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Low velocity response of simple geometry
pultruded glass/polyester composite

M. WISHEART, M. O. W. RICHARDSON*
Institute of Polymer Technology and Materials Engineering, Loughborough University,
Loughborough, Leicestershire LE11 3TU, UK

This paper describes an investigation into the low velocity impact response of relatively
simple geometry coupons taken from a pultruded glass/polyester product. The pultruded
lay-up is a typical three ply design — a unidirectional fibre ply sandwiched between two
continuous filament mat plies. By employing a simple geometry the impact response under
transverse and longitudinal bending, and shear loading are considered. Impact tests from
low energy through to final failure were conducted using the instrumented falling weight
impact test technique. Through a detailed analysis involving ultrasonic C-scan, optical
microscopy, and thermal deply all the major damage modes (delamination, fibre breakage
and matrix cracking) were related to the force-deflection responses. © 1999 Kluwer
Academic Publishers

1. Introduction of delamination and transverse cracks, whilst at higher
Composite laminates are particularly susceptible to imenergies surface damage and fibre fracture were ob-
pactdamage and dramatic strength reductions can occaerved. Further impact tests on thick glass/polyester
even in the presence of barely visible impact dam-lat panels were carried out by Zhou and Davies [14].
age [1-6]. In the literature there is a great deal of infor-They described a three stage sequential damage model,
mation regarding the impact, response of compositewith the first stage being elastic response to the initial
and much work has been performed over a wide rangdamage threshold. The second stage was dominated by
of velocities. Transverse impact resistance is particubending with reduced stiffness due to delamination, and
larly low due to the lack of through-thickness, rein- the final stage was initiated by “shear-out” of the top
forcement with interlaminar stresses — shear and terplies causing extensive delamination.
sion — often the stresses which cause first failure due Pultrusions generally involve a mixture of randomly
to the correspondingly low interlaminar strengths [7].oriented fibre layers (i.e. continuous filament mats
As a result, design failure strains of 0.5% are used t¢CFM)) and unidirectional fibre (UD) layers. Whereas
guard against impact failure, resulting in the excellentmost of the work reported was performed on laminates
in-plane strength and stiffness properties of compositesonsisting of unidirectional plies with varying fibre ori-
not being fully utilised. Understanding complex and entation. Detailed impact response and damage modes
varied impact damage modes, including matrix crack-of pultruded composites have not been reported pre-
ing, delamination and fibre breakage, and interactiongiously in the literature, therefore the impact test pro-
between the three, remains an area of high researdramme was designed so that all the major damage
interest [8, 9]. The understanding of strain-rate effectanodes were induced. By testing over the energy range
for this system under impact loading is described elsefrom elastic impact to final failure, damage mode initi-
where [10, 11]. ation, propagation, and interactions were related to the
The majority of impact testing reported in the liter- impact response, thus enabling the impact behaviour
ature has been on carbon/epoxy systems as these arkthe typical CFM/UD/CFM pultruded lay-up to be
the most common systems in the aerospace sector. Licharacterised.
tle work has been reported on either glass/polyester
systems and less on pultruded composites. Svenson
etal.[12] performed line impact tests on glass/polyester2. Methodology
and glass/vinylester pultrusions in their investigation2.1. Impact testing
into the application of pultruded composites as roadsidd he tests were performed using the instrumented falling
safety structures, however only global failure modesweight impact (IFWI) technique, which has been em-
were reported in a three-point bend test configurationployed by many authors [15-20] to test composite ma-
Habib [13] performed tests on thick glass/polyester flaterials. A Rosand Precision Impact Test Machine IFW5
panels and reported low energy damage in the formwas employed, with a variable mass and geometry
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Figure 1 Simplified diagram of the pultruded section.

impactor and a second-strike prevention facility forstructure is examined. The coupons were designed and
sub-penetration energy impacts (i.e. when the impactosupported so as to respond in a different primary re-
bounces on the specimen). An optical sensor was ensponse mode: shear, transverse bending, and longitudi-
ployed to measure the impact velocity and to triggemal bending. By reducing the geometrical complexity
data capture. Filtering was not performed on these reto a minimum, the material behaviour in each response
sults as the unfiltered signal was relatively clear andnode dominated thus enabling a clearer understand-
over filtering can remove significant peaks and reducesg of the material. The three different coupons, named
the peak values recorded [16 —18]. The impactor masthe shear coupon, longitudinal and transverse coupon
(10.8 kg) was constant throughout the tests and the imwere all taken from the 3.4 mm thick outer-skin of
pact energy altered by varying the impactor velocitythe pultruded composite section as shown in Fig. 1.
(by altering the drop height) from very low energies up The primary material components of the section were
to final failure. At each energy approximately five testsE-glass fibres and isophthalic polyester resin. The outer
were performed, each with a 10 mm diameter hemiskins consist of unidirectional fibres sandwiched be-
spherical tipped impactor. tween continuous filament mats with a polymeric veil
on the outer surface to improve the appearance.

) The geometry of the coupons are shown in Figs 2—4.
2.2. Damage analysis _ _. The shear coupons were clamped between the anvil and
In order to assess all the damage modes, in addl'[IOE|amp as shown in Fig. 5. The clamped supports intro-

to the visual inspection, optical microscopy, and ul-gyced high shear forces, hence the coupon’s name. The
trasonic C-scan performed by Zhou and Davies [14]¢ansyerse coupon responded as if it was a transverse

thermal deply testing was also performed to assess fkoyral test (i.e. the UD fibres were at"9® the ma-
bre breakageOptical microscopy inspection was per- jor plane of bending). These coupons were stiff in the
formed on sections cut from the damaged area to progpgitydinal direction due to the stiffeners and UD fi-
vided quantitative and qualitative information on matrix preg. whilst being relatively compliant in the transverse
cracking and delamination patterns. In order to obtain gjirection because the only fibres in this direction were
three-dimensional map of matrix cracking and delami+nose randomly oriented in the CFM plies. In the lon-
nation, the impacted specimens were cutinto transversgy, dinal coupon the unidirectional fibres were parallel
strips (a similar approach is described by Hong andyith the long edge of the coupon, therefore on central
Liu [21]) with the number of surfaces inspected main-impact, the specimen flexed primarily in the longitudi-

tained at approximately eight. The specimens were Cufyg| direction. The impact site was central for each of
polished with progressively finer grades of silicon car-ihq coupons.

bide, and then a highlighter pen drawn across the pol-

ished surface and the excess ink removed by wiping

with a clean cloth. The remaining ink highlighted the
matrix cracks and delaminations. Every impact speci3: Results

men was subjected to aritrasonic C-scan obtained 3 1- Shear coupon o

via a 2.25 MHz alpha type transmitter employed with The ]‘orce-deflectlon curves clearly |nd|cat_ed a chz_ange
a Wells Krautkramer Flaw Detector USIP 12 system.in Stiffness (at approximately 1.3 kN) during the im-

The specimens chosen tbermal deply analysiswere pact event and this is referred to as the “kr_le(_e” (Fig. 6).
placed in a Eurotherm Muffle Furnace (6@ for ap- The basic shape of the curve was very similar to that

proximately three hours), situated in a standard fumdeported by Zhou and Davies [14] and Jackson and
cupboard, to burn off the resin. The technique was emP0€ [22] with an initial knee followed by a less stiff

ployed to obtain the extent of fibre breakage in the im-"€SPonse up to the peak load. _
pacted specimen. The impactor penetrated for the two highest energy

impacts, with the peak force flattening off at 3.3 kN

(Fig. 7). The error bars on each graph indicate that there
2.3. Test specimen was a good level of repeatability within each set of tests.
A coupon is a simple geometry specimen on which ini-The continuous line plotted in Fig. 7 corresponds to a
tial studies can be performed before a more complexnodified spring-mass model prediction of the elastic
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Figure 3 Transverse coupon geometry and support conditions.
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Figure 4 Longitudinal coupon geometry and support conditions.
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Figure 5 Clamped support conditions for the coupon impact tests.
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Figure 6 Force-deflection curve for the 10.9 J TIE shear coupons.
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Figure 7 Peak force versus TIE for the shear coupon, and modified spring-mass model prediction.

relationship between peak force versus total impact enspecimen on a rebound test. When this is inserted into
ergy (TIE). The graph clearly show that the reductionEquation 1, it becomes

in stiffness due to damage was dramatic, and even at the

lowest energy some damage was induced. The standard Eoo_ \/m @)
spring-mass model gives the following relationship be- max = )

tween peak force and impact energy:
The initial stiffness measured from the force-deflection

graphs was used fdf in the equations.
Fmax = v/(2UoK) (1) Figs 8—-10 summarise the results of the damage anal-
yses. Fig. 8 shows the lower CFM crack length and
where Up =impact energy (J)K =spring stiffness average vertical matrix crack spacing in the UD layer
(N/m). The “term total impact energy” is described versus TIE. For clarity, the error bars are not shown for
in an earlier work by these authors [10,11] andthe matrix crack spacing because the variation was very
equals ¥2muv3 +mgs, (§ = max. central deflection) wide and there was no visible trend in the results (this
which corresponds to the total energy absorbed by theas true for all these coupon configurations). It was
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Figure 8 Lower CFM crack length and UD matrix crack spacing versus for the shear coupon.
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Figure 9 Indentation depth versus peak force for the shear coupon.

concluded that the lowest energy impacts performedate decreased and levelled off at approximately 45 mm,
were still above the onset of matrix cracking and thatdue to the clamped supports (60 mm internal diameter).
over the energy range tested the matrix crack densitfhe onset of lower CFM cracking occurred at 1.3 kN,
did not increase. which coincides with the “knee” on the force-deflection
The lower CFM crack grew longitudinally as the curve.
coupon was less stiff in the transverse direction. The Due to the clamped supports the shear coupon was
rate of lower CFM crack growth (Fig. 8) was constantrelatively stiff and therefore the permanent indentation
up to approximately 25 mm length, but then the growthcould not be ignored as a damage energy absorbing
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Figure 10 Delamination areas versus lower CFM crack length for the shear coupon.

Figure 11 Photograph of upper interface delamination and associated shear/tensile UD matrix cracks of a 1.02 J TIE shear coupon.

mode. Fig. 9 illustrates that permanent deformation obut as the optical microscopy results gave both an upper
theimpacted surface initially occurred at approximatelyand lower interface area/pattern as compared to the plan
1.5 kN, from which point the indentation deepened,view of the damage by C-scan, only the former are
as the peak force increased. The jump in indentatioincluded in this paper. The delamination of the upper
depth above 2.4 kN corresponded to the first sign ofnterface occurred at the lowest energy tested which
shear cracking on the upper CFM surface directly undegenerated a peak force of 1.3 kN and was therefore
the edge of the impactor (confirmed by thermal deplyanother damage mode contributing to the “knee”. Shear
analysis which identified CFM fibre breakage under thecracks and/or vertical tensile cracks in the UD ply were
impactor for these coupons). The large error bar for th@lmost always found at the edges of the upper interface
final point indicates that the penetration threshold waslelamination (Fig. 11).
being approached. The initial indentation was observed The upper interface delamination grew longitudi-
as stress-whitening (matrix cracking and surface micronally (Fig. 12) spreading to a width of approximately
buckling) as described by Zhou and Davies [14] whol0 mm corresponding to the impactor diameter and the
also observed ply “shear-out” which corresponds to thégenerator strip” referred to by Malverat al. [23].
shear cracking of the impacted ply. From their impact tests on cross-ply glass/epoxy with a
Delamination areas calculated from optical micros-blunt ended impactor, they reported a delamination, of
copy (Fig. 10) and C-scan were favourably comparedwidth corresponding to the impactor diameter, bounded
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delamination (Fig. 14). Fig. 10 suggests that above a
% lower CFM crack length of 25 mm, the rate of upper

UE Bhrediveatian interface delamination increased, due to this effect.
Two separate forms of lower interface delamination
L— lower interface delamination were observed which merged at higher energies. Firstly,

. o shear induced lower interface delaminatiorinitiated
— o upper i/f delamination under  from the 45 UD shear cracks dropping down from
4 the upper interface delamination as shown in Figs 13a

— upper interface delamination and 14. This type of delamination formed outside the
wael upper interface delamination (Fig. 12). Upa J TIE all

H SPHER the observed lower interface delamination was induced
1 10mm by this mechanism. Secondlyending induced lower

interface delamination originated under the impactor
Figure 12 Upper and lower interface delamination patterns in the sheardue to_the lower CFM prac_:k (Fig. 13b). AS_thiS form of
coupon. lower interface delamination developed, it grew as an
oval with its long axis in the UD fibre direction as illus-
trated in Fig. 12. A& 4 J TIE the bending induced lower
by two through thickness shear cracks. The “generatointerface delamination was first observed by optical mi-
strip” lengthened parallel to the fibres as result of thecroscopy, and was seen to follow the lower CFM crack.
upper layer being forced through the laminate by theThe lower CFM crack formed due to transverse bend-
impactor. ing, and the delamination due to longitudinal bending
The growth in delamination corresponds to the softeias both occur under the circular support conditions. At
section of the force-displacement graph (Fig. 6) abovea lower CFM crack length of 25 mm lower interface
the “knee”, correlating well with the findings of Zhou delamination growth increased rapidly in parallel with
and Davies [14]. Upper interface delamination was inthe upper interface delamination (Fig. 10).
general not found directly under the impactor due tothe As the TIE increased, the number of shear cracks in
high compressive normal forces generated, but mucthe UD layer under the impactor increased. When al-
shear cracking in the UD layer was present due to thdied to the crushing caused by the compressive forces
high contact forces. this resulted in considerable UD fibre-matrix debond.
The upper interface delamination was initiated by theAs the support from the UD layer reduced, the up-
high shear stresses induced by the clamped supponger CFM layer collapsed under the impactor leading
and by a transverse UD matrix crack (Fig. 13a). Theto complete penetration. The area of UD fibre-matrix
growth was relatively linear with both TIE and peak debond increased up to penetration by spreading away
force but less so with lower CFM crack length (Fig. 10). from the impact site under the upper interface delamina-
The lower CFM crack assisted delamination growthtion, and was therefore a large mode of damage energy
because it propagated through to the UD layer in thebsorption at high TIE. In the penetrated specimens,
form of a longitudinal UD matrix crack, increasing the the UD fibre breakage extended to a width correspond-
Mode | energy available for opening the upper interfaceng approximately to the diameter of the impactor.

. L lower CFM crack
upper interface delamination

shear crack / /
/ /
A

\ I

tensile crack shear induced bending induced
(a) (b)

Figure 13 Types of delamination in the shear coupon.

1.27mm

Figure 14 Photograph of lower interface delamination induced by db shear cracks in the 14 J TIE shear coupon.
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Figure 15 Photograph of fibre breakage under the impactor in the upper CFM layee 8abVIE for the shear coupon from thermal deply exercise.
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Figure 16 Force-deflection curve for the 6.4 J TIE transverse coupons

(Figure 4.8).
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3.2. Transverse coupon

It is clear from Fig. 16 showing a typical force-
deflection curve at 6.4 J TIE, that the vibration response
on top of the curve was quite prominent making it dif-
ficult to interpret damage initiation directly. In contrast
to the shear coupon, the majority of damage occurred
at peak force when there was a large load drop, there-
fore the damage can be termed unstable. This coupon
was less stiff than the shear coupon due to the geom-
etry and supports, and because there was no UD fi-
bres in the major plane of bending. The peak forces
generated were therefore much lower than reported
above.

Fig. 17 displays good correlation between the ex-
perimental results and the peak force predicted by the
modified spring-mass model for the first three points.
Athigher energies the curve deviated from an elastic re-

Only a very small amount of fibre breakage in the UD sponse and final failure occurred in the form of “creas-
layer was found in unpenetrated coupons, where it wasg” and not penetration for the two highest energy
limited to the lower tensile surface of the UD layer (seetests in this series. “Creasing” occurred when the lower

Fig. 15).
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Figure 17 Peak force versus TIE for the transverse coupon, and modified spring-mass model prediction.
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Figure 18 Lower CFM crack length versus TIE (a) and delamination area versus lower CFM crack length (b) for the transverse coupon.

| 16.3mm |

Figure 19 C-scan plot fron a 8 J TIEtransverse coupon (the attenuation along the edges are due to the tapers/webs and not damage).

which then folded along the crack because only the Fig. 18b indicates the linear relationship between
upper CFM had any remaining strength. lower CFM crack length and upper interface delami-
Due to the simple supports and there being only onenation area, except for the final point where the CFM
plane of bending, the damage analysis was less contrack had reached the edge of the specimen. This re-
plex than in the previous section. The damage respondationship arises because the CFM crack propagates
was dominated by the lower CFM crack and associatedtraight through the UD layer and as the crack reaches
upper interface delamination and the damage analysihe upper interface, it is redirected into a delamination.
very clearly explained the impact test data. Fig. 18dJpper interface delamination was initiated as soon as a
shows the lower CFM crack length versus TIE and il-lower CFM crack occurred and it was these two forms
lustrates that the crack was initiated between 4.5 andf damage which caused the flattening of the peak force
5.5 J. The graph also illustrates that once lower CFMcurve in Fig. 17. The delamination extended along the
cracking began, growth was rapid (and therefore lestength of the crack but remained thin as illustrated by
stable and less repeatable hence the jumps in the curvije C-scan in Fig. 19.
corresponding to the unstable nature of the load dropin Specimens from the two highest energy sets of tests
Fig. 16. At the highest crack length the specimen widthwere tested for fibre breakage using the thermal deply
limited crack growth. technigue and no fibre failure was found in the UD layer
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Figure 20 Peak force versus TIE for the longitudinal coupon, and modified spring-mass model predictions, in comparison with the shear and transverse

coupon experimental results versus TIE.

or upper CFM layer. This is because upper CFM dam- bottom surface of longitudinal coupon (oo vi oo
age directly under the impactor is governed by the peak /

force, which in this case was quite low, an_d certair_ﬂy \ lower CFM crack
below the 1.5 kN force at which permanent indentation
was first observed for the shear coupon tests. Through S B
out the energy range there was no shear cracking ir'®1in® ? 4 taper-line crack
the UD layer, which was due to the simple supports ——‘ — =
inducing bending rather than shear forces.

taper\ taper crack

3.3. Longitudinal coupon

The force-deflection response for this coupon was very
similar to the transverse coupon with damage occurFigure 21 Cracking on the lower surface of the longitudinal coupon.
ring at peak force in the same way as the transverse

coupon but with a stiffer response. Fig. 20, containing

all three coupon configuration test results, shows thal he lower CFM crack was initiated at approximately 5 J
the peak force rose in agreement with the predicted@nd grew quite linearly with TIE, which corresponds to
elastic response curve to approximately 5 J and thethe reduction in stiffness response from 5 J in Fig. 20.
the gradient gradually reduced up to 21 J, above whicf he taper crack and taper-line crack were initiated be-
the peak force flattened off at 2.0 kN. Final failure oc-tween the 16 and 21 J TIE sets of tests. It is these forms
curredin a “creasing” mode for the two highest energief cracking and associated delamination which were a
tested, as a consequence of the lower CFM crack exXprime cause of the reduction in stiffness response above
tending across the width of the specimen. 21J.

The various forms of lower surface cracking in Fig. 22ashows the delamination areas plotted against
Fig. 21 were the first signs of visible damage and werel IE, with rapid delamination growth above 27J TIE,
complex due to the tapers on the lower surface: which corresponds to the flattening off in the peak force

above this energy.
Lower CFM cracktransverse tensile crackformed The most significant forms of delamination were

under the impactor. at the lower interface (delamination — lower (cen-
Taper cracka transverse tensile crack through thetral)) and along the interface between lower CFM
wrap-around ply forming the taper. and wrap-around ply (delamination — lower (side)).

Taper-line crack a longitudinal tensile crack The delamination — lower (side) could also be con-
caused by the ply-drop-off at the end of the wrap-sidered to be a “debond” of the web from the skin.
around ply, running along the taper-line. The lower CFM crack initiated the lower interface
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Figure 22 Delamination areas versus TIE (a) and lower interface delamination (central) versus lower CFM crack length for the longitudinal coupon

(b).

Figure 23 Photograph of lower interface delamination initiated by a lower CFM crack and UD fibre failure in a 44 J TIE longitudinal coupon.

delamination — (central) because when the cracKace. The interactions in the higher energy tests could
reached the lower interface it was redirected by thenot be described sufficiently due to their complexity.
longitudinal fibres in the UD layer into a delamina- However, the initial onset of central lower CFM crack-
tion (Fig. 23). Fig. 22b shows the relationship betweering and associated delamination was clearly identified
the lower CFM crack and lower interface delamina-and correlated with the change in stiffness response in
tion (central) and suggests an initiation crack lengthFig. 20.
of 10 mm above which delamination growth increased
rapidly. Fig. 22a indicates that there was some upperin-
terface delamination but this remained very small, andt. Conclusions
was due to the high shear stresses local to the impactofhe coupon tests have thus provided a great deal
as this form of delamination was only found adjacentof information regarding the behaviour of the basic
to the impact site. pultruded composite in shear, and transverse and lon-
Under the impactor, upper CFM damage consistedjitudinal bending:
initially of permanent indentation and then shear crack-
ing. An indentation was just visible 8 J TIE (1.3 kN — 1. Lower CFM cracking was critical as it directly
as compared to 1.5 kN for the shear tests) and increasexitiated lower interface delamination under longitu-
to approximately 0.15 mm before shear cracking ocdinal bending and indirectly initiated, via transverse
curred at 32 J (2 kN). “Creasing” failure occurred be-UD matrix cracking, upper interface delamination un-
fore the shear cracks had passed through the upper CFdier transverse bending. Under shear loading upper in-
layer. terface delamination was induced by high shear forces
Considerable UD fibre breakage occurred before fiand a transverse UD matrix crack prior to promotion
nal failure. As the lower surface CFM crack grew, thevia a lower CFM crack. Thus for this lay-up the lower
stresses in the UD layer increased dramatically es€FM crack can be likened to the critical matrix crack
pecially in the lowermost fibres, producing UD fibre referred to by Chang and co-workers [24] which initi-
breakage prior to final failure (Fig. 23). ated delamination in 0/90 laminates.
There were a large number of damage modes for this 2. UD shear cracking also occurred, which un-
impact configuration, due to the tapers on the lower surder shear loading only initiated lower interface
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delamination. Shear cracks in the UD layer initiated 5.
lower interface delamination, as reported by Joshi and
Sun [25] for 0/90 lay-ups. Thus, delamination only oc- &
curred in the presence of an initiating crack as was first,
reported by Takeda [26].

3. Transverse UD matrix cracking occurred at energy
levels below that tested, whilst only limited UD fibre 9.
breakage was observed prior to final failure. 10

4. When very high contact forces were induced (e.g:
in the shear coupon), and the indentation under the im-
pactor reached a critical level, the upper CFM cracked
through. This form of upper CFM failure was labelled 11.
ply “shear-out” by Zhou and Davies [14] in their impact
work on thick glass/polyester laminates. For the sheay,
coupon at high energy levels UD shear cracking was so
dense under the impactor that considerable fibre-matrixs.
debond occurred in the UD layer.

8.

14.

Prior to this research, the literature contained no de;g
tailed impact response and damage analysis regarding
a pultruded lay-up. This work has reported in detail the

low velocity impact damage modes and interactions!é.
for a typical pultruded lay-up — one unidirectional fibre
(UD) layer sandwiched between two continuous fila-
ment mats (CFM). From each of the coupon tests the
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