray tomo-
graphs was carried out with the LaVision DaVis software (version 8.3.1)
using the Direct Correlation procedure and the pre-loaded tomograph as
reference. The analysis of loaded tomographs from the room tempera-
ture experiment and the 1100 °C sample S1 was carried out with a final
subset size of 32 x 32 x 32 voxels (i.e., 32%) at 75 % overlap, using the
pre-load tomograph as reference, after two passes each at successive
cubic subset dimensions of 2562, 1283, 64° and 322 voxels. For the
sample S2 tested at 1100°C, it was necessary to carry out the DVC
analysis only to a larger subset size of 64° voxels at 75 % overlap to
reduce the noise that is inherent at smaller subset sizes. Post-processing
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of the three-dimensional displacement fields was performed using
Matlab (Version 2017a).

Fractured samples were mounted in conductive epoxy resin and
ground with 1200 grit SiC paper followed by successive 6 pm, 3 pm and
1 pm diamond paste polishing, prior to a final polish in colloidal silica
(Col-K) with particle size of ~60 nm. The surface was then cleaned by a
Gatan PIPS II ion polishing system for 2 hs at 6 kV beam voltage and an
average beam current of 0.32 pA with an argon gas flow of 0.1 cm®
min~!. Optical microscopy of the polished samples was undertaken
using an Olympus GX51 Inverted Metallographic Microscope. A
Nomarski contrast objective lens of 10x was used in bright field mode,
with montage images obtained by image stitching using an ImageJ’
plug-in.? The samples were then coated with carbon, using a Q150R Plus
plasma rotary pump sputter coater, to prevent charging before exami-
nation in a Carl Zeiss Merlin Field Emission Scanning Electron Micro-
scope (Carl Zeiss SMT AG) at 5 kV with a probe current of 100 pA.

A Tescan Lyra3 XMU Focused Ion Beam Scanning Electron Micro-
scope (FIB-SEM) was used to make thin foils for examination by trans-
mission electron microscopy (TEM). A strip of platinum was deposited
on the sample to protect the region of interest from material re-
deposition during FIB milling [26]. Trenches were cut to define the
foil using a FIB voltage of 30 kV and a current of 4 nA, then at 30 kV/1
nA for surface cleaning. Each foil, with a width of ~1 pm, was then cut
free, transferred and mounted on a copper grid and then further thinned
from both sides progressively to 300 nm at 30 kV/1 nA, to 100 nm at 30
kV/160 pA and then at 2 kV/20 pA to 50-60 nm thickness with the foil
inclined at 2.5° from the optimal tilt angle. A JEOL 2100 F STEM (200
kV) system with point-to-point resolution of 0.23 nm was used for ob-
servations in both bright field (BF) and annular dark field (DF-HAADF)
STEM modes (2048 x 2048 pixels at 30 ps per pixel). Diffraction images
of fibres sectioned in both longitudinal and transverse directions from
the room temperature sample were obtained using a camera length of
800 mm.

3. Results
3.1. Microstructure

The laboratory x-ray tomograph of an as-fabricated sample Fig. 1a
shows the fibre bundle orientations in the 0°/90° woven structure,
where 0° fibres have been defined as being parallel to x-axis and 90°
fibres are parallel to the z-axis. There are pre-exisiting matrix shrinkage
cracks (either perpendicular to, or parallel to, the fibres) and porosity
(mainly in the matrix and at the fibre bundle/matrix interface) (Fig. 1a,
b). The matrix cracks are caused by cooling during processing [27]. The
SEM images show the close packing of the fibres within the tows
(Fig. 1c), and fine pores (Fig. 1d) in both the fibres and matrix. In order
to quantify the detectable open and closed porosity of the material
system a, 3D visualisation tool is used. The 3D visualisation is carried
out in Avizo using the threshold difference between the sample and the
pores. A study was carried out to find the optimal threshold, which is
where the detected porosity showed an approximate plateau over a
range of threshold values. This was selected as the total porosity of the
tomographed sample (Fig. 1a) and was estimated to be around 24 vol.%.
The uncertainty in the measurement is of the order of the range of the
plateau (0.58 %). The measured porosity is consistent with literature
measurements of similar composites [10].

Imaging using transmission electron microscopy (TEM) (Fig. 2)
confirmed the porous interface between fibre and the matrix, with no

! Schneider, C.A., Rasband, W.S., Eliceiri, K.W. "NIH Image to ImageJ: 25
years of image analysis". Nature Methods 9, 671—-675, 2012.

2 ImageJ plugin: Preibisch S., Saalfeld S., Tomancak P. "Globally optimal
stitching of tiled 3D microscopic image acquisitions", Bioinformatics, 25
(11),1463—1465, 2009.
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difference distinguishable between the interface structures after testing
at room temperature and at 1100°C. The TEM images of the fibre show
an equiaxed structure with an average grain size of 50—100 nm.
Diffraction patterns of the fibre shown in Fig. 3 are obtained from sec-
tions parallel (0°, 30°) and perpendicular (60°, 90°) to the fibre axis. The
azimuthally integrated diffraction spectra in Fig. 3a shows the peaks
from cristobalite (SiO,), mullite (Al;03.S5i05), and alumina (a-Al,O3)
with the alumina phase dominant. The fibre has a preferred crystalline
texture, shown (Table 1) by the change in relative integrated intensity of
the {113} and {223} alumina peaks with observation angle relative to
the fibre axis.

3.2. Fracture behaviour

The load-crosshead displacement data acquired during the in situ
synchrotron x-ray tomography tests at ambient and 1100°C provided
nominal relationships for stress vs. strain, (Fig. 4), which were obtained
using the Euler-Bernoulli (slender beam, linear homogeneous elastic
properties) analysis for small displacements. The flexural strengths at
both RT and 1100°C were similar at approximately 100 MPa (Table 2).
The flexural moduli were estimated from the linear region of the stress-
strain curve (Fig. 4); the low-load region was neglected as it shows the
typical bedding-in characteristic of the mechanical testing of compos-
ites, whereas data at high stresses may be affected by damage from
contact with the loading pins. The linear-elastic moduli obtained by this
method at room temperature and 1100°C were ~50 GPa and ~40 GPa,
respectively (Table 2).

In addition to a reference at the pre-load, tomographs were recorded
close to ~80 % and 100 % of the peak loads. A tomograph was also
collected for the RT sample at ~50 % of the peak load. These are
respectively indicated as 0.5Ro, 0.8Ro and Ro in Fig. 4. The regions that
were observed by tomography are identified in Fig. 5; the loading pin is
visible on the top of the tomograph. A smaller region is indicated that
contains the results of the digital volume correlation (DVC) analysis. The
nominal shear force and bending moment profiles that the samples
experienced during loading are also shown for reference, assuming
Euler-Bernoulli conditions.

A post-mortem analysis using optical microscopy (Fig. 6a) shows that
at RT, crack propagation was inclined at an angle of approximately 45°
to 60° with respect to the loading axis, whereas the samples tested at
elevated temperature showed complete delamination (Fig. 6b). Scan-
ning electron microscopy confirmed the tendency for the crack to
propagate with local paths that were inclined to the loading direction,
with crack deflection also at the interfaces of 0° and 90° fibre tows
(Fig. 6¢). At 1100°C, significant delamination can also be seen; the
sample also appears to be more friable as indicated by the polishing
damage in the circled regions in Fig. 6d.

The room temperature in situ tomography data are summarised in
Fig. 7a, using vertical sections (‘orthoslices’ in the y-x plane) across the
central region of the sample with the positions of the loading and sup-
port pins indicated. In region (i), which is beyond the outer support pin
and so outside the zone of maximum shear force, an initial vertically
oriented matrix crack was observed to close with increasing load. The
formation of new cracks was only observed above 0.8Rc, within the zone
of high shear force; examples are identified in regions (ii) and (iii) and
are presented at higher magnification in Fig. 7b. The cracks that were
originally present in the matrix did not show any obvious extension. The
three-dimensional nature of cracks (ii) and (iii) is visualised in Fig. 8,
which shows crack propagation along the interface between the 0/90°
fibre tows, with these inter-tow cracks joined by sectors within the fibre
tows at approximately 45°. These cracks extend across the whole width
of the sample.

Results are similarly presented in Fig. 9 for sample S1, which was
tomographed at 1100°C with the same 3.25 pm® voxel size as the RT
sample. Fig. 9 shows inclined cracks at ~45°, labelled (ii) and (iii), and
interlayer cracks, labelled (i). The cracks are visualised in three
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Fig. 1. Microstructure of as-fabricated oxide-oxide ceramic-matrix composite sample: a) 3D x-ray tomography visualisation (2.7 pm voxel); b) pore segmentation and
visualisation from x-ray tomograph; ¢) SEM image of polished section; d) SEM image of fibre/matrix interface.
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Fig. 2. Scanning transmission electron microscopy (STEM) observations with DF-HAADF dark field (porosity is black) of the matrix/fibre interface of samples tested
at (a) room temperature and (b) 1100°C.

dimensions in Fig. 10, which shows they also propagated across the tomographed at 1100°C at a voxel size of 1.3 pms. A typical pre-existing
whole width of the cross-section, similarly to those observed at RT. The matrix crack is highlighted in region (i). No new cracks are observed
interlayer cracks (i) are needle-shaped; such cracks were only observed until 0.8Ro was exceeded. Examples of these new cracks are indicated in
at elevated temperature, mainly underneath the loading pin (i.e., at the regions (ii) and (iii); these interlayer cracks propagate along the inter-
maximum bending moment) in both tensile and compressive regions, face between the 0° and 90° fibre tows or parallel to the fibres within the
with some cracks also observed close to the support pin. tows. A 3D visualisation of the cracks observed at Ro is presented in

In Sample S2 (Fig. 11) the region of maximum bending moment was Fig. 12. As observed in sample S1 at 1100°C, they are needle-like in
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Fig. 3. Diffraction from fibres (sample RT) obtained at different orientations relative to the fibre axis: (a) azimuthally integrated diffraction spectra (vertical lines

show the expected location of the a-alumina peaks, with the {113} and {223}
60° and iv) 90° relative to the fibre axis.

(@

Flexural Stress (MPa)

emphasised); (b) diffraction images obtained with beam oriented at i) 0°; ii) 30°; iii)

125 4
100 +
75 -
50 1
—— Ambient
25 A — —1100°C
0 N T T T T T T 1
0 0.5 1 1.5 2 2.5 3 3.5

Nominal Surface Strain (%)

Fig. 4. (a) The experimental setup adopted in this work for the three-point bending test, further details of the rig setup are present in the following paper [24]; (b)
stress-strain curve of samples tested using three-point bend configuration at room temperature and elevated temperature, S2. The straight lines at around 45° angle
were used to calculate the modulus of the curve. The vertical lines indicated the region from which the gradient was measured.

Table 1

Areas (and mean ratio) of the alumina {113} and {223} diffraction peaks with
beam angle relative to the fibre axis.

Rotation Angle (°) {113} {223} Ratio
0 5.68 + 0.05 1.31 + 0.05 4.3
30 7.89 + 0.05 1.14 + 0.05 6.9
60 5.71 + 0.05 2.81 £ 0.05 2.0
90 5.90 + 0.05 3.49 £ 0.05 1.7

shape, with width between 15—20 pm, and are aligned with the x-di-
rection of applied load.

3.3. Analysis of displacement fields

DVC of tomographs provides three-dimensional displacement fields
of the deformation relative to the reference image. The results obtained

Table 2

Mechanical properties obtained from three-point bend tests at room temperature
(RT) and 1100°C (Fig. 4). Duplicate tests, not observed by tomography, are
shown in brackets. The uncertainties are the measurement error, and for the
effective flexural modulus the variance of the best linear fit gradient.

Test Temperature RT 1100°C

Flexural stress at fracture (MPa)
Effectiveflexural modulus (GPa)

107 £0.4 (103 +£0.7)
51.6 + 0.8

100 £ 0.6 (98 £ 0.8)
42,5+ 0.7

at room temperature are presented in Fig. 14a as maps of the maximum
normal 3D strain, calculated from the local gradients of the displace-
ment field (centred 3-point differentiation). Some quite localised strains
are observed at low load (0.5Rc), but these strains are sensitive to errors
in the low magnitude displacement field and may not be reliable. No
significant strains are developed until Ro is reached, and these strains
are coincident with the newly developed cracks in regions (ii) and (iii)

4221
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Support pin

DVC Analysed Region Tomographed Region

®)

Fig. 5. Three-point bend test setup showing the regions imaged by tomography (sections are presented at the pre-load) and analysed with digital volume correlation
(DVQ), in relation to the loading and support pins at (a) room temperature and (b) 1100°C. (S1 and S2 are the volumes tomographed at different resolutions: a
tomograph section from S1 is shown). The theoretical shear force (Fs) and bending moment (M) diagram is also shown, as a function of load, P.

Crack deflection

el

e Angled fracture R

Delamination

(@

Fig. 6. Cross-sectional examination of tested specimens: Nomarski optical microscopy images of samples tested at (a) room temperature and (b) 1100°C. The dotted
box in (a) and (b) shows the area analysed by scanning electron microscopy for samples tested at (c) room temperature and (d) 1100°C. The side labelled ‘L’ indicated

the compressive surface on which the loading pin was located.

(Fig. 14b). A more detailed analysis of the crack at region (ii) is pre-
sented in Fig. 15, using the relative displacements between points
separated by ~100 pm across the crack; the values are averaged over 7
slices in the z-direction (~75 pm). This finds significant opening and
shear displacements of the crack; within the 45° inclined region (loca-
tion D), the crack has an opening displacement of about 3.5 ym, and a
shear displacement of ~6 pm.

DVC analysis of sample S2 at 1100°C shows regions of high

4222

maximum 3D strain at Ro (Fig. 16a) that are coincident with newly
initiated interlayer cracks such as those at regions (i) and (iii); these are
presented in more detail in Fig. 16b. There are no measurable strains
associated with the vertical matrix cracks, which are present in the as-
fabricated microstructure (ii), indicating that they do not open signifi-
cantly. Analysis of the displacement field around a needle-shaped
interlayer crack that developed within a fibre tow and along the fibre
tow/matrix interface, following the same method as at ambient
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Fig. 7. Central orthoslices (x-y plane) of tomographs at room temperature (3.25 pm voxel); (a) with increasing load from the pre-load to Ro; (b) magnified images at
selected regions (i) to (iii) with increasing load. The locations of the load and support pins, and the 0° (parallel to x-axis) and 90° (parallel to z-axis) fibre bundles,

are indicated.

-

()

Loading pin

g
1
« 3
-
. A P

Fig. 8. 3D visualizations from different perspectives (a) and (b) of the significant cracks developed at Rc in the room temperature test, observed by x-ray to-
mography. The locations of the loading and support pins are indicated in (a). The newly developed cracks (ii) and (iii) are shown in blue, with the pre-existing defects
in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

temperature (Fig. 17), shows the crack shears by up to ~10 pm and
opens by up to ~7 pm. There is a smaller crack opening magnitude
within the fibre tow than at the fibre/matrix interface.

The DVC-measured displacement fields allow the overall flexural
behaviour of the specimens to be quantified. This was carried out by
measuring the relative differences in x-displacement between points on

4223

two vertical (y-z) planes, positioned on either side of the central loading
pin and separated by 0.7 mm (Fig. 18a); within this region the bending
moment is within 5% of its maximum value. The average strains, ob-
tained from the displacement change over the gauge length between the
selected planes, are mapped in Fig. 18b, for the RT data. The strains are
approximately constant across the sample thickness (z-direction),
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Fig. 9. Central orthoslices (x-y plane) of tomographs at 1100°C (sample S1, 325 pm voxel); (a) with increasing load from the pre-load to Ro; (b) magnified images at
selected regions (i) to (iii) with increasing load. The locations of the load and support pins, and the 0° (parallel to x-axis) and 90° (parallel to z-axis) fibre bundles,

are indicated.
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Fig. 10. Visualizations (a) and (b) of the significant cracks developed at Ro at
1100°C in sample S1, observed by insitux-ray tomography. The locations of the
loading pin can be seen in (a). The newly developed cracks of two different
types are identified: (i) through the cross section (blue) and (ii) needle shaped
(purple). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

indicating that bending of the specimen is well aligned, and there is a
trend from compression to tension over the specimen height (y-direc-
tion). Measurements obtained for the DVC analysis at 1100°C are more
noisy, but show the same trends; the data from all tests are summarised
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in Fig. 18c, averaged across the specimen width and normalised by the
ratio of bending moment (M) to second moment of area (I).

The effective elastic moduli of the beams were estimated from these
strain data using the assumptions of simple Euler-Bernoulli bending.
This assumes isotropic properties and neglects any movement of the
neutral axis and fits a linear gradient to the variation of flexural strains,
&y, with position y to calculate the beam’s radius of curvature, R:

de
— X _ 1
M = EI/R and dy /R D

where M is the change in the applied bending moment, I is the second
moment of area of the beam and E is the elastic modulus [28]. The
effective elastic moduli were calculated using a linear regression anal-
ysis of the normalised data, averaged across the specimen width
(Fig. 18c); the resulting values are summarised in Table 3. The room
temperature modulus at 0.5Rc was ~38 GPa, but it was progressively
reduced with increasing load at 0.8Rc and Ro. At 1100°C, the modulus
for Sample S2 was approximately 40 GPa at 0.8Rc and reduced with
increasing load at Re. Sample S1 had a low modulus of around 27 GPa at
Ro.

4. Discussion

The microstructure of the Nextel 720 fibre/alumina matrix ceramic
matrix composite is similar to that reported by Tandon et al. [29]. The
inherent matrix porosity and pre-existing defects, mainly shrinkage
cracks, Fig. 1, caused by cooling during processing [27,30]. The elastic
moduli in Table 2 were estimated using the cross-head displacement,
and so are not necessarily accurate, but the relative magnitudes of the
flexural strengths and moduli are consistent with similar biaxial oxi-
de/oxide composites, albeit in the lower range [31-33]. A previous re-
view [8] found no significant effect of temperature up to 1100°C on the
strength and modulus for 0°/90° composites of Nextel 720 fibres in an
alumina-silicate matrix for tensile loading parallel to the fibre bundles.
This is consistent with the data in this study; the measured difference in
strength with temperature (Table 2) for the small number of samples
tested is not statistically significant. The porosity of the sample was
estimated using 3D visualisation in Avizo, by the threshold difference
between the sample and the pores. The initial porosity of these
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Fig. 11. Central orthoslices (x-y plane) of tomographs at 1100°C (sample S2, 1.3 pm voxel); (a) with increasing load from the pre-load to Ro; (b) magnified images at
selected regions (i) to (iii) with increasing load. The locations of the load and support pins, and the 0° (parallel to x-axis) and 90° (parallel to z-axis) fibre bundles,

are indicated.

Fig. 12. Visualizations from different perspectives (a) and (b) of the significant cracks developed at Rc at 1100°C (sample S2), observed by in situ x-ray tomography.
The location of the loading pin is indicated. An orthoslice (x-y plane) of the tomograph at Ro is shown in (c). The cracks labelled (i) are examples of pre-existing

cracks in the matrix, whereas those labelled (ii) initiated prior to failure.

Table 3

The effective flexural modulus (GPa) obtained by linear fit to the normalised
flexural strains (Fig. 18c) for different loads at room temperature (RT) and
1100°C. The uncertainty is from the variance of the best fit gradient.

Stress (Ro) RT 1100°C (S1) 1100°C (S2)
0.5 379+ 1.4

0.8 347 +1.9 40.1 + 2.4
1.0 33.2+3.2 26.6 + 3.7 359+ 4.1
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composites is high (>24 vol.%), due to matrix and interface cracks, but
is similar to that observed in comparable oxide-oxide composites [34].

Analysis of the in situ x-ray tomographs using DVC to measure local
displacements allows discrimination between new cracks and the
inherent defects that formed during manufacture; the latter did not open
or propagate measurably (Fig. 15 and Fig. 17). Significant new cracks
were observed to initiate and propagate only close to the maximum
flexural strength, though the possible formation of fine cracks below the
resolution of pXCT cannot be discounted [35]. The effective elastic
moduli, obtained by specimen curvature measurement via DVC
(Table 3), do not measure the actual tensile Young Modulus, due to the
gradient of strain in flexure and anisotropic properties of the composite.
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Nonetheless they are a measure of the flexural stiffness of the composite
specimen. This shows that in the absence of visible new damage (i.e., up
to 0.5Ro at RT and up to 0.8Ro at 1100°C), the moduli are similar at RT
and 1100°C. The reduction in effective modulus observed at higher
loads can be attributed to the development of damage, which acts to
reduce the composite stiffness.

The TEM observations (Fig. 2) show no difference between the
structure of the interfaces of samples tested at room temperature and at
1100°C. However, the increase in temperature to 1100°C has signifi-
cantly changed the failure patterns; at room temperature, the fracture
was inclined across the fibre bundles (Fig. 7, Fig. 8), whereas at 1100°C
the fracture propagated similarly to room temperature, but also between
the fibre bundles leading to complete delamination.

At both room temperature and 1100°C, cracks initiated in regions of
high shear and low bending moment (Fig. 14), and consequently the
crack openings displayed a significant shear displacement (Fig. 15). The
inclined crack path through the 0° fibre bundle, in which the fibres are
oriented in the z-direction and loaded orthogonally in the x-direction,
implies the fibre interfaces within the fibre bundle have low strength. A
significant crack at room temperature (Fig. 14, region (ii)), which also
generated inclined fracture across the 0° fibre bundle, developed in the
region below the neutral axis where the x-direction loading is
compressive. This suggests these cracks may initiate due to the shear
loading of the 0° fibre bundles. They then propagate by longitudinal
splitting along the bundle interfaces, similarly to delamination from
transverse cracking [36]. Similar shear cracking of matrix and inter-
laminar deflection has been observed in compression testing of a Nextel
610/Alumina composite [34]. The final fracture path is a consequence of
the interactions between these propagating shear and delamination
cracks with pre-existing defects in the matrix and also at the fibre
bundle/matrix interfaces. This proposed sequence of damage develop-
ment could be confirmed by more frequent tomographs in a future study.

The cracking observed at 1100°C was similar to that at room tem-
perature, but needle-like interlayer cracks, aligned parallel to the x-di-
rection of loading, developed additionally between and within the fibre
bundles. These cracks were observed in both the tensile and compressive
regions of the flexural specimen, and tended to occur in the regions of

Crack

__— 0° fibres —___
_-90° fibres

- Matrix ~_

propagation

at highest

shear

location

Needle cracks
present at
highest
bending
moment
location
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highest bending moment, i.e., close to the position of the central loading
pin, as well as close to the support pin (Fig. 10, Fig. 12). These are the
locations where higher shear strains would be expected between
lamellae of different compliance in a laminated composite beam [37].
Fig. 13 Schematic illustration of the proposed damage sequence. The
yellow layer represents the 0° fibres (parallel to the loading) and the
green layer represents the 90° fibres. The white interlayer represents the
matrix. Crack development processes of four conditions: room temper-
ature at 0.5 Ro (Fig. 13a) and Ro (Fig. 13b), 1100°C at 0.5 Ro (Fig. 13c)
and Ro (Fig. 13d) are shown in a schematic to highlight the differences
between the two temperatures.

The elastic properties of the matrix and fibres are essentially constant
at the temperatures investigated, so the stresses that develop within the
microstructure due to external loading are not expected to differ at room
temperature and 1100°C. On cooling from sintering, misfit strains will
develop due to differential thermal contraction of the matrix and fibres
(alumina (7.9 x 10°° C1) and the Nextel 720 alumino-silicate fibre (6.0
x 107 C"l)) [38]. The fibres have the lower expansion coefficient, so a
residual compressive misfit stress would be expected at the fibre-matrix
interface [39]. The fibre crystallographic texture, as seen in the
diffraction data, may cause anisotropic properties, giving additional
stress between the 0° and 90° fibre layers [40-42]. At 1100 °C, which is
close to the sintering temperature, the thermally induced residual
stresses would be significantly relaxed. A reduction in the compressive
residual stress between the matrix and fibre would decrease the fric-
tional sliding resistance of the interface, and this may be the cause of the
increased tendency for interfacial failure and the needle-like interlayer
cracks that is observed at 1100°C at locations of higher shear stress.
Interfacial failure could be further encouraged by creep, which has been
observed to occur at 1100°C in a Nextel 720/alumina composite at high
stress [14].

5. Conclusions
In situ synchrotron x-ray observations of flexural bending tests on a

Nextel 720 fibre/alumina matrix CMC, conducted at ambient and
1100°C, show there is a change in failure mechanism at the higher

Loading pin .

(©)

@

Fig. 13. Schematic illustration of the proposed damage sequence. The yellow layer represents the 0° fibres (parallel to the loading) and the green layer represents the
90° fibres. The white interlayer represents the matrix. Crack development process (a) Room temperature at 0.5Rc (b) Room temperature at Ro (¢) 1100°C at 0.5 Ro
(d) 1100°C at Ro. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 14. Central orthoslices (x-y plane) of the maximum normal 3D strain field measured by DVC of in situ x-ray tomographs at room temperature (referenced to the
pre-load): (a) with increasing load from the 0.5Rc to Ro; (b) magnified images at selected regions (i) to (iii) with increasing load. The locations of the load and
support pins, and the 0° and 90° fibre bundles, are indicated. The backgrounds are orthoslices of the loaded tomograph at the same location. All images have the same
strain scale. A high strain threshold was used for visibility. The transparent areas represent strain being well below the noise threshold of 0.02, which is small

compared to the strain associated with microstructure cracks.
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Fig. 15. Analysis of the relative displacements, calculated at Ro relative to the pre-load, across a major crack developed at room temperature, identified in Fig. 14b;
(ii): (a) sections of the 3D displacement field, showing the components of x- and y-displacement; (b) the relative opening and shear displacements measured parallel
and perpendicular to traces A to F, which are labelled in (a). The error bars are the sample standard deviation from measurements over a z-distance of 75 pm.

temperature. XCT is one of the few techniques that can be used to cap-
ture 3D high resolution imaging nondestructively at these elevated
temperatures. Measurements of the strain gradient, using digital volume
correlation, demonstrate a reduction in effective flexural modulus that is
coincident with the observation of mechanical damage as significant
internal cracks initiated and propagated close to the flexural strength. At
both room temperature and 1100°C, cracks are initiated by the shear of
the fibre bundles that are oriented perpendicular to the loading; these
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cracks are then deflected along the fibre bundle/matrix interfaces. At
1100°C, interlayer cracks also initiated between, and within, the fibre
bundles, and caused significant delamination. The change in failure
mode at 1100°C may be explained by relaxation of the thermal misfit
stresses to decrease the frictional sliding resistance of the fibre/matrix
interface, and creep.
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Fig. 16. Central orthoslices (x-y plane) of the maximum normal 3D strain field measured by DVC of in situ x-ray tomographs of sample S2 at 1100°C (referenced to
the pre-load): (a) at Ro; (b) magnified images at selected regions (i) to (iii) at Rc. The locations of the load and support pins, and the 0° and 90° fibre bundles, are
indicated. The backgrounds are orthoslices of the loaded tomograph at the same location. All images have the same strain scale. A high strain threshold was used for
visibility. The transparent areas represent strain being well below the noise threshold of 0.02, which is small compared to the strain associated with microstruc-
ture cracks.
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Fig. 17. Analysis of the relative displacements, calculated at Ro relative to the pre-loaded state, across a crack developed at 1100°C (sample S2): (a) sections of the
3D displacement field, showing the components of x- and y-displacement; (b) the relative opening and shear displacements measured parallel and perpendicular to
traces A to F, which are labelled in (a). The error bars are the sample standard deviation from measurements over a z-distance of 75 pm..
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moment. The error bars are the standard deviation of the measurements.
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