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Abstract: From a disruptive perspective, silicon carbide (SiC)-based ceramic matrix composites
(CMCs) provide a considerable temperature and weight advantage over existing material systems
and are increasingly finding application in aerospace, power generation and high-end automotive
industries. The complex structural architecture and inherent processing artefacts within CMCs
combine to induce inhomogeneous deformation and damage prior to ultimate failure. Sophisticated
mechanical characterisation is vital in support of a fundamental understanding of deformation in
CMCs. On the component scale, “damage tolerant” design and lifing philosophies depend upon
laboratory assessments of macro-scale specimens, incorporating typical fibre architectures and matrix
under representative stress-strain states. This is important if CMCs are to be utilised to their full
potential within industrial applications. Bulk measurements of strain via extensometry or even
localised strain gauging would fail to characterise the ensuing inhomogeneity when performing
conventional mechanical testing on laboratory scaled coupons. The current research has, therefore,
applied digital image correlation (DIC), electrical resistance monitoring and acoustic emission
techniques to the room and high-temperature assessment of ceramic matrix composites under axial
tensile and fatigue loading, with particular attention afforded to a silicon carbide fibre-reinforced
silicon carbide composite (SiCf /SiC) variant. Data from these separate monitoring techniques plus
ancillary use of X-ray computed tomography, in-situ scanning electron microscopy and optical
inspection were correlated to monitor the onset and progression of damage during mechanical
loading. The benefits of employing a concurrent, multi-technique approach to monitoring damage in
CMCs are demonstrated.
Keywords: ceramic matrix composites; digital image correlation; acoustic emission; resistance
monitoring; inhomogeneous strain

1. Introduction
Ceramic matrix composites (CMCs) offer a combination of low density and thermal stability
for structural engineering applications where long-term exposure to high-temperature environments
is envisaged. Advanced processing techniques have been optimised to produce CMC materials
based on oxide/oxide and silicon carbide fibre-reinforced silicon carbide composite (SiCf /SiC) systems,
for example, which can be tailored to the manufacture of engineering components destined to
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operate above 800 ◦ C. However, the uptake of these composite materials has been restricted to
advanced, high-performance applications, mainly due to the high inherent cost of both the raw material
constituents and processing techniques. Hence, previous focus on such systems has been largely
restricted to aerospace, power generation and high-end automotive applications.
CMCs made from woven silicon carbide (SiCf ) fibres embedded within a SiC matrix have shown
the greatest promise for high-temperature application over extended periods in oxidising environments.
Their beneficial properties include high-temperature strength, low density, resistance to thermal shock,
improved toughness (relative to monolithic variants), good creep and corrosion resistance.
From a disruptive perspective, SiC-based CMCs provide a considerable temperature and weight
advantage over existing material systems. Their density is approximately 33% of nickel-based
superalloys, providing opportunities for significant weight reductions in the combustor and turbine
sections of future aero-engine designs. The material retains reasonable strength at temperatures as
high as 1300 ◦ C which allows for significant reductions in cooling requirements. When compared with
current engine marks, it has been claimed that the advantages provided by CMCs could potentially
offer a 20% reduction in component weight, decrease the fuel burn by approximately 3–6%, cut NOx
emissions by 40% and reduce cooling requirements by up to 60% [1].
Our recent interest has focused upon the mechanical characterisation of SiCf /SiC composites
under fatigue loading, with particular attention placed upon the monitoring of damage distributed
throughout the composite and the subsequent characterisation. The present paper describes tests on
notched coupons subjected to axial stress, with real-time surface strain distributions measured via
digital image correlation (DIC). Associated acoustic emission (AE) signals and change in electrical
resistance (ER) were recorded to allow for a correlation between surface and bulk damage progression.
The role of composite architecture and inherent processing features in deformation, damage progression
and ultimate fracture are discussed.
Our research has been driven towards obtaining an improved understanding of the onset and
progression of damage. In order to achieve these goals, a number of advanced monitoring techniques
are now employed on a routine basis. This meets the component design requirements of mechanical
assessment on a macroscopic scale under tensile conditions (rather than utilising micro-scale samples
or through the application of bend loading, for example) whilst still generating a fundamental
understanding of deformation and failure mechanisms. These techniques include combinations of
electrical resistance (ER); acoustic emission (AE); digital image correlation (DIC); X-ray computed
tomography (XCT) and in-situ scanning electron microscopy (I-SSEM). Although independent
techniques in their own right, various combinations of these methods offer an improved understanding
of the damage mechanisms controlling structural integrity in CMCs. This is demonstrated using a
two-dimensional reinforced SiCf /SiC CMC system incorporating 0◦ and 90◦ woven fibre tows as a
model material. Partly based on previously reported experimentation [2], the present paper now
benefits from extended analysis and the application of additional characterisation techniques.
2. Materials and Methods
2.1. Materials and Specimen Geometry
The SiCf /SiC system of interest was processed at Rolls-Royce High-Temperature Composites
Inc. The composite consists of a SiC matrix reinforced with laminated woven Hi-Nicalon™ fibres.
Fibre preforms were coated with boron nitride prior to partial chemical vapour infiltration (CVI) of
the SiC matrix plus a proprietary melt infiltration process. Reinforcement consisted of fibre bundles
orientated in a 0–90◦ direction within a 5-harness satin weave architecture. Flat panels of approximate
thickness 5 mm (containing 18 plys) and dimensions 150 × 230 mm were supplied. From these panels,
mechanical specimens were manufactured using electro-discharge machining and grinding.
Prior to mechanical testing, micro-focus XCT was conducted to inspect the machined specimens
using an X-Tek HMX ST 225 kV system [3]. The divergent-beam X-ray source had a minimum focal
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spot size of 5–10 µm, maximum energy of 225 kV and a maximum current of 2 mA. The 4 megapixels,
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In order to assess progressive damage development in the subsequent SEN and DEN2
specimen designs (see Figure 1b), a single room temperature fatigue test was first performed, also in
the air, on a DEN specimen (Sample #1). This test was performed under constant amplitude load
control, using a 15 CPM (1-1-1-1 trapezoidal) waveform at R=0.1, with the peak cyclic stress selected
to induce fatigue rupture within the order of 103 cycles.
Mechanical loading was applied to Samples #2 (DEN), #3 and #4 (SEN) at 800 °C using a ported,
radiant lamp furnace, again with the aim of achieving failure within the 103 cycles decade. All test
conditions are summarised in Table 1.
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In order to assess progressive damage development in the subsequent SEN and DEN2 specimen
designs (see Figure 1b), a single room temperature fatigue test was first performed, also in the air, on a
DEN specimen (Sample #1). This test was performed under constant amplitude load control, using a
15 CPM (1-1-1-1 trapezoidal) waveform at R = 0.1, with the peak cyclic stress selected to induce fatigue
rupture within the order of 103 cycles.
Mechanical loading was applied to Samples #2 (DEN), #3 and #4 (SEN) at 800 ◦ C using a ported,
radiant lamp furnace, again with the aim of achieving failure within the 103 cycles decade. All test
conditions are summarised in Table 1.
Table 1. Test conditions.
Specimen
I.D.

Test Type

Test
Temperature
(◦ C)

ER Probe
Distance (from
Notch)

Normalised
Stress

Cycles to
Failure

Notch Type

Control #1
Control #2
Sample #1
Sample #2
Sample #3
Sample #4

Monotonic Tensile
Monotonic Tensile
Fatigue
Fatigue
Fatigue
Fatigue

RT
RT
RT
800
800
800

N/A
N/A
50 mm
50 mm
20 mm
50 mm

N/A
N/A
1*
0.6
0.5
0.465

N/A
N/A
2804
3534
2600
2912 **

DEN1
DEN1
DEN2
DEN2
SEN
SEN

* Sample #1 experienced a prior loading history, with blocks of cycles performed at 0.13, 0.2, 0.265, 0.4, 0.5, 0.6, 0.7,
0.75, 0.85, 0.9 and 0.965 of the normalised stress for 10,000 cycles each block without inducing failure. ** Terminated
prior to failure for X-ray computed tomography (XCT) scanning. DEN: double edge notched; SEN: single edge
notched; ER: electrical resistance.
Figure 3. Relative size and positions of virtual strain gauges; (a) lines for specimens Control #1 and #2
and (b) boxes for Samples #1 to #4.

Tests were performed on an Instron 6284 electric screw driven test rig utilising water cooled MTS
3. Results wedge grips (for full schematic, see Figure 2). Tests at elevated temperature employed
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and outside the furnace (i.e., a total separation of 100 mm). Throughout the course of the mechanical
tests, these recorded elastic waves emitted from the composite and Vallen AMSY-6 software were
used to analyse the acoustic energy output of each ‘event’. Threshold events were simulated prior to
testing by breaking the lead of a mechanical pencil against the gauge section adjacent to each sensor.
Subsequent events were thereby filtered to ensure only those emanating from between the sensors were
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recorded (i.e., extraneous signals were ignored). All AE data were presented in the form of cumulative
energy units as a function of time. By using time of flight analysis for the final test (Sample #4), it was
also possible to determine the location of each individual event to a reasonable degree of accuracy
(±2 mm), validated by the pencil break exercises. Post-test, the AE data obtained from Sample #1 were
analysed to ‘cluster’ together signals based on the average wave frequency of the events recorded in
the same location (±1 mm). Each cluster, therefore, comprised between 10 to 100 individual events.
The intention here was to isolate the location and time of later stage fibre failure events, representing
the onset of catastrophic rupture, and to monitor similar damage as and when it occurred during the
subsequent tests.
To allow elevated temperature strain monitoring, DIC was employed (LaVision Imager E-Lite5M
CCD camera, blue LED illumination set, blue bandpass filters and Strainmaster controller), noting the
best practice reported by a range of previous practitioners [4–6]. A fine speckle pattern was applied
to the surface of the test coupon with a high-temperature spray paint certified up to 953 ◦ C. An
initial reference image of the undeformed specimen was correlated to subsequent images recorded at
regular intervals during the loading sequence in order to calculate absolute surface strains parallel
to the axial orientation only (Eyy ). Utilising an optimised pixel sub-set size (21 pixels with a step of
7 pixels), the localised axial strain could be quantified at room temperature to an accuracy within 10−4 .
Strain maps presented in this paper would employ a colour gradation scale representing nominal
low (black) to high (red) values. Note that black regions may not necessarily represent “zero” strain
since we have no knowledge of the absolute residual material state post processing and machining.
Areas in white on these maps indicate levels of extreme strain beyond the nominal defined range;
however, it is emphasised that such white zones may not necessarily correlate to cracks. Comparisons
to high-resolution optical images were essential to confirm the presence of cracking, or otherwise.
Crucially, it is reiterated that the intention of the current report was not to quote absolute measurements
of strain values, but rather to provide qualitative descriptions of strain distribution.
During high-temperature testing, the line of sight to the test specimen was restricted by the
surrounding radiant lamp furnace and limited to a front facing open port. However, through careful
positioning, an optimised view was achieved by focusing the camera through the port and onto the
profile of one of the notches. Compared to previous DIC inspections performed at room temperature,
a greater working distance (increased from 50 to 150 mm) was required to view the specimen through
the furnace port with both cameras. Average DIC strains were calculated within the bounds of a
gauge section defined by a “virtual strain gauge box”. For Sample #1, the 22 × 15 mm gauge section
sampled the width of the coupon inboard of the opposing notches, while for Samples #2, #3 and #4,
the gauge section was 6 x 4 mm immediately adjacent to the single notch within the field of view
(Figure 3). During the initial high-temperature test (Sample #2), images were distorted slightly by a
combination of thermal convection “drafts” and reflections from within the furnace bore. However, by
improving the insulation between the split halves of the furnace and around the load train entry points,
implementing a transparent ceramic window (refractive index 1.72) over the port and employing a
small fan to direct a constant stream of air between the cameras and the furnace port, the effects of
thermal drafts and heat shimmer were minimised for the final two tests (Samples #3 and #4). The
speckle pattern was also deliberately coarsened slightly on these latter samples. In addition, rather
than relying on a subsequent single, instantaneous image for correlation as per normal practice at room
temperature, the images were captured at a rate of 10 Hz throughout the duration of the 1-second dwell
at the peak of the trapezoidal fatigue cycle for high-temperature tests. Hence, the spatial displacements
recorded in the 10 images were averaged to reduce any adverse effects of thermal drift. The maximum
spatial variation measured at a specific location when averaging any sequence of 10 images was below
50 microns. At elevated temperature, a modification to the pixel subset size was necessary (raised to 45
pixels with a step of 15 pixels) due to the inferior resolution of the images. This meant a reduction
in localised axial strain resolution from 10−4 obtained at room temperature to 10−3 at 800 ◦ C. The
working strain resolution is automatically calculated via the Strainmaster software [7] taking into
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Figure 2. Schematic showing generic set up for (a) Control specimens #1 and #2 and (b) the location

account measurements of the speckle pattern density within the subset area, as per longstanding DIC
of acoustic emission (AE) sensors, digital image correlation (DIC) line of sight, radiant lamp furnace
practice [8].
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separation was a deliberate strategy, employed to assess the capability of probes when located both
inside and outside the hot zone of a radiant furnace. Electrical isolation within the load train was
achieved by employing non-conducting tabs within the wedge grips to either end of the specimen.
Using the prior experience obtained through testing Samples #2 and #3, Sample #4 was interrupted
prior to ultimate failure, upon detecting a large region of strain damage via DIC. Once cooled and
removed from the test rig, the specimen was scanned via the XCT system already described.
Although the values of stress and strain applied to the samples are deemed proprietary information,
valuable qualitative information can be presented. The tensile loading for Control #1 and #2 specimens
was applied under a linear ramp rate of 0.1 kN per second in load control. The test was interrupted at
set points throughout the loading for DIC image capture. While temporarily transferring from load to
displacement control, dwell periods of 5 seconds were incorporated to obtain stable, digitally recorded
images of the sample front facing surface. Having recorded the high-resolution images during loading,
these images were retrospectively employed for DIC strain analysis.

3. Results
Trends in performance are discernible despite the application of normalisation. The initial
“calibration” tests performed on specimens Control #1 and #2 were normalised based on the peak
cumulative AE, stress and strain values obtained during testing of Control #1. As the basis for the
normalised comparison between the fatigue tests, the peak resistance, strain and cumulative AE
energy values measured at rupture from the room temperature fatigue test performed on Sample #1
were employed.

energy values measured at rupture from the room temperature fatigue test performed on Sample #1
were employed.
3.1. Room Temperature Monotonic Calibration—Control #1 and #2
Ceramics 2019,
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represented in Figure 4. In each case, the axial strain as measured from the extensometer was
compared to the averaged uni-axial strain measured using DIC. The latter was calculated by
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represented in Figure 4. In each case, the axial strain as measured from the extensometer was compared
technique.
to the averaged uni-axial strain measured using DIC. The latter was calculated by defining two original
Progressive damage was also monitored during these tests via acoustic emission. Figure 4
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4
Figure 4 were sampled to inspect the local distribution in strain within the composite. Selected strain
superimposes a record of the cumulative AE energy released as a function of normalised axial bulk
maps are illustrated in Figure 5 for Control #1 and #2. Figure 5a,b show the normalised cumulative
strain. In both cases, AE activity remained low while the CMC was under near-proportional loading;
acoustic energy alongside the associated DIC strain maps. Figure 5c,d then illustrate higher
however,
the rate of
AE energy
once beyond the limit of proportionality and
magnification
versions
of the accumulation
same DIC strainincreased
maps.
approaching bulk fracture.
Instantaneous DIC images that were previously employed to define bulk strains plotted in Figure 4
were sampled to inspect the local distribution in strain within the composite. Selected strain maps are
illustrated in Figure 5 for Control #1 and #2. Figure 5a,b show the normalised cumulative acoustic
energy alongside the associated DIC strain maps. Figure 5c,d then illustrate higher magnification
versions of the same DIC strain maps.
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Figure 5. Strain maps of (a) specimen Control #1 and (b) Control #2, compared to acoustic emission (AE)
Figure 5. Strain maps of (a) specimen Control #1 and (b) Control #2, compared to acoustic emission
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3.2. Fatigue Damage Experiments—Samples #1 to #4
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was taken
loading
initialtoroom
stabilise,
the
test
was
deliberately
initiated
at
a
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low
cyclic
peak
load
condition
temperature fatigue test on Sample #1. To avoid premature overload and to allow the ER(0.13
readings
normalised
Once
no discernable
increases
or AE signals
were detected,
the condition
peak cyclic (0.13
to stabilise,
thestress).
test was
deliberately
initiated
atina ER
relatively
low cyclic
peak load
load was increased after ~10,000 cycles. Such steps were repeated until relevant increases were
normalised stress). Once no discernable increases in ER or AE signals were detected, the peak cyclic
noted. Only the data pertinent to the final loading block are presented (Figure 6), effectively ignoring
load was increased after ~10,000 cycles. Such steps were repeated until relevant increases were noted.
any damage associated with the early stage/low stress loading regimes.

Only the data pertinent to the final loading block are presented (Figure 6), effectively ignoring any
damage associated with the early stage/low stress loading regimes.

During this test, the trends in data from the different monitoring techniques correlated well.
Each method indicated a rapid increase in response over the first 200 cycles leading to a near steady
rate of signal accumulation during the remaining stages of the test. During the final 500 cycles, the
ER measurements indicated an apparent onset in failure. The AE response increased rapidly,
immediately
prior to rupture. The specimen failed in a typical catastrophic fashion after
Ceramics
2019, 2
approximately 2800 cycles. No definite indication of failure location was noted from the associated
DIC measurements.
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the final
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measurements indicated an apparent onset in failure. The AE response increased rapidly, immediately
Areas of residual strain were noted at the trough of the loading cycle. Regions that previously
prior to rupture. The specimen failed in a typical catastrophic fashion after approximately 2800 cycles.
displayed the highest localised strain values at the peak of the cycle remained in a permanently
No definite
indication of failure location was noted from the associated DIC measurements.
strained state post unloading, indicating permanent damage retained in the composite. Damage
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Figure 7. Digital image correlation (DIC) strain maps relating to the (a) peak and (b) minimum stress
Figure 7. Digital image correlation (DIC) strain maps relating to the (a) peak and (b) minimum stress
condition imposed at N = 225, N = 2237 and N = 2370, Sample #1 [2].
condition imposed at N=225, N=2237 and N=2370, Sample #1 [2].
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cycle
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in
a
permanently
profile” function of the DIC imaging system, superimposed onto two strain maps obtained at (a) strained
N=
2730 under peak stress and (b) from the one half of the ruptured specimen at N = 2800 and zero
applied stress. Note this form of imaging was only possible for the room temperature test.
The images indicate that the tip of the left hand pre-machined sharp slit was located adjacent to
a longitudinal, 0° fibre tow, slightly inboard of this front face surface. Fourteen distinct longitudinal
tows were identified across the net section. Viewing from left to right, the horizontal regions of

The images in Figure 8 show the surface fibre architecture, as recorded using the “surface
profile” function of the DIC imaging system, superimposed onto two strain maps obtained at (a) N =
2730 under peak stress and (b) from the one half of the ruptured specimen at N = 2800 and zero
applied stress. Note this form of imaging was only possible for the room temperature test.
The2 images indicate that the tip of the left hand pre-machined sharp slit was located adjacent to 356
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a longitudinal, 0° fibre tow, slightly inboard of this front face surface. Fourteen distinct longitudinal
tows were identified across the net section. Viewing from left to right, the horizontal regions of
high indicating
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and this strain was fully recovered on unloading, even during N = 2730 which occurred immediately
which the zone contracts towards the right-hand side of the specimen.
before catastrophic failure.
Figure 8b illustrates that the localised regions of permanent, residual strain are concentrated
The images in Figure 8 show the surface fibre architecture, as recorded using the “surface profile”
immediately adjacent to the flanks of the fracture surface. The areas of highest residual strain
function
of theboth
DICfibre
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at (a)more
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Note this form of imaging was only possible for the room temperature test.
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normalised
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0.6 was
Figure to a
The Sample
images #2
indicate
thatatthe
tip
ofand
thealeft
hand pre-machined
sharp
was observed.
located adjacent
◦
9
displays
electrical
resistance,
strains
calculated
via
DIC
and
the
acoustic
response
as
a
function
of tows
longitudinal, 0 fibre tow, slightly inboard of this front face surface. Fourteen distinct longitudinal
applied
cycles.
were identified across the net section. Viewing from left to right, the horizontal regions of concentrated

high strain traversed the consecutive longitudinal tows with minimal deviation; however, the number
of individual damage zones increased with each tow away from the slit. The maximum height of the
damage zone correlates spatially with the sixth longitudinal tow, beyond which the zone contracts
towards the right-hand side of the specimen.
Figure 8b illustrates that the localised regions of permanent, residual strain are concentrated
immediately adjacent to the flanks of the fracture surface. The areas of highest residual strain traversed
both fibre and matrix phases exposed at the surface. Previously strained regions, more than ~10 mm,
displaced from the fracture plane have been recovered in a fully elastic fashion. There was a minimal
deviation of the major crack away from the net section plane, and only limited fibre pull out across the
fracture surface.
Sample #2 was tested at 800 ◦ C, and a normalised peak cyclic stress of 0.6 was observed. Figure 9
displays electrical resistance, strains calculated via DIC and the acoustic response as a function of
applied cycles.

increase over the first 500 cycles, which then slows to a more gradual increase with successive cycles.
There was no significant change in the rate of resistance accumulation immediately prior to failure;
however, compared to the room temperature response of Sample #1, the total ER increase during the
course of this test approached 700%, a distinctly high value. DIC and AE data displayed a consistent
response.
Ceramics
2019, 2 Both AE and DIC presented relatively stable values over the first 1600 cycles; however,
both indicated an acceleration toward failure. The gradient continued to increase until failure
ensued in a rapid fashion around 3500 cycles.
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The DIC strain
measured
during
the course of
this test provided
success
in detailing
The resistance
datamaps
measured
from
this specimen
displayed
a highersome
degree
of scatter
compared
the
inhomogeneous
strain
field
(Figure
10);
however,
the
degradation
of
the
speckled
to the previous room temperature test. The overall trend, however, again displays a rapid increase
paint
and then
the effects
of athermal
drift affected
thewith
resolution
of the
maps.There
over high-temperature
the first 500 cycles,
which
slows to
more gradual
increase
successive
cycles.
Regardless, some useful information was obtained, with high localised strain detected at the tip of
was no significant change in the rate of resistance accumulation immediately prior to failure; however,
the notch slit immediately during the first load cycle, with the expansion of this region progressing
compared to the room temperature response of Sample #1, the total ER increase during the course of
over the course of the test.
this test approached 700%, a distinctly high value. DIC and AE data displayed a consistent response.
Both AE and DIC presented relatively stable values over the first 1600 cycles; however, both indicated
an acceleration toward failure. The gradient continued to increase until failure ensued in a rapid
fashion around 3500 cycles.
The DIC strain maps measured during the course of this test provided some success in detailing
the inhomogeneous strain field (Figure 10); however, the degradation of the speckled high-temperature
paint and the effects of thermal drift affected the resolution of the maps. Regardless, some useful
information was obtained, with high localised strain detected at the tip of the notch slit immediately
during the first load cycle, with the expansion of this region progressing over the course of the test.
Figure 11 shows the results of the test on Sample #3, performed at normalised stress of 0.5. This
test gave greater success in terms of DIC, benefitting from the improved image resolution due to
changes in the speckle paint and employment of a temperature tolerant glass furnace window. On
this occasion, both AE and DIC strain measurements indicated a more gradual increase approaching
the failure event. ER was unable to predict the onset of failure given the degree of scatter during the
course of the test.
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Figure 10. Digital image correlation (DIC) strain maps relating to Sample #2, tested at 800 °C [2].

Figure 11 shows the results of the test on Sample #3, performed at normalised stress of 0.5. This
test gave greater success in terms of DIC, benefitting from the improved image resolution due to
changes in the speckle paint and employment of a temperature tolerant glass furnace window. On
this occasion, both AE and DIC strain measurements indicated a more gradual increase approaching
the failure event. ER was unable to predict the onset of failure given the degree of scatter during the
course of the test.
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notch slit tip as early as N = 55 into the test period (Figure 12). This region grew in both lateral and
axial size during successive cycles until the damage zone extended beyond the field of view,
axial size during successive cycles until the damage zone extended beyond the field of view, illustrated
illustrated by the map taken at 2560 cycles. It should be emphasised that the specimen remained
by theload
map
taken at 2560 cycles. It should be emphasised that the specimen remained load bearing at
bearing at this point, although the area coloured white in the associated strain map was actually
associated with a visible, well-defined crack at this stage.

Figure 11. Normalised electrical resistance (ER), digital image correlation (DIC) strain and
cumulative acoustic energy versus cycles, Sample #3 [2].

From
Ceramics 2019,
2 the DIC strain maps, a small region of high strain was detected immediately ahead of the
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notch slit tip as early as N=55 into the test period (Figure 12). This region grew in both lateral and
axial size during successive cycles until the damage zone extended beyond the field of view,
this point,
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areataken
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was
associated
illustrated
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However, both AE and DIC indicated a significant and immediate increase as loading commenced,
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ER data
were recorded from
#4 due to
inferior
followed Unfortunately,
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relative
stability
to approximately
1300 Sample
cycles. Beyond
this
stage,probe
there was
contacts. However, both AE and DIC indicated a significant and immediate increase as loading
a marked increase in the rate of average AE accumulation which encompassed distinct steps in the
commenced, followed by a period of relative stability to approximately 1300 cycles. Beyond this
signals (Figure 13). The associated DIC maps detected the development of a region of high strain
stage, there was a marked increase in the rate of average AE accumulation which encompassed
emanating from the tip of the notch slit (Figure 14).

Figure
13. Normalised
digital
imagecorrelation
correlation (DIC)
(DIC) strain
acoustic
energy
versus
Figure
13. Normalised
digital
image
strainand
andcumulative
cumulative
acoustic
energy
versus
cycles,
Sample
#4
[2].
cycles, Sample #4 [2].

Ceramics 2019,
2
Figure
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cycles, Sample #4 [2].
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A
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fibres
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within
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complex
(Figure 16b). A combination of bridging and fractured fibres were evident within the complex damage
zone; however, the damage was restricted to a relatively small distance away from the plane
zone;damage
however,
the damage was restricted to a relatively small distance away from the plane of the
of the main crack, noting that the vertical field of view in the image was restricted to approximately
main crack, noting that the vertical field of view in the image was restricted to approximately 100 µm.
100 μm. This correlated well with the region of high strain indicated by the DIC images, as shown in
This correlated
well with the region of high strain indicated by the DIC images, as shown in Figure 14.
Figure 14.
The spatial origins of the individual AE events that combined to constitute the accumulated
energy data, plotted in Figure 13, were determined from the time of flight analysis (Figure 17). Those
events corresponding to the central 80 mm hot zone of the furnace were displayed. During the first
700 cycles, events were distributed randomly along with the sample between the extremes of the hot
gauge section. A concentrated band of events was then evident over a period of approximately 300
cycles, focused on the horizontal plane through the centre of the notch. A period of relatively low
activity then followed until another group of events on the same central plane was detected shortly
after 1500 cycles. The DIC images in Figure 14, taken at these instances, indicated a corresponding
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The spatial origins of the individual AE events that combined to constitute the accumulated
energy data, plotted in Figure 13, were determined from the time of flight analysis (Figure 17). Those
events corresponding to the central 80 mm hot zone of the furnace were displayed. During the first 700
cycles, events were distributed randomly along with the sample between the extremes of the hot gauge
section. A concentrated band of events was then evident over a period of approximately 300 cycles,
focused on the horizontal plane through the centre of the notch. A period of relatively low activity
then followed until another group of events on the same central plane was detected shortly after 1500
cycles. The DIC images in Figure 14, taken at these instances, indicated a corresponding broadening of
the damage zone in the axial direction. The distinct steps in cumulative acoustic energy were mirrored
by an increased density in individual events focused within the central gauge section, approximately
±20 mm above and below the notch.
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from
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tip
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those previous and our current experiments. In the first case, ER was employed to monitor examples
macroscale machined notch [9]. In the second reference [10], the experiments were designed to
of a single, macroscopic interlaminar crack growing from the tip of a macroscale machined notch [9].
detect damage within a relatively large critically stressed volume, where during the earliest stages of
In the second reference [10], the experiments were designed to detect damage within a relatively large
the experiment, cracking would be on a micro-scale and randomly dispersed, similar to our current
critically
stressed volume, where during the earliest stages of the experiment, cracking would be on
tests. However, Smith et al. applied a relatively severe loading sequence, with peak cyclic loads
a micro-scale
randomly
similar
to our current
However,
al.cycles.
applied a
increased and
appreciably
in adispersed,
“ratchet” style
to induce
specimentests.
rupture
in fewerSmith
than et
five
relatively
severe
sequence,
with
peak cyclic
loads
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Notably,
the loading
current tests
involved
prolonged
exposure
to increased
a high-temperature
environment,
and it style
to induce
specimen
rupture that
in fewer
than to
fivethe
cycles.
the current
tests involved
prolonged
has been
demonstrated
oxidation
fibres Notably,
and interface
could progressively
degrade
electrical
properties over time
[11]. However,
there
were
no demonstrated
consistent trends
amongst
the present
exposure
to a high-temperature
environment,
and
it has
been
that
oxidation
to the fibres
ER
data,
and
distinct
differences
in
the
magnitude
of
ER
change
measured
for
individual
and interface could progressively degrade electrical properties over time [11]. However,specimens
there were no
(e.g., compare
tests #2 and
were evident.
consistent
trends amongst
the#3)
present
ER data, and distinct differences in the magnitude of ER change
Therefore, the inconsistent ER responses we detected might result from the longer term nature
measured for individual specimens (e.g., compare tests #2 and #3) were evident.
of our fatigue tests, the associated progressive extrinsic damage mechanisms (matrix crack
Therefore, the inconsistent ER responses we detected might result from the longer term
opening/closing, interfacial debonding and eventual fibre fractures) or simply the degradation of the
nature of our fatigue tests, the associated progressive extrinsic damage mechanisms (matrix crack
opening/closing, interfacial debonding and eventual fibre fractures) or simply the degradation of the
localised bond between probe wires and the CMC specimen surface over time. This warrants further
detailed investigation.
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in particular, optical inspections of post-tested specimens failed to identify surface cracking to the
Our recent studies employing in-situ X-ray tomography have provided evidence as to why this may
extent expected. Our recent studies employing in-situ X-ray tomography have provided evidence as
occur, by demonstrating the extent of crack closure occurring during unloading [14]. An example of
to why this may occur, by demonstrating the extent of crack closure occurring during unloading
XCT scanning whilst the sample was under load is included in Figure 18. The detection of surface
cracking under optical or even scanning electron microscopy after unloading is often impossible.
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It became clear during the course of the present investigation that in-situ loading within an SEM
could provide additional characterisation of pre-existing damage in CMCs. Therefore, subsequent

It became clear during the course of the present investigation that in-situ loading within an
SEM could provide additional characterisation of pre-existing damage in CMCs. Therefore,
subsequent fatigue tests using DIC and AE were interrupted prior to ultimate failure and removed
from the standard fatigue test frame to be transferred to an in-situ SEM tensile loading stage. This
aspect of the assessment was conducted at room temperature. The loading rig employed was a
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The test rig and gripping design are illustrated in Figure 19.
fatigue cycles based on the rapid increase detected in AE energy. The central gauge section of the
The DIC image recorded immediately prior to unloading had indicated a clear region of
original test sample was carefully sectioned to remove the tab ends and retain a segment of 60 mm
damage associated with the left-hand notch (Figure 20a). On transferring the central portion of the
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length, to
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the SEM tensile stage and viewing this region under high magnification secondary
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a
essentially directly proportional to applied stress. Whilst the local compliance was very similar at
fine crack could be detected correlating to the DIC region of high strain (Figure 20b). In-situ loading
four of the locations, the displacements were consistently lower at location #2.
was then applied to this sample to deliberately open the pre-existing crack. Analysis of the SEM records
using the DIC software produced a sequence of strain maps to illustrate the associated crack opening
displacement (COD) (Figure 21). Within this field of view, no additional cracks became apparent
during the loading ramp.
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Figure 21. Digital image correlation (DIC) maps illustrating crack opening during in-situ SEM loading.
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Using the commercially available photo editing software AxioVision, COD measurements were
recorded as a function of applied stress at five near equally spaced locations along this crack, at
positions indicated in Figure 22. The measured displacements are presented in Figure 23. COD was
essentially directly proportional to applied stress. Whilst the local compliance was very similar at four
of the locations, the displacements were consistently lower at location #2.
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The reverse face of the same notch was also inspected under in-situ SEM loading. A single crack
was again evident, initiated slightly offset from the notch root (Figure 24). The SEM images taken at
two stages during loading not only illustrate the surface matrix crack opening but also allow
visibility of the local sub-surface fibres.
The optical inspection of the lateral edge of the coupon illustrates the through-thickness
cracking along the root of the notch (Figure 25). The macroscopic crack breaks the front and rear
surfaces at a single location on each face; however, a complex path is evident as the crack traverses
through the consecutive plies with examples of crack bridging and crack displacement evident. Such
complexity in the crack path is representative of the pseudo-toughness demonstrated by CMCs
compared to monolithic forms of ceramics.
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The reverse face of the same notch was also inspected under in-situ SEM loading. A single crack
was again evident, initiated slightly offset from the notch root (Figure 24). The SEM images taken at
two stages during loading not only illustrate the surface matrix crack opening but also allow visibility
of the local sub-surface fibres.

100 μm

250 μm

Figure 24. Crack viewed on the reverse face exposing sub-surface bridging and fractured fibres.

The application of this in-situ SEM technique has enhanced the ability to locate pre-existing
surface breaking fatigue cracks in tested CMC samples. More critically, the sub-structure relating to
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Figure 23. Crack opening displacement (COD) at the five locations identified in Figure 22.
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however,
not
points along the crack opened to the same extent. This could indicate
that
compliance measured at the sample surface is extremely sensitive to the integrity of fibres and their
interface to the matrix immediately beneath the local surface.
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Under fatigue loading, the cumulative AE signals invariably detected early stage damage within
(oxidation) and subsequent mechanical damage.
test coupons of various geometry, with activity noted during the very first loading cycle. This was
mirrored by a characteristic acceleration in emissions as failure was approached. Figure 26 attempts to
illustrate the general sigmoidal trends in AE measurement through normalising both the accumulated

Figure 25. Through thickness crack path along the notch root.
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The discussion to date has largely considered the various monitoring techniques in isolation.
However, it is the monitoring of CMC coupons under mechanical loading employing the concurrent
combination of AE, ER and imaging (whether optical, SEM or DIC based) that offers a holistic
assessment of damage accumulation. Any one of these techniques, when used in isolation, may be able
to detect the onset and progression of damage but will not provide a complete temporal and spatial
distribution of the deformation. It is obvious that imaging alone will only detect surface strain and
cracking and continuous monitoring would be required to precisely define the onset of damage in time
(or a number of fatigue cycles). ER monitoring, as with extensometery, samples a large, macroscopic
volume of critically stressed material and will not isolate damage locations with any accuracy. AE is
able to detect damage events and location throughout the bulk section with proficiency; however, this
is an indirect monitoring technique and will not characterise the form of damage and the interaction to
local CMC architecture. In-situ SEM studies provide excellent resolution of surface crack opening and
closure; however, the field of view is highly restricted. It may be argued that continuous synchrotron
X-ray computed tomography be considered as the ultimate technique available for the resolution
of damage within a reasonably large volume of CMC material [15]; however, access to beam-line
facilities with in-situ loading is restrictive. When looking ahead to the service inspection of CMC
components, some form of ER or mechanical resonance technique may be favoured for condition
monitoring, especially if the part has to remain in-situ within a supporting structure.
With respect to the fatigue experiments, Samples #1 to #4, although intimate control of the
machined notch finish was not a pre-requisite for this study, the authors are confident that damage
was ultimately controlled by the local composite architecture and not the machined edge condition.
With experience gathered from a wider matrix of testing and best practice of load-train alignment, we
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are also convinced that the asymmetrical distribution of strain in the case of the DEN specimens was
not the result of misalignment [16]. Instead, damage consistently initiates from one side of the DEN
specimens, and cracks then propagate across the coupon net section. On occasion, the early onset of
localised strain concentration in notched coupons can be significantly displaced away from the plane
of the notch root and is controlled by local architecture and/or processing artefacts. Such behaviour
has even been detected in samples with relatively high Kt factor [17].
Distinct differences were detected by DIC in the strain field developed at room and elevated
temperatures. Figure 8 provides a clear example of a distributed damage zone, with isolated regions of
high strain extending horizontally across the field of view. Multiple cracks developed within these
strained areas and were associated with the transverse fibre tows. In contrast, the region of high strain
relating to the high-temperature fatigue tests was consistently localised to a single zone (Figures 12, 14
and 20, for example) and eventually a single dominant crack developed to promote ultimate failure.
The fracture surfaces from the tests performed at 800 ◦ C also demonstrated more restricted fibre pull
out. This behaviour is consistent with a reduction in crack density with increased temperature reported
for a range of SiC matrix CMC systems, notably incorporating various classes of fibre and interface
phase [15,18] and has been attributed to a moderate reduction in brittle behaviour.
5. Conclusions
Despite an intimate knowledge of material condition [19] and a wealth of in-situ monitoring
techniques at our disposal, (on this occasion bulk extensometry, AE and DIC were all combined, plus
use of ER measurements on selected specimens), the identification of the precise, single location of
ultimate failure initiating during such mechanical tests is considered virtually impossible [20]. The
recent employment of spatial analysis of the AE signals has further demonstrated that cracking events
in these CMCs can often be randomly distributed and often well displaced from the regions of highest
stress concentration. This was confirmed by the DIC strain maps. However, the damage is not evenly
distributed across the critically stressed volume. Instead regions of relatively high strain or “hot spots”
develop and extend orthogonal to the tensile stress axis, closely following transverse fibre bundles
and the interfacial matrix. During the earliest stages of loading, it is assumed that any increase in AE
energy will be predominantly due to matrix cracking, as previously reported using interrupted test
techniques [21]. However, with progressive loading, more energetic signals are detected that must
include contributions from longitudinal fibre fractures and delamination of transverse fibre bundles
from the matrix. AE monitoring has consistently proven to be the most reliable technology available to
us for the detection of an ensuing failure in laboratory specimens of this scale, consistent with previous
reports [22–24].
High-temperature DIC was successfully employed during the current campaign. Early attempts
demonstrated the difficulties caused by thermal drift, furnace bore reflections and degradation of the
speckle paint, combining to impose a loss in spatial resolution. However, these problems were averted
through the use of a transparent port to the furnace window, improved furnace wall insulation and
coarsening the speckle pattern, which when combined provided improved resolution of the damage
formation and progression in this material at 800 ◦ C.
The benefit of employing a concurrent, multi-technique approach to monitoring damage in CMCs
has been demonstrated.
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