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ABSTRACT

This paper reviews the state-of-the-art in interlaminar fracture testing of composite materials,
with particular emphasis on the work performed in Portugal over the last 15 years. Early
work, carried out within the ESIS Polymer and Composite Technical Committee, was
concerned with improving test methods on unidirectional [0°],, specimens. The focus was on
the mode | Double Cantilever Beam (DCB) test and on mode Il End Notched Flexure (ENF)
and End Loaded Split (ELS) tests. In spite of some remaining controversy on mode Il testing,
the main issue is nowadays fracture toughness measurement on multidirectional specimens.
Remaining difficulties are discussed in the light of the most recent work. Guidelines for

ongoing and future research are also presented.

Keywords: Interlaminar fracture; Double Cantilever Beam (DCB); End Notched Flexure

(ENF); unidirectional laminates; multidirectional laminates.

1. INTRODUCTION

Polymer matrix composites have become highly relevant structural materials, owing to their
high stiffness and strength combined with low weight. However, the usual laminated nature
and the relatively low matrix strength make them particularly susceptible to delamination. For
example, low velocity impact can generate relatively large delaminations, which are highly
detrimental to compressive strength because of localised buckling phenomena. The

characterisation of delamination resistance is thus highly relevant for design of composite
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parts. The main delamination resistance parameters of composites are the critical strain energy
release rates, G¢, measured in interlaminar fracture tests.

This paper addresses the state-of-the-art in mode | and mode Il testing, which is
illustrated with results obtained by the authors. Finally, current and future research guidelines

are described.

2. UNIDIRECTIONAL LAMINATES

2.1. Mode I

The mode | Double Cantilever Beam (DCB) test (figure 1) is nowadays standardised for Gjc
measurements on unidirectional (UD) [0°], specimens®2. In these tests, the load P and the
displacement o recorded for specified crack positions a are usually processed with the
Corrected Beam Theory (CBT)

3PS5

F
Glc :mﬁ, (1)

where b is the specimen width, typically 20 mm, A4 is a correction for crack tip rotation and

deflection, determined from a linear regression analysis of (5/PN)1’3

versus crack length (a)
data, F is a correction factor for large displacements and N is a correction factor for the
stiffening caused by the metal blocks*?.

Most composites present an R-curve, which can be quite pronounced for thermoplastic
matrix composites®®. Figure 2 depicts results obtained from C/PEEK® and Clepoxy
specimens®. R-curves are generally associated with fibre bridging between the arms of the
specimen, a phenomenon that is specific to the DCB specimen. Therefore, it is quite
important to obtain accurate initiation values, Gyc;, and this is an issue that has not yet been
completely solved.

The first question is whether G¢; should be measured from the film generated starter
crack or from a mode | precrack. It was shown that G,;; becomes independent of film
thickness below 15 zm'. Moreover, G;¢; values from the insert are usually lower than those
from precracks. On the other hand, it can be argued that crack initiation from the film does
not occur under self-similar conditions. In fact, the distribution of G, along the width of a
DCB specimen with a straight crack is not uniform, due to anticlastic curvature of the
specimen arms®’. Figure 3 shows a width-wise distribution of G, in Clepoxy specimens
obtained from a 3D FE analysis®. Naturally, under steady-state propagation, a curved

delamination front develops, so that G, = Gic. This would favour the use of mode I precracks.
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Currently, however, the standards recommend that G,;; are measured from both film and
mode | precrack, to be generated in a first precracking test'?.

Another question concerning initiation is the definition of the exact instant when it
occurs. Three criteria are proposed in 1SO 150242 (figure 4): the non-linearity (NL); the 5%
offset or maximum load point (5/M) and the visually (VIS) determined. The NL criterion
defines crack initiation at the point where the load-displacement curve deviates from linearity.
Besides giving the most conservative values, the NL criterion seems to correlate with
Acoustic Emission detections®. It has been shown, however, that locating the NL point is
somewhat dependent on the plot scale. The 5/M criterion stipulates that a line corresponding
to a compliance 5 % larger than the initial one is intersected with the actual load-displacement
curve (figure 4). This intersection point is taken as initiation, unless it occurs at a larger
displacement than the maximum load point. In the latter case, initiation is precisely the point
of maximum load. Although less ambiguous, the 5/M criterion tends to give higher G;
values than the other criteria, even for materials with relatively mild R-curves (figure 5).
Moreover, the 5% value is obviously arbitrary. Finally, the VIS criterion is operator
dependent, but this limitation could be compensated by the increasing use of video recording
of the tests. Nevertheless, it is highly unlikely that VIS detection from the film will be

accurate, as crack growth at the edges tends to occur later than in the middle of the specimen.

2.2. Mode 11
In contrast with mode I, there is much more controversy about the measurement and
meaningfulness of the mode 11 fracture toughness®™?. It has been argued that the microcracks
observed in the tests are actually oriented at approximately 45° from the fibre direction, thus
showing that crack propagation is locally mode I dominated™. Nevertheless, most of the
present design approaches are based on Macromechanics and many structures are subjected to
bending loads, which naturally give rise to significant mode Il. Moreover, it was found that
the compression after impact strength of composite plates was proportional to the mode Il
critical strain energy release rate, Gy, of unidirectional specimens?.

Various test configurations have been proposed to measure G;.*(figure 6): end-
notched flexure (ENF); end-loaded split (ELS) and 4-point end-notched flexure (4ENF).

Owing to its simplicity, the ENF specimen has been the most used, in spite of the
inherently unstable crack propagation. Stabilisation is possible in servo-controlled testing
machines, which, however, are not always available and increase the complexity of the test

setup™®. The main advantage of the ELS specimen is precisely the stability of crack
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propagation if a/L > 0.55 (figure 6), but the specimen is more prone to large displacements
and to variable clamping conditions®. There is still little experience with the 4ENF test, which
seems to combine the simplicity of ENF with the stability of ELS. Comparisons between the
various test methods have not yet been able to indicate “the best method”*°.

The effect of friction has also been raised as a possible problem in mode Il tests.
However, numerical analyses have showed small friction effects in ENF and 4ENF
specimens™?,

On the other hand, the problems concerning crack initiation mentioned above are even
more relevant in mode Il testing. Figure 7 shows the results obtained from ENF tests on

glass/epoxy specimens® using Corrected Beam Theory*?

G, :%{u o.zE(ﬂﬂi, @
16b°Eh Gla) [N,
where E and G are the specimen flexural and shear moduli, respectively, and F, and N, are
correction factors for large displacements™. Precracking seems to be of great relevance, since
initiation Gy from mode | and mode Il precracks were significantly lower than those from the
film (figure 7). As to defining crack initiation, in this case, the NL criterion lead to
unacceptably low Gy values because it was associated with the onset of large displacements.
The 5/M criterion did not seem to be significantly affected, but it still gave somewhat higher
values than visual detection. However, the contact between the cracked arms of the specimens
makes visual detection more difficult than in mode I, especially in carbon fibre composites.
When performing ENF tests from a mode Il precrack, the exact precrack length a must
be determined. Glass fibre composites are usually translucent, thereby enabling visual
determination of the precrack position. This is generally not the case of carbon fibre
composites. Therefore, ESIS recommends the compliance calibration®

C=Cy+ ma’ 3)
giving
3ma’pP?
G=——, 4
llc b ( )

although its accuracy may be affected by a low m coefficient.
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3. MULTIDIRECTIONAL LAMINATES

3.1. Mode |

In spite of the remaining questions discussed above, it is clear that mode I and mode |1 testing
of UDs have reached a reasonable degree of maturity. In practice, however, the vast majority
of applications involves multidirectional specimens (MDs), and delaminations always occur
between layers of different orientations. It is thus essential to obtain toughness values of MDs
for the applicability of Fracture Mechanics based design approaches.

Several studies have already been presented on DCB testing of MDs®**??, The first
difficulty with MDs is the selection of appropriate stacking sequences. In fact, significant
errors in G measurements may be caused by the elastic membrane-bending and bending-
bending couplings of MDs"?®. Particular attention should be given to avoiding excessive
anticlastic curvature of the specimen arms, which results in highly curved thumbnail shaped

delamination fronts. The magnitude of anticlastic effects is proportional to the parameter D, =

D122/(D11D22), where Dj; represent the Classical Lamination Theory (CLT) bending stiffness
coefficients of each specimen arm”?. It has been suggested that DCB specimens should have
D. < 0.25"%. Bending-twisting and membrane-bending elastic couplings should also be
minimised. The former can be characterised by the B; = \ D16/D11 \ parameter and could cause
markedly unsymmetrical delamination fronts. The latter may introduce relevant contributions
of thermal residual stresses to the measured G,>>?*. Membrane-bending couplings are absent
when both cracked and uncracked parts of the specimens are symmetric about their own mid-
planes. However, this is not possible when the delamination is placed between interfaces of
different orientations, which is precisely the case of greater practical interest.

There is also a theoretical problem with cracking between layers of different
orientations, because the stress field is oscillatory in the vicinity of such cracks®?,
Consequently, although the total strain energy release rate G is well defined, its individual
components G, Gy, and Gy;; cannot be determined using their classical definition, since the
crack extension integrals do not tend to a limit as the crack extension increment Aa tends to
0®2 This mode partitioning ambiguity can be solved by considering “finite extension strain
energy release rates”, where Aa should be set equal to a characteristic damage zone length,
12?8 Based on stress field analysis and on interlaminar strength properties, it has been shown
that | is of the order of the layer thickness®"%,

From the practical viewpoint, the major problem with MDs is clearly the high tendency
for intraply cracking and crack jumping between neighbouring interfaces. The complex
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damage morphology leads to pronounced R-curves, with final apparent G, values 3 to 4 times
higher than those of [0°], specimens. Figure 8 shows R-curves obtained from DCB tests on
carbon/epoxy [0°],4 and cross-ply [(0%90°)e//(0°/90°)¢] specimens, where // denotes the starter
crack position®. Crack propagation in the latter involved periodical cracking of the 90° mid-
layer and interlaminar crack growth in the neighbour 0°/90° interfaces, as schematically
depicted in figure 9. However, recorded data points always corresponded to local interlaminar
propagation. In those conditions, an FE analysis indicated that the measured G, were valid®.
Although no significant fibre bridging was observed, some non-linearity in the load-
displacement curve might have contributed to the much higher G,..

In order to avoid crack jumping problems, Robinson and Song*® proposed the edge pre-
delaminated (EPD) DCB specimen (figure 10). While crack jumping was avoided, the
monitoring of crack position became difficult, due to the contact between the pre-delaminated
edges®®. Moreover, recent numerical analyses showed that the EDP-DCB specimen is
inadequate to measure initiation G,c°. Another important drawback is that intralaminar
damage is not always avoided™.

Using thick (over 6 mm, 48 layers) and narrow (between 4 and 10 mm) specimens, Chai
observed pure interlaminar propagation in MD CFRP specimens®®. Measured toughnesses
were practically identical for specimens with delaminations on 0°/0°, 45/-45, 0°/45° and 0°/90°
interfaces. It is important to mention that the delamination was not placed at the specimen
mid-thickness, a feature that could generate significant mode-mixity effects. Nevertheless,
numerical analyses® showed that accurate G, can be obtained with those specimens, which

thus require more experimental studies.

3.2. Mode 11

As in mode I, intralaminar damage affected many of the mode Il toughness results for MDs
presented thus far**®’. Again, with thick and narrow ENF specimens, Chai was able to obtain
pure interlaminar propagation in C/epoxy and C/PEEK specimens with 30°/-30° delaminating
interfaces®. The specimens with 30%-30° interfaces presented significantly higher Gy,
especially for a brittle matrix C/epoxy composite. Studies involving GRPs and specimens
with @-6 delaminating interfaces indicate a é-increasing Gi-****". This trend is easily
interpreted in terms of larger plasticity zones ahead of the crack tip. However, observed non-
linearity for GRPs specimens with #> 30° casts doubts about the validity of the measured Gy ¢

values®>¥'.



A. B. de Morais, C. C. Rebelo, P. T. de Castro, A. T. Marques, P. Davies 7

On the other hand, results from ENF tests on flat filament wound glass/polyester
specimens revealed an intermediate G, decrease from 6 ~ 0.8° (hoop winding) to 6 = 5°
(figure 11). This somewhat unexpected variation could be due to the particular nature of
filament wound specimens, combined with a strong effect of the thickness of the resin rich
interlaminar layer, as hoop wound specimens have a higher degree of compactation. In fact,
Chai® showed that Gy, of adhesive joints was highly sensitive to the adhesive layer thickness.
It is very likely that this effect is present in laminated composites, because of fibre nesting in
UDs. Therefore, it seems essential to study the mode Il interlaminar fracture of specimens
with é/-@interfaces at low 6.

Tao and Sun have investigated several types of MD carbon/epoxy ENF specimens™.
They observed that, as a result of intralaminar cracking, the delamination always jumped to a
0% Interface. They subsequently tested specimens with starter delaminations on such
interfaces, and succeeded in avoiding intralaminar cracking by positioning the specimens so

that the G-oriented layer would be under compression. In those circumstances, G, decreased

for 8= 0°to 90°, thus reinforcing the interest in studying mode Il fracture of composites.

4. CONCLUSIONS, ONGOING AND FUTURE RESEARCH

The present review of the state-of-the-art in mode | and mode Il interlaminar fracture testing
of composites shows the need to pursue research on three major topics:

- crack initiation criteria;

- mode Il specimen configuration;

- testing of multidirectional specimens (MDs).

The latter is highly relevant, as structural applications usually involve MD laminates,
with delaminations developing between layers of different orientations. Furthermore, some
results indicate that the common tests on unidirectional [0°], specimens (UDs) may not give
the lowest Gy values. MD stacking sequences must be carefully chosen to minimise the
effects of curved delamination fronts, mode-mixity and residual stresses on G, measurements.
Current efforts® have been devoted to “design” MDs using 3D FE analyses. The intralaminar
damage and crack jumping phenomena common to MDs are now the main obstacle. A current
experimental programme is being carried out with thick MDs, since it was reported that they
were free from those difficulties’>>".

The often observed R-curves make the exact definition of crack initiation particularly

important. In fact, the R-curve is usually associated to fibre bridging and crack jumping
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phenomena that are specimen geometry dependent. Furthermore, such phenomena tend to
occur in the initial stages of crack propagation, and especially in MDs. At this level,
experimental work will be complemented with progressive damage based numerical
simulations. Initiation criteria will be evaluated by comparing predicted G, values with those
inputted into the damage model®.

As to the choice of the “best” mode Il specimen, the 4ENF specimen seems to be quite
promising. The testing rig is simple, and crack propagation is stable. However, the practical
difficulty in following crack propagation and the greater interest in crack initiation may not
provide significant advantages over the ENF specimen. Moreover, the suitability for MDs is
an important factor still to be evaluated. MDs are generally less rigid and, according to some
studies, could also be tougher than UDs. One can expect more difficulties with the ELS
specimen e.g. large displacements and intralaminar damage. Considering the relevance of
MDs and the available results, the present experimental work is being carried out with the

ENF specimen, though studies on the ELS and 4ENF geometries are continuing elsewhere.
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Figure 1. Scheme of the DCB test.
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Figure 2. Typical R-curves obtained in DCB tests of C/PEEK® and C/epoxy® UD specimen:s.
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Figure 3. Distribution of G, along the width of C/epoxy UD specimens®. G, values were
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Figure 4. Alternative crack initiation criteria'?.
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Figure 5. Results of DCB tests on C/epoxy UD specimens according to the various initiation

criteria®. Propagation values are also included.
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Figure 6. Schematic representation of the proposed mode Il specimens.
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Figure 7. Results of ENF tests on glass/epoxy UD specimens: influence of the starter defect

(film, mode I, mode 11 and wedge precracks) and of initiation criteria®.
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Figure 8. Typical R-curves of C/epoxy [(0°/90°)e//(0°/90°)s] and [0°1,//0°;,] specimens®.
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Figure 10. Schematic representation of the edge pre-delaminated (EPD) DCB specimen'®
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Figure 11. Results of ENF tests on glass/polyester flat filament wound specimens®’.
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