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Abstract Matrix cracks in composite laminates are
almost invariably the first damage mechanisms in com-
posite laminates and are the precursor to more serious
forms of damage. The results presented in this paper
include experimental investigations into the occurrence of
these cracks in a wide range of laminates containing vari-
ous angle-plies. Ultrasonic detection of these cracks using
polar backscattering is found to be successful and shows
promise as a method which could be applied outside the
laboratory. Further work includes finite element simula-
tions which lead to an understanding of aspects of the
accumulation of damage in composite laminates.

Introduction

Intra-laminar matrix cracking is the most common
damage to form when a composite laminate is loaded.
These intra-laminar cracks are small and difficult to
detect using conventional inspection techniques. More-
over there is no agreement as to the conditions under
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which cracks will form, especially under combined
(transverse tension and shear) loading. Although their
presence at low crack densities may be acceptable, a
high density of intra-laminar cracks is associated with
the development of critical failure events such as
delamination. The detection of these cracks and mea-
surement of crack density is vital to ensure the structural
integrity of composite laminates.

It is now well established that traditional failure criteria,
such as those due to Tsai-Hill and Tsai-Wu, are unable to
deal satisfactorily with the complexities of matrix cracking,
such as the dependence of the strain to first cracking on ply
thickness. Much work has focussed on failure criteria based
on fracture mechanics which has been shown to predict
cracking successfully in the 90° ply of laminates of the type
[0,/90,]s and [£ 0,/90,]s where there is no shear com-
ponent to the 90° ply stress state [1-5]. A more complex
situation is presented by cracking in off-axis plies for other
angles, where cracking occurs as a consequence of mixed
mode loading. In work on unbalanced [0/6/0] GFRP cou-
pons [6], it was shown that the in situ ply stresses at crack
formation depend on whether there is a pre-existing defect
present in the off-axis ply. When no defect was present, the
ply stress state at crack formation was incompatible with
currently proposed interactive failure criteria, both stress-
based (e.g. Tsai-Hill) and fracture mechanics-based [7].
With a defect present, crack formation was governed by the
mode 1 transverse tensile stress component for off-axis ply
angles in the range 90° to 45°. The results in this paper
extend the work to CFRP. Experimental investigations
have been carried out to describe the development of the
cracking, with associated closed form analyses. The
possibility of detecting of the cracks using ultrasonics has
been investigated and finite element-based models of
cracked laminates have been developed.
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Experimental methods and analysis of results
Materials

The material used in this work is IM7/8552 carbon fibre/
epoxy resin. The laminates were made from unidirectional
prepreg, 0.125 mm nominal thickness, autoclave moulded
by QinetiQ, Farnborough. A range of laminates were
manufactured, providing both different off-axis ply angles
and different off-axis ply thicknesses. The laminates used
to obtain the mechanical testing results presented here were
unbalanced lay-ups of the type [0,/04/0,] where 0 = 45°,
60°, 75° and two types of cross-ply laminates with different
ply thickness, namely [0,/904/0,] and [0/90]4. Results
from ultrasonic detection also included inspection of
quasi-isotropic laminates with different ply thickness
namely [0/90 £ 45]; and [0,/90,/ + 45,]. Further lami-
nates used for analysis of the experimental results were a
[+ 45]4 laminate for determination of non-linear
shear behaviour and an unbalanced [0/90] beam for
determination of thermal strains.

Mechanical testing

For the (0/90)4s, (0,/04)s and quasi-isotropic material, rect-
angular test coupons 250 mm long by 20 mm wide were cut
from the original panels using a diamond wheel saw with
water lubrication. The edges of all coupons were polished to
a 1 pm finish using a Struers Pedemax-2 grinding polishing
machine. Polishing the edges provides a consistent sample
condition, while facilitating crack observation during test-
ing. Aluminium alloy end-tabs were bonded to all the
coupons to minimize damage in the grips of the tensile
testing machine during loading. For the unbalanced (0,/0,);
coupons, oblique end-tabs were used to minimise gripping
constraints due to extension-shear coupling. Oblique end
tabs have been used by others [8, 9] when testing off-axis
unidirectional composites. Modifying the Sun and Chung
approach [8] to the case of a laminate, the angle ¢ for the
oblique end-tabs is given by

_ 1
¢ = tan I—T (1)
()

where A7 and A7y are components of the inverse lami-
nate extensional stiffness matrix. The calculations showed
the importance of using the laminate values of inverse
laminate extensional stiffness; use of the values for the off-
axis ply alone introduced significant error (typically a
difference of 5° in the calculated optimal angle).
Quasi-static tests were carried out to investigate the
initiation and propagation of individual matrix cracks and
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subsequent crack multiplication. For crack initiation
experiments, coupons were tested with polished edges,
whereas crack propagation experiments, which have been
carried out only on the [0,/0,]; coupons, required the off-
axis central plies to be notched. A 0.8 mm drill bit was
used to drill holes, 3 mm deep, parallel to the direction of
the fibres in the (off-axis) centre plies, without damaging
the outer 0° plies. A total of 12 notches, six on each edge,
were drilled for [0,/04]s coupons (see Fig. 1a, b). In addi-
tion, for the [0,/454]s laminate, further coupons were made
where the notches in the central off-axis ply measured
10 mm in depth (Fig. 1c), with a total of six notches, three
on each edge. In all cases, the notches were drilled on
alternating sides of the coupons in such a way that each
crack would develop a distance of at least 10 mm apart
from the neighbouring crack on the same edge. This dis-
tance was chosen so that the cracks would not interact with
each other. Quasi-static tensile tests were carried out to
progressively higher strains by loading the coupons to a
specific strain level, unloading, and then re-loading to a
higher strain. Tests were carried out in displacement con-
trol using a displacement rate of 0.5 mm per minute.
Strains were measured using longitudinal and transverse
strain gauges bonded on both sides of the specimens with
cyanoacrylate glue. Edge microscopy and X-radiography
were used to monitor the crack development during the
strain increments.

Tension—tension fatigue tests were carried out using an
Instron 1341 servo hydraulic fatigue machine employing a
sinusoidal waveform at a frequency of 10 Hz with an
R-ratio of 0.1. Experiments were carried out using the
notched [0,/6,4] laminates. A peak stress level of approx-
imately 65% of the initial cracking stress has been used for
each of the lay-ups tested. Crack length as a function of
cycle number has been monitored using X-radiography.

Closed form analysis of stress state at crack onset

The experiments gave results for the stresses (strains) at
which cracks first propagated from the notches in the
notched coupons, and the stresses (strains) at which crack
initiation and (instantaneous) propagation occurred in the
unnotched coupons with polished edges. Laminated Plate
Theory (LPT) was used to determine the corresponding
stress states in the plies undergoing cracking. For the 90°
plies in cross-ply and multi-ply laminates there is no shear
stress component associated with the principal material
directions and so the cracking essentially occurs under
mode 1 loading, driven by the transverse normal stress g,
while for other off-axis angles the shear stress is non-zero
and cracking occurs under mixed mode loading, under the
action of the transverse normal stress ¢, and the in-plane
shear stress 5.
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Fig. 1 Schematic of (a) (0,/ (a) 20mm
90,4) specimen [3 mm notch
depth], (b) (0,/454)s specimen
[3 mm notch depth] and

(c) (0,/45,)s specimen [10 mm -
notch depth] -

Various LPT calculations were carried out using the
commercial LAP software. The results for the ply stress
states at crack onset reported here were obtained incorpo-
rating the non-linear behaviour of the material in shear,
which was deduced from the tensile tests on the [£ 45]4
coupons, and the effect of the residual thermal stress,
which was determined from the analysis of measurements
on unbalanced beam specimens.

Ultrasonic detection

Transverse cracks within composite laminates are extremely
difficult to detect using normal incidence ultrasound since
the plane of the crack is parallel to the ultrasonic beam. A
number of authors (see for example [10]) have shown that
improved sensitivity can be obtained by orienting the
ultrasonic beam with respect to the surface normal. Using
this approach, termed polar backscatter, inhomogeneities,
such as the matrix—fibre interface, fibre bundles and cracking
cause ultrasound to be scattered back to the transducer.
Vertical cracks behave like strong scatterers, causing high
amplitudes to be reflected back to the transducer. In a series
of experiments, a range of incident angles (measured with
respect to the surface normal) between 15° and 50° were
investigated. An incidence angle of 20° was found to provide
the best contrast between cracked and uncracked regions.
This corresponds to a longitudinal wave propagating at close
to 45° in the composite, although the precise angle will vary
from layer to layer within the section. The contrast of the
scan image was further improved if the data collection gate
was positioned to receive the ultrasound forward scattered
from the crack and reflected from the back surface to the
transducer. The experimental configuration is shown sche-
matically in Fig. 2. The ultrasonic ‘ray’ indicates the path of
the ultrasound and the primary direction of scattering from
the crack. From this it can be seen that the crack behaves
more like a reflector and hence scattering strongly towards

(b) 20mm (c) 20mm_

A
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"/ |150mm I/ N 150mm

10mm E/

Ultrasonic Transducer

Composite
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. >
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Fig. 2 Schematic view of the ultrasonic polar backscatter technique
showing the path of an ultrasonic ‘ray’

the back face, then back to the transducer. The low attenu-
ation of the composite and the thin sections inspected meant
that a relatively high ultrasonic frequency (25 MHz) was
used. This equates to a wavelength of 0.13 mm in the
composite laminate.

Finite element simulations

Matrix crack growth in CFRP laminates has been simulated
using finite element analysis. The package used was
ABAQUS Standard (Implicit code) version 6.4. For cross-
ply laminates, the models could be drawn in two dimen-
sions in the thickness-axial plane using generalised plane
strain elements. For these two-dimensional models, only
crack growth across the whole width could be simulated.
Angle-ply laminates require full three-dimensional finite
element models to simulate both mechanical properties and
crack growth across the width. The simulations for
increasing crack density were carried out using symmetry
condition on meshes with reduced length. Linear material
properties were used, but geometric non-linearity was
included in all the models.
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The energy release rate for isolated transverse cracks in
the angle-ply unbalanced laminates has been investigated
using three-dimensional finite element simulations. The
cracks are assumed to span the entire thickness of the
cracked ply. The geometry of the models takes into account
the oblique end tabs used in the mechanical testing to
accommodate extension-shear coupling; results from finite
element simulations confirmed the accuracy of the calcu-
lations described in the earlier ‘‘Mechanical testing’’
section. Non-linear geometry was implemented for all the
laminates, to take into account any specimen rotation in its
plane. The applied strain used for the simulations was the
applied mechanical strain for crack propagation found in
the experiments. The total strain energy release rate arising
from crack growth can be calculated from results from the
whole model. This can be carried out using the energy
approach; the total strain energy can be extracted as a
variable from the simulations. Alternatively, the well-
known compliance change approach can be used. It was
confirmed that both methods gave the same results.

Simulation of incremental crack growth requires very
fine meshes for accuracy. These meshes can only be
attained using sub-modelling, which is carried out in two
stages. The first global model represents the whole struc-
ture to be analysed, including the important geometric and
property details of the structure, but with a coarse mesh
which would not be able to reflect local stress variability.
The displacements from the global model are used to load
the detailed model including the area of interest, which can
now be drawn using a suitable fine mesh.

Finite element analysis has been used to investigate the
proportions of modes I and II for crack propagation in off-
axis laminates. The method used is virtual crack closure
[11, 12], based on the concepts of linear elastic fracture
mechanics. This is implemented using two simulations,
before and after the increment of crack growth. The forces
associated with the nodes to be released in the increment of
crack growth are found in the first analysis. In the second
analysis, after release of these nodes, the displacements of
the nodes are found. Thus the virtual energy required to
close the crack can be calculated, and this is considered
equal to the energy required to open the crack. Thermal
stresses are not included in these simulations. The values of
strain energy release rate were found to be dependent on
the elements and meshes used; all results presented here
have been obtained following mesh convergence studies.

Results
Crack formation

The stresses (strains) at which cracks first propagated from
the notches in the notched coupons, and the stresses
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(strains) at which crack initiation and (instantaneous)
propagation occurred in the unnotched coupons with pol-
ished edges were measured carefully. For the unnotched
coupons from the [0,/04]5 lay-ups with polished edges the
crack formation was instantaneous with cracks propagating
across the thickness and width of the off-axis ply in an
unstable manner. The associated crack morphology was
complex, suggesting considerable energy release during
crack formation. In the [0,/904]¢ specimens, first cracking
was seen at an applied longitudinal strain of about 0.8%.
For lay-ups with the central plies oriented at other off-axis
angles, it was found that the strain for first cracking
increased with decreasing off-axis angle. For the [0,/454]¢
lay-up there was no matrix cracking in the central layer
prior to laminate failure by fracture of the fibres in the 0°
layers at an applied longitudinal strain of 1.1% or greater.
Figure 3 shows the initial cracking strain in the unnotched
[0,/84], lay-ups as a function of off-axis angle (upper trend
line).

In the notched [0,/0,4]; lay-ups, where the pre-existing
defect spanned the thickness of the off-axis central layer,
crack growth occurred rapidly in the specimens with high
off-axis angles, i.e. as the strain was increased in steps of
0.1%, cracks grew from the starter notches across the entire
coupon width. There were also some cracks formed away
from the notches. This is apparent in Fig. 4, which shows a
series of X-radiographs for a [0,/754]s specimen. For
specimens from lay-ups with lower off-axis angles, there
was evidence of more progressive crack growth, i.e. cracks
which propagated from notches did not always extend
across the full width of the coupon immediately, but grew
with increasing strain. This aspect of the crack propagation
behaviour can be seen in Fig. 5, which shows a series of
X-radiographs for a [0,/454]s specimen. There was no
apparent difference in the behaviour of the [0,/454]
specimens with the two different initial notch lengths
(3 mm and 10 mm). Crack propagation occurred at similar
strains in each case.

The data for the strains at which crack propagation first
occurred in the various lay-ups are shown in Fig. 3. Overall
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Fig. 3 Applied longitudinal strain for off-axis ply crack formation as
a function of ply angle for unnotched (polished edges) and notched
coupons from [0,/04]; laminates
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Fig. 4 Dye-penetrant enhanced
X-radiographs of a notched
[0,/754]s coupon showing crack
development with increasing
applied longitudinal strain

Fig. 5 Dye-penetrant enhanced
X-radiographs of a notched
[0,/454]5 coupon showing
incremental crack growth with
increasing applied longitudinal
strain
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(and in accordance with the results of Crocker et al. 1997
[6] for GFRP coupons containing off-axis plies) the data
show that crack propagation in coupons with notches oc-
curred at lower strains than crack initiation in the unnot-
ched coupons.

Results from the LPT analysis of the [0,/6,]; laminates
are shown in Fig. 6 as a plot of transverse normal stress
against the corresponding ply shear stress at off-axis ply
crack formation in notched and unnotched [0,/0,]; CFRP
coupons. The results show that for both the unnotched and
notched specimens the transverse normal stress ¢, value
corresponding to initial cracking is similar for the [0,/904];,
[02/754]s and [0,/604]s samples, with the notched values
some 20 MPa lower than the unnotched values. Interest-
ingly, the behaviour of the [0,/45,]; laminates is somewhat
different, in that for crack propagation from notches in

these laminates there appears to be a significantly reduced
value of g,, implying that there is an interaction between
the transverse normal and shear stress components which
promotes crack propagation. It is not possible to comment
upon whether there may be a similar effect in the unnot-
ched [0,/45,]s coupons, since laminate failure occurred
before any off-axis ply cracking was seen in these lami-
nates. In previous work on GFRP laminates, the transverse
normal stress value for crack propagation was similar for a
range of [0/6/0] type laminates, with 6 = 45°, 54°, 75° and
90° [6].

Crack accumulation and residual properties

Accumulation of matrix cracks is well known to lead to a
reduction in the mechanical properties of composite laminates.

Fig. 6 Plot of transverse 120
normal stress as a function of 90 Pli 75 Plies 4 60 Plies 45 Plies
the corresponding ply shear g’) 100 1es 4 A
stress at off-axis ply crack o / \ [
formation in notched and ® 80 . - N
unnotched [0,/04], CFRP © . . / ll
specimen. (Values based on g
non-linear laminate analysis g 60
including thermal stresses) o o
£ a0
g 4 (02/64)s
2 20 *(02/64)s_notched
£
0 10 20 30 40 50 60 70 80 90 100
Ply shear stress
Fig. 7 Young’s modulus as a 100
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Fig. 8 Poisson’s ratio as a 0.400
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The results shown here, Figs. 7 and 8, give the change in
Young’s modulus and Poisson’s ratio with increasing crack
density for the cross-ply laminate, [0,/904];, and the angle-
ply laminates, [0,/0,], where 6 = 45°,60° and 75°. There is a
degree of variability in both plots, but it should be noted that
there is no difference between the results for the notched
specimens and those with polished edges. The Poisson’s
ratio is difficult to measure experimentally as the transverse
strains are small and sensitive to the degree of alignment of
the transverse gauge. A trend of property reduction with
increasing crack density is apparent, especially for the
Poisson’s ratio.

Crack Density(mm-1)

Crack growth in fatigue

Crack growth observations were made for each of the four
laminate configurations (0,/0,)s (where 0 = 45°, 60°, 75°
and 90°). In each case, notches were machined into the
samples. In contrast to the quasi-static tests, all the cracks
for each laminate configuration propagated from notches in
fatigue, and no cracks were observed to develop away from
the notches. Crack growth as function of the number of
cycles was recorded for each configuration, and an example
is shown in Fig. 9 for crack growth in a (0,/754)s coupon
specimen. In this example, cracks began to grow from the

Fig. 9 Plot of crack length 25
against number of cycles for a
(0/75/0) CFRP coupon under
fatigue loading (data relating to 20 o - N
the growth of four cracks are
shown) T s
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£ "
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A
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A
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0

0 10000 20000 30000 40000 50000 60000 70000 80000 90000 100000

Number of cycles

@ Springer



6606

J Mater Sci (2006) 41:6599-6609

notches after widely varying numbers of cycles, in the
range from 12,000 to 60,000 cycles. The crack growth rate
for each crack was roughly constant, however, at about
10~ mm cycle™'. This behaviour was consistent across all
the samples tested—once the cracks had started to
propagate, the increase in crack length appears to be
roughly linear with number of cycles. No delaminations
were associated with any of the matrix cracks in any of the
tests.

The results described here for matrix crack growth in the
off-axis plies of CFRP are similar to the results of Crocker
[13] who also tested unbalanced (0/6/0) coupon configu-
rations, but in GFRP (E-glass fibres and Shell ‘Epikote’
828 epoxy resin). Qualitatively, the major difference
between the CFRP and GFRP coupons is that the crack
growth was seen to be more uniform in GFRP, in particular
there was less variability in the ‘‘incubation’’ times for
cracks to start to propagate from the notches.

Ultrasonic crack detection

The ultrasonic polar backscatter technique described in
Section ‘‘Ultrasonic detection’’ enables closely spaced
individual cracks to be imaged from which the crack
density can be assessed. Figure 10 shows the resulting
polar backscatter scans for a [0,/904]s and a [0,/754]
coupon. A dense cracking pattern is observable, from
which it is relatively simple to perform a transverse matrix
crack count. Cracks detected using this ultrasonic tech-
nique agreed well with those obtained using dye penetrant
X-rays such as those shown in Figs. 4 and 5.

Fig. 10 Polar backscattering
C-scan of (150 x 20) mm
coupons with transverse
cracking. Note that the strong
signal in the centre scan (b) is
from a strain gauge and should
be ignored: (a) [0,/904]s and (b)
[02/754]5

Fig. 11 Polar backscattering
image at 20° incidence angle on
(0/90/ + 45/-45) laminate with
cracking in the top 90° layer
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The most significant polar backscatter experimental
result was the detection of transverse cracking in the outer
90° layers of a [0/90/ + 45/-45]s laminate. The cracking
can be seen when inspected from either side. Individual
cracks were resolved in this 0.125 mm layer (overall
laminate thickness 1 mm); an example is shown in Fig. 11.
The detection of such small cracks demonstrates the po-
tential of this inspection technique for accurate assessment
of the structural integrity of composite laminates.

The effect of the X-ray dye penetrant used to detect
cracks (see for example, Figs. 4, 5) on the ultrasonic
detectability of intra-laminar cracks was investigated.
Figure 12 shows an example of the results obtained from
cross-ply coupons, [0,/904]5, with 1 mm deep intra-laminar
cracks. The results in Fig. 12 show that the addition of the
dye penetrant caused an immediate and noticeable reduc-
tion in the performance of the ultrasonic polar backscat-
tered technique. The performance was measured by
comparing the maximum signal amplitude in a region
where there was an observable crack (Ac.cx) With an
averaged value from an uncracked region (Ayncracked)- The
signal-to-noise-ratio was defined as

Aer
SNR = — ok )

A uncracked

This signal-to-noise-ratio can also be used as a measure of
the detectability of a given crack. Dye penetrant was added
to three separate specimens and in all cases a decrease in
detectability to around 40% was found after about 24 h
following application of the dye penetrant. The results in
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Fig. 12 Effect of dye-penetrant Crack monitored
on crack detection in [0,/90,], Signal over noise ratio:
Before penetrant
4.5
After penetrant (=24hrs)
2.1
After penetrant (14 days)
3.4
After penetrant (29 days)
3.6
Fig. 12 show the decrease of this effect with time; the 400
ultrasonic detectability has recovered to 75% of the 350
detectability prior to the penetrant after 14 days and 80% 300
after 29 days. It does not seem credible that the penetrant
could have evaporated from within these internal cracks; it 2 250 . .
must have been absorbed. These results may be highly £ 200 Lt *
significant for the use of dye penetrant and subsequent S 150
crack growth experiments. 100
Comparisons with finite element simulations 50
0
0 0.25 05 0.75 1

Crack growth across the width

The process of crack growth across the width for single
cracks has been examined. The variation of total strain
energy for crack growth in the [0,/454]; laminates is
shown in Fig. 13. These simulations were carried out for
the notched crack propagation strain observed experi-
mentally (Fig. 3) and the total strain energy release rate
was calculated using the global method. The results
suggest that there is some dependence of energy release
rate upon crack length with the value of strain energy
release rate being reduced at smaller crack lengths. This
is somewhat in contrast to the results for other lay-ups, in
particular the cross-ply, for which the value of energy
release rate is more independent of crack length. It is
difficult to relate these calculations to the results from the
quasi-static tests. Because the quasi-static tests were
carried in displacement control (as opposed to load
control), the load tends to decrease as cracks propagate
and in this situation the numerical simulation ceases to

Normalised crack length

Fig. 13 Variation of total strain energy release rate for crack growth
across the width of [0,/454] laminate

represent the experiment. These numerical results are
certainly consistent, however, with the results from the
fatigue tests in that crack growth rates from pre-cracks of
several millimetres in extent were independent of crack
length.

Strain energy release rate for single cracks

The process of single crack growth in the [0,/454]; lami-
nates has been examined in detail. These simulations were
carried out for the notched crack propagation strain
observed experimentally (Fig. 3). The strain energy release
rate has been calculated both from the global approach and,
using sub-models, the virtual crack growth method. Results
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for crack growth with the crack existing half way across the
width are shown in Fig. 14.

Figure 14 shows consistent numbers for the average
value of total strain energy release rate calculated globally
or locally. This is a reassuring result which confirms the
validity of both methods used. The virtual crack growth
method has been used to assess the mode mixity of the
crack growth. The results in Fig. 14 show that the crack
growth is nearly equally half in Modes I and II. The
variability across the laminate thickness indicates the
dependence of the strain energy values; as expected, the
contribution from the ply nearest the 0° ply is smaller than
the contribution from the centre ply. This arises from the
constraint on the displacement imposed by the 0° ply. The
shape of this variability indicates that crack growth would
always be expected to extend across the thickness of the
ply since the highest value of strain energy release rate is at
the centre of the ply. This confirms the experimental
observation that cracks always span the entire thickness of
plies.

Further simulations for crack growth half-way across the
width have been carried out for cross-ply laminates,
[0,/904];, and one other angle-ply laminate, [0,/754]s. The
values of applied strain in the simulations have matched the
values of crack propagation strain observed experimentally
(Fig. 3). Crack growth in the cross-ply laminate was found
to be all Mode I, as expected; for the [0,/754]; laminate a
small proportion of crack growth, around 7%, was found in
Mode II; as shown in Fig. 14, for the [0,/45,]; laminate
around 50% was found in Mode II. Interestingly, the values
of Mode I contributions to fracture energy for all three
laminates were approximately equal, indicating that the
crack growth is dependent only on the Mode I strain energy
release rate. However, this result must be considered with
caution since the complexity of the analyses did not allow
thermal strains to be taken into account.
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X Global energy results

Fig. 14 Strain energy release rate for crack growth in [0,/454]
laminate, showing variability across the thickness of the laminate
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Residual properties

The residual properties arising from increasing crack density
have been predicted using three-dimensional finite element
models of decreasing length. The results for normalised
stiffness are shown in Fig. 15; the results for the three angle-
ply laminates are shown. The finite element results, denoted
by the trend lines in Fig. 15, show the expected trend with the
angle of the ply. The lower angle plies are stiffer and carry a
greater proportion of the load; hence, cracking in these lower
angle plies causes more overall stiffness reduction. The
predicted variability with crack density is nearly linear. The
experimental results are rather scattered with no apparent
differences in normalised values between the angle plies; the
overall trends in experimental results are in agreement with
the predictions. The experimental scatter is not surprising
since the actual stiffness change measured is very low for all
these laminates.

The results for normalised values of Poisson’s ratio for
the three angle-ply laminates are shown in Fig. 16. The
finite element results, denoted by the trend lines in Fig. 16,
show the same trend with the angle of the ply as found for
the stiffness results (Fig. 15) as expected. However, the
predicted variability is not linear; changes in high values
of crack density have a greater effect on the value of
Poisson’s ratio than changes in low values of crack density.
This implies more interaction between neighbouring cracks
in respect of transverse (as opposed to longitudinal) strains.
The variability of normalised values of Poisson’s ratio is
about three times greater than the variability of normalised
values of stiffness. The overall trends in experimental
results are in general agreement with the predictions al-
though there are no apparent differences in normalised
values of Poisson’s ratio between the different angle plies.
It should be noted that a clear difference in actual experi-
mental values was found (Fig. 8).
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Fig. 15 Predicted change in normalised stiffness with crack density,

showing trend lines; comparisons with experimental results. Open
symbols: [0,/454]s; crosses: [0,/604]; closed symbols: [0,/754]
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Fig. 16 Predicted change in normalised Poisson’s ratio with crack
density, showing trend lines; comparisons with experimental results.
Open symbols: [0,/45,];; crosses: [0,/604]5; closed symbols: [0/754]

Concluding remarks

Matrix cracking in composite laminates is critically related
to their structural integrity. Crack initiation and propaga-
tion in the off-axis plies of a range of CFRP laminates have
been studied. Careful introduction of notches into the
central off-axis plies of (0,/04), laminates has facilitated
separation of the initiation and propagation stages of matrix
crack formation. The results for (0,/0,); laminates show
that for the off-axis angles investigated (i.e. 45°, 60°, 75° or
90°), the applied strain for crack propagation in notched
coupons was lower than for crack initiation in coupons
with polished edges. Laminate theory has been used to
examine the ply stress states at crack onset. It is shown that
the transverse normal stress component appears to be the
main controlling parameter, although there appears to be a
significant shear interaction for cracking of off-axis plies at
45°. It has been shown that these cracks can be accurately
detected using ultrasonic scanning at an oblique incidence

angle of 20°; this may be an important technique for
in-service intra-laminar crack detection. The effect of
matrix cracking on the global mechanical properties of
unbalanced and cross-ply laminates has been predicted
using finite element analysis and compared with the
experimental results. The strain energy release rate asso-
ciated with the crack growth has been found and the
importance of mode mixity has been demonstrated.
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