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Woven composites are well-known for their good transverse properties and for their high
fracture toughness. The damage mechanisms leading to delamination in woven composites
are identified in mode I. The influence of several parameters, including the draping
sequence and the fiber/matrix interface on the fracture toughness of woven composite
laminates is studied. Pure mode I tests are carried out on several carbon/epoxy and
glass/epoxy woven composites configurations and the differences observed are discussed
from a fractographic point of view. A novel experimental method is designed to perform
dynamic pure mode I tests. The study illustrates the high fracture toughness of the com-
posites made of woven fabrics as well as the influence of the orientation of the plies, the
nature of the fibers and the addition of an adhesive film on the fracture toughness in mode
I. The dynamic tests prove that, on the configurations tested and for crack velocities up to
100 m/s, the crack propagation velocity has a limited effect on the value of Gj.

1. Introduction

The laminate structure of composites makes delamination a critical damage mechanism at the interfaces between plies.
Delamination may reduce the in-plane strength and stiffness and can lead to the failure of the composite structure [1]. Study
of the fracture toughness of composite is thus fundamental for the characterization of composites.

In laminates made from unidirectional plies, cracks can propagate between plies and cross a ply through the matrix [2].

Woven fabrics can be used to block the intra-ply crack propagation. Indeed, the entanglement of the warp and weft
tows prevents the crack from crossing the plies. Generally, woven composites show higher fracture toughness compared
with unidirectional composites as shown by early studies of Funk and Deaton [3]. The authors have quantified the greater
values of G;. for carbon/epoxy woven fabrics compared to carbon/epoxy unidirectional tape. Values of 300-500 ] m~2 were
recorded for the woven fabrics, to be compared with the critical energy release rate of 100 ] m~2 for the unidirectional
composite.

This difference is also explained by the intrinsic roughness of woven fabrics that increases the surface to be separated [4].
Kim and Sham [5] also explain the greater toughness by the alternation of warp and weft tows. When the crack propagates in
the warp direction, the fibers parallel to the crack propagation tend to speed up the crack, whereas for the weft tows, the
fibers are perpendicular to the crack propagation and tend to slow down the crack [6]. This effect is also found in unidirec-
tional laminates where delamination off the axis of the fibers requires more energy [7].
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Woven fabrics are not affected by fiber bridging the same way unidirectional laminates are. The entanglement of the tows
generally prevents the fibers from being torn off from the composite surface [4]. However Alif et al. [8] have shown that fiber
bridging in woven fabrics can still play an important role in dissipating energy. For this type of composites, fibers from the
warp direction can break between two tows in the weft direction and be torn of the composite surface. This phenomenon is
particularly predominant in twill and satin weave pattern compared to plain weave pattern, where the distance between two
weft tows prevents fibers to be pulled out [8].

Dynamic crack propagation has been mainly investigated on unidirectional composites. Experimental set-ups include
modified wedge tests on Hopkinson bars [9,10], specific rigs for high-speed hydraulic machines [11] or drop weight towers
[12]. All of these studies have established that measuring a dynamic fracture toughness in mode I is complex, either for mea-
surements problems considering the velocity of the phenomena, or because the inertia of the specific rigs makes it impos-
sible to reach a steady crack propagation state before the complete failure of the specimen. Guo and Sun [13] have worked on
a modified experiment that consists in placing an adhesive film right after the pre-crack. This allows charging the specimen
before the crack propagates and produces crack velocities up to 200 m s~!, with close to quasistatic loading rates.

Damage mechanisms during delamination of woven fabrics are thus known up to a certain point. However most articles
study the delamination of woven fabrics in the warp or weft directions. In this paper, we present an experimental study in
pure mode I of the influence of the orientation of the woven fabric plies, of the material nature and of crack propagation
speed. A fractographic study is carried out on each configuration to bring to light the damage mechanisms leading to delam-
ination and to relate the delaminated surfaces obtained with the value of the fracture toughness of the composite.

2. Experimental procedure
2.1. Materials and specimen manufacture

Hexcel 913/45%/7781 satin weave glass fabrics and Hexcel 913/45%/G963 satin weave carbon fabrics are used to manufac-
ture the specimens. Both fabrics are 0.3 mm thick pre-impregnated plies. The adhesive used in this study is a 0.1 mm thick
Hysol EA 9686 unreinforced epoxy film.

For each configuration tested, a 12 plies-thick panel is manufactured using a hydraulic heating press. A 40 um thick PTFE
film is placed at mid-thickness to initiate the delamination. The stacking sequence of each configuration is chosen so that the
stiffness of the two arms of the specimen is equal and so that the bending of the arms does not produce torsion, as advised by
several papers [14,15]. Each panel is cut using a diamond saw into specimens of length 170 mm and width 20 mm.

The stacking sequences for each configuration are given in Table 1 where C stands for a ply of carbon woven fabric, G for a
ply of glass woven fabric and adh. stands for a ply of adhesive. For each interface, the numbers given in subscript indicates
the angle between the warp direction and the crack propagation direction. Four specimens are tested for each configuration
to account for statistic distribution.

Table 1
Stacking sequence of the configurations tested.
Influence tested Studied interface Stacking sequence
Stacking sequence Col[Co (Co)s//(Co)s
Co/[Cas (Co)a Cas Co/[Cas (Co)s
C45//C45 (CO) C45//C45 (CO)S
Material nature Gol|Go (Co)s GO//GD (Co)s
Co/[Go (Co)2 (Go)s Co/[Go (Co)s
C45//GO (CO) GO C45//GO (CO)S
Adhesive film Co/adh.|Cy (Co)sladh./(Co)s
Coladh.|Cys (Co)a Cas Cofadh.|Cas (Co)s




2.2. Static mode I test procedure

Specimen are tested in pure mode I using Double Cantilever Beam tests. Dimensions of DCB specimens are given in Fig. 1.
The pre-crack induced by the PTFE film is propagated up to 30 mm from the specimen border using an electromechanical
tensile machine. The load is then released and the DCB test is carried out. Force, opening and crack length are measured dur-
ing the test. The energy release rate is calculated using Eq. (1) [16].
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where P is the load,  the opening, B the width of the specimen, a the crack length, 4 a corrective term for the crack length, F
and N two corrective terms to take into account the stiffening due to the presence of the end blocks [16].

2.3. Dynamic mode I test rig and procedure

So as to perform dynamic mode I tests, a specific test rig is designed and manufactured. The rig, presented in Fig. 2, con-
sists in fixing the end blocks of the DCB specimen to a fixed frame at one side and a moving frame on the other side. By
impacting the moving frame with a drop weight tower, the specimen is tested in mode I. The fixed frame is made of stainless
steel whereas the moving frame is made of pultruded carbon fibers, to limit its weight. The crack length is monitored using a
Photron FastCam high-speed camera at 30,000 fps. A load cell is placed between the specimen and the fixed frame to measure
the crack propagation load. Finally the displacement of the moving frame is monitored using a unidirectional analogic dis-
placement sensor.

The results are presented in Fig. 3. During a test, the crack propagates discontinuously. A first propagation phase is obser-
vable between 0 and 0.8 ms. The crack propagates at a constant velocity reaching 20-25 m/s. It is represented by the part
(OA) of the graph. A second propagation phase is observable between 1.7 and 2.6 ms (corresponding to the part (BC) of
the graph). The crack then propagates with a speed less than 10 m/s. Only the results obtained in the first propagation zone
(noted [OA] in Fig. 3) are considered. This is the stable phase where the propagation velocity is regular and higher.

Increasing the impact velocity on the moving frame leads to an increasing in the intensity of the vibrations conducted by
the frame and a barely readable signal. Furthermore, the crack propagates for the early displacements of the moving frame,
where the moving frame velocity is not yet in a steady-state. Thus, it is compulsory to find a way to store some energy in the
specimen before the crack propagation.

Using the work of Guo and Sun [13], a 15 mm wide adhesive tape is placed right after the end blocks to hold the specimen
closed before the experiment. Right after the impact, the adhesive tape is stretched up to failure. The energy stored by the
adhesive tape is instantly transmitted to the specimen, whom crack propagates at velocities reaching 100 m s~!. This pro-
cedure has been proved to be very repeatable with variations on the crack propagation velocity of +5% with the same exper-
imental parameters. This procedure also produces very stable crack propagation.

To analyze the results of these experiments, the beam theory presented earlier in Eq. (1) is not relevant anymore. The
simple energy method is used as a first approach. To be coherent between the quasistatic and dynamic fracture toughness
measurements, the results from the quasistatic tests have been analyzed by both the beam theory and the energy method,
and a maximum difference of 7% between the two measurements of G has been found. The beam theory proving to give
more consistent results, it has been chosen to keep this method for the analysis of quasistatic tests.

For each configuration, 12 experiments are carried out at the same moving frame velocity of 4 m s~'. Four specimens are
tested without the adhesive tape, the others being tested with two 2 different lengths of adhesive tapes which allows tuning
the crack propagation velocity. The crack speed obtained for the three configurations are respectively 203 ms™!,
50+5ms 'and 10010 ms .
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Fig. 1. Dimensions of DCB specimens and experimental set-up.
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Fig. 2. Principle of the dynamic mode I test rig (a) before experiment; (b) after experiment.
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Fig. 3. Two regimes of the crack propagation.

2.4. Fractography

For each configuration, the specimens are cut after delamination from 10 mm to 20 mm from the initial pre-crack posi-
tion. We consider that this zone is a stable state crack propagation zone that is representative of the whole specimen.

A gold film is deposited on each side of the delaminated specimen and each side is systematically observed using a Scan-
ning Electron Microscope.

3. Delamination of woven laminates

All the results of this study are normalized by the energy release rate of the Cy//Co configuration.
The average value of G;. measured for this configuration is 728 J/m2.

3.1. Preliminary observations

A microscopic view of the shape of the crack (Fig. 4) illustrates that in woven fabrics, the crack follows the shape of the
tows and can bifurcate on each side of the tow. This phenomenon is found for all the configurations.

Fracture surface for Cy//Cy specimens tested in mode I is given in Fig. 4. The specimen tested in mode I exhibits a clean
fracture surface with fiber/matrix failure [17].

3.2. Influence of the woven fabric ply orientation
Fig. 5 shows the results of the study of the influence of woven fabric plies orientation on the critical energy release rate in

mode I. The error bars give the standard deviation of the experimental results. The variations between the different results of
the same configuration are low enough compared with the variations between the different configurations. The values of the
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Fig. 4. Crack propagation shape and mode I fracture surface for the Cy//Co configuration.
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Fig. 5. Influence of the woven fabric ply orientation.

energy release rates are significantly higher (+10/+20%) for configurations with a woven fabric ply oriented at 45° with the
propagation axis. Scanning Electron Microscope (SEM) pictures of the fracture surfaces of the Cp//Co and Cys//Cys configura-
tions are given in Fig. 6. For the Co//Cy interface a clean fiber/matrix decohesion is observed whereas the C45//Cs5 interface
exhibits a rougher matrix failure surface. Fig. 6a and c reveals the apparition of resin pockets at the warp/weft intersection,
especially for the C4s//Cys interface.

3.3. Influence of the material

Fig. 7 shows the results of the study of the influence of the nature of the fibers on the critical energy release rate in mode I.
The values of the energy release rates are significantly higher (+10/+20%) for interfaces with one or two glass woven fabric
plies compared to the pure carbon fabric interfaces. SEM pictures of the fracture surfaces of the Cy//Co and Go//Go configu-
rations are given in Fig. 7. For the Cy//Cp interface a clean fiber/matrix decohesion is observed, whereas for the Go//Go inter-
face, pieces of matrix remain on the fibers.

3.4. Addition of an adhesive film

Fig. 8 shows the results of the study of the influence of the addition of an adhesive film on the critical energy release rate.
The values of the energy release rates are significantly higher (+30/+50%) for interfaces with an adhesive layer compared
with the same configurations without adhesive layer. SEM pictures of the fracture surfaces of the Co//Co and Co/adh./Cy con-
figurations are given in Fig. 8. Adding an adhesive layer intensifies fiber failure and fiber pull-out. These mechanisms can
contribute to the higher values of energy release rates for these configurations, along with the higher toughness of the adhe-
sive compared to the raw resin.

3.5. Influence of the crack propagation velocity

All the configurations are tested using the specific rig developed at the laboratory.
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Fig. 6. Scanning electron microscope view of the fracture surfaces for different woven fabric ply orientation.
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Fig. 7. Energy release rate and SEM views of the fracture surfaces for carbon and glass woven fabrics.

The influence of the crack propagation speed for the Cy//Co configuration is given in Fig. 9. Each point represents the aver-
age fracture toughness extracted from one experiment. Each error bar represents the standard deviation for each experi-
ment. This result illustrates that the evolution of the fracture toughness for this configuration with the crack speed
ranges within +15% of the quasistatic value and that no tendency can be extracted. The fractographic study shows no differ-
ences in the separated surfaces of the specimen, except a cleaner resin failure (see Fig. 9). The same study on the other
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Fig. 8. Energy release rates and scanning electron microscope view of the fracture surfaces for carbon woven fabric without and with adhesive.
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Fig. 9. Influence of the crack propagation speed on the fracture toughness and fractography for the Cy//Co configuration.

configurations is made and the summary of all the results is presented in Fig. 10. All the results are normalized compared to
the quasistatic average fracture toughness. The error bars represents the minimum and the maximum values of the fracture
toughness for each configuration and each speed. As for the Cy//C, configuration presented earlier, the evolution of the frac-
ture toughness for the dynamic experiments is limited compared to the repeatability of the experiments.
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Fig. 10. Influence of the crack propagation speed on the fracture toughness.

4. Discussion
4.1. Damage mechanisms

The study of all the interfaces brought to light several damage mechanisms leading to delamination in woven laminates.

For each configuration a resin rich side and a clean fiber side are obtained, which is a classical phenomenon in woven
composites [4]. The crack thus propagates mainly through the matrix. The phenomenon is particularly pronounced for
the carbon woven fabric where the weak fiber/matrix cohesion causes the crack to propagate around the fibers, which leave
a clean indent in the resin. Comparatively, the glass woven fabric presents a stronger fiber/matrix cohesion and exhibits a
rougher fracture surface and a higher energy release rate.

For both these composites, the matrix is a 913 epoxy resin and the difference in behavior does not come from the matrix
itself. The nature of the fibers is not enough to explain the differences in the behavior of the two materials with regard to the
fiber/matrix strength. It has notably been shown that fiber surface treatment is an important parameter when considering
delamination [18] and can improve the critical energy release rate by a magnitude of 2 [19]. Fiber coating could partially
explain the differences between the glass and the carbon fabrics delamination toughness.

It has been shown that the addition of an adhesive film enhances the fiber failure and fiber pull-out phenomena and may
even cause fiber bridging, a phenomenon classically minor in woven fabrics composites. In addition, the adhesive provides a
tougher media for the crack to propagate through, which increases the energy release rate.

4.2. Orientation of the plies

Fig. 11 presents an explanation for the mechanisms leading to the crack propagation for the Cy//Cy and the C4s//Cy4s inter-
faces. These mechanisms are derived from the work of Kim and Sham [5] on plain weave woven fabrics.

Due to the waviness of the woven fabric, each warp/weft tows intersection acts like an obstacle for the crack propagation.
For the C,5//C4s interface, the crack front encounters more of these intersections than for the Co//Co interface, as illustrated in
Fig. 11. Moreover, the fibers are considered to provide a guide to the crack propagation [5,8]. For the C45//C45 interface, the
propagation is off the axis of the fibers and more energy is needed to propagate the crack.

G/ G Cos// Cus

1]

Propagation axis

Propagation slowed down
at the warp / weft intersection

S -

=) Propagation along the fibers

Fig. 11. Crack propagation for the Co//Co and the C,5//C45 configurations.



4.3. Influence of the crack propagation speed

It has been shown that for the configurations tested in this study, there was no evidence of the influence of the crack
propagation speed on the value of fracture toughness in mode I, in the velocity range [0-100 m/s]

This result has already been found for the unidirectional composites by the studies cited in the introduction as well as
Tsai et al. [20]. The latter explains that this phenomenon can be explained by the Yang model [21] that links the fracture
toughness, the stress intensity factor as well as the crack propagation speed. This law predicts an exponential increase in
the fracture toughness for crack propagation speed higher than 1000 m/s. There would thus be a critical crack velocity, close
to the speed of sound in the resin and far from the velocities tested in this study, for which the fracture toughness of the
interfaces increase by 3-5 times their quasistatic value [22].

Although this law is hard to verify experimentally due to the complexity to measure a fracture toughness at such a high
crack speed, it can confirm that the results obtained in this study for all the configurations are coherent.

5. Conclusions

In this article, the influence of several parameters (ply orientation, fiber nature and adhesive) on the delamination resis-
tance of woven fabric composites has been studied. Each interface has been tested both in static and dynamic mode I using
the DCB test and a specific rig.

The results have shown that orienting the plies off the axis of the fibers can increase the energy release rate in mode I and
II by 10-20% compared with a 0°//0° configuration. SEM pictures of the delaminated surfaces have shown that for plies ori-
ented at 45°, the crack front comes upon more warp/weft intersections and does not benefit from the guide provided by the
fibers.

The study of interfaces with carbon and glass woven fabrics as well as with an adhesive layer at the interface has revealed
the damage mechanisms leading to the delamination, notably the matrix and fiber/matrix failure, as well as the fiber failure
and fiber pull-out for the composites with the higher energy release rates. The measurement of the dynamic fracture tough-
ness of the different interfaces has shown no noticeable variations at the crack velocities tested. This result is coherent with
previous studies on unidirectional materials. This work present an experimental study in static and dynamic mode I via a rig
specifically designed for dynamic delamination. The several configurations of woven fabrics tested in this study are seldom
treated in the literature and offers a good comprehension of the good behavior of woven fabrics regarding delamination. The
fractographic study realized for each of the interfaces tested have also allowed linking the values of the energy release rate
with the damage mechanisms at the scale of the weaving pattern.
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