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The fracture of ceramic-matrix composites is frequently complex, involving the evolution of
subcritical damage which strongly affects the final failure process, and which is very specimen
dependent. In this and a companion paper, observations of fracture mechanisms are described
for a calcium-alumino-silicate (CAS) glass reinforced with SiC fibres. The tests were
principally undertaken dynamically in situ within a scanning electron microscope. This
technique enables detailed characterization of the subcritical damage and of the crack
interactions which occur prior to final failure. It is shown that meaningful modelling of fracture
processes in these materials generally requires this level of detail in identifying the
micromechanisms. This paper describes a preliminary evaluation of the unnotched tensile
response of the material, followed by in situ observations on two common delamination
geometries: four-point bending and double cantilever beam. The tensile behaviour of edge-
notched specimens is described in the companion paper.

1. Introduction

In recent years considerable research effort has been
applied to the processing and mechanical performance
of ceramic-matrix composites (CMCs). The results
presented in the literature have been examined in
detail to identify those issues which could be specific-
ally addressed using the in situ scanning electron
microscopy (SEM) facilities at the Cambridge Univer-
sity Engineering Department. :

A number of reviews of the mechanical properties of
fibre-reinforced ceramic-matrix composites have been
published [1-3]. Many studies of the strength of these
materials first consider their unnotched tensile behavi-
our (static and fatigue), with uniaxial or bending
geometries. Observation of matrix cracking has been
extensive, using various methods such as acoustic
emission and edge-replication microscopy [4-7], but
also direct optical or SEM observation [8-117. This
work has identified the key role played by the
fibre—matrix interface in promoting multiple cracking
and fibre pullout. The interface has thus received
considerable attention both experimentally and
theoretically [12-16]. The pioneering study of mul-
tiple matrix cracking by Aveston et al. [17] has been
extended by a number of authors to incorporate fibre,
matrix and fibre~matrix interface properties [18-21].

The unnotched tensile response of SiC-fibre CMCs
is therefore well established, so comparable experi-
ments in situ were considered superfluous. However, a
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preliminary tensile test was conducted to check that
the material used in this project showed similar beha-
viour to that reported in the literature.

The tensile response of brittle materials is frequently
examined using flexural loading. In a recent review by
Quinn and Morrell [22] it is emphasized that there are
difficulties in conducting reproducible flexure tests
with monolithic ceramics and in using the data for
design purposes. The apparent ease of conducting
flexure tests has led to a general acceptance of this
method for ceramic long-fibre composites, but as
pointed out in [22, 23] this is in many ways erroneous
and potentially misleading. The stress state is much
less uniform than in monolithic ceramics, due to
subcritical damage initiating in the tensile half of the
specimen, and shear or compressive failures com-
monly occur. Larsen and Stuchly [23] conclude,
therefore, that at best the flexure data are comparative
only, but numerically they can be misleading from the
point of view of providing design data. These limita-
tions were noted in some of the first work on SiC-
reinforced ceramics (see [24], for example). Other
workers have tested surface-notched specimens in
four-point bending to evaluate the delamination res-
istance in unidirectional and cross-ply materials [25,
26]. Larsen and Stuchly’s view is endorsed — the
failure processes are variable, being strongly influ-
enced by shear or compressive damage, and the results
are very specimen dependent. Nevertheless, there has
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been a major modelling effort aimed principally at
predicting the R-curve response of mixed-mode-
delamination cracks in flexure and tensile geometries
[27-34]. Given the experimental variability of the
tests, even under nominally identical conditions, the
value of extensive finite-element computations is
perhaps questionable. In situ four-point-bend tests
were therefore conducted to critically evaluate the
reproducibility of the damage and failure mechanisms
in this popular geometry.

Delamination is predominantly a mode-II ~ or
mixed-mode phenomenon. However, the mode-I
double cantilever beam (DCB) specimen offers the
advantage of simplicity, with the ability to observe
bridging mechanisms. directly due to the significant
crack opening. Fibre bridging in this geometry has
been recently modelled by Spearing and Evans [35].
DCB tests were therefore conducted in situ to provide
more detailed information on crack bridging. While
the DCB geometry itself is not of any practical signifi-
cance, the information gained may readily be applied
to more practical mixed-mode configurations in which
the crack opening is small. 7

Previous work in SiC-fibre-reinforced ceramics has
thus guided the choice of test programme conducted
in situ in the SEM during this project. The emphasis
has been on experimental observation of the damage
and failure mechanisms, rather than on the modelling,
Computations relating to the common test geometries
have been extensive elsewhere, so it was considered
more important to question the basis of the existing
models; which in some ways have run ahead of the
experimental work. More extensive details of the ex-
periments are given in [36, 37]; the dynamic in situ
testing facilities are described in [38].

2. Experimental work, results

and discussion
2.1. Material
The laminated material supplied by the USAF Materials
Laboratory, Dayton, consisted of 6 and 7 ply (0/90)
layups of CAS (calcium-alumino-silicate) glass rein-
forced by Nicalon SiC fibres. The layup method (on a
rotating drum without pre-tensioning) results in a
variable density of fibres, with pronounced waviness
of the fibres. The average diameter of the fibres used in
the USAF material was measured as 12.5 + 1.5 pm,
with a few extreme fibres outside this range. The
composite matrix was an electrical-type glass (Cor-
ning Glass Works, Code 1723) whose composition
is given in Table Ia. The average grain size was about
12 um. Typical properties are given in Table Ib.

2.2. Tensile test

A preliminary tensile test was carried out in a conven-
tional testing machine using gauged specimens of the
7-ply material to check that the material showed
comparable behaviour to other systems reported in
the literature. The specimeng were cut with transverse
90° plies at the surface in order to observe the forma-
tion of transverse ply cracks optically during the test.
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TABLE I (a) The Manufacturer’s composition (wt %) of the CAS
glass matrix, and (b) some properties of the glass matrix [39]

(@)

Si0, B,0, AlLO, Ca0 BaO MgO  As,O,
56.8 4.3 15.5 100 6.0 6.9 0.5
(b)

Softening point (°C) 908

Working point (°C) 1168

Coefficient of thermal

expansion (x 1076 K1) 4.6 (0-300°C)
5.2 (300665 °C)

Young’s modulus (GPa) 86

Density (mg m~3) 2640

Three of the seven plies therefore lay in the tensile
direction. The stress—strain response is shown in

-Fig. 1. The initial Young’s modulus was 133 GPa up

to the onset of matrix cracking, which initiated at a
low strain, £, = 0.033%, with the approximately sim-
ultaneous formation of many transverse ply cracks.
The nominal remote stress at this point was o,
= 44 MPa. Following the onset of matrix cracking
the load-displacement response continued linearly at a
lower slope corresponding to a modulus of 76 GPa. At
a strain g4 = 0.30% the curve became non-linear,
corresponding to the initiation of fibre fracture in the
0° plies (direct observation was not possible as these
plies were subsurface). The remote stress was then o,
= 246 MPa, after which the specimen displayed ex-
tensive pseudo-plastic behaviour during fracture and
pullout of the fibres. The maximum stress, oy
= 289 MPa, was reached at a relatively large strain, e;
= 0.65%. At this point the specimen failed abruptly
and the stress fell to less than 10% of the maximum
value. Observations of the fracture surface of the
material revealed extensive fibre pullout, with mostly
individual fibre failures rather than bundle failure.

2.2.1. Discussion

The initial modulus prior to matrix cracking com-
puted by standard laminate theory is 125 GPa; this is
in reasonable agreement with the measured value of
133 + 5 GPa. It is worth noting that the material was
only weakly anisotropic with calculated moduli para-
llel and normal to the fibres in a single uni-ply of
137 GPa and 116 GPa, respectively. The matrix crac-
king stress was low, around 44 MPa, corresponding to
a strain of 0.033%. These are comparable to values
reported for a CAS-ceramic matrix SiC material by
Pryce and Smith [10]. The strain to reach fibre failure
(30%) was also similar to their value. Most of the
matrix cracks appeared to form near the knee in the
stress—strain curve. Pryce and Smith reported con-
tinuous development of matrix cracks beyond the
knee, which may also be the case here as the optical
resolution was low. The tensile response of the mater-
ial was therefore considered to be comparable to that
of CAS-ceramic-matrix laminates reported in the liter-
ature.
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Figure I The stress—strain response of seven-ply (0/90) CAS-glass/SiC tested in tension with three 0° plies, gauge length = 40 mm.

2.3. Four-point bend tests

The tensile strength of brittle materials is often invest-
igated using bending geometries. Bending also allows
systematic variations in the magnitudes of the shear
and direct stresses. In ceramic-composite materials
such as glass—SiC the shear strength of the material is
considerably lower than the tensile strength due to the
weak fibre—matrix interface. The failure mechanisms
in bending frequently, therefore, involve shear
cracking—for example, delamination cracks parallel to
the axis of the beam. Notches are often introduced to
localize the failure. Most studies to date on notched or
unnotched material simply calculate the maximum
tensile or shear stresses by applying classical beam
theory for an isotropic material. For a true under-
standing of failure in bending, it is necessary to exam-
ine the subcritical evolution of the damage before final
failure. A comparison of different nominal strengths is
meaningful if the state of damage in the test specimens
is in some way self-similar at failure.

The bend tests were conducted using four-point
bending, since this geometry gives a central span
which is in pure bending. The material tested was the
seven-ply (0/90) laminate, and the test geometry is
shown in Fig. 2. Typical specimen dimensions were a
beam of width 4 mm, a depth of 1.5 mm and a distance
between adjacent loading points of 8 mm. In all cases
the specimens had 0° plies at the surface, except for a
trial experiment in a 4+ 45 configuration. Notches
were cut through the surface ply, with the notch root
at different depths in the 90° ply to see how this
influenced the failure. As this geometry is commonly
used, the sensitivity of the test to variations in speci-
men preparation requires careful assessment. The load
was monitored throughout, but as it was difficult to
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Figure 2 A schematic of the four-point-bend specimen in a seven-
ply (0/90) CAS-glass/SiC.

measure the displacement in situ the stiffness response
of the beams was not recorded. The nominal max-
imum tensile stress was not evaluated, since it is a
potentially misleading measure of the strength in this
geometry. This is because the damage in the beam is
neglected, but the damage will alter the stress dis-
tribution significantly and locally affect the material
modulus.

2.3.1. The fracture behaviour
of (0/90) specimens

Figs 3-5 show stages in the failure processes. The
initial damage always consisted of cracks through the
90° ply, following the weak fibre—matrix interface as
far as possible. The cracks ran to the next 90/0 inter-
face, at which point they became delaminations, often
running in the 0° ply a few fibres below the interface
(Fig. 3a). The 90° cracks showed a small degree of low-
angle bridging (by fibres running parallel to the notch
root). This is a result of the slight misalignment of the
fibres in the ply. As the load increased, the delamin-
ations propagated in both directions and these too
were bridged by low-angle fibres (Fig. 3b). It was
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Figure 3 The development of damage from a surface notch in a four-point bend of a (0/90) CAS-glass/SiC: (a) initial cracks in 90 ° ply leading
to interface delamination (8% of the peak load), and (b) low-angle fibre bridging of delaminations (50% of the peak load).

Figure 4 Shear/compression failure in a four-point-bend specimen: (a) failure of the outer span; and (b) failure of the lowest 90° ply in the

central span.

Figure 5 Tensile fracture in a four-point-bend specimen of 0° ply below the notch: (a) overall view, and (b) detail of the principal load-bearing

0° ply after failure.

apparent from specimen to specimen that the degree of
bridging was very variable, due to statistical variation
in fibre waviness. This led in some cases to marked
asymmetry in the damage. Transverse ply cracks
formed at roughly uniform intervals in the 90° ply, but
these did not play any role in final failure. Once the
delaminations reached the inner loading rollers, one of
two mechanisms of final failure were observed: type a
shear failure, initially in the outer spans of the speci-
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men; or type b catastrophic failure of the 0° ply. Shear
failure starts by propagation of the delaminations into
the outer spans, followed by buckling failure of the 0°
ply on the compressive face of the outer span (Fig. 4a)
and by catastrophic shear failure of the lower 90° plies
in the central span (Fig. 4b). Fig. 5 shows a tensile
failure in which fracture of the 0° ply occurred close to
the notch. The fibres are broken in a wide range of
positions, leading to extensive pullout — a reflection of



the statistical (Weibull) nature of the fibre (and thus of
the ply) strength. Failure of the 0° ply led to immediate
propagation of delamination along the next 0/90 in-
terface, and failure of the next 90° ply. This illustrates a
benefit of dynamic testing — post-failure examination
in this case would not give a true picture of the
damage state, particularly of the delamination, at
failure. In another case of tensile failure, the 0° ply
failed several millimeters from the notch root. It is
apparent, therefore, that the stress concentration of
the notch is greatly diminished by the delaminations.
Shear failures were characterized by a progressive
collapse under falling load, whereas tensile failures
were catastrophic.

In general, the deeper the notch was cut through the
90° ply the greater was the probability of tensile rather
than shear failure. This is because when the notch root
lies close to the next 0° ply, bridging of the delamin-
ation is established near to the notch. Propagation of
the delaminations then required higher loads, due to
the more extensive bridging, and load transfer into the
0° ply was more localized to the notch region. The
stress in the 0° ply thus reached the tensile failure
strength of the ply before the delaminations extended
far into the outer span. The use of a longer span might
lead to tensile failure in all cases, but the bending
moment per unit width at failure would still be vari-
able, due to statistical fluctuations in: (a) the density of
the bridging fibres (and thus load transfer across the
delamination), and (b) the tensile strength of the 0°
plies. Note that in unidirectional material, often re-
ported in the literature, the notch-depth effect is ab-
sent since the root of the notch always lies in a 0° ply.

2.3.2. The fracture behaviour
of (+45) specimens

The failure sequence in the ( 4+ 45) specimen is illustra-
ted in Figs 6-8. The first cracks to initiate grew to one
side of the notch at first, then they propagated through
the next ply as a number of parallel cracks (Fig. 6a).
Note again that the cracks largely follow the
fibre-matrix interface. At a higher load (Fig. 6b) the
first-ply interface had delaminated to the right of the
notch and the second interface had failed. To the left of
the notch lay a band of fibre ends which were pulled-in
from the polished surface. This fibre pull-in is a good
indication in dynamic testing that these fibres bridge a
crack within the bulk of the specimen. As the crack
opens, the bridging fibres debond right back to the
free surface and slide away down a tube in the matrix
(Fig. 7). As the load increased, the distance at which
pull-in occurred to the left of the notch increased. This
is consistent with a steadily increasing debond length
for fibres which are all bridging cracks in the vicinity
of the notch. The delamination at the second interface
propagated past the notch, until parallel cracks form-
ed through the next ply and the next interface de-
laminated (Fig. 8a). This process repeats, with the
dominant crack path zigzagging through the specimen
— it is illustrated at an advanced state of damage, with
significant curvature of the specimen, in Fig. 8b. In
some respects, this cracking behaviour resembles that

Ply 2

Figure 6 The development of damage from a surface notch in four-
point bending of a ( + 45) CAS-glass/SiC: (a) initial cracks through
the first ply below the notch (50% of the peak load), (b)
delamination of the first two interfaces, with bridging fibres near the
notch pulled-in from the free surface {(70% of the peak load).

Figure 7 Detail of fibres pulled-in from the free surface near the
notch at two load levels.

observed in laminated SiC [40] and also in wood [41].
Fig. 8c shows the crack paths in more detail — in the
vicinity of the cracks through the plies there is exten-
sive fibre pull-in. Blocks of material are observed to
slip parallel to the fibre direction — as in the centre of
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Figure 8 Progressive cracking and failure of ( + 45) laminate in a
four-point-bend specimen: (a) overall view, showing three failed
interfaces (90% of the peak load), (b) overall view, showing extensive
damage and specimen curvature near the end of the test, (c) detail of
pull-in of fibres and blocks of material near cracks through the plies.

the second ply of Fig. 8c. The damage produced by a
crack propagating through a 45° ply loaded in tension
is shown schematically in Fig. 9a. The mean crack
path develops by multiple cracking parallel and nor-
mal to the fibre direction. Similar observations earlier
in this project [36] have been made in a ( + 45)
compact tension specimen; see Fig. 9b. The 45° fibre
bridging thus leads to non-catastrophic failure and
dissipates considerable energy. The peak bending mo-
ment (per unit width) was roughly half that obtained
in the (0/90) configuration.

2.3.3. Discussion
The tests on 0/90 specimens in four-point bending

suggest that the initial damage which propagates from
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Figure 9 The bridging behaviour produced by a crack through a
45° ply: (a) a schematic view of the ply in plan view, and (b) bridging
observed in a ( + 45) compact tension specimen (taken from a video
recording).

a through-ply surface notch is broadly self-similar, but
it is subject to asymmetry and lack of reproducibility.
Final failure occurs by some combination of shear and
compression, or by tensile failure of the most heavily
loaded 0° ply. Similar tests by Bordia et al. [25] and
Sbaizero et al. [26] which were not conducted in situ
have identified the onset of tensile, compressive and
shear damage coupled to kinks in the load—displace-
ment response. As their tests use a different span-to-
depth ratio, and a different inner-to-outer span ratio,
the relative magnitudes of the shear and bending
stresses are different. Consequently, the damage se-
quence observed differs from that observed in our in
situ tests. Measurement of an R-curve for delamin-
ation was not made in our experiments, though the
crack tips could be located very accurately. These
measurements are somewhat laborious in situ, and the
asymmetry of the damage and variability between
nominally identical tests make the results of limited
value in any case. Bordia et al. found large variations
in the R-curves measured on a number of similar
specimens.

Four-point-bend data on surface-notched speci-
mens is thus very specimen dependent and of limited
merit. It is apparent that the variability arises from: (a)
the statistical variation in fibre strength and packing;



(b) variations in notch depth leading to different dam-
age and fibre bridging; and (c) variations in ratios of
specimen dimensions changing the relative import-
ance of shear, compression and tensile stress on the
damage and failure mechanisms. Studies using this
geometry really need to -be conducted over a wider
range of loading combinations, with duplicate tests of
nominally identical loading. Limits on quantities of
material generally make this impossible. In our own
test programme using in situ rigs, space restriction in
the scanning electron microscope did not allow a wide
variation in the four-point-bend configuration. It is
clear that there is little justification for extravagant
modelling of, for example, bridging of the delamin-
ations which propagate in notched four-point-bend
tests, since the damage is not experimentally repro-
ducible.

The =+ 45 specimen provided evidence of the pos-
sible benefits of incorporating 45° plies in a CMC
layup. The crack path through the specimen was
tortuous leading to extensive bridging and fibre pull-
out (as evidenced by fibres being pulled-in from the
free surface). Failure was non-catastrophic, and it
dissipated considerably more energy than a conven-
tional (0/90) laminate.

2.4. Double cantilever beam tests

The difficulty of measuring a delamination R-curve in
the four-point-bend geometry suggests the use of a
different geometry to assess the resistance of the ma-
terial to delamination. The DCB method has the
advantages of simplicity, with a single crack tip, and a
crack path embedded in a 0° ply. The loading is
however mode I, whereas practical delaminations are
essentially mode II, with possibly a partial mode-1
component. However, it is of value to conduct DCB
tests in situ as a clear interpretation of mode-I fibre
bridging can be obtained, due to the large crack
opening, and some of this information is of value in
understanding mode-II delamination, when the crack
remains closed and direct observation is precluded.

2.4.2. Experimental observations
of (90/0/90),

The DCB geometry used is illustrated in Fig. 10. The
specimen dimensions were approximately 27 x 10
x 1.5 mm?. The load was applied via pinned grips
glued to the specimen surfaces. The (0/90/0), layup
provided a double central ply in which a 0.15 mm
notch could be cut. At small loads, a crack initiated

-
A

Figure 10 A schematic of the DCB specimen in (0/90/0), CAS-
glass/SiC.

near the notch root and propagated parallel to the
fibres in the double 0° ply. The crack ran down the
centre of the ply, and as the crack opening increased
bridging fibres could be seen, spanning the crack at a
low angle (Fig. 11a). A single fibre provided both
mode-I and mode-II tractions to the crack face, but as
fibres bridged in both directions, overall the mode-II
components approximately balanced. The bridging
persisted to large crack openings with the main fea-
tures being: (a) the fibres were very straight, thus they
apparently carried considerable tensile forces
(Fig. 11b); (b) fibres failed intermittently, and always
close to the point where they emerged from the crack
flanks, so that the density of the bridging fibres fell
steadily with increasing crack opening behind the
crack tip; and (c) the maximum angle of the bridging
fibres remained below approximately 15° (that is, as
the crack opened, the fibres peeled out of the matrix

Figure 11 The development of fibre bridging in a DCB test: (a)
fibres bridging at low angle (b) bridging fibres at a larger crack
opening, showing the straightness of fibres, and (c) bridging by a
bundle of fibres.
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exposing a greater length of fibre). Occasional fibres
lay at angles much greater than 15°, but these fibres
were clearly less taut than the others, having a distinct
curvature. Such fibres had either broken in the matrix
and pulled-out, or debonded back to a free surface
from which they then were able to pull-in. A second
mode of bridging was occasionally observed — collec-
tions of fibres all bridging in the same direction (Fig.
11c). These bundles started as short beams with a
depth of several fibres. As the crack opened the matrix
broke away, leaving individual fibres acting singly,
though with a net mode-IT action as well as the closing
mode-I behaviour.

Throughout the tests, the load was measured for a
number of crack lengths. As the crack advanced stably
under increasing load, it was clear that the toughness
increased with crack length (that is, an R-curve beha-
viour was exhibited). Bridging fibres survived near the
notch root right until the crack left the back of the
specimen, so the steady-state bridging zone would be
in excess of 20 mm. By this stage, however, crack
openings at the notch were up to 2 mm. From a design
point of view, these dimensions are excessive and so
the steady-state mode-I toughness is of limited signifi-
cance in this geometry.

2.4.2. Experimental observations of
(90/0/90)

A single test was carried out with the laminate rotated
through 90°, so the central double ply was a transverse
90° ply. The notch was cut below one of the 0° plies so
that the crack would run along the 0/90 interface; this
is, similar to the cracks in the four-point-bend tests,
but with a single crack tip. The small offset of the
crack from the central axis of the specimen results in
mixed mode I/11 loading. The crack initially appeared
to-run in the transverse ply at a depth of one or two
fibres from the interface, largely following the
fibre-matrix interface (Fig. 12a). Transverse ply cracks
formed in the 90° ply, behind the crack tip, due to the
tensile bending stresses parallel to the crack flanks.
Once the crack opening was sufficient, it was clear that
below the surface the crack ran in the 0° ply near the
0/90 interface, resulting in 0° fibre bridging (Fig. 12b).
The delamination crack therefore behaved exactly as
those in four-point-bend tests. As loading continued,
the crack propagated along the specimen, but further
damage evolved in the 0° ply in the crack wake, The
delamination was not, therefore, a well-characterized
single crack with bridging fibres, but it had a complex
structure of multiple cracks and fibre bundles.

2.4.3. Results and discussion

For the (0/90/0), tests, the toughness G, as a function
of the crack length (the R-curve) was evaluated using a
standard formula for this geometry [31, 32, 35, 42]:
12P%4?

e 1
b*h3E )
where P is the load, a is the crack length, b and 24 are
the specimen width and depth, and E is Young’s
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Figure 12 The development of cracks in a (90/0/90), CAS-glass/SiC:
(a) the initial crack in a 90° ply near the interface, and (b) 0° ply fibre
bridging below the surface revealed at a greater crack opening.
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Figure 13 R-curves for two DCB tests on a (0/90/0), CAS-glass/SiC:
(x) specimen 1, and (A) specimen 2.

modulus. The value for the modulus E is taken as that
of the 0° plies (which dominate the bending response
of the arms of the specimen); that is 137 GPa. Fig. 13
shows the R-curves for two specimens. Note that the
toughness still increased at the limit of valid crack
lengths as the specimens were too short to develop a
steady-state bridging zone. The R-curve behaviour is
marked, but (as noted above) the higher values are



only obtained with unrealistically large crack lengths
and crack openings. The specimens were nominally
identical but there is considerable scatter, which re-
flects the statistical fluctuations in fibre distribution
and waviness. The data are comparable to those of
Spearing and Evans [35] for tests on CAS-ceramic-
matrix material, though they reached a steady-state
plateau at Gy ~250Jm™? since they used longer
specimens.

Mixed-mode calibrations are available [31] for
DCBs with offset cracks, as in the (90/0/90), test.
However, as the delamination crack produced was
complex and irregular, the toughness has not been
evaluated from this test. Mixed-mode data would be
more readily obtained from unidirectional material
with offset notches, since the bridging developed
would be more uniform.

The marked mode-I R-curve stems from the closing
tractions exerted by the bridging fibres. Spearing and
Evans [35] modelled this R-curve by assuming that
the bridging tractions result from fibre bending; that
is, the exposed fibre is effectively clamped horizontally
where it emerges from the crack face, and it has its
ends displaced vertically as the crack opens. Our
observations indicate that the fibres carry con-
siderable tension, due to their straightness. A model
for the closing traction should take this into account
therefore. The magnitude of the tensile stresses in the
fibres can be estimated from simple geometry. If
debonding is neglected and the fibres are considered
to be pinned at the crack faces, then the strain in the
exposed length of fibre is € = (I — l,)/l, where [ is the
length of exposed bridging fibre, and I, is its original
length, parallel to the crack. Substituting the angle of
the fibre to the crack plane, ¢, gives an estimate of the
fibre stress

o = Eg = E(secd—1) 2

The bridging angles were measured from a number of
positions along the crack for various crack-tip posi-
tions (measuring the crack opening, u, and [, and
noting that tan ¢ = u/l;). The maximum bridging
angle was found to be roughly 15°. Taking this value,
which gives the highest stress, and a fibre modulus of
200 GPa, then the fibre stress would be 7 GPa. This
stress may seem high compared to the quoted tensile
strengths for Nicalon fibres of 1.9 GPa. However, here
the length of fibre under load is of the order of
0.1-1 mm, which is much smaller than the gauge
length (typically 25 mm) used to test individual fibres.
Hence it is expected that the stress can be considerably
above the quoted strengths, as the strength will ap-
proximately follow a Weibull distribution. In addi-
tion, debonding will occur so that a greater length of
fibre can stretch to accommodate the crack opening,
reducing the stress. Tensile fibre stresses above 2 GPa
do not, therefore, appear unreasonable. The mode-1
closing traction exerted per fibre is given by
(o sin ¢)nd?/4, where d is the fibre diameter. For a
diameter of 10 um, we therefore estimate the max-
imum closing force per fibre as being of the order of
40-100 mN. These calculations are very approximate
but they indicate that a full model of bridging behavi-

our in DCB tests should take due account of the fibre
tensile stresses. Such a model has been developed
recently by Kaute et al. [43], using more detailed
SEM observations of the same phenomena. This
model also describes the failure of individual fibres,
which is dominated by the bending stresses where the
fibres emerge from the crack faces.

The mode-I observations show the geometrical con-
figuration of fibres bridging a crack in the 0° ply.
From this the mode-IT behaviour could be inferred,
assuming the same fibre-bridging geometry but now at
zero crack opening — remote mode-II loading will
introduce mode-II closing tractions (tensile in half the
fibres, and compressive in the other half) as the faces
try to slide past one another.

3. Conclusions

Failure of CAS-glass/SiC fibre cross-ply laminates by
delamination was observed in four-point-bending and
DCB geometries. In situ SEM facilities are powerful
tools for accurately observing the growth of damage
and the development of fibre bridging. The observa-
tions illustrated here are beyond the capabilities of
most optical techniques, particularly the ability to
observe cracking dynamically.

In four-point bending, the damage propagating
from a surface notch was initially self-similar, but
failure was very variable. The extent of delamination
bridging varied from specimen to specimen (due to
statistical variations in the material, and the influence
of different notch depths on the damage pattern).
Failure could be either by tensile fracture near to the
notch, or by shear/compression failure occurring in
the outer spans, depending on specimen dimensions
and the extent of bridging. Four-point bending with
surface notches therefore yields only limited qualitat-
ive information about delamination, and it is perhaps
over-rated as a test of the strength of these materials.
Elaborate modelling of bridged delaminations in this
geometry does not appear justified.

Bending of + 45 laminates revealed a rather differ-
ent and interesting behaviour, with progressive failure
through the specimen thickness leading to a large final
curvature and considerable energy dissipation.

More reproducible delamination behaviour is ob-
served in DCB specimens. A marked mode-I R-curve
developed, albeit over unrealistic crack lengths and
openings. The observations indicate that tensile stres-
ses in bridging fibres are important, contrary to pre-
vious thinking, and this combined with the knowledge
of the geometric disposal of bridging fibres across the
crack allows accurate models to be developed. The
observations also provide insight into the resistance
which might be expected in mode-I1 configurations.
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