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Abstract

A robust and efficient numerical method for thecodédtion of the internal stress state that
develops within structures subjected to mecharacal steady state or transient hygroscopic
loading conditions, has been developed. The metmmbmpasses a layer by layer approach
whereby the structure is discretized into plieshwdifferent material properties corresponding to
the different ply moisture content. The proposedtho@ has been validated against finite
element solutions, and results from its applicatara fully characterized EDT (technical name)
polymer binder are presented. The impact of thesta induced viscoelastic behaviour on the
structural response of the case studied is higldyand discussed. The approach could be used
for different structures operated both open-air smttbor in automotive, marine, airspace, and
other applications, e.g. for interior parts in ghgomobile industry.
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1. Introduction

Over the last decades, polymers and reinforcednpeiycomposites are increasingly used in the
design of aerospace, automobile, marine and othéstructures. A common feature of all these

structures is that they operate under open-air idfond and are thus likely to be exposed to
humid environments. It is well known that polymedagolymer-based materials are susceptible
to moisture sorption which has in turn a detrimeeféect on their mechanical and physical

properties (Perov & Kruzhkova 1991), (AniskevichJ&nsons 1998), (Lin & Chen 2005). It is

therefore apparent that moisture induced effectallshbe taken into consideration during the

design process.

Real structures are usually subjected to trangiggtoscopic loading conditions (e.g. day and
year cycles) and even in the case where staticc@glitions apply, sorption process may take
years before moisture equilibrium is reached. A®m@sequence, a variable stress profile arises
within the structure which can induce damage (FReré Suri 1997), (Weitsman & Elahi 2000)
and can eventually lead to failure.

The first step towards the calculation of the moistinduced stresses is the determination of
moisture sorption kinetics via the application ofadequate diffusion predictive model. A wide
number of models have been proposed in the litsrausummary of which can be found in
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(Yagoubi et al. 2012), (Glaskova et al. 2007). Amdhese, the classical Fickian model has
shown good correlation with experimental resultsamted from the tests performed on resin
(Aniskevich 1984), (He 2012) and uni-directionaliginforced polymer matrix (Aniskevich
1986) coupons for a wide range of temperatureg@ative air humidities. This approach is thus
employed in the current study as well.

Once the moisture distribution within the structisreletermined, the latter can be modelled as a
laminate consisting of discrete monolithic layeiithvdifferent rheological properties (Shaffer &
Levitsky 1974). The different properties correspdacthe different moisture content of each
layer and depend on the constitutive law (Weitsm&@9), (Schapery 1974) employed. A
solution for the internal stress state can themliitained by applying classical laminate theory
assumptions (Jones 1975). Such approach was falowélume & Maksimov 1992), (Plume
1994) where the problem of moisture viscoelastiaigs reduced to the elasticity problem of a
layered medium via the application of the Laplaemdform. Once solved in the image space,
the original function values of the problem werdécokated by performing the inverse Laplace
transform via the use of a specially developed mgalealgorithm (Shtraus 1980).

Behaviour of polymer materials as a rule is muchenammplicate than linear viscoelastic. Some
crosscoupling effects can occur. Coupling betweasterbgeneous wet conditions and
mechanical behaviour is especially important whienomes to the identification of material
properties on samples that cannot be considerédrasgeneous (Quino et al. 2014), (Yagoubi
et al. 2012). Meanwhile in given research coupliegween the diffusion and the mechanical
stress state is not taken into account as a figtomch and should be added later on next step.

The objective of the research was to estimate dim¢ribution of viscoelasticity on the stress —

strain behaviour of a polymer material subjectetktwile loading during moisture uptake. Given

the criticality of the moisture induced internalestses and the mathematical complexity of the
Laplace transform approach (Weitsman 1979; Schafp@id4), a novel numerical method is

proposed in this study. The latter can easily aotdor any type of static as well as transient
hygroscopic loading conditions and has been vadiaigainst finite element solutions. Results
from the application of the proposed method on secstudy of a fully characterized epoxy

(bisphenol A diglycidyl ether) polymer binder EDi¢hnical name) are presented. The impact
of the moisture induced viscoelastic behaviour aifiested. It is well known that both moisture

sorption process and viscoelastic behaviour arengly dependent on temperature; service
temperature is essentially variable for most ofypwr structures, but at that moment the
temperature effect is out of scope of the researchshould be taken into account on the next
stage.

2. Model description

The modelling strategy followed is divided in twaim stages. At the first stage, the specimen of
an originally uniform material is virtually splinio p number of plies with different material
properties corresponding to the different moistoretent of each ply as shown in Fig. 1. Fick’s
second law is then used for the determination eftitne-dependent ply moisture content. At the
second stage, constitutive models are appliedeaplhlevel for the determination of the stress
distribution within the layered specimen.

2.1Modelling of moisture sorption
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In this study, sorption is assumed to occur solglydiffusion and classical Fick's law is
employed for the calculation of the moisture dmition within the specimen. Since the
specimen’s width and length are an order of magdeitgreater than its thickness, one-
dimensional diffusion (along thg-axis in Fig. 1) is considered. The variation of istare
concentration with time can thus be obtained fromfollowing partial differential equation

@:E(D@j, (1)
ot ox\ o0x

wherec is the moisture concentration abBds the moisture diffusion coefficient describingth
rate of moisture sorption.

Provided thaD is independent of the moisture concentration &atl lbng term behaviour is of
primary interest (i.e. Fourier criterioro= 0.2 where Fo= (4Dt) /h? and h is the plate

thickness (Lykov 1948)) the solution for Eqg. (Lhd@e more robustly obtained via the separation
of variables method (Crank 1975). For initiat(o <x<ht= O) =c, and stationary

c(x =0,x=h,t> O) =c_, boundary conditions, the solution is given frora tbllowing series

c(xt)=c, -2 (C. I_TCO) i (- (k_l)k )sin(Akx)exp(—/]kth), )

where A, =7k /h. By integrating Eq. (2) across the plate thicknéiss moisture content of the
specimen can be obtained

oW mw) -
w(t) =w, -2 = ; % exd A Dt), (3)

wherew, andw, are the initial and equilibrium moisture conteotshe specimen, respectively.

For the case of initial condition(0< x<h,t = 0) =c, and non-stationary boundary conditions
of oscillatory form that simulate day and year naltucycles i.e. c(x = 0,x=ht> 0) =
A.sin(wt +W)+B_, the solution of Eq. (1) is given in (PlushchikAiskevich 2002)
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c(xt) = Ac sin(at + W)+ Be —Ei

[i-(4)

T k

2

A sin(wt+l4J)+/1kTDcos(a1+‘P)— 4
X {1+A§JD2] —{sin(w)+/]k27Dcos(LlJ) ex;é—ﬁkth)] sin(Acx),

-(Co - Acsin(W) - B ) exe-A2Dt)
whereAc is the concentration oscillation amplitudgg; is the stationary component of moisture
concentration,% is the initial phase shiftw=277/T is the variation frequency antis the

oscillation period. By integrating Eq. (4) acrobke plate thickness, the moisture content of the
specimen can be obtained

w(xt)=A,sin(at+W¥)+B, —%i_(l_(k_zl) )
Sin(ax+qJ)+/]k27Dco5(ax+qJ) (5)

x (1+ wfjj —(sin(w)+/]k;D coq W) ex;(-;ngm)j
~(w, - A,sin(¥)-B,) exp(-A?Dt)

whereA,, andB,, are the values of moisture content correspondig andBc.

2.2 Constitutive model

The constitutive models employed consider isotrdpiear viscoelastic behaviour and are
defined at the ply level. Limitations of simple apdactical linear viscoelastic approach are
evident — nonviscoelastic effects are neglectedgsstshould not overcome limit of linear
viscoelasticity. But this approach allows respestiveasy to modelate mechanical behaviour of
the material and may be considered as the firptaftéhe problem solving. Due to the isotropic
material properties, arbitrary rotation of thkey and z axes has no effect on the material
behaviour, thus the plane of a single ply can denelé by thel-2 coordinate system shown in
Fig. 1. If we now consider a ply subjected to anplatress statgo;, 0,, 7,} that varies with

time, the total strains induced within the ply green by

Ell(t) Sll(t) Slz(t) 0 Ull(t) (6)
£,(t)F =] Su(t) S,t) O )t
vo()) | O 0 Se(t)]{7wlt)
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Assuming that compliance terms,, (t), S.(t), and Sc(t) are time-dependent and that

Poisson’s ratioy, is time independent, the total ply strains indubg an arbitrary stress history
are given by

&,(t) S -vs 0 oy (t) £4(t) B
£,(t)t=|-vS S 0 0, () + J€,(t)F +w(t) B¢, )
Vio (1) 0 0 2wv)S||n,(t) V(1)) 0
where

j;As(w—w')—daalr(r)dr
&,(t)
eal)l =1 [as(w-w)@=la | 72
ylZ(t) VE t dr,, (7

2(1+v) [ AS(W-W) dr( ) ar

with the corresponding reduced tim#sand¥' given by

Y= td_r Y = rdr

°aq, ’ - og' (7b)
where a, is the horizontal moisture shift factor. The kérn&S(t) represents the time-
dependent compliance and is the hygroscopic expansion factor which is actiam of the

moisture contentv(t).

In order to eliminate the Volterra-type integratee transverse and shear compliances are
expressed using Prony series, as (Gramoll et &9)18nd (Czyz & Szyszkowski 1990) have
already discussed

M

As(t)=)"s (1-e™), (8)
i=1

where§, A, i =1..M , are linear viscoelastic parameters.

Considering tensile loading along 2-direction (&g 1) and substituting (8) into (7k,, (t)
strain component is given by

=

0!
iy

£,(t) = S0, (1) + 2 & 5o(t) + Bw(t), 9)

where
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|22 Szz_[ ( ww))ddaizdr (10)

If we assume linear variation of stress comporgg(t) during time steg; <t <t then

do,, _ O (tj+1) _JZZ(ti) (11)
dt At '

If we further assume that functi(ﬁ],zz(a) is also approximated by a linear variation then

dgi,zz(a) - @i,zz( ( J+1)) 9 22( Zz(ti)) ’ (12)

dt At

where
Qi,zz(a) =S 0. (13)
By substituting (11) into (10), the following ediom is obtained

P 22( ) 6 22(022(t ))_e—AiH(t )joj e Aelr) dg. czlzr( )dT, (14)

where e(t )= J' 97 and o(r IOT(;—T By making use of (14)¢, ,,(t;.,) can be expressed in

terms of 22( ) as foIIows

gi,22(tj+1):@i,22(022(tj+]))_e_ ol [g, 22(J i(t ) & 2 l)} (15)
_I:.Jle_j[( dglézr( )dr

The integral of (15) can be solved as

J-tt,ﬂ e—Ai[e(t,-ﬂ)—e(T)] d@i,ZZ(J) dr = g"zz(a ( J+1)) 9 22( Zz(tj )) Daw (tj+1) Ll—eA aw(Atll)] , (16)

i dr At A

whereAt =t;,; —t, and the following approximation has been used

Jldr A
O0—7”7— t'+l_ )
aW aw( ]+l) ( : T) (17)

A 2| O(t11) =6(1) | ==A ]
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Substituting (16) into (15) we obtain

falt) e @)+ (e (o)

1,

{?1&(1— e ™)-e ”im} 6,(0(1))).

(18)

n = I. - (18a)

The total strain of each layer, given by Eq. (@n be re-written in compact form as

{e(tu)} =[Sul{o(t )} +{R(t)} (19)

where{R(tm)} vector contains the viscoelastic and the swelbtrgins due to moisture, as

given by Eq. (7). Since vectc{tR } depends on the present stress state of'thgly where

1<n< p, an iterative procedure must be performed wittaohetime step until the stress state
converges.

Taking into account the in-plane loads acting oa phate, the equilibrium equation in global
coordinates is

Ioh{a} dx ={N}. (20)

By assuming uniform stress state within each ply by using Egs. (19) and (20), we obtain a
system of equations that allow determining the lang laminate strah@g} and the stress state

{g}, of then" ply as

5} - [Selast ]1{0}1 = {R}l

‘9} - [Selasl] J}z = {R}z

{e}-[8ul, { a}, ={R},
{ohih +{a},h, +..+{o}, hy, ={N}

whereh, represents the thickness of tifeply and the subscripts indicate the ply number.

(21)

In order to avoid large systems of equations tlyespkess state given by Eq. (19) can be used in
Eq. (20) to obtain the following condensed systémquations
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(22)

DICRRCEIEDICHRUSC N

The previous formulation combined with the sorptlanetics model described in section 2.1,
allows for the solution of the creep problem of @ymer plate during moisture uptake. The
method described here, and resumed in the flowathepicted in Fig. 2, was adapted from
LAMFLU a FORTRAN computer program previously devstd for orthotropic laminates

(Guedes et al. 1998; Aniskevich & Guedes 2009).

3. Finite Element implementation

In order to validate the developed programme LAMFd&bkcribed above, linear viscoelastic
analyses were performed using the commercial AN8Nig& element code. Due to symmetry,
only one fourth of the specimen was modelled using node layered shell elements that can
account for viscoelastic material behaviour. 4@taywere used along the specimen thickness in
order to be consistent with the discretization usétiin LAMFLU programme. The sorption
kinetics model described in section 2.1 was implaee into ANSYS parametric design
language via a purpose built command script. Adgpomesh of the model is shown in Fig. 3
along with the boundary conditions assigned.

4. Case study

Stress and strain results were obtained from tpécapion of the proposed numerical method on
a rectangular EDT-10 epoxy resin specimen with dsies 2x 10 x 150 mm. The hygroscopic
properties used for the stress/strain calculatioei® taken from (Aniskevich 1984), whereas the
mechanical properties from (Aniskevich et al. 1998)(Aniskevich 1984), it was shown that
moisture sorption of EDT-10 resin follows classi€atk’s law for a wide range of atmospheric
relative humidities (i.e. 16% ¢ < 98%) with an average value of hygroscopic diffitgiof D
=1.910° cn/h. It was also shown that moisture sorption issthkas a nonlinear character and
can be approximated by an empirical polynomial fiomcw.(#) = 0.0004#* + 0.008%, were
bothw and ¢ are in %, with the maximum moisture content of tégin being a little less than
5%.

The swelling strain was assumed to be directly @riopnal to the moisture content of the
specimen as in (Aniskevich et al. 1992) and therdwseppic expansion factor wgs= 0.2 %'.
This roughly gives 1% strain for a specimen fullgistened in atmosphere with = 98%. The
dependence of the elastic and shear moduli on umeistontent was approximated by the

empirical polynomial functioné:[3.5oo+ 0.000506® t( 0.01594 t ( with initial values 3.5 and

1.2 GPa respectively and the Poisson’s ratio wassidered constanv = 0.44. Linear
viscoelastic behaviour was described with expoaénteep function according to Eq. (8) which
includes the moisture-time superposition principlth the parameters of the relaxation spectrum
given in Table 1.

Horizontal moisture shift factor was determinedhirthe direct creep experiments performed in
(Aniskevich et al. 1992) and approximated by the llofeing expression:
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a,, = exp[-2.0680v { } 0.17287 t( . All the properties of the resin were obtainedumgtions of the
moisture contentv(t) (%) under stationary conditions.

5. Results and discussion

Moisture sorption process was modelled both fotistary and oscillating environments.
Figures 4a and 4b show the moisture content vermes variation for three plies that lie at
normalized distance’h = 0.025, 0.225 and 0.475 from the outer surfadgh@kpecimen and are
subjected to stationary and oscillatory moisturaeditions respectively. In Fig. 4a the moisture
content variation has been calculated for a spetisabjected to constant atmospheric humidity
@ = 95.8 % corresponding W, = 4.5 %. It should be noted that despite the ssmdicimen
thickness (i.eh = 2 mm), over 10000 hours are needed for moistgrelibrium to be attained
and thus for swelling stresses to attenuate.

In Fig. 4b, the moisture content variation has bealculated for a specimen subjected to an
oscillatory atmospheric humidity corresponding toisture content of the following form:
w(t) = 15sin(2r /336 ¥ . It can be seen that as we move towards the pirer of the specimen,

the moisture oscillation amplitude is damped. Intipalar, for the specimen thickness and the
oscillatory period considered in this study (le= 2 mm andT = 336 hours), the moisture
content of the middle ply is solely affected by gtationery moisture component.

Moisture induced stresses in the specimen sectlange with time following moisture
concentration. Figures 5a and 5b show the variatfotihe normalized transverse,(/ o.,) and
longitudinal @y / 0.,) stresses across the plate thickness as calcualttade instants= 277 and
2777 h respectively. These results correspondsfmeaimen subjected to uniform tensile lead
(see Fig. 3) and constant atmospheric humidity 95.8 % (see Fig. 4a). Stresses obtained from
LAMFLU are plotted with lines, whereas, those obgal from ANSYS with symbols. It should
be noted that despite no external loads act atedligection, a variable transverse stress profile
arises across the specimen thickness=aR77 h as shown in Fig. 5a. This stress profilens
out as moisture equilibrium is gradually restorethin the specimen (see stress distribution at
t= 2777 h). A similar trend is also observed for teesile stresses shown in Fig. 5b. In both
figures, ANSYS and LAMFLU are shown to be in exestl agreement proving the developed
design tool to be mathematically accurate. MoreoAMFLU is shown to be as time-efficient
as ANSYS since the time required to obtain thetswius of the same scale (i.e. both run within
minutes).

The time variations of the transversgand longitudinatyy strains are plotted in Fig. 6a and 6b
respectively. The latter were calculated by perfogrelastic and viscoelastic analyses on a
specimen subjected to uniform tensile lead= 10 MPa (see Fig. 3) and constant atmospheric
humidity ¢ = 95.8 % (see Fig. 4a). Once again, lines correspgorthe results obtained from
LAMFLU, whereas, symbols correspond to those oleiftom ANSYS. Fig. 6a shows that
strains from both elastic and viscoelastic analgsednitially compressive since the elastic term
(i.e. first term in Eq. 7) dominates over the velestic (i.e. second term in Eq. 7) and the
swelling (i.e. third term in Eq. 7) terms. With thecrease in the specimen moisture content,
swelling strain starts to develop causing the samplexpand. In the elastic case, the sample
continues to swell (i.e strain increases) until moisture equilibrium i®Bted. However, in the
viscoelastic case, viscoelastic compressive stimsinate over swelling strains foe 5-10,

9
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causing the specimen to contract in the lateraction. Considering the viscoelastic model, at
moisture equilibrium, the sample has laterally cacted, whereas considering the elastic one the
sample has expanded. In Fig. 6a elastically ancbelastically calculated,, strains follow the
same trend. However, when viscoelastic behaviooorisidered, longitudinal strains at moisture
equilibrium are found to be higher than those otgdifrom the elastic case by a factor of four. It
is therefore apparent that neglecting the moistndeiced viscoelastic behaviour of polymer
structures, will lead to erroneous design espegciathen strain based criteria are employed.
Linear viscoelastic model of the material suppdsg strain response of the material is linearly
proportional to stress. This is why only one stries®l 10 MPa (that is below limit of linear
viscoelastic behaviour of the material of 20 MPa)considered in the paper, for other stress
levels the response should be proportional.

Figures 7a and 7b show the time variation of tlasted and viscoelastic transversg ( 0.,) and
longitudinal @yy / 0.,) stresses that develop within the outer and thallmiplies respectively. It
should be noted that these two plies represenintbeextremes with the middle ply being under
tensile stresses and the outer ply being predorttijnander compressive stresses. The stress
variations from both elastic and viscoelastic asasy are shown to follow the same trend,
however, the time instant at which they attain rthmaximum or minimum values differs.
Moreover, during moisture uptake, viscoelasticsstes are shown to be lower in magnitude than
the corresponding elastic since moisture inducedodlastic behaviour leads to stress relief.

Oscillation of humidity in ambient environment Isatb essential changes in stress — strain
behaviour of the specimen. Figures 8a and 8b shwmwtime variation of the elastic and
viscoelastic transverse / 0.,) and longitudinal 4y / 0..) stresses that develop within the middle
ply of a specimen subjected to uniform tensile laad oscillatory moisture conditions (see Fig.
4b).

All results presented for this case were obtaimethfLAMFLU as no special code was written
in order for ANSYS to account for oscillatory boang conditions. It should be noted that
although the moisture content of the middle plyoet oscillate with time (see Fig. 4b), both
longitudinal and transverse stresses are of atiaiscy form.

This is because the portion of the load that isiedrby the middle ply depends on that carried
by the other plies. Since stresses in the outes@re of oscillatory form (due to the oscillatory
moisture content shown in Fig. 4b), so should besses in the middle ply. From Fig 8a and 8b
it is apparent that structures subjected to oseoiyfamoisture conditions should be designed
against fatigue issues. The amplitude of the @il stresses that arise within the case studied
is quite significant and ranges from 0.45up to 1e. for the inner and outer plies respectively.
As in the case of stationary moisture conditiorhlstress components as calculated from the
viscoelastic analysis are lower than those caledl&bm the elastic one.

The corresponding time variations of the transvegsand longitudinak,y strains are plotted in
Figs. 9a and 9b respectively. As in the case dfostary moisture conditions, bo#, andeyy
elastic strains increase until they reach a platau> 8-1G when the stationery moisture
component attains a constant value. Longitudialiscoelastic strains are once again shown to
be several times higher than the correspondingielases.

10
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6. Conclusions

A robust and efficient numerical method for thecodédtion of the internal stress state that
develops within structures subjected to mecharacal steady state or transient hygroscopic
loading conditions has been developed. The metlasdbeen validated against finite element
analyses and was shown to be mathematically aecuRssults from the application of the
proposed method on an epoxy polymer binder indittete

* Moisture induced viscoelastic behaviour should &leen into account when designing
polymer structures especially if strain based datare to be employed. This is because
viscoelastic strains are shown to be up to sever@s greater (four times in this case
study) than those calculated via elastic analysis.

* A variable stress profile arises within a polymiusture over a significant part of its life
spam with the stresses at some time instant bewveyal times greater (up to three times in
this case study) than the externally applied stiiek$(i.e. the far field load).

» Structures subjected to oscillatory moisture cood# should be designed against fatigue
due to the significant stress oscillation withire thtructure. For the epoxy case studied
here, stress oscillations with amplitudes rangnognf0.1%., (for the middle ply) up t@.,

(for the outer ply) were found.
Due to the iterative procedure of the developedhoeitviscoplastic material behaviour can be
incorporated in a straight forward manner. The wtafithe viscoplastic response of polymer
structures subjected to tensile loading under mastiptake will be the subject of a future
publication. It is also evident that given reseaacdkl obtained results do not pretend to general
conclusions. One should keep in mind that the epesin under a consideration is a typical
representative of the epoxies, absorb little laas 5% moisture during more than one year, and
was considered only as a model material. Behavaiuhydrophilic materials, or strongly
swelling materials, or anisotropic materials mayebsentially different.
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corresponding to the different ply moisture corgent
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Fig. 3. ANSYS finite element model and boundaryditons applied.
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Fig. 4. Moisture content variation with time foigd that lie at normalized distancéh = 0.025,
0.225 and 0.475 from the outer surface of the speriand are subjected to (a) stationary
W. = 4.5 % and (b) oscillatomy(t) = 1.5sin(27/ 33&)+3 moisture conditions.
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Fig. 5. Variation of the normalized viscoelasti} ff@nsverse, / .. and (b) longitudinadyy / o..
stresses across the specimen thickness as obteonetd AMFLU (lines) and ANSYS
(symbols). The specimen is subjected to a unif@msite loads,, and constant atmospheric
humidity ¢ = 95.8 %.
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Fig. 6. Time variation of (a) transversgand (b) longitudinadyy strains as obtained from elastic
and viscoelastic analyses performed using LAMFLbefd) and ANSYS (symbols). The
specimen is subjected to a uniform tensile leae 10 MPa and constant atmospheric
humidity ¢ = 95.8 %.
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symbols) analyses. The specimen is subjected hif@ron tensile load.,, and constant

atmospheric humidity = 95.8 %.
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subjected to oscillatory moisture conditioWgt) =15sin(27/336 ¥ - Results are obtained
from LAMFLU.
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Tables

=1.5sin(27 /336 ¥ .

Table 1. Parameters of relaxation spectrum obtdwoed (Aniskevich et al. 1992)

/]i,S-l

S mPa

OGP WNPRP|—

8.272-10°
2.051-10"
5.603-10°
2.789.10°
1.870-16°

2.89-10°
5.23.10"
1.83-10"
5.03- 10"
1.53-10"
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