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Abstract

This paper presents an experimental and numetigdy ®f impact response, damage and tension after
impact of thin ply HTS45/RTM6 carbon/epoxy lamirgtenanufactured via resin transfer moulding.
A plain weave from carbon fibre spread-tow bands used in a quasi-isotropic layup. Finite element
simulations were performed using layered shell el@siaccounting for in-plane damage mechanics,
with cohesive surfaces between a few layers ofl slements to account for delamination. The
damage was found to include a combination of fileenage and delaminations, in contrast to a
previous study on similar cross-ply laminates, wehdire damage dominated. The rate of decrease in
tensile strength after impact was similar to prgdeaninates with conventional ply thickness, bt th
impacted strength was slightly higher due to a déighhdamaged strength for thin ply laminates.

1. Introduction

Matrix cracking in multidirectional laminates ocsusy constrained crack growth along the fibres. By
reducing the ply thickness the crack growth casuggpressed or delayed. Hence, thin ply composites
offer higher strains to first ply failure and highdtimate strength. This capability is attractigigat
interest from the aircraft industry, and has beemahstrated in a number of studies, e.g. [1, 2]. A
potential concern is, however, that a smaller irgebetween first ply failure and ultimate failure
might cause increased notch sensitivity and reddeathge tolerance, e.g. after impact.

Textile preforms impregnated with resin, e.g. bsimdransfer moulding (RTM), offer increased speed
in production compared to traditional manufacturghwrepreg and autoclaving. Furthermore the
problems with storage and limited shelf life can éeninated. A drawback is, however, reduced
mechanical properties due to the crimp of fibrdge Trimp may be reduced by thinner plies.

Laminates made by impregnation of thin ply weaeeg, TeXtreme, made from spread tow bands

combine the advantages in cost and manufacturiegdspf textiles with the higher mechanical
performance and reduced matrix cracking of thirepliThe performance and viability of the
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TeXtremé' material for aircraft structures has been examinea number of studies, [3, 4]. Impact
resistance and impact damage was studied for TQ@fsT) cross-ply laminates with an epoxy resin,
cured at 80°C [4]. This study indicated that damagdominated by fibre fracture and occurs by
bending failure by “folding” along the major axi$ wectangular plates. An analytical model was
developed to explain the failure mechanism andiprége failure initiation [5], while a finite eleemt

(FE) model based on shell elements with in-plarmaatge mechanics was used to predict the damage
growth [4].

The current paper presents an experimental and watigmal study of the impact damage tolerance
of quasi-isotropic 80 and 160 gsm TeXtrenteminates impregnated by RTM6 and cured at 1888C,
used in the aircraft industry. Tension after imp@ail) is studied as it may be significantly reddce
by fibre damage. Compression after impact is ngeed in this paper but was studied by the Spanish
partners of the project. A related paper has atsdiexd the load-deflection curve and damage
sequence of identical laminates and boundary dondiunder static loads at the impact point [6].

2. Experiments
2.1. Specimensand material

Specimens were manufactured from TeXtrenpain weave by Oxeon made from unidirectional
(UD) spread tow bands of HTS45 carbon fibres impatgd with RTM6 epoxy resin, with B of
195°C. 80 and 160 gsm (¢fjrweaves were used, corresponding to a ply thickoé®.08 and 0.16
mm, i.e. a band thickness of 0.04 and 0.08 mm. dlates were manufactured by Aernnova using
RTM, with two in-plane injection points at the cenpf the long edges, and one out-of-plane vent
point at the centre of the plate. The injectiorsptee was 1 bar for 1 min and then gradually irseéa
up to a constant pressure of 3 bars. The injed¢gorperature is at mould temperature of 120°C. The
curing consisted of a temperature ramp of 1-3 °@/chiring 90 minutes up to 180°C, at a constant
pressure of 3 bars. The binder was activated gt¢emture 40°C, and in all the preform the bindes wa
activated ply by ply up to obtaining the compacpedform. After manufacture all specimens were
ultrasonically inspected for defects, and someigpats from regions with dry spots were discarded.

All specimens had a quasi-isotropic layup and ainalhthickness of 4.48 mm. The layups were
[(45/-45)/(0/90)] , for the 80 gsm weave and [(45/-45)/(0/90Jpr the 160 gsm weave, where the

numbers within curved brackets correspond to thed®ain a single weave ply. The in-plane
dimensions were 150x100 mm for the specimens useddmage studies, and 320x100 mm for the
specimens to be tested in tension after impact)TAl

The mechanical properties of unidirectional plaieawe (with equal amounts of UD bands in the 0°
and 90° directions) were tested in separate téstdViADE - University of Girona. For the present
modelling all properties were re-calculated byirfgtto equivalent properties of the individual UD
bands, as each weave ply was modelled as a sulaliemiith perpendicular UD layer&cr, Gec,
Geor andGe,c are in-plane toughness values in directions 12aimd tension (T) and compression (C).

Table 1. Mechanical properties of UD bands in 80 gsm TeX#geweave. *= In-situ property, c.f. [4]

E, E,=E; Gy; = Gyg Gy3 V1= V13 Voa
[GPa] 117 10 4 3 0.3 0.45
X X Yi Ye S Sr
[MPa] 2000 1337 275* 146 124* 124*
GclT Gch GcZT GCZC GI C GI Ic
[kJ/mz] 118 26 [5] 0.5 1.188sume 0.5 1.1
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2.2. Impact testing

Drop weight impact tests were performed accordinthe standard ASTM D7136/D7136M-12. The
specimens were placed on a support frame with a7B2%m or 75x75 mm window and impacted
centrally at nominally 20 J (2.8 m/s) or 30 J (814) using a 5.124 kg mass with 8 mm tup radius.
The square window was used for a few specimensvistigate differences in damage when bending
strains were equal in the andy-direction. The specimens were lightly clamped witbber tipped
clamps at the corners of the window, allowing \aftyisimply supported edge conditions.

The impact load was recorded using a Dytran 1203&5o0electric load sensor connected to a Dytran
4102C current source, and the back face defleatian recorded using a MEL M70LL/10 laser
displacement sensor. Furthermore, the impact wglacimediately before impact was measured by
the passage time of a 4 mm diameter steel pin glwvan optical gate, which allowed accurate
calculation of the actual impact energy. All signalere recorded on a PicoScope 4424 four channel
digital oscilloscope, and post-processed usingiadstrd PC.

2.3. Fractography

After impact all specimens were ultrasonically Gssted using a handheld Sonatest Rapid Scan 2
rolling type scanner, to determine size, shapedapth of the delaminations generated by the impact.

Some specimens were sectioned along the lengthidih axes, potted in epoxy with a fluorescent
dye, polished and examined in an optical microscdp®e fluorescent epoxy allowed cracks and
cavities caused by the impact to be clearly dististied from resin rich areas generated during
manufacture. This allowed detailed mapping of matracks and delaminations in specific sections.

Other specimens were placed in a furnace to buay amost of the resin, which allowed separation of

the plies. After deplying every ply was scannedairhigh resolution document scanner and the
observed fibre cracks were manually highlightedigital images. Each ply was scanned on the upper
and lower side to record cracks in both the 0° @®tlbands. This allowed a detailed mapping of the

fibre cracks in all plies of the laminate.

2.4 Tension after impact

After impact and ultrasonic inspection the specisnéor tension after impact (TAIl) were equipped
with 50 mm long tabs and mounted in a Dartec 600tédN machine with hydraulic grips at Lulea
University of Technology. The gripping force wag t® 300 kN, and tests were done at a constant
displacement rate of 2 mm/min. Load and displacémvene recorded at a rate of 10/s.

Strains in undamaged specimens were measured Wilhran extensometer. For impacted specimens
full field 3D measurement of displacements andirssravas performed at 3 frames/s using a GOM
Aramis 2M digital image correlation (DIC) systemtiviAramis software v6.2.0. Displacements were
measured in a region of 44 mm width and 60 mm hieiie applied strain was defined as the average
value in this region, excluding a small centralioegvith singular strains, caused by fibre cracks.

3. Finite dement modelling

The impact analysis was run in ABAQUS using thellompDynamic solver. The TAI simulation was
performed in ABAQUS/Standard (Static Analysis) gsthe damage state at the end of the impact
simulation as an initial condition, imported as atemnial state (Predefined Field/Initial State).

The laminate was modelled with layered continuumlistlements, where each ply in the laminate
was modelled as two perpendicular UD-layers indinections 0°/90° or +45°/-45. Thus the 80 gsm
laminate was modelled with 112 UD layers and th@ @6m with 56 layers. An initial study of a
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checker board layup, where 0° and 90° plies altethfor each weave square, provided virtually
identical results, and hence this more complicafgatoach was abandoned.

The available bilinear damage mechanics law witlsHitds failure criteria for in-plane damage
initiation was used for each layer. Delaminatioregewvinitially excluded from the model and a single
shell element was used for the entire laminate, that predicted damage and response deviated
somewhat from the experiments. For this reasonlaimus were also performed with 3, 5 or 9 shell
elements through the thickness, connected by 2r 8 oohesive surfaces with a linear traction-
separation softening branch allowing for delamuratin peel (mode ) or shear (mode Il or IlIl). In
addition to the linear elastic properties in Tabl@ nonlinear shear behaviour was included in the
model, by fitting a continuous function to experited data, using the method described in [4].

4. Resultsand discussion
4.1. Observed impact response and damage

Due to the relatively large impactor mass the impasponse in these tests is essentially quasi;stat
i.e. the load-deflection history is similar to wheduld be observed for a corresponding static femt.

this reason all results were plotted with load askoface deflection, as recorded in the impacstest
This presentation simplifies evaluation of energnsumed during the impact, and identification of
loads and deflections associated with particuldwra events. Figure 1 gives a comparison between a
typical response at 30 J impacts for laminates @@tand 160 gsm plies. The deflection obtained at
20 J impacts has been included for comparisos.dbvious that the response for 80 gsm and 160 gsm
laminates is relatively similar for impact energigsto about 25 J, but significantly different ajher
energies.
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Figure 1. Typical load-deflection for an 80 and 160 gsm laaé impacted at 30 J.

Delamination zones at 20 J were similar and redticircular for the 80 and 160 gsm laminates, in
agreement with the similar impact response, FigAR30 J the delamination zones were more
different, with a more extended delamination zaorettfie 80 gsm laminate, somewhat similar to what
was previously observed for a cross-ply 100 gsmtiie®e’ laminate with LY556 epoxy resin [4].
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Figure 2. Differences in delaminations in 80 and 160 gsminates impacted at 20 and 30 J.

The extended delamination zone for the 80 gsm laraiat 30 J was linked to extensive fibre along
the major axis of the laminate, Fig. 3 (left), whis assumed to be the cause for the load droprem 4
deflection in Fig. 1. Similar but more pronouncdfitets were observed for the 100 gsm laminate in
[4]. In contrast the fibre damage zone in the 16 ¢gaminate was localized to a small central region
in agreement with previous observations for qussiropic pregreg laminates with conventional ply
thickness, [7]. The distribution of fibre crack tghs through the thickness was mapped for each ply
after deplying, and is presented in Fig. 3 (riglit)is noted that the damage width is uniform, or
increases towards the back face, which is typmafdilure by membrane stresses. This type of failu
indicates that delamination preceded fibre fractimecontrast the cross-ply laminates in [4] had an
hour glass distribution of fibre failure throughethhickness, which indicates that bending failure
preceded delamination. It is unclear whether tifferénce was caused by the cross-ply layup, aa by
higher interlaminar toughness. The earlier delatronain the current laminates may also have been
caused by the higher cure temperature (180°C icitE80°C) which generates larger residual stresses
and promotes earlier matrix cracking that may erggelaminations.
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4.2. Predicted impact response and damage

The FE model with layered shells and in-plane damagchanics that had previously successfully
been applied to 100 gsm cross-ply TeXtrér@minates was also applied to the current test80n
and 160 gsm quasi-isotropic laminates, but the igted response differed significantly from the
experiments. Delaminations appeared earlier ané a@nsiderably more prominent, which obviously
affects the response significantly. For this reasdimited number of delaminations (2, 4 or 8) were
included in the FE-model, by dividing the lamin@ne3, 5 or 9 equally thick sublaminates. Figure 4
compares experimental results with FE simulatiorthout (No Hashin) and with (Hashin) in-plane
damage. It is evident that delaminations are regufor a correct description of the response, but a
larger number of cohesive surfaces causes a dewgedalamination threshold load and an artificial
increase in the plate compliance. Furthermoreirttieduction of cohesive surfaces appeared to affec
the in-plane failure in an unexpected way. The edas this effect is unclear but may possibly be an
uneven partitioning of the sublaminates in the fates.
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Figure 5 shows observed in-plane damage and cosopariwith predictions from an FE model
without delaminations. It is noted that the preglictength of fibre cracks in thedirection is larger

for laminates impacted over a square window, agrekd in experiments. The predicted in-plane
damage was similar when delaminations were includde model, although the cracks were slightly
more concentrated to a small central region. Figuskhows the predicted shape of the delamination
zone with 2, 4 and 8 delaminations. It is cleat tha size of the zone decreases as more delaomeati
are included in the model.
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Figure 4. Measured and predicted response for 2, 4 anda®niledtions without/with inplane damage.
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Figure5. Predicted and observed ply damage in laminateadted at 30 J.
(FC/FT=fibre compression/tension, MC/MT=matrix camgsion/tension)
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Figure 6. Predicted delaminations in an 80 gsm laminate atguhat 30 J.
4.3. Observed tensilefailure after impact

During tensile loading a strain concentration waseoved in all specimens, as exemplified in Fig. 7.
The strain concentration was higher for specimemgacted at higher energy, and for specimens
impacted over a square window rather than a reatangvindow. The relation between applied
(average) stress and strain was more or less laieast until final failure. All specimens failetbag

a straight line across the width of the specimeouth the damaged zone. The failure appears to have
been initiated by fibre damage causing high locahiss, which were visible in the DIC
measurements.
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The undamaged strength was higher for the 80 gsnmn&édes but dropped somewhat faster with
impact energy than for the 160 gsm laminates, &ighus, the 80 gsm laminates demonstrated a more
brittle behaviour than the 160 gsm laminate, aeetqul. It was also noted that the strength of the 8
gsm laminates impacted over a square window washrtawer than for the ones impacted over a
rectangular window, while the effect was very maderfor the 160 gsm laminates. This observation
highlights that the TAI strength is linked to thédiln of fibre cracks perpendicular to the loading
direction. Results for a quasi-isotropic laminat@nf conventional AS4/8552 UD prepreg have been
included in Fig. 8 for comparison. The strengthtted AS4 fibres is similar to the HTS45 fibres in
TeXtreme' and 8552 is similar or tougher than RTM6. In spit¢he faster decay in TAI strength of
the 80 gsm material it outperforms the AS4/8552emal with conventional thickness, due to a higher
undamaged strength. The results for the 160 gsneriabindicate, however, that fibre bands of
intermediate thickness may provide an optimum danalgrance.
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Figure 7. Strain distribution in 80 gsm laminate impacte@@t.
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Figure 8. Measured and predicted tensile strength versuadh@gnergy.

4.4. Predicted tensilefailure after impact

The predicted behaviour in tension after impact aasost linear up to a sudden failure, which is

controlled by the severity of the initial damageon@arisons between predicted and measured
strength (applied average stress at failure) oBthgsm laminate impacted at 30 J are given in&ig.

It was noted that exclusion of delaminations infliemodel resulted in a severe overestimationef th

tensile strength after impact, and that the prasist approached the experimental results
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asymptotically for an increasing number of delarfiores. This observation is supported by the
detailed FE simulations in [8], where it was shothiat delaminations are vital for providing the
correct stress concentration from fibre breakadpe. §mall or negligible influence of mere fibre d&mc

is a result of the shear lag effect, where stressentrations from broken plies vanish within a faw
thicknesses, due to the influence of interlamirteras stresses. When delaminations are present this
effect is cancelled.

5. Conclusions

Thin ply laminates have a higher undamaged stretigh laminates with plies of conventional
thickness, but are inherently somewhat more bralgoremature damage growth is suppressed. This
implies that they may be more sensitive to e.g.aichpbut the tensile strength of the quasi-isotropi
laminates impacted at 20 and 30 J in the presady s$$ likely to be higher than for laminates oé th
same material with thicker plies, due to a highedamaged strength. A concern may be major fibre
cracksperpendicular to the load, e.g. for tensile loading across tidtiwof a rectangular laminate, or

in any direction of a square laminate. Such loadsnat tested for standard specimens, but areylikel
to occur in applications. It appears that there ragigt an intermediate ply thickness for optimal
damage tolerance, i.e. the thinnest possible plymoa provide the highest strength after impact.

A previous study on 100 gsm cross-ply laminategdwat 80°C indicated that damage in thin ply
laminates is dominated by fibre fracture, while firesent study of quasi-isotropic 80 and 160 gsm
laminates cured at 180°C indicated an interactietwben fibre fracture and delaminations. This
implies that both in-plane damage and delaminatioesd to be included in the model, which is
computationally very demanding due to the large lmemof interfaces. Future work should focus on
how this interaction can be accounted for in aisieffitly accurate and computationally efficient way
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