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Abstract

Composite structural components are often subjettedervice loads that cause
cracks in off-axis layers, without compromising tload bearing capability of the
structure. In marine or humid environments fluidyrgss in the material can be
accelerated by the presence of such cracks, le&alifogther strength degradation.
Several studies have been dealing with the efféatracks on fluid diffusion in
composites, sometimes with contradictory resuftghis work the difference between
cracks on the external and internal plies of thmihate has been addressed both
experimentally and analytically, showing that tivetfones have a strong influence on

diffusivity, while the second have a negligibleesftf

Keywords: hygrothermal effect; crack; modellingifé element analysis (FEA); fluid diffusion.

List of symbols

c Moisture content
G Length of i-th crack
G, D, E 1-D terms of 3-D solution of diffusion equation

Cop Crack opening




D11, Doy, D33 Composite anisotropic diffusion constants

D Equivalent diffusivity inside the crack in diremti 1
D& Equivalent diffusivity inside the crack in diremti 3
Du20o Water diffusion constant

h Laminate thickness

I Representative volume element length

le, |; Length of crack and length of cracks interruption
L Laminate length

p Number of cracks

Mcomposite Composite sample mass

Mg PO Composite sample mass increase at equilibrium
Mg 2o Cracked composite sample mass increase at eduitibr
Myater Water mass

n N° of plies in the laminate

Ngge N° of 90° plies in the laminate

t Time

w Width

X, Y, Z Cartesian coordinate system

Pcomposite Composite density

Pwater Water density

Pw Crack density

1. Introduction

Multidirectional composite laminates are used imynstructural applications where they are
immersed in water or exposed to humid environméa,marine and offshore industry [1],
aircraft industry and wind energy industry [2]. Mdirectional laminates subjected to
unidirectional static or fatigue loadings, typigatirack in the off-axis plies; in the case of a

cross-ply laminate, cracks can appear only in Ofepdies.



Fluid diffusion in composites is an anisotropic pbeenon, for orthotropic laminates three
diffusivities are necessary. These constants candasured by weightgain measurements of
immersed samples having different fiber orientat[8h Using these diffusion constants, the
water uptake of a cracked laminate can be predicted

The experimental results available in the literattaport different scenarios. In some cases,
cracks have been reported to accelerate appaf@rdidty greatly [4, 5], while in others
negligible effect was observed [6]. Table 1an overview of the studies present in the
literature about fluid diffusion in multidirectiohpre-cracked laminates is reported along

with the apparent diffusion ratio of cracked matkvs. un-cracked material.

Table 1

Overview of diffusion experiments in pre-crackednpmsites

Reference Material Layup RckedD

Suri & Perreux [5] GF/Epoxy [+55/-55] 2.53

Lundgren & Gudmundson [6] GF/Epoxy 2[90]s 1.04
[02,90,,0]s 1.03
[04,90,]s 1.07
[(02,9G2)2,0]s 1.04
[04,90:,02]s 1.11
[08,90y] s 1.15

Roy and Bandorawalla [4] GF/Epoxy [0/90/0/90]oven 2.23

Present study GF/Epoxy [0/90/0] 1.11
[90/0/90] 1.29

It is possible to observe a trend from the regelp®rted inTable 1 samples with 0° layers

on the outer surfaces show low diffusion increaBemcracked, while samples having off-
axis layers on the outer surfaces show higher sliffuincrease when cracked. The cracks in
the most external layers of the laminate seem ve hahigher effect on diffusion than the
cracks on the internal layers.

The only apparent exception is the one reportgd]irhowever this study dealt with satin
weave layers, where cracks can appear in all laydride in the other references

unidirectional layers are studied, which contaimc&s only in the off-axis plies.



Based on these considerations, in the present J@8®/0] and [90/0/90] laminates have
been mechanically loaded in the axial (0°) directo four strain levelss = 0 %,e =1 %,e =
1.5 % and: = 2 %); to verify this hypothesis. An analytical deband a finite element model,
based on change of boundary conditions (BCs) irdiffiesion equation due to the presence
of cracks is used. The increase of weight duedcthcks filling with water is also modelled.
The different behaviour of cracks on internal artkmal layers is caused by their
discontinuous shape. This effect is explained itgmally using a mono-dimensional fluid
diffusion analysis. A good agreement between thgeemental results and both analytical

and finite element (FE) predictions was obtained.

2. Material and methods
2.1. Materials

A glass fiber/epoxy composite laminate has beenufaatured using vaacum assisted
resin transfer molding (VARTM). The matrix was HemiEpikoté" Resin RIMR135 mixed
with Epikuré™ Curing Agent MGS RIMH134 with a mixing ratio of @30 by weight. The
fibers were HiPer-tex UD glass fibers from 3B. @griwas performed at room temperature
for 24h and post-curing in a ventilated oven dC3fdr 16 h.
The volume fraction of the laminate was obtainedratrix burnoff test, resulting in 54.2 %.
The density of the samples was 1.93 dlcifwenty [0/90/0] and twenty [90/0/90] tensile
samples, were cut using a water-cooled diamondte&80 x 30 mm. Sample thickness was
2.7 mm. The material’'s mechanical properties hasenbcharacterized in previous studies
[7]. The strain to failure of the UD laminate i 26 in fiber direction and 0.4 % in transverse

direction.

2.2. Experimental methods



Cracks were introduced into the samples by loathegoupons using an Instron 8800 tensile
machine with a 100kN loadcell under displacemenitrob. Three values of strain were
chosen to obtain different crack densities on #ma@es, avoiding complete failure= 1%,
1.5% and 2%. A set of samples for each layup wasoaded, to provide a reference for the
un-cracked material diffusivity.

Fig.1 reports the dimension of the tensile samples. Feach tensile coupon, a cracked
diffusion sample was obtained from the central,dartfrom the tabs. The samples were cut

using a circular water-cooled diamond saw, resgltdimensions: 48.5 x 30 x 2.5 mm.
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Fig. 1. Dimensions of the tensile coupons and of theudifin sample.

Five replicates were loaded for each strain; foareaconditioned after loading and one was
cut, grinded, polished and analysed with an optioairoscope, in order to provide more
information about the crack morphology.

From the visual inspection of the samples beforkaiter the test using translucenEig. 2,

it was possible to measure the length of each ¢radkracks appear as horizontal lines when



uniaxial load is appliedsig. 2 (c, d, e) The matrix cracks developed only in the 90° plies

Due to the translucent nature of the epoxy theksraould also easily be seen inside the

laminate.
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Fig. 2. (a) Tensile loading of [0/90/0] sample. (b) Saenpéfore loading. (c) Sample after loading. (d)oksa

are highlighted with red lines. (e) cracks arrataoted and used for calculationmf.

The weighted crack density, for a cross ply lamgnatas then computed as follows [8, 9]:

pu = Eo18 @
where ¢is the length of each crack, w the width of theaitzate and L is the length of the
laminate. Defining a weighted crack density allaessidering that cracks do often not span
over the entire thickness of the laminate. The nwessents were further confirmed by the

optical microscope analysis of the sample analysédthe optical microscope per each set.

Crack densities obtained experimentally are regarté&ig.3.
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Fig. 3. Crack densities for [0/90/0] and [90/0/90] samspleach point is the average of 4 measurements

Fig. 4 (a) and(b) shows optical micrographs of transverse crack®/0/0] and [90/0/90]
laminates. Cracks extend over the entire thickoésise layer. It can be also noticed that the
cracks in the [90/0/90] laminate appear thickenttiee cracks in the [0/90/0] laminate. This
aspect can cause a difference in the final amolmtater absorbed by the material; it was
therefore decided to measure crack opening by mefanscroscope analysis. The average
crack opening, obtained from 520 measurements, was:

- 5.24um % 1.82um in the [90/0/90] laminates,

- 2.90um % 1.00um in the [0/90/0] laminates.

TRANSVERSE
CRACK

Fig. 4. Optical micrograph of: (a) [0/90/0] cracked saepb) [90/0/90] cracked sample.

Fig.2 indicates that most cracks seem to cross theesenitith of the specimen. However, a
closer inspection by microscogég.5, reveals that the wide cracks are actually an

accumulation of disconnected shorter cracks. Tépeet needs to be considered in the



ACCEPTED MANUSCRIPT

model, because the continuous cracks in the widdttibn give a very different diffusion
behaviour that discontinuous cracks.
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Fig. 5 Matrix crack in the sectioned 90° ply of a [0/90¢6acked laminate: (a) Scheme, (b) Section with

laminate global coordinate system.

Samples were dried for 72 hours in an oven & 4hd their weight was recorded daily, until
stabilization. The samples were subsequently comgitl in a bath with distilled water at
60°C £ 1°C. This temperature provides a convenient accéberatf the test, compared to
room temperature, without activating additional heeusms that could influence the water
uptake process [2, 10], especially close to thesgteansition temperature of the resin, which
is 84.7°C for the epoxy tested in this study [IMater was refilled regularly in order to
provide always distilled and uncontaminated water.

Weighing of the specimens was performed extradiivegn from the conditioning chamber,
drying their surface with a dry cloth and weighihg samples with a Mettler Toledo AG204
DeltaRange scale (sensibility 0,1 mg). The weighs wecorded and the weight increase was

calculated according to the ATSM standard for cositpdiuid diffusion [12].



3. Analytical Model

An analytical model for weight gain prediction iracked laminates, based on the principle
of separation of variables, is presented here.mbael deals with cross ply laminates,
containing only 0° and 90° plies. The main modellassumptions are:

- Fick’s equations are assumed to govern the diffuproblem;

- The cracks are considered as empty volume, initidlkéd with air and able to host
water proportionally to their volume;

- The cracks are assumed to be equally spaced, a®s sh&ig.2. The presence of
cracks causes a change in the fluid diffusion eqadtoundary conditions, since
crack faces become exposed to water.

3.1. Moisture saturation content
For a laminate having n-plies and dimensions Lhwespectively length, width and
thickness, the moisture equilibrium content at Eopium is:

composite m
Mecgacked =M p 4 Twater (2)

o3 e
a Mcomposite

Where M "**%s the moisture equilibrium content for the cratkeminate, M """ s
the moisture saturation content for the un-crad&atnate, Maeris the total mass of water
that the cracks can absorb, ang#posiels the mass of the dry laminate. It can be assumed

that the mass of water inside the cracks is prapuat to their volume:

h p
Pwater 3, Cop Yz Ci

cracked _ composite
Meq - Meq +

®3)

Pcomposite LW h

wherepwateris water densitypcompositelS COMposite densityqgis the crack opening; is the
length of the i-th crack, p is the total numbeciacks, h is the sample thickness and n is the
number of layers in the laminate. Rearranging &fendion of crack density, Eq. (1):

14
Zi:l Ci

w

=L p, (4)



Substituting Eqg. (4) in Eq. (3), it is possiblepi@dict the moisture saturation content of a
cross-ply cracked laminate as a function of thelcdensity pw:

cracked __ composite Pwater Cop Pw
Meq™ 0= Meg ™™ S omponte )

N Pcomposite

3.2. Mono-dimensional analysis of fluid diffusionn surface cracks and internal cracks
With a procedure based on the one-dimensional §ioist law [13], the difference between
cracks in the internal plies and cracks on theraatelies can be analysed. In the width
direction of a laminate cracks have typically a+4oontinuous geometry, as showrFigs. 2

5, 6: the cracks present some interruptions in thelwalitection. This effect is important for
[0/90/0] laminates, having cracks in the interng| pince these channels are the only paths
allowing quick water penetration in the samigg. 6 (b). For [90/0/90] laminates, having
cracks in the external plies, the cracks are atspaontinuous in the width direction.
However, for this layup, the cracks extend throtighwhole ply thickness, reaching the
laminate surface, and allowing an additional pattcfack initial saturatiorfig. 6 (c) It is
possible to study the initial fluid diffusion indgtcracks by modelling the crack as a rectangle

having length equal to the crack length, hencenptith and height equal to the ply thickness.

[0/90/0] © [90/0/90]

crack
1 interruption |

(a) (b)
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I ‘ l; , crack interruption
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Fig. 6 (a) Optical micrograph of a cracked sample (besoh of a non-continuous crack in a [0/90/0] cracked

laminate (c) scheme of a non-continuous crack[B0#/90] cracked laminat@l) 1-D diffusion model in crack



In laminates having cracks on external plies, [&/0/90], fluid diffusion inside the crack
occurs both in width and thickness direction: 1 @rdirections irFig. 6 (d).

Fluid diffusion in the crack in direction 1 can égtimated using an equivalent diffusion
model with crack and crack interruption placedanes. Diffusion in the crack occurs with a
diffusivity equal to @0, water diffusivity in air, while diffusion in therack interruption
occurs with a diffusivity by, composite diffusivity in direction 1. The equigat diffusion in
the crack in direction 1 can be obtained usingri@seonnection of materials, based on
Fick’s 1% law:

e b Qetl) (6)

DH,0 D11 D¢
where Q' is the equivalent water diffusivity in the crackdirection 1, B, the diffusivity in
the composite in direction 1,5 the water diffusivity in air,clis average crack length and |

the average crack interruption length, showRim 6 (d). D! can be expressed as:

DHy0 D11 D
Dit=(U+)———=U+1)—27—
leDip + 1 DHzO lcm-l'li

2

(7)

FromTable 3, D1;= 0.01598 mrfth and Qizo~ 106108 mrfih, the ratio Ry/Dyzo = 1.51 10
andcan be considered null. Furthermore, sinemdl | have the same order of magnitude, the
ratio (l+1;)/l; can be assumed equal to 1. For an estimatiorffasdlity in the crack, Eq. (7)

can be simplified:

lc+li
L

Dé ~ D1y = D1y (8)

It is possible to conclude the fluid diffusion irtiack in an external layer in direction 1
occurs with a diffusivity close to the diffusivitf the composite material in direction 15,0
hence not providing an increase of diffusivity cargal to the reference un-cracked material.
Fluid diffusion in the crack in direction 3 can égtimated using a parallel connection of
materials, based on Fick's'law, [14]:

D¢(l. +1;) = Dyaole + Ds3l; 9)



1o+-233

D3 = DHzolc+D33li _ DH20
¢ (1c+1) (lc+ly)
DH20

l;

(10)

FromTable 3, Dsz= 0.0036 mrfiyh and Dy~ 106108 mrfth, the ratio RyDyzo = 3.39 1C°
andcan be considered null. Furthermore, sinemdl | have the same order of magnitude, the
ratio I/(Ic+l;) can be assumed equal to 1. For an estimatiorifogity in the crack, Eq.

(10) can be simplified:

lc
Dg ~ ——Dy0 = Dyzo (11)

le+l;
Fluid diffusion in a crack in an external layerdmection 3, occurs with a diffusivity close to
the diffusivity of water in air, o, hence providing a strong increase of diffusivity
compared to the reference un-cracked material.
For layups having cracks on external plies, diffndiakes place in direction 1 with a
diffusivity close to the reference composite diffity, and in direction 3 with a diffusivity
close to the water diffusivity in air; which is mugreater than the previous one. This
analysis suggests that cracks on external pligsnihediately with fluid when a cracked
laminate is immersed in water.
In laminates having cracks on internal plies, fldiffusion inside the crack cannot take place
in direction 3, but occurs only in direction 1, tbfore it can be estimated using an equivalent
thermal model, with crack and crack interruptiorsémies [14], as shown in EQgs. (6-7).
Fluid diffusion in internal cracks in direction artbe estimated as in Eqg. (8):

D¢ ~ Dyy (12)

Since fluid diffusion in the crack in an interndy pccurs at the same rate as fluid diffusion
in the composite, the presence of the crack caregkected in terms of diffusivity, and the
composite can be modelled as un-cracked. In tlsig,dhe cracks behave as an “empty
volume”, they don’t saturate immediately as in pinevious case, however when they saturate

they lead to a higher moisture saturation contegm for an un-cracked laminate.



3.3.Diffusivity prediction

Fick’s second law for diffusion in orthotropic magds is [6, 15]:

%:D112_;+D222_;+D33Z_Z (13)

where c X, t) is water concentration|s time,x, yandz space coordinates and;PD-, and

D33 diffusivities in directions 1,2 and 3 respectively

For an orthotropic plate, having length L, widthand thickness h, the solution of the three-

dimensional anisotropic diffusion equation is [15]:

i 83 0 0 I
M(t) = Mgy Pt [1 - (p) Die1 Xje1 Lk=1Ci* Dj Ey (14)
where the terms;CD; and E consider 1-D mass flow in thickness direction, tangjrection

and width direction.

C = ﬁe—(zi—ﬂz(%)zbwt (15)
o?

D= e @) e (16)
2

E, = me_(Zk_l)z(W) Dyat (17)

For a cross-ply laminate having n-plies, of whigh-80° plies, the term dealing with
diffusion through the thickness;,Cemains unchanged, Eq. (15). The terms dealitiy wi
diffusion through the length and through the widflthe laminate, Pand E respectively,

need to be modified as follows:

. i 2((“‘”90°)D11+n90°922)
— 1 -(2j-D%( t
= ot (%) . (18)
m\%(ngge D11+(n—ng¢°) D22)
_ 1 _(Zk_l)z o 90° ~11 — t
k™ (2k-1)? ) (19)

Egs. (18-19) assume that for a cross-ply lamirditiision in length and width directions are
a weighted average of the diffusivity of each flge validity of this assumption will be

shown in the results section, comparing the arelind the FE prediction.



Substituting Egs. (5,18,19) in Eq. (14), the expi@s for the weight gain of an un-cracked

cross-ply laminate becomes:

. 8\3 e - - 1 2™\
M@ = MEgm |1 - (5) 22, B2, i e @ W 2ot

1 _(Zj_l)z(E)z((”_n90°)D11+”90° D22) ¢ 1 _(Zk_l)z(ﬁ)z("%"D11+(”—"90°)Dzz) ¢ 2
@ ' " fer=g . " (20)

For [0/90/0] laminates, having cracks in the ing&plies, the cracks do not influence
diffusion, but only moisture saturation contentshewn in the previous paragraph. The fluid
diffusivity of the laminate with cracks in the intal ply can be predicted as follows:

8\° 0 0 © 1 —i-12(B)
M(t) — Mecgacked [1 _ (F) Zi:lzjzlzkzl (zi_l)ze (2i-1) (h) D33t |

1 _(zj_l)z(%)z((n—ngoo) D;1+n90o D23) e 1 —(2k—1)2(%)2(n90° D11+(Z—n90o) D32) , 21)
(2j-1) (2k—1)2

The only difference between the weight gain expoestor a cracked [0/90/0] laminate, Eq.
(21), and an un-cracked [0/90/0] laminate, Eq.,(BObhe moisture saturation content
Meq"2*®d which was defined is Eq. (5).

For a [90/0/90] laminate, having cracks in the mdéplies, the presence of cracks has a
strong influence on diffusivity, as shown in theyious paragraph.

Since cracks fill almost immediately with watere thoundary conditions of the diffusion
problem change. This aspect can be modelled byidgfa Representative Volume Element
(RVE) representing a portion of laminate betweeo adjacent cracks;ig. 7. The RVE
definition is based in the hypothesis of equallgcga cracks. The dimensions of the RVE are

w, h and |. The terms w and h are the width ancktiess of the laminate. The term |, RVE

length, is a function of the crack density, asdoi:

= s (22)

pw L+1
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Fig.7. Laminate dimensions and dimensions of the RVE t@methe derivation of the analytical solution

The dimensions of the RVE are reported able 2 The moisture saturation content of the
laminate was measured from the weight gain curféseoun-cracked samples. The ply
diffusion constants we also measured from the weajghn curves of the un-cracked samples,
assuming transverse isotropys.l> D33 as verified experimentally by Rockaal.[2], and a
ratio between axial diffusion and transverse difinsequal to the one measured in a previous
study of the authors on the same material €>4.44 33) [3]. These hypotheses allowed
reducing the number of un-knowns from three to aflewing identification of the

orthotropic diffusion constants from the weightrgaurve of the un-cracked samples using
Eq. (20). The material properties used in the ditallyand FE model are summarized in

Table 3.

Table 2
Values of FE RVE lengths | [mm] for different apgdi strains

Layup Undamaged (mm) ¢ =1 % (mm) e=15% (mm) &=2% (mm)

0/90/0 48.5 48.5 48.5 48.5
90/0/90 48.5 6.928 7.462 4.618
Table 3

Material properties used for the analytical andnfi@tlel. The properties refer to 60° distilled water.



Constituent N (-) Dii (Mnf/h)  Da (mnf/h)  Dss (mnt/h)

GF-Epoxy 0.93 % 0.01598 0.0036 0.0036
Crack 100 % 106 108 106 108 106 108

For the cracked [90/0/90] laminate, the three-disn@mal orthotropic diffusion equation, Eq.
(13), is solved considering that cracks do notmxktiarough the whole thickness of the
laminate; cracks do not go through 0° plies. Thise&t is considered by modifying the term
describing diffusion in the length direction of tR&¥E, D, where the 0° ply is not exposed to
the fluid, while the 90° plies are exposed to flaiwtl have diffusivity b. The term D

becomes then:

(%)27190“’22 "

n (23)

L 1 —(2j-1)?
7T (2j-1)2

The weight gain for a cracked laminate becomes:

M(t) = Mgyacked [1 - (5

T2

Ty 3 v, e i) Pt
) Zi=12j=12k=]_ - e h .

(2i—-1)2

2
1 —(Zj—l)Z(T) ”‘1310° D22 t 1 _(Zk_l)z(%)z(”‘;o"D11+(Z—”90°) D33) " (24)
@j-1)? (2k-1)?

Where M "**%s obtained from Eq. (5). Substituting Eq. (5}tie newly obtained Eq. (24),

we obtain the weight gain prediction for a crackadinate:

2
_ composite Pwater Pw Cop _ 0 0 1 —(2i—1)2(E) D33t |
M(t) B (Meq + N Pcomposite ) [1 2 l 1 Zj:l Zk:l (2i-1)2 ¢ "
: (E)2n90° D22 m\2(ngge D11+(n—ngge) D22)
1 —(2j—1)2ALL 2% =2, 1 —(Zk—l)z(—) 90° D11 90°) D22) ,
(2j-1)? / (@k-1)2 v " (25)

4. Numerical Model
A water diffusion finite element model (FE) was d®ped using ABAQUE" based on the
same assumption used for the analytical model:idic&rthotropic 3-D diffusion and equally

spaced cracks modelled as empty volume.



Uniformly spaced cracks are modelled in the [9@PI&minate having crack opening;.c
width equal to the samples total width: w, andkhiss equal to ply thickness: hFig.8.

FE diffusion analysis is based on Fick’s secontudibn law for anisotropic media [15]:

9%c ac oc ac
m:Dna‘*‘Dzz@‘*‘DmZ (26)
The influence of crack is considered by definingappropriate RVE length, as in the
analytical model, Eq. (22):
_ Ngge L

l= P (27)
where Ro- is the number of 90° plies in the laminate.
The dimensions for the RVE used in the FE modetlaesame as the ones used in the
analytical model and reported Tiable 2 Material properties used for the FE model are als

the same ones used for the analytical model araftexprable 3.
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(b) (© (d) 12
Fig. 8. (a) Scheme of a cracked 90/0/90 laminate (b) RMEHe cracked laminate. (c) 1/8 RVE obtained using

3 symmetry planes. (d) geometry and dimensionB@ttack, extending over the whole width of theifate.

Elements used are 3D 8-nodes elements for heahass transfer analyses (DC3D8), with

an element size between 0.05 mm and 0.5 mm. Thiselas based on a mesh



convergence analysis. The mesh of the FE modéh&sample subjected ¢a= 2 % is
shown inFig. 9 (a) The boundary conditions used in the FE anal¥sig,9 (b), are:
- three planes of symmetry, according to 1/8 geomeynimmetryFig. 8(c)

- water exposure to both top and lateral surface®RVE, representing exposure of

laminate faces and edges.

(b)

[ ce=0-=c,
[ ] ce=0=0

h/2

90°ply

Symmetric BCs are applied to all
three faces not visible in the drawing

Fig. 9 (a) Example of diffusion FE model for [90/0/90imate subjected to= 2 % (b) Boundary conditions

applied the [90/0/90] laminate

Composite diffusion constant in the axial directismssumed to be 4.44 times higher than
transverse diffusivity, as reported by a previduslg of the authors on the same material [3].
Water diffusivity in air is obtained from Hirschéigr-Bird-Sportz equation [16]: 106108

mm?/h at 60°C.

5. Results and discussion
The weight gain curves of the un-cracked and créskenples are reported beldvig. 10

(a) for [0/90/0] layup andrig. 10 (b)for [90/0/90] layup.
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Fig. 10Weight gain curves for un-cracked samptes Q0 %) and cracked samplesq(1 %, 1.5 % and 2 %). (a)

[0/90/0] lay-up; (b) [90/0/90] layup. Each pointtiee average of four replicates.

The results of analytical and FE model are comptodlde experimental results for both
[90/0/90] and [0/90/0] layup ifkig. 11 (a), (b), (c)and(d). It is possible to notice that the

presence of cracks causes a sensible increaséhinifffosivity and moisture saturation

content for the [90/0/90] layup.

For the [0/90/0] layupkig. 11 (b)and(d), the cracks influence on diffusivity and moisture
saturation content is negligible, confirming thebthesis discussed Raragraph 3.2

cracks on the internal plies have a negligiblectfiie fluid diffusion.
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Fig. 11 Weight gain curves for un-cracked samples Q0 %) and cracked samples<1 %, 1.5 % and 2 %). (a)

comparison with analytical model, [90/0/90] layyp) comparison with analytical model, [0/90/0] layyc)



comparison with FE model, [90/0/90] layup; (d) caripon with FE model, [0/90/0] layup. Each pointhe

average of four replicates.

The analytical and the FE model show good agreeni@etsmall difference between the
two is mainly due to a simplification made in theabytical derivation: the equation used for
the weight gain of un-cracked cross-ply laminakgs, (20), is based on a weighted average
of the diffusivities of each ply, while the FE mddensiders also the different diffusivity of
each ply and the fluid diffusion between the pirethe thickness direction.

The experimental, analytical and FE results arensanzed inTable 4andTable 5.

Table 4
Experimental, numerical and analytical values qfaapnt diffusion constant

Strain (%) Experimental (mffh) Analytical (mni/h) FE (mni/h)

0/90/0

0% 0.00419 0.00407 0.00444
1% 0.00443 0.00407 0.00444
1.5% 0.00463 0.00407 0.00444
2% 0.00479 0.00407 0.00444
90/0/90

0% 0.00443 0.00412 0.00443
1% 0.00462 0.00500 0.00587
15% 0.00533 0.00491 0.00562
2% 0.00551 0.00564 0.00677

Table 5
Experimental, numerical and analytical values afildgyium mass increase

Strain (%) Experimental (%) Analytical (nfth) FE (%)
0/90/0
0% 0.93 0.930 0.930
1% 0.94 0.932 0.932
1.5% 0.94 0.941 0.941
2% 0.95 0.942 0.942
90/0/90
0% 0.93 0.930 0.930

1% 0.94 0.954 0.954



1.5% 0.95 0.953 0.952
2% 0.96 0.967 0.968

The analytical and FE model predict the experimeaptults in terms of moisture
equilibrium content very well and in terms of apgardiffusivity a less precisely but still
managing to describe the trend. This verifies teality of hypotheses used in the analytical

and FE model:

The moisture equilibrium content of a cracked cosmeancreases due to the fluid
filling the “free volume” created by the cracks;

- Cracks on external plies fill almost immediatelyttwivater. This causes an increase in
moisture equilibrium content and an increase dtidivity due to the creation of new
surface exposed to water, hence new boundary comnstit

- Cracks on internal plies don't fill immediately Witvater, being not interconnected in
the width direction. This causes still an incre@soisture equilibrium content, but
the diffusivity does not increase.

- The assumption of equal distance between the crackdficiently accurate for the
model.

The influence of cracks on fluid diffusion in congites has been studied here and validated
for a simple case: cross-ply laminates with uniestiacks. The analytical solution can be
extended to the case of a rectangular shaped RViBdghkiaxial cracks, like cross-ply
laminates having bi-axial cracks or layups contajreracked 45° and -45° plies. This can
be done by defining the RVE length and width basethe crack densities of the different
plies and changing the diffusion boundary condgiorhe numerical FE solution can be
extended to arbitrary cracked layups, like lamisatentaining cracked 60° and -60° plies. In

this case it is necessary to define an RVE accgririi et al.[17].



This paper has not considered delaminations, wimiaf start from the cracks’ tip upon
fatigue loading and greatly accelerate diffusivitie authors are currently working on the
extension of this model to the case of laminatesngacracks and delaminations.

For offshore and marine applications, thick lamasadre often used. Further typical offshore
applications such as pipes, hulls and pressurelgelsave no free edges exposed to the

water. In these structures cracks are likely toehmwegligible effect on fluid diffusion.

Conclusions

Based on mono-dimensional fluid diffusion analysis shown that cracks on the external
layers saturate almost immediately when immersedhaier, increasing the initially exposed
surface and consequently increasing the speedtef wptake, while cracks in the internal
layers do not influence diffusivity, they just iease the fluid saturation content.

An analytical solution for anisotropic fluid diffis in a cracked laminate is given. This
solution is obtained modelling a representativein@ element (RVE), whose dimensions are
defined by the crack density of the laminate. Tifieision characteristics were also modelled
by finite element (FE) analysis, using the same etlimd) philosophy.

Experiments on glass fiber/epoxy cracked samplarated both modelling approaches.
The apparent diffusivity obtained using this mockat be used to predict saturation time and

concentration profiles for cracked composite strees of arbitrary shape immersed in water.
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Figure Captions

Fig. 1. Dimensions of the tensile coupons and of theugiffn sample.

Fig. 2. (a) Tensile loading of [0/90/0] sample. (b) Saerpéfore loading. (c) Sample after loading. (d)oksa
are highlighted with red lines. (e) cracks arrataoted and used for calculationmf.

Fig. 3. Crack densities for [0/90/0] and [90/0/90] samspeach point is the average of 4 measurements

Fig. 4. Optical micrograph of: (a) [0/90/0] cracked saeygb) [90/0/90] cracked sample.

Fig. 5 Matrix crack in the sectioned 90° ply of a [0/90¢€acked laminate: (a) Scheme, (b) Section with
laminate global coordinate system.

Fig. 6 (a) Optical micrograph of a cracked sample (besoh of a non-continuous crack in a [0/90/0] cracked
laminate (c) scheme of a non-continuous crack[B0#/90] cracked laminat@l) 1-D diffusion model in crack

Fig.7. Laminate dimensions and dimensions of the RVE @zethe derivation of the analytical solution
Fig. 8.(a) Scheme of a cracked 90/0/90 laminate (b) RMEHe cracked laminate. (c) 1/8 RVE obtained using

3 symmetry planes. (d) geometry and dimensionkettack, extending over the whole width of theitate.
Fig. 9 (a) Example of diffusion FE model for [90/0/90jrimate subjected to= 2 % (b) Boundary conditions
applied the [90/0/90] laminate

Fig. 10 Weight gain curves for un-cracked samples Q0 %) and cracked samples{1 %, 1.5 % and 2 %). (a)
[0/90/0] lay-up; (b) [90/0/90] layup. Each pointtiee average of four replicates.

Fig. 11 Weight gain curves for un-cracked samples 0 %) and cracked samples{1 %, 1.5 % and 2 %). (a)
comparison with analytical model, [90/0/90] layyp) comparison with analytical model, [0/90/0] layyc)
comparison with FE model, [90/0/90] layup; (d) caripon with FE model, [0/90/0] layup. Each pointhe

average of four replicates.



