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Abstract

This paper presents an experimental study of the effect of mesoscopic buckles defect and shear
deformation of the reinforcement, which result from forming, on the low velocity impact behavior of a
composite laminate. The material studied is a glass/polyester composite with three layers of mat and one
layer of taffeta fabric. To assess the properties induced on the final composite, plates with different
amplitudes of calibrated defects and deformations were manufactured. First, the healthy material, which
serves as a reference, was subjected to three levels of impact energy to observe the evolution of its
behavior and damage mechanisms. Results of the impact tests and observations performed on the
materials with calibrated defects identified a negative effect of buckling on elastic parameters and
revealed greater damage relative to the healthy material. The reinforcement shear had a beneficial effect

on the impact properties of the laminate, which was attributed to the increase in local fiber density.
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1. Introduction

Composite materials with polyester matrix are increasingly used for structures in many industrial
fields such as shipbuilding, aeronautics and the automotive sector due to their high specific
performance/properties and their anisotropy, which can be adapted to the mechanical loadings
undergone. In addition, the rapid growth in forming techniques for composite materials has contributed
significantly to their widespread use. However, the characterization and mastery of the behaviors and
damage processes of these materials, taking into account the effect of the manufacturing processes,

remains a challenge when they are subjected to complex mechanical loadings.

The sensitivity of composite structures to low velocity impacts, which form part of these loadings,
raises many concerns and restricts their scope of application. A structure can be exposed to shocks from
various foreign bodies (of varying size, shape and rigidity) during the production, maintenance or service
phases. These shocks generally cause internal damage that may be not visible on the surface of the
structure, often with dramatic consequences on the mechanical performance of structures in service [1-5].
The three-dimensional nature of the effects of dynamic loading makes it sensitive to a large number of
parameters, related to impact conditions or specific to the laminate, making it difficult to compare the
various data published on the impact resistance of composite materials. Among the external parameters,
the most important are the velocity [1, 6], the mass and the geometry of the impactor, linked by the
incident kinetic energy of the impactor [7-9]. Depending on the combination of these parameters, the
target response will be driven by different physical phenomena, which will cause different types of
damage [7]. The main parameters intrinsic to the material are its geometry [10, 11], the type and content
of the resin [1, 12], the nature of the fiber and interface [1, 12], the reinforcement architecture and the

draping sequence [13-16].

However, to our knowledge, studies in this area do not take into account the effect of forming
processes. In general, the composite materials tested are made under ideal conditions (stratification of
undeformed fabrics and resin injection) without taking into account deformations and/or defects of the
fibrous network. However, the fabric is mechanically loaded (tension, shear, bending, compaction, etc.)
during forming, which can lead to residual deformations as well as the appearance of local defects on the

reinforcement [17-21], especially when the geometry of the part is complex.



forming defects can be divided in two types (Fig. 1): macroscopic defects (at the fabric scale) and
mesoscopic defects (at the yarn scale). Macroscopic defects (wrinkles) have been widely studied in terms
of phenomenology and their effect on the behavior of the final composite. Studies have shown that
wrinkling, which is an out-of-plane phenomenon, is highly dependent on the coupling of
shear/tension/bending/friction behaviors of the reinforcement [17, 22-29]. This defect, appearing at the
reinforcement scale, generates a significant over-thickness that affects the geometrical tolerances and
aesthetics of the final part. Furthermore, studies have shown that all mechanical properties induced on
the final composite drops drastically, reaching up to 40% loss of maximum breaking stress [30-32]. The
presence of wrinkles also leads to stress concentration phenomena that can cause premature damage [31,

33].

Mesoscopic defects appear locally at the yarn scale. Among these defects, we can distinguish yarn
breakage, weave pattern heterogeneity, buckles, yarn waviness, etc. [18, 20, 30, 34, 35]. The behavior
induced by these mesoscopic defects has a significant impact on the service life of the composite [36-41].
However, few studies deal with this aspect even though these mesoscopic defects are among the most
recurrent when forming complex preforms [20, 21, 26, 28, 28, 29, 42]. In addition, when dealing with
multilayer forming, inter-ply friction substantially increases their quantity and extent [21, 40], hence the
importance of understanding the mechanisms involved and characterizing the criticality of these defects

on the behavior of the final composite.

The present study addresses certain aspects of this problem by investigating the effect of buckling, a
mesoscopic defect, and reinforcement shear on the composite impact behavior. Calibrated defects and
shear were generated on glass fabric, taking care to reproduce the amplitudes observed during the
forming of complex composite parts. Glass/polyester composite plates were manufactured by the contact
molding process and then tested. The results and observations were analyzed and compared with those
obtained on a healthy composite material in order to assess the effect of buckles defect and reinforcement

shear on the behavior and damage generated.



2. Material and specimen preparation

2.1 Material

The composite material used in this study is a GFRP from the company Iselman (Bejaia, Algeria,
www.iselman.com). It is mainly intended for the manufacture of marine navigation and fishing equipment.
The same manufacturing process as that used by the company, namely contact molding, was used to
produce composite plates with and without defects.

Three glass fabrics (two mat and one taffeta) manufactured by the Jushi group were used to
manufacture the laminates. The two mats have a real weight of 300g/m?2and 450g/m?2 with short fibers of
3 to 9 cm. The taffeta has the following properties: a weight of 800g/m?2, unbalanced fabric with 2.03
yarns/cm for warps and 1.62 yarns/cm for wefts, yarn width of 4.9mm and 4.24mm respectively for warp
and weft. A thermosetting unsaturated polyester resin (Polylite®440-800 with a suitable Norpol Peroxide

N°1 hardener produced by Reichhold) was used to impregnate the various stacks.

To produce composite plates, a laminate of four layers, used to manufacture hulls and decks for 4.80 m
fishing boats, was adopted. The order of the layers of this laminate is shown on Fig. 2. The impact tests
were carried out on the outside face of the laminate (Fig. 2), which is subject to this type of loading during

navigation.

2.2 Specimen preparation

Plates with calibrated defects were produced in accordance with the stacking arrangement of the
reference laminate. Defects were generated only on the taffeta fabric. To reproduce the buckle defects, a
machine developed in the LaMé laboratory was used. This machine consists of four automated axes that
can be controlled, separately or simultaneously, in load or in displacement. After cutting a square
reinforcement layer of 500 x 500 mm?, the sample is clamped on the machine on both sides of the x-axis
(corresponding to the weft direction) by applying two identical and opposite loads, Fx and Fx’. On one side
of the y-axis, a few warp yarns, in the central area of the sample, are clamped in a jaw (Fig. 3) and a Dy
displacement, at a constant velocity, is applied (direction of the y-axis) while the opposite side remains
free. The stretched warps pull the fibrous network thanks to the cohesion of the reinforcement. This
results in negative displacements on the x-axis (Dx and Dx") which induce opposite shearing of the

reinforcement on either side of the central axis of the sample, but with equal absolute values.



Consequently, the weft yarns are subjected to bending, which generates their out-of-plane buckling in the
central area, thus creating the buckle defect (Fig. 3). After reaching the required amplitude of defects, the
test is stopped and a fixing agent is sprayed on the surface of the sample. The sample with calibrated

defects can then be removed and cut to 350 x 350 mm? for use as a ply in the final composite.

The defects were generated in such a way as to reproduce the amplitudes observed in a feasibility
study of a complex part for nautical applications. Plies were made with shear angles of 10%1°, 20#1° and
30%1° on each of the zones delimiting the buckle band as the amplitude of the defect is proportional to this

shear (Fig. 3).

To produce the specimens, healthy and calibrated laminates with defects and deformation were
produced using the contact molding process and respecting the same order of plies as the reference
material (Fig. 2). The final average thickness of the composite plates obtained was about 3.7*015 mm.
Rectangular specimens for impact tests, measuring 150 mm x 100 mm according to ASTM D 7136 / ASTM
D 7136M-12 [43], were then cut out with a water jet on the plates. The longitudinal direction of these
specimens corresponds to the direction of the warps. Three batches, labelled according to their area of

provenance, were cut out (Fig. 4):

- Batch A: healthy specimens cut on the reference plates without defects.

- Batch AB: specimens cut from the band with the buckle defect.

- Batch AS: specimens cut on the sheared areas of the plates with calibrated defects.

The fiber content of the reference laminate is 40%2 %. For batch AS, an increase in fiber rate, due to the
shear of these areas compared to the reference material is estimated at 6.68%, 2.77% and 0.66%
respectively for the shear angles of 30°, 20° and 10°. Concerning batch AB, the rate remains practically

unchanged due to the low shear rates in this area.

3. Impact tests

The mechanical impact tests were performed using an instrumented drop tower machine, model
Instron Dynatup 9250 HV (Fig. 5). The specimens were centered on a frame and blocked by a plate, with a

clamping system, with a rectangular window of 125 mm x 75 mm. The center of the specimens was



impacted with a hemispherical impactor with a mass of 14 kg and a diameter of 50.8 mm. The tests were
performed with three impact energy levels (10], 20] and 30]), while maintaining the mass of the impactor

constant. Five samples were impacted for each test configuration.

The samples subjected to the impact were visually analyzed and then the height of the profiles of the
damaged areas after impact was measured with an interferometer. This height is the difference between
the maximum height of the profile of the damaged area and the surface of the plate (Fig. 6). It was

measured on the side opposite the impacted surface.

Internal damage was observed under a scanning electron microscope operating in environmental
mode. The device used was a Philips ESEM XL 30. The acceleration voltage of the electrons was 10 to 20

kV.

4. Results and discussion
4.1 Reference material

The reference laminate was tested for low impact energies (low impact velocity) to observe the
evolution of its response as a function of the incident energy. Fig. 7 highlights the variation in the impact
properties according to the three energies used 10], 20J and 30]. Good reproducibility of the results for the

drop weight impact test was observed for the same material.

It was found that the evolution of impact characteristics increased with the impact energy (Fig. 7). The
loading and unloading regions were almost symmetrical (Fig. 7a), suggesting that the contact duration is
almost unchanged. Higher impact velocities induced a larger impact force and therefore a larger
deformation. This indicates that the impact velocity dominates the impact energy but has little effect on

the contact duration, which is governed by the material properties [44, 45].

The rising part of the curves (Fig. 7b) corresponds to the loading phase of the material up to a
maximum value equivalent to the impact energy. The impactor meets the sample and its velocity
decreases until it reaches O0m/s (Fig. 7d). At that time, the impactor has reached its maximum
displacement. Following this, the impactor bounces back and its velocity becomes negative (Fig. 7d),
which generates a decrease in energy corresponding to the unloading phase initiated by the bouncing (Fig.
7b). It can also be seen that after about 14 ms the energy stabilizes, indicating that the impactor has lost

contact with the sample. Some of the energy has been restored in an elastic way. The residual energy then



corresponds to the energy dissipated by the damage of the laminate, represented by the area under the

curves in Fig. 7e which increases proportionally with the impact energy.

The slope of the ascending section of each force-deflection curve (Fig. 7e) represents the impact
bending stiffness of the laminated composites [46, 47]. These curves also show the response of the
material subjected to an impact load, indicating the bouncing of the impactor off the sample surface, which
results in closed curves [48]. Curves of this type return to the origin of the diagram after the descending
section of the maximum load (Fig. 7e). In addition, all the samples have a very similar initial response

before the maximum load is reached.

The beginning of damage in the material is associated with a change in the initial slope and the
presence of an incipient break point on the force-deflection curves [49]. This damage is shown in the
curves of the specimens subjected to 20] and 30] where a load drop occurs followed by an increase (Fig.
7e). The non-linearity in these curves at energies of 20J and 30] clearly indicates an increase in stiffness
that may be associated with strain-rate and laminate thickness effects on impact [44, 50]. Chen et al.
showed that the contact stiffness for relatively thin laminates does not remain constant but increases as
the impact force increases and the amplitude of the variation is dominated by the difference in deflection

between the contact center and the support boundary [50].

Table 1 provides a summary of the average measurements (load, energy absorbed, displacement, area
damaged...) during impact tests for the three energy levels of the reference material. The percentage given
in brackets after the heights of the damaged profile (Table 1) represents the size of each height in relation
to the initial thickness of the specimen. We note that the maximum load, maximum deflection, absorbed
energy and damaged areas generated after impact evolve linearly with the impact energy for this type of

material (Fig. 8).

Visual analysis of the impacted areas highlights damage of the matrix and delamination areas. In
addition, several fiber breakages appear from the impact energy of 20] (Fig. 9). Damaged areas increase
linearly with impact energy (Fig. 8); their extent is greater in the weft direction. This is due to the
presence of gaps between the wefts (and thus resin-rich regions) and the boundary conditions applied in
their direction (clamping system with a rectangular window) which promotes the propagation of

delamination. In contrast, the impacted face has no visible macro-cracks on the surface.



The results of the visual analysis were confirmed by the SEM observations, showing that the size of the
damaged areas increases proportionally to the impact energy (Fig.10). This damage is present on the faces
opposite to the impact. The faces show fiber breakage and multiple cracks and fragmentation of the matrix
combined with fiber/matrix debonding. These damage mechanisms are those classically found during an

impact on composites.

4.2 Comparison between healthy materials and materials with calibrated defects and shear

After characterizing the behavior of the healthy composite, impact tests were conducted to
characterize the properties induced by the calibrated buckling (AB samples) as well as the shear
deformation (AS samples) of the reinforcement. This effect was characterized at 3 amplitude levels
corresponding to shears of 10 °, 20 ° and 30 °. The comparison was done at impact conditions of 20J, as

this generates different damage, as was seen previously.

Fig. 11 presents the impact behavior of samples with calibrated defects and shear obtained for the 30°
configuration (AB30° and AS30°) compared to those of the healthy material (A). Despite almost
symmetrical behavior, there is a variation in the maximum load (Fig. 11a): the maximum load of the
specimens with shear reinforcement (AS) is slightly higher than that measured for the reference laminate
(A), which is attributed to the increase in the stiffness of the laminate. This is confirmed by the increase in
the upward slope of the load-deflection curves, representing the impact bending stiffness of the laminated

composites (Fig. 11e).

This increase in stiffness is attributed to the effect of reinforcement shear which induces an increase in
fiber content (by 6.68% in this case) associated with the contribution of transverse yarns to mechanical
behavior in the longitudinal direction of the material. For healthy specimens (batch A), only the yarns in
the longitudinal direction contribute to the stiffness of the material in this direction, while for specimens
in batch AS, the transverse yarns, being reoriented, provide additional stiffness [39, 40]. This increase in
stiffness also results in a decrease in the maximum deflection undergone by the material (Fig. 11c and
11e). This is the case even if the evolution of the incidence velocity remains substantially unchanged (Fig.

11d).

The trend is reversed for specimens with buckling defects (AB) where a maximum load reduction of

about 5% was measured (Fig. 11a) as well as a decrease in stiffness (Fig. 11e). This indicates that the



effect of buckling is not negligible on the mechanical impact behavior of the composite as is also the case
for fatigue behavior [39, 40]. This decrease in stiffness results in a more pronounced deflection for

laminates with buckles (Fig. 11c).

This effect is attributed to the nature of the defect, which consists of a local disorganization of the
fibrous network, with a reorientation of the fibers following the out-of-plane buckling of the yarns. In
addition, this reorganization creates a local fiber impoverishment that favors resin-rich areas (Fig. 3) at
the point of impact and along the centerline of the sample. All these phenomena lead to a decrease in the
material's mechanical performance because the taffeta, with defects, is subjected to a tensile load as it is

located on the lower part opposite the impacted side (Fig. 2).

In addition, this drop in performance is associated, by the nature of the defect, with a greater
predisposition to damage leading to higher absorbed energy for the laminate with defects than for the

healthy material (Fig. 11b).

Table 2 presents a summary of the average measurements (load, absorbed energy, displacement,
damaged area) during the impact tests performed on the AS and AB material batches, with different defect
and shear amplitudes. As a reminder, the amplitude of the buckling was controlled by shearing the

reinforcement.

These results illustrate an evolution of all the mechanical parameters as a function of the amplitude of
the buckling for AB specimens and of the shear rate for the AS batch (Table 1), in relation to the healthy

material.

Thus, the maximum impact load of the AB specimens decreases proportionally to the amplitude of the
defect due to the loss of bending stiffness generated by buckling (Fig. 12). This decrease is quasi-linear up
to a defect amplitude corresponding to a shear angle of 20° where a change in the slope of the load
evolution is observed (Fig. 12). This buckling amplitude (at 20°) can therefore be considered as a

threshold for the sizing of composite parts.

The reduction in the maximum load caused by a disorientation of the fibrous network associated with

the presence of resin-rich areas causes an increase in the absorbed energy following the damage of the



composite (Fig. 13). An over-thickness of the specimen (an excess of resin during molding) can also affect

the amount of energy absorbed.

For specimens with calibrated shear (AS batch), the trend is inverted. The maximum load increases
while the dissipated energy decreases as a function of the reinforcement shear, compared to the healthy
material. As explained above, this is due to the increase in the local fiber content of the material as well as

the stiffness contribution of the transverse yarns in the longitudinal direction.

During the impact tests, the energy is dissipated in the form of damage that manifests itself in all three
material directions [51, 52]. The damage is therefore proportional to the rates of dissipated energy. Visual
analysis of the impacted areas of the specimens highlights matrix breakage and delamination areas, as
well as fiber breakage (Fig. 14). The shapes of the damaged areas of batches AB and AS are different from
those of healthy specimens. Delamination follows the direction of the yarns and leads to less circular
shapes. The extent of the damaged area is greater along the loop band for samples with defects (AB), and
along the weft yarns for sheared samples (AS batch). The impacted face has no visible macro-cracks on the

surface except a circular indentation caused by the hemispherical head of the impactor.

The extent of these damaged areas for batches AB and AS is smaller than that of the healthy material.
In the 10 ° configuration of batch AB, there is a 27% decrease in the damaged area compared to the
healthy material, while the dissipated energy has increased (Table 2 and Fig. 15). This is because buckling

predisposes the material to damage in the thickness.

This is evidenced by the fact that the height of the damaged profile, on the side opposite to the impact,
for batch AB at 10° represents 51% of the total thickness of the sample against only 35% for the healthy
material impacted at 20] (Table 1). We attribute this to the presence of resin-rich areas, which are easily
damaged, combined with the out-of-plane buckling of the yarns, which favors the propagation of an out-

of-plane damage mode to the detriment of in-plane damage of the material.

This fact was verified with the help of the SEM observations, which were made in the thickness of the
samples along two cutting planes (longitudinal and transverse) passing through the center of the buckled
regions. These observations showed the presence of significant damage, located on the opposite side, with
numerous fiber breakages, multiple cracks and fragmentation of the matrix, combined with a fiber/matrix

debonding (Fig. 16). These fractographies also highlighted the presence of resin-rich areas whose extent



increases with the amplitude of the buckling. Note that the damage increased proportionally with the
defect amplitude (Fig. 16) until the height of the damaged profile reached up to 88% of the material

thickness for the 30° configuration (Table 2).

In the case of samples with sheared reinforcement, there is also a decrease in the damaged area (29%
reduction compared to healthy material) and a slight increase in the height of the damaged profile (40%
against 35% for healthy material) (Table 1 and Table 2). The deformation of the reinforcement was
beneficial to the strength of the material by reducing damage in the plane of the material, which led to a

slight increase in out-of-plane damage.

This can be explained by the increase in the local fiber rate due to shear deformations. The shear of
interlaced yarns generates several lateral fiber contacts, resulting in nodes at crossover points that induce
stress concentrations, which limits the growth of delamination. Therefore, the shear deformations
contribute to slowing down the damage propagation in the transverse direction. This phenomenon is
confirmed by the relative position of the taffeta reinforcement compared to the laminate. It can be seen on
the fractographies that the taffeta has practically not been deformed in the out of plane dimension (Fig.
17) unlike the AB specimens where a disorganization of the meso-architecture is observed (Fig. 16). The
same damage mechanisms as before were observed for the sheared specimens (AS) but with a higher
fiber/matrix debonding compared to materials A and AB (Fig. 17). The damage increases proportionally

with the amplitude of the shear angle.

5. Conclusions

Forming processes induce residual deformations on the reinforcement and sometimes lead to
mesoscopic defects, which are more recurrent than macroscopic defects during the manufacture of
complex structural parts. This work contributes to the study of the effect of these defects and

deformations, through the example of buckling, as well as shear deformations on the low velocity impacts.

The results of the impact tests showed that buckling has a negative effect on the elastic parameters of
the material. This effect is the consequence of a local fiber impoverishment and a disorganization of the
fibrous network, with a reorientation of the fibers following the out-of-plane buckling of the yarns, in the

area where the defects are located. The loss of mechanical performance increases with the amplitude of



the defect. It was noted that the amplitude of the defect proportional to a 20° shear of the lateral zones

could be considered as a critical point beyond which the loss of stiffness follows a more pronounced trend.

For the material with calibrated shear of the reinforcement, the significant contribution to stiffness of
the transverse yarns and the increased local fiber rate due to the shear deformations led to an increase in

mechanical properties.

The SEM observations made on the impacted specimens highlighted significant damage in the out-of-
plane mode, both in the case of specimens with buckles and those with shear, relative to the healthy
material where in-plane damage predominates. The damage is proportional to the amplitude of the
defects and the shear, and leads to less circular damaged areas because of their propagation along the

fibrous network that has been disorganized.
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Fig. 1. Shaping defects: Macroscopic (wrinkles) and Mesoscopic

Inside face

Mat 300
l+—Taffeta 800
Gl Mat 450
"""" le—NMat 300
Qutside face

Fig. 2. Order of the reference laminate layers.
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Fig. 4. Cutting area and schematization of specimens: a) healthy,

b) with buckles defect and c) sheared.



Fig. 5. Instrumented dropping weight impact tower.
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Fig. 6. Image of a damaged profile obtained with the interferometer.
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Fig. 7. Evolution of load vs. time (a), energy vs. time (b), deflection vs. time (c), velocity vs. Time (d),

load vs. deflection (e) for the three levels of impact energy.



1
[xJ
L

8000 4 —g=Maxload
—~ 7000 -| =@=Damaged area
E 6000 - —W—Absorbed energy - 20 ,_:E
- — . E
= § 5000 - =de=Max deflection . E :
< 5 =
3 g 4000 - E 8
l' o
q —
% 3000 - 10 § .2
: %%
g 2000 -+ a 'f:
il - 5
T . ——
1000
0 . : | 0
0 10 20 30 40

Impact energy (J)

Fig. 8. Evolution of impact characteristics as a function of the impact energy of batch A

Fig. 9. Evolution of impact damages as a function of the impact energy for batch A.



Fig.10. SEM observation of healthy specimens as a function of impact energy.
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Fig. 11. Comparison of healthy material behavior/with defect/with shear: load vs. time (a), energy vs.
time (b), deflection vs. time (c), velocity vs. Time (d), load vs. deflection (e).
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Fig. 14. Evolution of impact damage area as a function of the shear angle of specimens with calibrated

defects.
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Fig. 15. Evolution of the damaged area of healthy / with defects / sheared laminates as a function of the shear

angle.
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Fig. 16. SEM observation of specimens with buckles defect (AB).



Fig. 17. SEM observation of sheared specimens (AS).



Table 1

Average impact characteristics of reference material (Batch A).

Impact Impact Maximum  Absorbed Maximum Damaged profile Damaged

energy velocity load energy deflection height area

Eimp (D Vimp (m/s) Frnax (N) Eabs (D f max (mm) (mm) (mmz)

10] 1.18 3664+29 6.76+0,09 578+0,11 0.77 (21%) 670 + 38

20J 1.68 5657 £ 93 (1)4132 * 7.81+£0,13 1.27 (35%) 1037 £53

23.05

30] 2.05 7265 + 84 038 9.48+0,10 1.97 (53%) 1264 + 25

Table 2

Average impact characteristics of laminates with calibrated defect and shear.

Batches  Fun(N)  Eus() foo () Pamagedprofile - Damaged area
AB 10° 5625+ 104 14.50 £ 0.40 8.11+0.23 1.92 (51%) 759 £ 36

AB 20° 5577 £57 14.44 +0.14 8.04 +0.23 2.59 (67%) 908 + 44

AB 30° 5386 £ 99 14.78 £ 0.25 7.97 £0.19 3.13 (88%) 1070 = 64

AS 10° 5668 £+ 69 14.08 +0.18 8.08 £ 0.28 1.58 (40%) 739 £33

AS 20° 5666 + 32 14.28 +0.27 8.25+0.26 1.90 (50%) 83115

AS 30° 5712 +50 14.17 £+ 0.18 7.75+0.23 2.04 (52%) 1033 + 96




