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Abstract

The aim of this work is to study the thicknegge in static and fatigue tests of glass-fibre unidi-
rectional compression coupons. For this purpose, thelsediting ¢fect, the gect of specimen
geometry, and the influence of the manufacturing processes been minimized. A scaled
thickness compression coupon has been designed with émgiort of reducing the influence of
geometrical dfferences and of the manufacturing process as the thicknsesalisd. In addition
the self-heatingfgect was controlled by tuning the test frequency. The coupsigd was based
on a finite element analysis. The development of the manuiiagtprocess and the design of
the gripping configuration are reported in the present wdgkperimental data from static and
fatigue tests are reported for 4, 10 and 20 mm thick couporesevtine static allowables, elas-
tic modulus, Poisson ratios and the=R0 S-N curves are compared in order to evaluate the
thickness gect.

1. Introduction

Thick laminates are increasingly present in large compasituctures such as wind turbine
blades. Specifically cap and root sub-components can shiokngsses from 40-60 mm in a
40 meters long blade and up to 100-150 mm thick for a 100 médexde. Generally, blade

designs are based on static and fatigue coupon tests on l#itklaminates. However, a

thickness #&ect has been observed in limited available experimental datthickness scaled

multidirectional laminates (with dominant @lies), showing significantly shorter fatigue life
in thick laminates under 0.1 (tension) and R-1 (tensiorf compression), and an ultimate
tension strength reduction [1, 2].

Although there is some disagreement on the existence okad$ect in composites, dierent
factors are suspected to play a role in the altered staticgnamic performance of thick lam-
inates. These include théfect of self-heating [3] for dynamic loading, the scalirteet [4],
and the manufacturing process influence [5]. These need ¢ttebdy separated from e.g. the
test conditions [6, 7] such as the grippinteets, the test fixture or the test method.

In addition to the ISO and ASTM compression standards, aégempression test methods for
coupon thicknesses between 1-5 mm can be found in literaDifierent parameters have been
taken into account, such as the tab taper angles [7], thegbiaterial or configuration [8] and
the shear-and-end combined loading [9].
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Figure1: Scaled compression coupon parametric geometry, and diomahparameters.
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Figure2: One quarter coupon model mesh and boundary conditions.

A few references are available in literature related toestabmpression tests on composites.
Hsiao [9] performed static tests up to 10 mm thickness on Ubidldectional) carbon coupons
observing no significant reduction of the ultimate stren@dm the contrary, Soutis et al. [10]
performed several series of carbon open-hole thicknessestatic tests up to 8 mm observing
a reduction of the ultimate strength. In addition Corded fekformed a series of compression
tests on 10 mm thick specimens withffdrent cross-ply lay-ups from which it was concluded
that the static behaviour of the cross ply composites is datad by the zero degree layers.

2. Scaled coupons parametric FEM design methodology

In order to engineer the scaled coupon geometries, a FEMnediria analysis was carried out
using MSC Marc software. The geometry and relevant parasiate described in figure 1.

The parametric FEM analysis was performed for the 10 mm tbazkpons. Based on case 0
dimensions (see figure 6) one geometrical parameter per(sasdable 2) was modified in
order to analyse the influence. One quarter of the coupon imadated and two dferent
meshes have been considered:

e 9072 2D four-node elements. With a maximum element length.®Mmm in the gauge
section and initial tab area.

e A second equivalent mesh with cohesive elements betwedmlaainate layer in order
to consider tab delamination.

The model boundary conditions are shown in figure 2. A clag@arface grip pressure of
200 bar was used. The total load applied was 150kN for a te&kridimension e, figure 1)
of 10mm. The total load is distributed between the shear &atithe end load based on an
unknown distribution facto&r according to equation (1). The distribution factors included

in the parametric analysis in a range between 0.05 to 0.95.

Frota = Fend + Fshear; Fend = (1 - CV) - Frotal (1)

Each ply is modelled with two rows of 2D solid elements witle thrthotropic material prop-
erties given in table 1. Bilinear cohesive elements are &tdeen each layer given in ta-
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FEM ModulusE [GPa] Poisson [-] Shear modulus G [GPq]
Materials 11 22 33 11 22 33 11 22 33
ub 39.90 13.19 1319 0.26 0.20 0.08 3.5 35 3.5
Biax(12) 25.00 25.00 13.10 0.15 0.15 0.08 3.5 35 3.5
G [kJ/m?] Gy [kJI/m?] Critical opening[um] Max opening [um]
Cohesive 1.25 4.00 5.41 29.4

Table 1: Materials and cohesive elements properties used in the FEd&Is.

Parameter Cases Values -

g [mni 0/1/2/3 5 to 40 2 Tab core interfy
Q
n [mm 0/4/5/6/7/8 1410 50 o = Tab cross
[ [mm 0/9/10/11 22510 525 g = section
a -] 0/12/13/14/15 0.05t0 0.95 ;’
h [mm 0/16/17/18 13to 25 S Mid. axial plane
Table 2: Parametric cases. Figure 3: Stress failure index locations.

ble 1 properties. Prior to the simulations, cohesive priogeivere calibrated against Double-
cantilever Beam (DCB) and End-notched Flexure (ENF) teds2s13].

In order to compare the filerent parametric cases, maximum stress failure indexée &5%
percentile were considered for 4fidrent locations (see figure 3). The stressin the 11
laminate direction is studied at the middle cross sectiomiab cross section, the tdbD core
interface and the middle xz axial plane. In addition, sh&assr is studied at the tgldlJD core
interface and stress, is evaluated in the middle cross section as an indicatordokling of
the outer layers.

3. Resultsand discussions. Scaled coupons parametric FEM design.

Stress gradients in the x-direction are shown in figure 4. touke specific loading the middle
layers show lower stresses than the outer layers. The sE@ahe stresses in the outer core
layers implies a decrease of the stresses in the middle@ypeesl. The use of cohesive elements
in between the layers reduces the stress gradients thrbaghitkness in comparison with the
non-cohesive simulations, but it does not cancel tiieceé In addition, the cohesive elements
damage index shows that in the faore interface, delamination occurs. This agrees with the
location of the highest stress intensity.

The increase of the gauge section length (parameter g) esdhe through-thickness stress
gradient (see figure 5, top-left) due to the fact that the mig€ section and tab cross section
o decrease with parameter g. In the same way the increaseashptar n related with the tab

No cohesive P Cohesive elements y Cohesive elements
0 to -977MPa 0 to -977MPa 010 0.6

Ox Ox Damage

Index
Figure4: Stress profile and damage index in axial direction for colgesnd non-cohesive models.
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Figure5: Main indicators of the FEM parametric analysis. Cohesiegngnt models.

taper angle (see Figure 5, top-right), reduces the streslagts through-the-thickness. In both
cases the increase of the gauge section length and the imdatthe tab taper angle reduce
the possibility of failure in the tab cross section and iasethe possibility of failure at the
gauge section. However, in both cases the possibility oklng of the outer core layers in the
gauge section increases due to the transverse displacememrgase. In addition, theéfects of
the taper angle might evolve in time due to the growth of thealge or delamination in the
tab/ core interface predicted by the cohesive models.

The load distribution factor between the end load and thardbad implies a small increase of
all indicators from a full end loading case to a full sheadiog case (see figure 5, bottom-left).
It has to be taken into account that in reality the load iniitbn by shear in a clamp is not
evenly distributed as in the model due to the surface tot&snsurfaces roughness and grips
marks. Thus, despite a full shear load case seems to be thidemedicial case according to the
model, it is considered that a certain amount of end loadargels the possibility of slippage
in the grips and allows to freely setup the grip pressure.ddweer, the parameter h (see figure
5, bottom-right) related with the tab thickness shows thglhér tab thicknesses influence the
stress gradient through the thickness and reduce the shikee tiab core interface. Also the tab
thickness increase slightly promotes the probability déifa in the tab cross section as the tab
Cross sectiowr, index shows.

The optimal geometry chosen for experimental testing was @avhich according to the models
seems to be an average case betweenfédrdnt possibilities and can be clamped in the actual
machines. Case 0 dimensions were scaled into case 22 and®8 shfigure 6 with 4 and
20 mm thickness, respectively.
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Figure7: Test setup of 4, 10 and 20 mm coupons on 0.1, 0.4 and 1 MN semhadhlic test frames.

4. Experimental methodology

Several vacuum infused plates were manufactured with a a@tynused wind energy epoxy
resin (Hexion RIM135) and glass fibre (GFRP) type E. UD core lagout with unidirectional
(UD) 600gr/n? non-crimp fabric, and the tab area was layout with biaxi@bgJ and 90 layers
(30%). The plates were milled in thickness direction in ordecreate the gauge section and
coupons were cut from the plate with a diamond saw (see figura @&ddition, RO8 type [14]
rectangular 4 mm thick UD coupons with 20 x 20 mm gauge seetimhbonded tabs of 55 mm
in length were prepared in order to compare these with the 4wmillad thick coupons. For
all manufactured plates the fibre content and glass transémperature have been measured.
The averaged fibre weight ratios were 70%, void content wagud.1% and glass transition
temperature (Tg) was around 80-8%

Coupons with 4, 10 and 20 mm gauge section thickness werdtesstatic tests, and 4 and
10 mm thick coupons were tested in fatigue tests. The 4 mmawpvere tested ina MTS servo
hydraulic 100 kN test frame, static tests were performed@ombined Loading Compression
(CLC) fixture according to ASTM D6641 and fatigue tests weeefgrmed with the standard
machine grip system. Coupons of 10 and 20 mm thickness wstedten 400 kN and 1 MN

test frames, respectively, equipped with an assembly afgilag steel plates (see figure 7).

The static tests were performed at 1 ymin test speed. Tests atfidirent bolt torques were
carried out in order to find the optimal grip pressure. Faitests were performed at 2 Hz
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Bolt Area
torque e F max Omax O max Efront Esides V12 V13 tested*
o (ol (kNI [l [(MPal [GPal [GPAl [ -] o

Ref 6.3 577.4 41.7 0.301
[14] ' (5.6%) (1.1%) (31.9%)
6 VI 35 28.1 1.5 630.4 i i i i 27

(6.9%) (11.3%) (4.8%)

169.1 49 6496 363 461 0283 0.198
40 VM 101 00 25%)  (3.8%) (12%) (18%) (12%) (21%) %

6914 101 6696 419 490 0235 0.204
70 WH 191 590 @21%) (1.2%) (14%) (5%)  (8%) (14%) ‘-7

240 16 5105
3 VI35 ghw) (104%) (33%) - - - 2.1

1339 3.9 5543 340 428 0297 0243

<40 VM 103 oom) 17.7%) (10.2%)  (8%) (11%) (15%)  (26%) 128
4941 81 4799 401 444 0235 0.175

30 WH 195 9500 (127%) (88%) (12%) (6%)  (6%) (26%) ‘1

*Cross sectional area tested: is the width x thickness x murabcoupons

Table 3: Experimental static results for 4, 10 and 20 mm thick coup®asenthesis values are the COVs.

(4 mm) and 1 Hz (10 mm) and monitored with thermocouples aftdned (IR) cameras in order
to avoid surface temperatures over'8) The 10 and 20 mm coupons were instrumented with
cross gauges in the four gauge section faces in order to meet® elastic modulus in the
outer surfaces and in the middle axial section. The use sbagauges enabled measurement of
Poisson coficientsy;, andv;s.

5. Resultsand discussions. Experimental tests.

It is well known that ultimate stresses in CLC type compmssests are influenced by the
clamping pressure, thus tests foffdrent thicknesses were carried out at twideatent clamping
pressures. Table 3 shows that ultimate stresses can drghawdarger cogicients of variation
(COV) when the clamping pressure is not optimal. Howeveitha cases with the optimal
bolt torque the COVs were reduced and no thickngBececould be observed for the static
ultimate strengths. Moreover, ultimate stresses show@aease with thickness combined with
a reduction of the COVs. This increase could be related \wigthatal amount of cross sectional
area tested, as the amount of cross sectional area testedsadhe statistical population gets
more significant, so the COVs decrease and the ultimategitremeans shows a 6% increase.

The average elastic modulus from the front side surfacesremidteral side surfaces are shown
in table 3. Since the lateral side modulus corresponds &nstneasurements in the middle

axial section, they show higher values than the front magltdu the same thicknesses due to
the stress gradient between the outer layers and the inyenslésee the FEM models). The

same behaviour can be seen if elastic moduli are comparde tihickness increase. Because
of this, thick laminate coupons do not allow the measureroktite elastic modulus due to the

stress gradient that appear through the thickness. Foruregaent of the elastic modulus, thin

coupons with ASTM D695 or DIN 65375 fixtures can be used.

On the other hand, because the cross sectional mean stregségjuired in the Poisson ratio
calculations from the cross gauge measurements, thickn&micoupons do allow the mea-
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700
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Figure8: SN-curves (R10) for 4, 10 and 4 mm R08. Least-square regression.

surement of the Poisson ratios in direction 12 and 13. Talsleo8vs that the Poisson ratio in
direction 12 is comparable to Poisson ratios in directioridt3he resin-fibre system tested in
this work.

While the scaled geometries did not show a reduction of theate strength due to the thick-
ness, they show a decrease in the fatigue life S-N curvesslidpgure 8 shows the=R0 S-N
curves for 4mm RO8 coupons with bonded tabs, 4 mm milled cosipad 10 mm milled thick
coupons. Bonded and milled tabbed 4 mm thick coupons showidasiS-N curve in terms
of slopes and intervals of confidences. The 10 mm thick scabegons show a reduction of
the fatigue life slope from 26 to 21 and an increase of thenmateof confidence width. On the
other hand, the three curves are located in the same praighitterval of confidence thus it
can also be argued that there is not enough statisticafisigmce to confirm this trend. Further
work is on-going in order to test the coupons with 20 mm thedges and higher under fatigue
loading conditions.

6. Concluding remarks.

A parametric FEM analysis with cohesive elements was pexorin order to design scaled
compression coupons showing that when the thickness iesea stress gradient appears
through the thickness.

Static tests of scaled compression coupons for 4, 10 and 2@emam performed, showing no
thickness #ect in the ultimate strength. In addition Poisson ratios inealions 12 and 13

were measured showing comparable values. Stress gratheotgh-the-thickness predicted
by FEM models were observed in the tests through strains umaagents in the middle and
outer xz plane.

While the scaled geometries did not show a reduction of theate strength due to the thick-
ness, they showed a decrease in fatigue life S-N curvessiope increasing thickness. How-
ever, this decrease did not show to be statistically sigaitior coupons up to 10 mm thick.
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