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� Higher sintering temperatures
resulted in higher flexural failure
strengths.

� Failure occurred through three
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� 3-D local microstructural strains
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gradients.
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In situ synchrotron X-ray computed micro-tomography and digital volume correlation (DVC) were uti-
lised to understand the failure mechanisms at room temperature and 1050 �C of two NextelTM720/alumina
oxide-oxide ceramic-matrix composites (CMCs), termed materials A and B, sintered respectively at
1200 �C and ~1250 �C. At both test temperatures, three-point-bending strengths were ~55–58 MPa for
material A and ~94–100 MPa for material B. Damage was associated with three primary types of cracking
modes: interfacial delamination, inclined cracks within fibre tows, opening of existing matrix shrinkage
cracks. Material A exhibited higher shrinkage cracking, whereas material B displayed more pronounced
diagonal matrix microcracking. At 1050 �C, both systems showed less microcracking but more pro-
nounced delamination. Such damage characteristics were rationalised in terms of the corresponding
3D DVC displacement/strain fields. Specifically, global DVC was utilised and maximum principal strain
locations prior to failure, which varied from 0.005 to 0.01, correlated well to the fracture initiation sites.
Further, abrupt positive to negative transitions of shear strain components were observed and were
attributed to the different bonding strengths between 0�/90� fibres and the matrix. The current study
demonstrates that in situ high-temperature tomography/DVC is a powerful method for studying the
deformation and fracture of oxide-oxide CMCs.
� 2021 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

Due to their superior toughness compared to monolithic ceram-
ics, lower specific densities and better high-temperature perfor-
mance than currently employed alloys, ceramic-matrix
composites (CMC) represent a great potential for use in harsh envi-
ronments such as those required by aerospace power generation
systems, gas turbines and nuclear reactors [1,2]. In the case of tur-
bine engines, the deployment of CMCs as turbine blades, vanes,
seals or acoustic liners would enable reductions in both component
mass and cooling requirements resulting in lower fuel consump-
tion and gas emissions [3].

Historically, the majority of CMC research has focused on SiC
fibre-based composites which has become a relatively mature
and robust class of materials that has passed certification and
entered service as certain non-rotating parts of turbofan engines
[4]. Most often, SiC/SiC composites rely on fibre coatings to achieve
improved toughness. Nonetheless, the volatilisation of the silica
scale in the presence of water vapour can lead to increased mate-
rial recession rates and oxidation at intermediate temperatures
which ultimately limit the lifetimes of SiC/SiC composites in com-
bustion environments [5,6].

To overcome these deficiencies, increasing attention has been
given to oxide-oxide CMCs. This newer, less mature, class of mate-
rials offers great potential for long term use in oxidising environ-
ments despite their lower yield strength, weaker creep resistance
and lower temperature capacity compared to SiC/SiC composites.
Different from SiC-based CMCs, the fracture toughness in most
advanced oxide CMC systems is achieved by a porous matrix which
reduces fibre/matrix interfacial strength, thereby promoting crack
deflection to avoid fibre failure [1,7,8]. This compliant matrix also
acts as a propagation medium for cracks and lowers the stress con-
centrations at the fibre surface [9]. Thus, the total porosity of oxide
CMCs is of prime importance for their efficient function with
porosity values between 30 and 40% being regarded as optimal.
Higher porosity renders the composite too weak whereas denser
and stronger matrices lead to high stress concentrations imposed
on the fibres [7]. Typically, two types of fibres have been adopted
in oxide CMCs: 3M’s NextelTM 610 (>99% Al2O3) and NextelTM 720
(N720: 85% Al2O3 – 15% SiO2 weight ratio). The former offers supe-
rior strength whereas the latter has better creep resistance at high
temperatures [9–12].

Due to the intended use of CMCs in harsh environments, there
has been a recognised need to characterise such materials under
conditions similar to service. For instance, Carelli et al. [13] found
that the mechanical properties of a woven N720/mullite-alumina
(fibre/matrix) composite depend on the testing orientation (0/90�
or ±45�), and that the tensile strength and modulus can change
dramatically after aging at 1200 �C for 1000 h. However, a similar
tensile testing of N720/alumina (N720/A) specimens by Di Salvo
et al. [14] showed an increase in failure strength at 1150 �C com-
pared to 20 �C. The tensile fatigue and creep behaviour of woven
N720/A composites have also been extensively investigated under
a variety of conditions and been found to display a marked depen-
dence both on temperature and gas atmosphere. Significant
decreases in both properties were observed in air around 1200 �C
with the addition of steam further deteriorating the mechanical
properties of N720/A specimens. Loading rates also affect the
material behaviour of woven 720/A CMCs with lower loading rates
being associated with lower failure strengths but higher failure
strains [15–19]. The objective of the present work is to focus on
the flexural strength of two N720/A oxide-oxide CMCs at room
temperature and 1050 �C in air and to relate the strength proper-
ties to a comprehensive three-dimensional quantitative evaluation
of the evolution of damage under load at temperature in real time.
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From previous studies it is readily apparent that to achieve a
better understanding of the fracture behaviour of CMCs, such
in situ characterisation is of utmost importance especially with
the aim of improving the design of CMCs. The mere actions of
unloading or cooling to ambient temperature can have a marked
impact on residual stresses and hence on the fracture patterns
which will not faithfully represent material behaviour. While most
studies rely on two-dimensional imaging techniques such as scan-
ning electron microscopy (SEM), attempts have been made to
study CMCs using more advanced three-dimensional techniques
such as X-ray computed microtomography (XCT) [20–24]. Due to
the technical difficulty, in situ XCT under extreme conditions is
even more scarce. Nevertheless, failure events in SiC CMCs were
captured using synchrotron XCT at temperatures above 1650 �C
by Bale et al. [25] in 2013 through the use of a unique hot cell
and loading device. However, no further analysis of the 3D strain
fields was conducted. In this work, we will combine in situ high-
temperature synchrotron XCT with the digital volume correlation
(DVC) method for a full-field characterisation of the deformation
and fracture of N720/A CMCs.

DVC is an optical tracking technique initially reported as an ‘ex-
tension to digital image correlation (DIC)’; it utilises the inherent
contrast of a material’s microstructure in order to compute
three-dimensional displacement and strain fields between sets of
reference and deformed image stacks. The fundamental principle
of DVC is based on that of optical flow conservation, i.e., the passive
transfer of the texture of a medium via a displacement field. As
such, DVC enables the identification and quantification of local
strain phenomena which may only be observable during in situ
XCT testing and allows their correlation to the material’s
microstructure. Proposed by Bay et al. [26] in 1999 for use on tra-
becular bone, the method has since matured significantly, and
exists nowadays under two main categories: local and global
DVC. For local DVC, the region of interest is subdivided into subsets
which are then independently correlated. Generally, only the dis-
placement vector at the centre of each subset is kept and thus a
post-processing step is required to generate a smooth displace-
ment field. Conversely, in global DVC the computation is per-
formed using all voxels of the entire region of interest at once to
generate a continuous displacement field based on finite-element
interpolation. A significant advantage of global DVC procedures is
the generation of a residual field, i.e., a set of images representing
strictly the difference between the deformed dataset and the refer-
ence one. As such, areas where the displacement continuity is vio-
lated, by such scenarios as cracking, decohesion or noise patterns,
will give rise to very visible features in the residual field, allowing
detailed three-dimensional analyses of, for example, fracture
mechanisms. An in-depth description of both local and global
DVC can be found in the Supplementary Materials and in refer-
ences [27–30].

While the most common application of the technique appears
to be in the field of biomechanics, DVC has seen use in solid
mechanics in the characterisation of inter alia nuclear graphite,
fibre-reinforced polymers and lava-like fuel-containing materials
[31–37]. Such materials provide sufficient microstructural contrast
for the tracking of features at various length-scales. More impor-
tantly, owing to the heterogeneous microstructure of CMCs, con-
sisting of fibres and matrix to generate a high degree of contrast
and create an excellent medium for DVC, the method has also seen
application with CMCs. Mazars et al. [38] performed high temper-
ature in situ tensile testing of SiC/SiC CMCs and utilised global DVC
for fracture investigation and strain quantification. Similarly,
Saucedo-Mora et al. [39] applied local DVC to tension testing of
braided SiC/SiC tubes for nuclear cladding applications. Further-
more, a recent study by Pirzada et al. [40] utilised local DVC to
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investigate the fracture of oxide-oxide CMCs under bending. The
study however lacks an in-depth sensitivity analysis on the appli-
cation of DVC to oxide-oxide CMCs. Despite its obvious potential,
there appears to be no published work on the application of global
DVC on oxide CMCs especially under extreme conditions thus
emphasising the novelty of the present study which aims to fill
the current literature gap. Accordingly, in this work we systemat-
ically investigate both local and global DVC methods and apply
these techniques, with high confidence through a detailed sensitiv-
ity analysis involving the identification and quantification of
uncertainties and errors using repeat scans and virtually applied
deformations, to in situ XCT images of oxide CMCs loaded in bend-
ing at ambient and high temperatures.
2. Experimental procedures

2.1. Materials

Investigated in the current study were two oxide-oxide CMC
material systems produced by Composite Horizons LLC (PCC Struc-
tural) and supplied through Cross Manufacturing (Bath, UK). Both
material systems consisted of N720 fibres (diameter 10–12 mm,
8-harness-satin weave, 0/90� orientation) and a porous alumina
(Al2O3) matrix. The composites were fabricated through a slurry
impregnation process whereby the dry fibre preform is impreg-
nated by a slurry containing ceramic Al2O3 precursor powder par-
ticles to form matrix prepregs. The latter were subsequently
stacked and consolidated through vacuum bagging at ~ 150 �C to
remove water and any other remaining solvents. The final step of
the manufacturing process, pressureless sintering, establishes the
difference between the two tested systems. One material system,
henceforth referred to as material A, was sintered at 1200 �C,
whereas the second, material B was sintered at a temperature of
approximately 1250 �C, with the exact temperature being propri-
etary to Composite Horizons. The sintered plates were then cut
using a slow speed diamond saw (operating at 125 rpm) and were
ground into rectangular beam specimens using SiC grinding paper
in water. Extra care was taken to ensure that the 0� longitudinal
fibre tows were aligned with the x-axis (span direction) of the
three-point bend samples used for mechanical testing and the
90� transverse tows were parallel to the z-axis along the loading
roller length (thickness direction), as per the axes defined in Fig. 1.
Fig. 1. Two-dimensional diagram of the three-point bending set-up and regions of tomog
of-plane thickness of the specimen. The loading span (L)/ width (W) ratio is 7.
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2.2. Experimental setup and digital volume correlation analysis

2.2.1. In situ mechanical testing with X-ray computed
microtomography

In situ three-point bending tests with simultaneous syn-
chrotron XCT imaging were carried out on beamline 8.3.2 at the
Advanced Light Source in the U.S. Lawrence Berkeley National Lab-
oratory. The unique environmental testing facility allows mechan-
ical testing at elevated temperatures enabling the investigation of
the CMCs under conditions that are relevant for service. A quick
overview of the device will be given here; detailed descriptions
of the set-up can be found in refs. [25,41]. The heating of the
device was provided by six halogen lamps arranged in a configu-
ration to create a uniform hot zone at the centre of the testing
chamber. In the case of the bending experiments, the specimens
were placed on two support rollers which were designed to fit
directly in the middle of the hot zone created by the halogen
lamps. To better understand the set-up and the determination of
the uniformity of the hot zone, the reader is directed to ref. [40],
in particular Fig. 5. The height of the sample was fitted within
the 4 mm tall, 0.3 mm thick aluminium window which permits
transmission of the incoming X-ray beam with low absorption.
The temperature was measured using a thermocouple attached
to the bottom surface of the bend specimens and was controlled
through a programmable power supply [41]. The loading rollers
were made of alumina and were 3 mm in diameter. Due to spatial
restrictions inside the device chamber, a length/depth ratio of 7
was used, with classical beam theory was utilized to estimate
the flexural strength of each sample according to ASTM Standard
C1341 [42], viz.:

rU ¼ 3PUL

2BW2 ; ð1Þ

where rU is the flexural strength at maximum load (PU), L is the
loading span, W is the in-plane width and B is the out-of-plane
thickness of the specimen. Specimen dimensions are presented in
Table S1 in the Supplementary Materials and illustrated in Fig. 1
as a 2D representation.

During the experiments, beam samples were loaded monotoni-
cally to failure in an air atmosphere at room temperature (RT) and
1050 �C. In situ XCT scans were collected at different loading steps
and were subsequently used for DVC analyses to derive the evolu-
raphic acquisition and DVC analyses; Note: W is the in-plane width and B is the out-
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tion of 3D displacements and strains in the scanned volume. For
the tomographic acquisition process, white light was used
(6–43 keV) along with a PCO Edge 2 � CCD, 2560 � 2560 pixels
camera as the detector. This configuration results in a pixel size
of 3.25 � 3.25 mm and a field of view of 8 � 4 mm. For each scan,
1969 projections were acquired at 30 ms intervals over a 180� rota-
tion with the acquisition time being ~ 10 min. The reconstruction
was conducted using a conventional Gridrec algorithm in the
TomoPy software; the centre of rotation of each scan was individ-
ually identified to remove deformation artefacts. Flat field correc-
tion was applied to each scan as a measure to reduce detector
fixed pattern noise.

The loading rig was operated under displacement control with
the load applied by manual control of the loading roller
in ~ 1 mm increments per second. During each XCT scan the applied
displacement was fixed and, as such, a certain level of load relax-
ation was observed. For each sample, a small pre-load of about
10 N was applied to avoid sample movement during scanning pro-
cess. Successive scans were collected at 15–20 N loading steps.
Depending on the failure load of each specimen, the total number
of scans varied from three to nine. Scans were attempted directly
before the predicted failure loads. Note that two XCT scans at the
pre-load step were acquired for one specimen from each material
system for DVC sensitivity analysis. Moreover, the nature of the
three-point bending configuration dictated that the largest dimen-
sion of the specimen (i.e., the length) was perpendicular to the axis
of rotation which resulted in a small loss of microstructural detail
which will be exemplified in the Results section. The scanning
steps for all samples (annotated as material type-temperature-
specimen number, e.g., A-RT-1) are presented in Tables S2 and
S3; the load at which the scans were collected was normalised
by the peak load (PU) for convenience.
2.2.2. Data processing and digital volume correlation
The reconstructed scans generated stacks of 32-bit tiff images

which were processed in the open-source software ImageJ [43]
prior to DVC. For each individual specimen, pre-alignment was
applied to all the scans, ensuring that only the specimen (excluding
air and loading rollers) was present in the field of view of the
cropped dataset, as shown in the schematic in Fig. 1. A Gaussian
blur filter (with a standard deviation of the Gaussian distribution
of 1.0) was applied to reduce image noise; the contrast was
adjusted to a fixed dynamic range of �1.1 to 2.4 and finally con-
verted to 8-bit. These datasets were saved as raw data files and
imported to the Avizo Lite - software version 2019.4 [44] for
three-dimensional visualisation, manipulation and DVC. Every
scan was down-sampled by a factor of 1.8 resulting in improved
volume renderings and markedly faster computing. Using the
Image Registration module in the Avizo ecosystem [44], all the
scans of a single sample were aligned with the pre-load scan and
were once more cropped to the exact same dimensions to ensure
the best possible overlap.

DVC was used to generate local 3D displacement and strain
maps at microstructural size-scales. Consequently, these are repre-
sentative of the local strain distributions in the material as opposed
to macroscopic global strains which refer to the specimen as a
whole. The correlation quality was evaluated using a normalised
cross-correlation coefficient and an average correlation residual
which are described in more detail. The XDigitalVolumeCorrelation
module present within the Avizo software [44] was used for both
local and global DVC in this work. Note, in the context of DVC,
the terms local and global refer strictly to the correlation method,
not the scale of the strain distributions. Two methods were
employed in the current work to determine the uncertainty of
4

the DVC analysis. Firstly, repeat scans were taken at the same
pre-load state which were correlated to each other using both local
and global DVC. In this case the accuracy was determined using the
mean calculated strain value whereby positive and negative values
cancel out (as these were repeat scans acquired at the same load,
zero strain was expected). The second method involved the use
of the Transform module available in Avizo to impose different
known values of 3D ‘virtual strain’ on a single pre-load scan of
material A (sample A-RT-1). The use of a single pre-load scan for
this type of analysis was justified by the microstructures of all
tested specimens being fundamentally identical as described in
the Results section. Therefore, it was assumed that the results gen-
erated from the virtually deformed A-RT-1 specimen are applicable
to every other specimen. Strains ranging from 0.0025 to 0.015
(0.0025 step-size) were applied to the datasets. The ensuing virtu-
ally deformed datasets were then correlated to the initial scans.
The DVC methodologies for subsequent analysis of the datasets
with applied known strains were as follows:

(i) Local DVC: utilised cubic sub-volume sizes of 31 � 31 � 31
voxels (313). A multi-pass approach, as described in the Supple-
mentary Materials, was applied starting from sub-volumes of 533

voxels reaching the 313 size with decreasing step sizes of 22 (1-
step multi-pass), 11 (2-step multi-pass) and 5.5 voxels (4-step
multi-pass); a correlation threshold was set at 0.5 whereby for
any subset whose correlation value was below this threshold, the
displacement was calculated using an average of the neighbouring
sub-volumes. The quality of correlation was evaluated using the
normalised cross correlation coefficient CLA-DVC:

CLA�DVC¼

P
f ðXÞgðX�ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

f ðXÞ2 P gðX�Þ2
q ; ð2Þ

where X and X* describe the voxel coordinates of the same location
in the reference and deformed dataset and f(X) and g(X*) refer to the
scalar grey levels in the initial and deformed dataset. A value close
to unity in this case represents perfect correlation [31].

(ii) Global DVC: utilised tetrahedral element sizes of 33 voxels
initialised using the displacement field generated by the analogous
1-step and 4-step local DVC multi-pass computation; the number
of iterations = 30; the convergence criterion = 0.001 mm. The qual-
ity of correlation was evaluated using the average correlation
residual, RGA-DVC:

RGA�DVC ¼ < rðxÞj j >
max fð Þ �minðf Þ ; ð3Þ

where <|r(x)|> is the average of r(x) = f(X) – g (X*) over the volume in
interest and max(f) and min(f) are respectively the minimum and
maximum grey levels within the reference dataset. For RGA-DVC, a
value of zero represents perfect correlation [30–31].

The uncertainty in normal strain (exx, eyy , ezz) was quantified by
dividing the standard deviation by the mean. The percent error was
calculated by subtracting the imposed value from the DVC value,
dividing by the imposed value and multiplying by 100; values
are shown in the Results section. Based on the outcome of the
uncertainty study, a modified 1-step local DVC was utilised to
derive the 3D displacement and strain maps for the in situ scans.
This consisted of a 1-step multi-pass, as described above for the
first load step, while subsequent load steps were initialised using
the displacement field from the preceding load step (e.g., local
DVC of load step n was initialised with the displacement field of
load step n-1). Finally, the local DVC displacement was used to ini-
tialise the analogous global DVC with 33-voxel element sizes. An
experimental flowchart summarising the experimental steps is
included in Fig. S1.
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3. Results

3.1. Microstructure of the two material systems

An overview of the microstructures of materials A and B is
shown in Fig. 2a-b. As noted above, the nomenclature for naming
the samples, i.e., A-RT-1, refers to the material-test temperature-
specimen number. Firstly, no systematic structural differences
between the two material systems were observed. Therefore, the
following observations refer to both materials A and B. The woven
structure of the composites is clearly visible with a slightly
reduced contrast in the 0� tows compared with 90� tows. Also vis-
ible are vertical matrix shrinkage cracks which are unevenly dis-
tributed both across different specimens and within the same
specimen. More images are included in Fig. S2. More importantly,
ubiquitous features of ‘tow splitting’ can be found in all tested
specimens. These are visible in Fig. 2a and 2b; further, a 3D exam-
ple of segmented fibre tows is shown in Fig. 2c and 2d. The latter
two indicate three distinct groups of tows, i.e., three separate ‘lay-
ers’ of 0� and 90� tows. Within each layer, the aforementioned
‘splitting’ of tows is visible. It is highly possible that instead of
‘splitting’, these sites represent the adjoining of different tows into
a single one; nonetheless, this phenomenon will be referred to as
‘tow splitting’ in the present work. Such tow splitting was found
to induce significant curvature within the tows and are, in certain
areas of the specimens, associated with the formation of large
pores, as shown in Fig. 2a and 2b and Fig. S2.
3.2. Mechanical testing

The load–displacement curves (RT and 1050 �C) of the two
material systems are shown in Fig. 3a-b. The abscissa of the
load–displacement diagrams in Fig. 3a-b represents the crosshead
displacement; hence, a bedding-in stage at low loads is visible. The
flexural strength data, derived using Eq. (1), are presented in
Table 1. Despite the small number of specimens tested, which is
due to the limited time commonly restricting synchrotron experi-
ments, the strengths of specimens tested at the same temperatures
Fig. 2. (a)-(b) Slices of A-RT-1 and B-RT-2 revealing the microstructural features: 0� tows,
highlighting tow splitting. Note: the dashed yellow rectangle in the case of A-RT-1 ind
(Fig. 10a-g).
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were consistent, e.g., 57, 59 and 60 MPa for the three Material A
specimens tested at RT. Overall, material B, with its somewhat
higher sintering temperature, exhibited a higher mean strength;
its strength was 60% larger than that of material A at room temper-
ature and 88% larger at 1050 �C. Furthermore, the increase in test-
ing temperature to 1050 �C was accompanied by an 11% increase in
strength for material B, in contrast to a 6% reduction in strength for
material A, as compared to room temperature.

As can be seen from Fig. 3a and 3b (detailed loading steps are
listed in Table S2), compared to material B, material A exhibited
more consistent behaviour with increase in testing temperature
from RT to 1050 �C. The loading curves of material A (Fig. 3a) exhi-
bit similar shapes under both testing conditions with multiple
small load drops observed after fracture. Conversely, at 1050 �C,
material B (Fig. 3b) displayed more abrupt, rather than graceful,
load drops compared with the RT tests. However, the loading
curves of both materials were more similar at room temperature.

In addition to the load drops which occurred during loading,
load relaxation during the XCT scans was also observed during
the constant displacement (holding) periods applied to the speci-
mens during the scanning process (marked by arrows in Fig. 3a
and 3b). These load relaxations showed a dependence on material
type, testing temperature and whether the scan was taken before
or after peak load. While an in-depth analysis of the load relax-
ations is considered beyond the scope of the present study, more
details can be found in the Supplementary Materials.
3.3. Failure modes at RT and 1050 �C

Having studied the pre-failure microstructure and the load vs.
displacement curves, a thorough view of the material behaviour
can be gained by a detailed analysis of the failure modes captured
with in situ XCT. For material A at RT, using sample A-RT-1 as an
example, the specimen was able to sustain a load as high as
0.88PU (scan taken at step 4, 58 N, in Table S2) while a large num-
ber of cracks were already observed. Three major types of cracks
are highlighted in Fig. 4a-c: Type I, interfacial cracks formed at
the interface between fibre tows and matrix and between orthog-
90� tows, matrix shrinkage cracks and pores; (c)-(d) segmented fibre tows of A-RT-1
icates the field of view used for the fracture analysis (Fig. 4a-c) and DVC analysis



Fig. 3. (a)-(b) Load vs. crosshead displacement for materials A and B, respectively. The coloured arrows indicate locations of XCT scans and the associated load relaxations.

Table 1
Mechanical properties of the two CMC material systems.

Material Test Temperature No. of Specimens Flexural Strengths (MPa)

A RT 3 57.2, 59.1; 60.2
A 1050 �C 2 50.8; 59.7
B RT 3 104.2; 86.4; 90.3
B 1050 �C 2 92.8; 114.8
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onal 0� and 90� fibre tows (orange arrows), Type II, inclined cracks
exclusively within the 90� fibre tows (yellow circles), and Type III,
the opening of some, but not all, matrix shrinkage cracks (red
arrows). It is important to note that diagonal cracking within the
0� fibre tows was not observed. The presence of these three major
Fig. 4. (a)-(c) Fracture patterns in material A at RT (A-RT-1) and (d)-(f) at 1050 �C (A-105
inclined intra-tow cracks; red arrow Type III matrix cracks and yellow rectangle microcra
was in the middle of the specimen on the left-hand side of the DVC field of view presented
A-1050-1, the area was located in the middle of the specimen on the right-hand side of
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types of cracks formed connected 3D crack patterns where the ver-
tical matrix cracks seem to facilitate the propagation of cracks in
the 90� fibre tows and crack deflection at the matrix/fibre interface.
At locations where the fibre tows cross, the growing cracks in the
90� bundle tend to deflect along the 0� fibre tows.

At 1050 �C (A-1050-1; Fig. 4d-f; step 6, Table S2, 55 N), Type I
cracks, either at the 0�/90� or the matrix/90� interfaces, were found
to dominate. Note that there are far fewer cracks formed inside the
90� tows compared with corresponding behaviour at room temper-
ature. The Type II cracks circled in Fig. 4d and 4f are inclined at a
much lower angle than the 45� angle observed at RT and they tend
to be closer to the interfaces. Different from the RT specimens,
crack initiation at 1050 �C appeared to be in areas where few ver-
tical cracks were present, i.e., matrix cracks are not essential in the
formation of cracks at 1050 �C.
0-1). Orange arrows indicate Type I interfacial cracks; yellow circles marking Type II
cks (parallel cracks or bifurcation). Note: the area investigated for specimen A-RT-1
in Fig. 1. This area was also highlighted in Fig. 2a using a open dashed rectangle. For
the DVC field of view presented in Fig. 1.
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At both RT and 1050 �C, however, extrinsic toughening mecha-
nisms such as crack deflection and uncracked-ligament bridging
were observed. It is difficult to give an exact quantification, but
the RT damage tends to involve more parallel cracks and crack
bifurcation, especially for those formed within the 90�fibres (rect-
angular areas in Fig. 4). In general, the number of cracks formed at
RT seems to be higher than at 1050 �C with more microcracks dis-
tributed in the damaged volume. However, at 1050 �C there are
fewer but more dominant cracks.

Fig. 5 illustrates an additional type of cracking only observed for
material A at RT, namely vertical matrix cracking in areas without
pre-existent shrinkage cracks. The left-hand column shows the
areas during the pre-load scan whilst the right-hand column shows
the same areas upon fracture with the slices equally spaced at
Fig. 5. Vertical matrix cracking in an area without of shrinkage cracks imposed by adjac
arrows indicate Type III cracking.

Fig. 6. (a)-(c) Fracture patterns in material B at RT (specimen B-RT-3) and (d)-(f) at 1050
inclined intra-tow cracks; red arrows Type III matrix cracks, and yellow rectangle micr
located near the compression side of the specimen on the left-hand side of the DVC field o
on the right-hand side of the DVC field of view presented in Fig. 1.
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350 mm. Using the same notation for Type III cracks (red arrows),
Fig. 5a and 5d as well as Fig. 5c and 5f indicate the presence of
shrinkage cracks with subsequent Type III cracking, while Fig. 5b
and 5e (located at equal distance from the previous pairs) show a
distinct vertical matrix crack in an area without previous shrinkage
cracking.

At RT, cracking in material B was considerably less pronounced
than in the case of material A (Fig. 6a-c; step 8, Table S3, 90 N).
Type I cracking was limited and can only be seen in Fig. 6a.
Uncracked-ligament bridging and crack bifurcation inside the 90�
tows is visible in Fig. 6b and 6c. Furthermore, the fracture appears
to have occurred in an area with a moderate amount of vertical
matrix cracks. The opening of such cracks appears partly sup-
pressed in material B, as illustrated in Fig. 6b. Finally, the specimen
ent Type III cracks. Red circles indicate pre-existent matrix shrinkage cracks and red

�C (B-1050-2). Orange arrows indicate Type I interfacial cracks; yellow circles Type II
ocracks (parallel cracks or bifurcation). Note: the area investigated for B-RT-3 was
f view presented in Fig. 1. For B-1050-2, the area was in the middle of the specimen



Fig. 7. (a) Slice of the image of the A-RT-1 sample as seen in Fig. 4c with the macrocracks highlighted in purple using the residual field; (b) residual image of the same slice; (c)
3D representation of the analysed crack segmented from the residual field of global DVC on A-RT-1 (step 1 – step 4 in Table S2); shown through the entire width of the
specimen.
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exhibited very distinct Type III diagonal matrix cracking (red
upward pointing arrows in Fig. 6c) extending in an area between
0� and 90� fibres around the pre-existing matrix shrinkage.

At 1050 �C, Type I cracking in material B was primarily observed
at the interface between 0� and 90� tows (Fig. 6d and 6f, step 11,
Table S3, 108 N). Type II cracking was once again observed within
the 90� fibres. The most obvious Type II crack, circled in Fig. 6d, dis-
plays multiple changes in the propagation angle appearing almost
vertical in Fig. 6e and is bridged to a second 90� tow through a Type
III crack (red arrows Fig. 6e). In Fig. 6f, the same intra-tow crack can
be seen to directly connect two Type I cracks. In contrast to RT
behaviour, at 1050 �C a very distinct area of parallel cracking at
45� angles inside the 90� tows can be seen (rectangle in Fig. 6e).
These cracks displayed connections to diagonal matrix microcracks
similar to those present in Fig. 6c.

Note that, in addition to visual inspection of the crack patterns,
the residual field generated by global DVC was used to identify
cracks more accurately; for instance, Fig. 7a is a residual image
for sample A-RT-1, and it was overlaid onto the XCT slice to high-
light the cracks as seen in Fig. 7b. Further, a full segmentation of
the cracks in 3D space (Fig. 7c) showed that cracks formed on
the x-y plane extended through the z-direction across the out-of-
plane thickness and connected with macropores (Fig. S4).
Fig. 8. The change in calculated mean strains for repeat scans using different steps
(0 to 4) in multi-pass (MP) method embedded in the local DVC analysis, as
compared with those derived with the global DVC analysis.
3.4. Digital volume correlation

3.4.1. Sensitivity studies of the strain uncertainty
Before applying DVC to loaded datasets from the bend tests on

the oxide-oxide CMCs, a sensitivity study was necessary to deter-
mine the uncertainty and error associated with the method within
the context of such materials. The first part of the sensitivity study
utilised repeat scans taken under the same loading conditions, as
discussed in the Experimental section. For the local DVC analysis,
the number of multi-pass steps was increased from 0 to 4 steps.
The mean strains, exx, eyy, ezz were calculated and are compared
to the global approach (initiated with the analogous 4-step
multi-pass) in Fig. 8. The exx strain shows little change with
increasing number of multi-pass steps in the local DVC and a slight
8

reduction using global DVC. The eyy strain can be seen to decrease
from 0- to 2-step multi-pass before slightly increasing in the 4-step
MP multi-pass and the global approach. In the case of ezz, however,
the 2- and 4-step multi-pass local and global DVC analyses yielded
similar values which were significantly higher than 0-step and 1-
step multi-pass local DVC. While the exact cause for the sharp
increase in high through-thickness ezz remains unclear, the maxi-
mum strain values calculated using the 1-step multi-pass proce-
dures are approximately 50 microstrain (me), i.e., more than an
order of magnitude smaller than the failure strains in the tested
specimens. This indicates that for the current oxide CMCs, the 1-
step multi-pass local DVC analyses are advantageous. The local
DVC correlation coefficient, CLA-DVC, yielded values of ~ 0.8 ± 0.1,
independent of the number of steps; the average global correlation
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residual represented 5.9% of the dynamic range of the reference
dataset, indicating a satisfactory quality of correlation.

In addition to the analysis of repeat scans, virtual deformation
was applied to one of the datasets. Results for the dataset with
0.01 virtual strain applied in three directions (i.e., exx = eyy =
ezz = 0.01) are shown in Fig. 9. The addition of multi-pass steps
was found to greatly improve correlation. For instance, the average
CLA-DVC was more than doubled from 0.43 to 0.97 when using the 1-
step multi-pass local DVC compared with the 0-step multi-pass
local DVC (Fig. 9a); the strain uncertainties were also reduced by
factors of approximately 17 (exx), 3 (eyy) and 7 (ezz) (Fig. 9c).
Increasing the number of multi-pass steps brought no improve-
ment in the correlation coefficient and uncertainty in eyy but did
improve the uncertainty in exx and ezz by a further factor of 2.

The improvement in the strain uncertainty with a multi-pass
approach was observed for all virtually deformed cases, with the
effect becoming more pronounced at higher prescribed strains.
More importantly, however, it was found that initialisation of the
global DVC method with either the 1-step or 4-step multi-passes
yielded virtually identical results, supporting the findings of the
first sensitivity analysis, i.e., the 1-step multi-pass approach is
advantageous for the initialisation of global DVC. Further, a
decrease in the strain uncertainty at higher prescribed strains for
the global DVC can be seen in Fig. 9d. The average percent errors
Fig. 9. (a) Comparison between non-multi-pass (MP) and 1-step multi-pass CLA-DVC for th
pass approach on the strain uncertainty for the 0.01 virtual strain (note: global DVC resul
are thus presented as a single dataset); (d) strain uncertainty as a function of prescribe
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over the entire range of imposed strains were 0.8% (exx), 2.5%
(eyy) and 0.8% (ezz) for the global DVC. These values were similar
to the 1-step multi-pass local DVC and represented a five-fold
improvement over the 0 step multi-pass local DVC analysis. Aver-
age correlation residuals from global DVC, RGA-DVC, were approxi-
mately 3% of the dynamic range of the reference datasets for all
the virtually deformed cases; the majority of the values were con-
centrated around 0, indicating good correlation (Fig. 9b).
3.4.2. DVC analysis of the in situ XCT datasets of oxide CMCs
After establishing the uncertainties and errors associated with

DVC, the strain fields ensuing from the correlation of loaded data-
sets can be investigated more accurately. However, as opposed to
the virtual deformation calculations, multi-pass local DVC analysis
on the in situ scans did not significantly improve correlation or the
quality of results. For comparative purposes, in the case of material
A, sample 1 tested at RT (A-RT-1), the non– multi-pass and 4 step
multi-pass approaches for loading Step 1 (14 N) to loading Step 2
(54 N) correlation (Table S2) both yielded correlation coefficients
of 0.73. Thus, based on the results of the sensitivity analyses, the
global computations of in situ datasets were initialised using a
modified 1-step multi-pass local DVC approach, as described in
Section 2.2.2.
e 0.01 virtual strain; (b) RGA-DVC for 0.01 virtual strain; (c) the influence of the multi-
ts initiated with 1-step and 4-step multi-pass local DVC were virtually identical and
d strain for the global DVC.
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In general, the correlation of scans of the same sample at
increasing loads and with changing microstructural features due
to fracture processes naturally resulted in smaller CLA-DVC values
than the virtual deformation calculations. The highest values, usu-
ally around 0.75, were recorded for computations of small loading
steps with no damage. Conversely, the lowest values occurred in
cases of high loading steps with damage present and ranged from
Fig. 10. (a)-(g) Step1 (14 N) – Step2 (54 N) global DVC strains within material A tested at
(52 N) global DVC strains within material A tested at 1050 �C (A-1050-1) superimposed o
are plotted on XCT slices showing fracture cracks to highlight correlation between local
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0.55 to 0.65 depending on the extent of damage. Within a single
specimen, CLA-DVC was highest in areas where the microstructure
of the sample provided sufficient contrast for correlation, i.e., areas
with more features. Furthermore, reconstruction artefacts (e.g.,
ring artefacts) also contributed to the lowering of the correlation
mean, as they were specific to each scan. Such artefacts also gave
rise to pronounced minima and maxima, i.e., areas of poor correla-
RT (A-RT-1) superimposed on the slice shown in Fig. 4a; (h)-(n) Step1 (9 N) – Step3
n the slice shown in Fig. 4f. The strains were calculated prior to crack formation but
ised strain and crack distribution.
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tion in the residual images of the global computations. Similar
observations were made for the global DVC analyses whereby
small loading steps without any damage present yielded RGA-DVC

values of ~ 5.5% while the value jumped to ~ 8.5% for higher loading
steps with crack formation.

Moreover, characterisation of the failure modes in the two
material systems may be further enhanced by analyses of the local
DVC strain fields in the respective fracture areas. The computed
strain distributions are shown for representative areas of material
A tested at room temperature (Fig. 10a-g) and at 1050 �C (Fig. 10h-
n) and for the corresponding B material at the same temperatures
Fig. 11. (a)-(g) Step1 (6 N) – Step6 (87 N) global DVC strains within material B tested at R
(113 N) global DVC strains within material B tested at 1050 �C (B-1050-2) superimposed
are plotted on XCT slices showing fracture cracks to highlight correlation between local
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(respectively, Fig. 11a-g and h-n). Note the strains were calculated
at similar load levels from scans prior to failure and crack forma-
tion. The contours are plotted on a dataset where cracks had
formed to explore the correlation between localised strains and
crack distribution.

The ezz strain was primarily identified as the highest local nor-
mal strain component at room temperature in both composites (e.
g., A-RT-1 (0.003 or 0.3%) and B-RT-3 (0.003 or 0.3%)); indeed, the
ezz strain in the A (Fig. 10d) and B (Fig. 11d) materials showed an
inclined angle and discontinuity at the fibre/matrix interface. Fur-
ther, in material A, high ezz strains were found at the 0/90� fibre
T (B-RT-3) superimposed on the slice shown in Fig. 6a; (h)-(n) Step1 (17 N) – Step9
on the slice shown in Fig. 6f. The strains were calculated prior to crack formation but
ised strain and crack distribution.
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tow interface, but no large crack formation was detected at RT. The
ezz strains in material B also appeared to have a higher concentra-
tion at either the 90�/matrix interface at room temperature (B-RT-
3, Fig. 11d) or at the 0/90� fibre tow interface at 1050 �C where Type
I interfacial cracks were formed (B-1050–2, Fig. 11k). In these
cases, the crack fronts highlighted by areas of high ezz were found
to have propagated through the entire width of the specimens
(similar to Fig. 7 and Fig. S3).

At 1050 �C, the highest local normal strains in material A (e.g.,
A-1050–1) were exx (0.0042 – Fig. 10i) and eyy (0.0045 – Fig. 10j).
The former (exx) correlated well with the maximum principal strain
(emax) distribution (Fig. 10h) and was present at the deflection
point of a Type II inclined intra-tow crack through a Type III open-
ing matrix crack. The latter (eyy) displayed very distinct horizontal
banding (i.e., areas of pronounced positive values with abrupt tran-
sitions to negative values); tensile values (0.0045) were present
along the entire length of the aforementioned Type II inclined
intra-tow cracks with the compressive values (-0.0045) present
within the matrix between 0� and 90� tows. In this case, the inves-
tigated crack front only propagated through approximately half the
width of the specimen.

A second notable observation was the consistent banding of
shear strains in both materials systems. This is most clearly visible
at RT for the exz (Fig. 10f and 11f) and eyz (Fig. 10g and 11g) strains.
For the exz strain, hard transitions from positive values in the mid-
dle of 90� tows to negative values to the edges of the same tows
can be observed in materials A (Fig. 10f) and B (Fig. 11f), while
for the eyz strain, positive values distributed horizontally in the
matrix between different 90� tows changed abruptly to negative
values at the 0/90� interface and propagated further into the 0�
fibres (Fig. 10g for material A at RT and Fig. 11g for material B).
Both exz and eyz banding in both materials A and B at RT was pre-
sent in areas of Type I interfacial cracks, either at the fibre/matrix
or at the 0/90� fibre bundle interface. At 1050 �C, diagonal banding
of the exz shear strain was observed predominantly in material B
(Fig. 11m) and to a lesser extent in material A (Fig. 10m). Similar
to the distribution of shear stresses in RT tests, positive shearing
in material B at 1050 �C (0.0025) was present inside the 90� tows
while negative shearing (�0.0025) was present at the edge of the
90� tows. As opposed to RT tests, banding at 1050 �C was associ-
ated more with vertical cracks: Type II and Type III for material A
(Fig. 10m) and Type II for material B (Fig. 11m). Material A also dis-
played very pronounced banding of the exy strain. Both the positive
and negative values were present in regions of the matrix with the
negative shear strains correlating well with the formation of Type
III cracks.
4. Discussion

4.1. Application of DVC to oxide CMCs

The two sensitivity studies revealed important insights into the
advantages and limitations of the application of DVC analysis to
oxide CMCs. The natural features of the fibres, matrix and pores
in these materials provided a very suitable medium for DVC anal-
ysis. However, the repeat scan analyses showed an inherent limit
on the correlation quality, with CLA-DVC never surpassing 0.8. If nor-
malised to this range (0–0.8), the CLA-DVC values on loaded speci-
mens change from 0.55–0.75 to 0.69–0.94, thus indicating a
smaller impact of loading on the quality of DVC than it was initially
estimated. The residuals from global DVC analysis, RGA-DVC, showed
a similar behaviour; the 6% value for repeat scans was almost equal
to the lowest residual computed for loaded scans. As such, there
are several primary factors that negatively affect correlation when
applying DVC to oxide-oxide CMCs.
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The first is represented by areas of low contrast within a spec-
imen (mainly in the case of longitudinal 0� tows) due to the testing
alignment, i.e., the attenuation of X-rays along the length of a spec-
imen will be greater than its width direction and the use of white
light as opposed to monochromatic light (a choice made in order to
reduce exposure time and allow more scans to be taken). A second
factor is reconstruction artefacts, e.g., ring artefacts; elimination of
these artefacts through the use of different algorithms comes at the
expense of detail. Lastly, akin to all image based corelation meth-
ods, fracture phenomena represent a violation of continuity due
to the formation of cracks and, as such, can cause erroneous corre-
lations, although this is usually only the case for large cracks.

It should be emphasized that the correlation CLA-DVC values were
very satisfactory for the virtual deformation test (exx = eyy = ezz); in
this respect, the use of a stepped multi-pass approach for the local
sensitivity analysis proved successful in improving the correlation
qualities and reducing the strain uncertainties and percent error.
Higher prescribed strains with higher displacements saw the most
drastic improvements, although for the current oxide CMCs, the
strains were mostly less than 0.01. However, these results did
not translate to the datasets subjected to flexural deformation.
Multi-pass approaches did not seem to have any significant effects
on the correlation quality and strain calculations. A potential
explanation for this are the very low mean strains recorded in
pre-failure scans. For example, Step 1 (14 N) to Step 2 (54 N)
(Table S2) using local DVC analysis for material A at RT yielded
mean values of 4.1 me (exx) and 180 me (eyy and ezz) which are con-
siderably lower than the lowest prescribed strain of 2500 me. Based
on the less pronounced effect of a multi-pass procedure on low
prescribed strains as evidenced by the sensitivity analysis, it
appears unlikely that such a method would have a major overall
effect on the computed strains of loaded datasets. Nonetheless, iso-
lated strain concentrations during in situ bending may in some
cases exceed 2500 me and therefore the multi-pass approach out-
lined through the sensitivity studies is recommended for the ini-
tialisation of global DVC in order to reduce strain uncertainty
and error. Results from the global DVC analysis were in agreement
with the corresponding local DVC results, and added the advantage
of continuity to improve visualisation. Additionally, as is evident
from the higher strain uncertainty (Fig. 9) and percent error along
the z dimension, a certain level of anisotropy in the DVC sensitivity
was present. This suggests that for users applying DVC to oxide
CMCs, the sensitivity study on virtually strained datasets has to
be used with caution; specifically, for the optimisation of results,
an analysis on deformed datasets has to be carried out. This
requirement is potentially applicable to all CMCs, including SiC-
based systems.

However, DVC was extremely successful in locating and quanti-
fying strain concentrations before failure (Figs. 10 and 11). As such,
the locations of maximum principal strains (emax) formed is a reli-
able indicator of crack initiation. Strain values after failure though
need to be analysed very carefully and very critically; the fact that
the continuity is violated in the cracked regions can result in poor
correlation and thus potentially erroneous strain values. Notwith-
standing, the violation of continuity provides a significant advan-
tage by indicating the incipient evidence of cracks in the residual
fields of the DVC analysis. Features which may otherwise go unno-
ticed can thus be segmented from rest of the specimen. This prop-
erty was extensively used in the current study when analysing the
fracture patterns (Fig. 7).

It should be noted that the 3.25 lm voxel size resolution used in
the current study, coupled with a down-sampling by a factor of 1.8
resulted in a voxel size of 5.85 lm, i.e., approximately 2 voxels per
fibre (the fibre diameter was ~ 10–12 lm). This does not generate a
sufficient level of detail for DVC analyses at fibre length-scales and
therefore the sub-volume size for local DVC and the mesh size for
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global DVC were optimised to capture the behaviour at the length-
scale of the fibre tows. For DVC at the fibre level, considerably
smaller DVC interrogation windows and a higher XCT magnifica-
tion would both be required.

4.2. Mechanical properties and failure modes at RT and 1050 �C

Flexural strength data for similar materials are not readily avail-
able in the literature. The strength results for the present compos-
ites, presented in Table 1 and Fig. 3, however, are considerably
lower than the one set of tensile data that is available, which
reports values of ~ 170 MPa at RT and 190 MPa at 1200 �C [15].
A major contributing factor to this observation may be the pro-
nounced effect of shear stresses which were caused by the low
ratio between loading span and in plane width of the specimens
(7:1).

Despite similarities in the cracking mechanisms and strain dis-
tributions, a significant consequence of the different sintering tem-
peratures of the present two systems was found within the
considerably higher failure loads of material B, which was sintered
at a slightly higher temperature. At comparable load levels after
failure, the material B generally exhibited one major area of frac-
ture, as opposed to material A which exhibited more distributed
damage with multiple and more pronounced regions and with
the vertical propagation of cracks facilitated by shrinkage cracks.
Furthermore, the behaviour of material A was similar at room tem-
perature and at 1050 �C, with smaller variations in both the failure
loads and the pre-failure maximum principal strains, e.g.,
emax = 0.007 for A-RT-1 (Fig. 10a) and 0.008 for A-1050–1
(Fig. 10h) both located in the matrix surrounding the 90� fibres.
Failure in material B occurred at higher loads at 1050 �C and was
also more brittle under these conditions. Values of the emax strain
were considerably higher in material B at 1050 �C (0.01 in
Fig. 11a) than at RT (0.005 in Fig. 11h), but both principal strains
were concentrated within the 90� fibres, thus highlighting another
difference between the two composite materials. Finally, the load
relaxations after peak load indicated different stress relaxation
mechanisms for the two materials despite their similar processing
parameters. The exact mechanisms, however, remain unclear and
future experiments targeting this area will be needed for a thor-
ough understanding.

A potential source of variability in the properties of the two
composite systems may arise due to the tension side of some spec-
imens being dominated by 0� fibres while for others it may be 90�
fibres. Therefore, when analysing the different failure patterns
across the testing iterations, it is imperative to consider not only
environmental effects but also specific local microstructural fea-
tures. Thus, below we discuss the link between the observed
microstructure, DVC observations and failure modes.

In all cases, the highest degree of damage was observed as Type I
interfacial cracking within the middle of the specimen and directly
above the support rollers. In order to understand these observa-
tions, the pre-failure maximum principal strains resulting from
the global DVC analysis were investigated in these areas of interest.
emax maxima were invariably present in such areas of damage but
only on the edges of the specimens and were consequently consid-
ered as good fracture criteria for crack initiation in the current
materials. Analysis of the strain components in areas of emax max-
ima was also very telling.

The propensity for strain accumulation along the z-axis in the
context of a y-axis three-point bending test could be rationalised
by minor imperfections in the testing geometries. Such imperfec-
tions can lead regions of increased loading and thus create local
strain concentrations. Thus, the ezz strain appears to be the driving
force behind the out-of-plane lateral propagation of cracks in both
materials. While a clear distribution pattern cannot be established,
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it does appear that tensile ezz is concentrated around the edges of
90� tows, exploiting a potentially weaker bonding area of
matrix/90� or 0/90� fibres to cause sliding and elongation. The
bonding strength between the constituents may be an important
factor behind for the banding of shear strains. As load is applied,
the strain accumulated around the 90� fibres is dictated by the sur-
rounding environment. In cases where both matrix and 0� fibres
are directly bonded to the 90� fibres an abrupt strain gradient is
formed while instances in which only 0� fibres surround the 90�
ones appear to lead to higher shear strain values. This can be seen
by comparing the eyz strains in material B at RT (B-RT-3 in Fig. 11g)
vs. 1050 �C (B-1050-2 in Fig. 11n).

The highest shear component in material A at 1050 �C, namely
exy, was clearly located in areas of the matrix but with different
surrounding microstructural environments (Fig. 10l). The banding
in this case may be rationalised by inspecting the normal strains
exx and eyy (Fig. 10i and 10j). The former shows a very pronounced
tensile region of across both 0� and 90� fibres as well as matrix but
is most importantly present at the top of a Type III crack. The latter
is distinctly located along the 0/90� interface where fracture was
observed. The matrix, as the most compliant component, accom-
modated the shear strain resulting from the concurrent action of
the two direct strains.

It should be noted that although not all test specimens of either
composite showed deflection through shrinkage cracks in the crack
initiation areas, all of them did exhibit such behaviour at different
locations as can be seen in Figs. 4 and 6. This is relevant because it
highlights shrinkage cracks as an important energy dissipation
pathway for cracks, preventing fibre fracture. However, the extent
to which shrinkage cracks influence crack formation appears to be
less substantial, as can be seen in the failure locations for material
A at high temperatures (e.g., specimen A-1050-1, Fig. 4d-f) where
the concentration of shrinkage cracks was considerably higher in
a part of the specimen that did not fracture on loading. Shrinkage
cracks may nonetheless play a role in the formation of new cracks
by imposing high stress concentrations on the matrix as was evi-
denced in the case of material A at RT by Fig. 5. It appears that in
areas of pronounced but interrupted shrinkage cracks which have
undergone Type III cracking, the stress concentrations imposed by
the sharp shrinkage cracks lead to vertical cracking of the matrix
as a pathway to connect the adjacent equidistant Type III cracks.
The distribution of shrinkage cracks inside material A and material
B at RT was more uniform but still differed considerably from spec-
imen to specimen. Despite the two materials having different sin-
tering temperatures, noticeable differences in shrinkage cracking
between them were not identified. The variable degree of shrink-
age cracking across the composite plates may thus be a conse-
quence of uneven sintering kinetics caused by the local
microstructures allowing different degrees of matrix expansion. A
further consequence of this may be the development of highly vari-
able residual stress distributions. Residual stresses have previously
been shown to have significant effects, not only on the bulk prop-
erties of the material but also on the cracking behaviour [45].
4.3. Micro-mechanisms of fracture at RT and 1050 �C

Microcracking and uncracked-ligament bridging were observed
as secondary extrinsic energy dissipation mechanisms. This beha-
viour was identified primarily within the 90� tows with examples
visible in Fig. 4b and 4f and more scarcely within areas of matrix
(Fig. 6c and 6e). The nature of microcracking was investigated in
all cracking areas along the entire width of the specimens starting
from the area of maximum principal strain to reveal three main
mechanisms, specifically at the intra-tow, along interfaces and
within the matrix.



Fig. 12. (a) Side-on view of a single sheet of woven eight-harness satin weave; (b) stacking of multiple sheets without rotation - every longitudinal tow shows contact with
both the ones above and under it; (c) stacking of multiple tows with alternating orientation - layering is highlighted with red horizontal arrows.
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The primary mechanism was intra-tow microcracking, occur-
ring within a single tow either coalescing into a single crack (bot-
tom rectangle in Fig. 4b) or splitting away from the main crack (top
right rectangle in Fig. 4b).

A secondary mechanism of microcracking was that of interface
microcracking and ligament bridging observed in instances where
the edges of two 90� tows came in contact forming multiple paral-
lel microcracks interlinked via ligament bridging. In the example
illustrated in Fig. 4b (top right rectangle), a crack within one tow
propagated through a small shrinkage crack and deflected at the
interface of another tow before edge contact (while this appears
as a single area of 90� fibres in Fig. 4b, the right-hand side of
Fig. 4c shows two separate 90� tows). On contact, extensive micro-
cracking was observed, essentially causing a transition in crack
path to follow the matrix/90� interface.

Fig. 6e shows the third mechanism, namely matrix microcrack-
ing, together with the interface mechanism described above. A
delamination crack at a 0/90� interface can be seen to have transi-
tioned through matrix microcracking into two adjacent adjoined
90� tows. Upon separation, the multiple parallel cracks were
bridged to form a continuous crack which penetrated both newly
separated tows. Matrix microcracking can also be seen in Fig. 6c
in the form of multiple diagonal cracks.

Interestingly all three types of microcracking were found to
occur either through or around shrinkage cracks. It appears that
in some cases, shrinkage cracks create additional entry or exit
points for crack propagation into the tows at the matrix/90� inter-
face. Ligament bridging subsequently acts as a transfer mechanism
upon the joining of microcracks or splitting of a single crack into
microcracks. Conversely, matrix microcracking acts as a pathway
in instances where 0/90� interfaces are terminated or initiated
enabling fracture transfer to or from the 90� tows.
4.4. Implications on the optimised design of oxide-oxide CMCs

As shown in Results section, a striking feature of both these
oxide-oxide CMCs is the layering and apparent ‘splitting’ of both
longitudinal and transverse tows. To best understand the tow
behaviour, one must first consider the structure of the eight-
harness satin weave. Fig. 12a shows the side-on view of a single
sheet of tows woven in the aforementioned manner. Stacking of
such sheets without any rotation results in remote contact points
between every adjacent 0� tow, i.e., there is no layering
(Fig. 12b). Conversely, the alternate stacking of individual sheets
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results in extended contact between pairs of 0� tows and conse-
quentially ‘layering’ into areas of 0� and 90� tows, as seen in
Fig. 2c and 2d. A 0� layer is thus made up of parallel 0� tows, the
top of which curve up while the bottom ones curve down (high-
lighted by red horizontal arrows in Fig. 12c). This sheds important
light on the nature of ‘tow splitting’, suggesting that it is not indi-
vidual tows which are splitting but rather the outcome of the alter-
nating stacking orientations (Fig. 12c)

A consequence of this stacking arrangement is the creation of
large areas of matrix, which in turn enables greater extension of
shrinkage cracks on sintering. In the most extreme cases these
can extend the full length between layers or between the top
and bottom tow of a splitting layer, as illustrated in Fig. 2a and
2b. Moreover, pockets of air, inaccessible to impregnating
matrix-precursor slurry, are also formed, resulting in macropores
during sintering. Macropores have been shown to be either directly
related to fracture or indirectly via shrinkage cracks (Fig. 7c). Such
observations indicate that an alternating stacking arrangement can
have detrimental effects on the mechanical properties of oxide-
oxide CMCs through the formation of features which increase the
ease of crack propagation.

These observations highlight the advantages of in situ 3D imag-
ing using XCT over post-mortem 2D surface techniques (e.g., SEM)
for the characterisation and interpretation of the microstructure,
damage and fracture behaviour of oxide-oxide CMCs under load
at high temperatures.
5. Conclusions

In the current paper, we have investigated the ambient to ele-
vated temperature mechanical behaviours of two iterations of Nex-
tel 720TM/alumina (oxide-oxide) ceramic-matrix composites from
the perspective of the suitability of in situ full-field displacement
and strain mapping via synchrotron X-ray computed microtomog-
raphy with digital volume correlation.

The sintering temperature had a marked influence on the
mechanical behaviour of the two materials. Material A, with a
lower sintering temperature of 1200 �C, displayed a considerably
lower average flexural strength and more graceful failure both at
RT and 1050 �C than material B, which was sintered at a somewhat
higher temperature of ~ 1250 �C. Furthermore, the behaviour of
material A was more consistent across the two testing tempera-
tures, as opposed to material B which displayed more brittle failure
when tested at 1050 �C.
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An inherent layering and layer splitting was observed in both
materials rationalised by the stacking orientation of dry fibre
sheets. The microstructures arising from these stacking arrange-
ments resulted in complex cracking patterns on failure. Three main
crack types were identified: Type I – interfacial cracks; Type II –
inclined cracking within the 90� fibre tows (0� fibre tows did not
exhibit this type of cracking); Type III – the opening of vertical
shrinkage cracks (this type may also be associated with the crack-
ing of undamaged matrix). Secondary extrinsic toughening mecha-
nisms were microcracking and uncracked-ligament bridging.

The DVC sensitivity studies demonstrated the method’s applica-
bility to oxide-oxide CMCs. The inherent microstructural contrast
within such materials provides a very suitable medium for 3-D cor-
relation. Furthermore, the use of global DVC enables the detailed
analysis of fracture phenomena through residual images. Areas of
maximum principal strain before failure were found to be good
predictors for the eventual fracture location. Similar to the loading
data, going from RT to 1050 �C, the behaviour of material A was
more consistent (emax = 0.007 at RT vs. 0.008 at 1050 �C) than in
material B (emax = 0.005 at RT vs. 0.01 at 1050 �C). The complex
microstructures of oxide-oxide CMCs naturally gave rise to simi-
larly complex local straining. While the out-of-plane, through-
thickness ezz was the highest direct strain component present
locally in the fracture locations of most test specimens, high local
shear strains were ubiquitous across all specimens. The abrupt
positive to negative transitions of the shear strain components
was deemed to be associated with the differing bonding strengths
between 0� fibres, 90� fibres and matrix.

The use of DVC coupled with real time high-temperature X-ray
microtomography clearly provides a comprehensive methodology
to document and quantify the multiple mechanisms of damage
evolution leading to the fracture of oxide-oxide CMCs, thereby pro-
viding essential insights into the mechanical behavior of this class
of materials especially at realistic service temperatures. The
methodology and knowledge generated is critical for improving
the design of oxide-oxide CMCs for aerospace applications.
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