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Abstract

It is now well known that Fick’s Law is frequently inadequate for describing moisture diffusion in polymers and
polymer composites. Non-Fickian or anomalous diffusion is likely to occur when a polymer composite laminate is
subjected to external stresses that could give rise to internal damage in the form of matrix cracks. As a result, it is
necessary to take into account the combined effects of temperature, stress (or strain), and damage in the construction of
such a model. In this paper, a modeling methodology based on irreversible thermodynamics applied within the
framework of composite macro-mechanics is extended to the case of a bi-axially damaged laminate. The model allows
characterization of non-Fickian diffusion coefficients as well as moisture saturation level from moisture weight gain
data for laminates with pre-existing and non-evolving damage. A symmetric damage tensor based on continuum damage
mechanics is incorporated in this model by invoking the principle of invariance with respect to coordinate transfor-
mations. For tractability, the diffusion governing equations are simplified for the special case of a laminate with bi-
axially oriented matrix cracks that is subjected to a uniaxial tensile stress. The final equations obtained from this
derivation indicate that both effective diffusivity and maximum saturation level for this particular case can be expressed
as quadratic functions of crack density. Comparisons with test data for a bi-axially damaged AS4/PR500 graphite/
epoxy woven composite are provided for model verifications. © 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Bi-axial damage; Diffusion; Diffusivity; Maximum saturation level; Woven fabric composite laminate; Modeling; Char-
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1. Introduction

Although thousands of polymer matrix composite (PMC) components are currently in service in the
aerospace industry as well as in civil infrastructure repair and rehabilitation, barriers still exist to further
implementation in more structurally critical and extreme temperature applications. Most of these barriers
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are associated with the inability to accurately predict component lives, and therefore, component life cycle
costs. A fiber reinforced composite material with a polymer matrix will typically absorb moisture in a
humid environment and at elevated temperatures. Combined exposure to heat and moisture affects a PMC
in a variety of ways. First, the hygrothermal swelling causes a change in the residual stresses within the
composite that could lead to micro-crack formation. These micro-cracks in turn provide fast diffusion paths
and thus alter the moisture absorption characteristics of the laminate. Secondly, heat and humidity may
cause the matrix to become plasticized thus causing an increase in the strain to failure of the matrix.
Thirdly, the chemical bond at the interface between fiber and matrix may be affected which in turn would
influence strength and toughness. Finally, in the event of cyclic heating and cooling with a sustained use-
temperature above the boiling point of water, vaporization and out-gassing of absorbed moisture may take
place leading to physical damage and chemical changes within the PMC, especially at temperatures greater
than the glass transition temperature (7,) of the matrix. Continuous exposure to high moisture concen-
trations at the exposed surfaces of a PMC component could also lead to damage in the form of matrix
cracking, dissolution, and peeling.

It is now widely recognized that cyclic moisture absorption and desorption plays a significant role in
influencing the mechanical behavior, and therefore, long-term durability of polymers and PMC. Numerous
diffusion models have been proposed over the years for modeling hygrothermal effects in PMC. The one
most frequently used by researchers is the one-dimensional Fickian model. Unfortunately, this model tends
to overestimate the moisture absorption in panels for short diffusion time (Shen and Springer, 1981). Some
researchers have suggested that the deviation can be explained by a two-stage Fickian process (Gurtin and
Yatomi, 1979; Carter and Kibler, 1978). Others claim that the diffusion process in a PMC is non-Fickian
(Shirrell et al., 1979; Weitsman, 1991). In reality, the nature of the diffusion process depends on the ma-
terial and on the environmental conditions that the material is exposed to. For example, if the rate of
viscoelastic relaxation in a polymer is comparable to the rate of moisture diffusion, then the diffusion is
likely to be non-Fickian. In addition, the presence of strong temperature and stress gradients has been
known to engender non-Fickian driving forces. The presence of damage in the form of matrix cracks is
very likely to result in anomalous diffusion. Employing a rigorous thermodynamic approach, Weitsman
(1987) developed a model for coupled damage and moisture transport in a transversely isotropic, fiber
reinforced polymer composite. The damage entity was represented as a skew-symmetric tensor and was
included in the model as an internal state variable. However, the model was mathematically complex and
was not amenable to a simple closed-form solution. Recently, Roy and Xu (2001) developed a similar
model employing theory of irreversible thermodynamics within the framework of macro (continuum)
mechanics to derive governing equations for diffusion in a PMC from first principles. A special form
for Gibbs potential was formulated for an orthotropic material using stress, temperature, damage, and
moisture concentration as independent state variables. A symmetric damage tensor originally proposed by
Talreja (1994) was used for this purpose. The resulting governing equations incorporated coupled inter-
actions between stress, temperature, damage, and moisture concentration on the diffusion process within
an orthotropic material. For model validation, the model predictions were compared with experimental
data for the special case of isothermal diffusion in an unstressed graphite/epoxy S5-harness satin woven
laminate with pre-existing uniaxial damage.

The primary focus of this paper is to extend the uniaxial model previously presented (Roy and Xu, 2001)
to include pre-existing bi-axial states of damage. In addition to predicting changes in laminate diffusion
coefficient with the degree of damage, the proposed model also allows characterization and prediction of
moisture saturation levels from moisture weight gain data for laminates with pre-existing damage. Damage
evolution is not included in the present analysis in the interest of tractability. This approach provides a
significant improvement over methods reported in the literature for problems of this nature. For model
validation, the model predictions are compared with experimental data for the special case of isothermal
diffusion in an unstressed 5-harness satin woven laminate with pre-existing bi-axial damage states.
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2. Model development

The Gibbs potential for an orthotropic material subjected to applied stress and internal damage must be
expressed in a polynomial form that remains invariant to coordinate transformations. Such a polynomial
can be mathematically expressed as a combination of invariant terms obtained from the so-called irre-
ducible integrity bases (Talreja, 1994; Adkins, 1959). The irreducible integrity bases for orthotropic ma-
terials are,

- = = -2 =2 =2 = = = 32 32 12 —
011,022,0337(1117(1227(133,0237013,0127023013012,d23,d13,d12,d23d13d12,023d23,

(1)
G13d13, 012d12, 023613012, 413612623, 12623513, G23d13d12, G13d12d03, G1odr3dy3
where the normalized stress
— Oij
Gij = — 2)
of

where o, is the ultimate stress in a material principal direction, and the damage tensor d;; is a symmetric
tensor of the second rank (Talreja, 1994; Roy and Xu, 2001). One advantage of selecting this damage
description is that the magnitude of the damage entity is typically less than one.

2.1. Special case

Consider a laminate with bi-axial microcracks oriented perpendicular to the X7 and X, axis, subjected to
inplane uniaxial loading in the X; direction under isothermal conditions as shown schematically in Fig. 1.
Note that the axial cracks (i.e. cracks parallel to the X; axis) are assumed discontinuous in order to reflect
realistic damage states in woven laminates subjected to uniaxial loading. For the special case of uniaxial
loading, the states of stress and damage reduce to

Op =03=013=03=01p=0
and
d3s =di3=dy3=d;p=0

Using the irreducible integrity bases from Eq. (1) and retaining terms up to second order in the nor-
malized stress component G;;, and the two non-zero damage components d;; and dy,, the Gibbs potential
becomes,

Fig. 1. Idealized schematic of a bi-axially micro-cracked laminate under uniaxial stress state.
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psp = Co + Ci(dy) + dp) + Codyydyy + CA'3(d%1 +d3,) + Cyan1 + Csandyy + Coaiidy + 675%1 (3)

where, p, is the mass density of the laminate, and C, are material coefficients independent of stress and
damage, but may depend on concentration (m2) and temperature (7). Eq. (3) was derived specifically for the
case of a woven fabric laminate, and not for a monotape cross-ply laminate. It should be noted that Eq. (3)
incorporates the special material symmetry condition in the plane of the laminate (X,—X; plane) that is
characteristic of a [0/90/0/90]; weave architecture, that is, two aligned woven laminas stacked on two
identical woven laminas that have been flipped over about the central plane of the laminate. As a direct
consequence of the weave architecture, orthogonal material symmetry exists for the in-plane directions, that
is, for example, E|; = Ey, (refer to Fig. 1). Analogously, from a moisture diffusion standpoint, it can be
argued that the through thickness diffusivity (D;) is identically affected by moisture diffusing through cracks
that are either parallel or perpendicular to the X; direction, in the absence of any applied stress. Therefore,
the dy; and dy, terms should share the same coefficient in the Gibbs potential, as should the (d“)2 and (dzz)2
terms. However, when applied stress (o) is introduced, then this bi-axial symmetry is modified and the
Gibbs potential must therefore include separate coefficients for the ¢;;d;; and the o,;dy, terms, as reflected
in the use of Cs and Csg.
The chemical potential of moisture in the polymer composite for this special case is defined as,

- a@i) %Cl (8 +da2) + G <66(:1111 %) aacz dydy, + G 66d11 dy + G aadzzd 1
%Q () +d5,) + G (2(111 aad” + 2d» 66(1;2) —|—%—§:511 Cs 560'11 +%End” + Csoq %
+ Csdy; ? + ?aldzz + Cea11 6% + Cédn?Jr aa& 2+ 267 aa%l "

Because chemical potential is, in this case, a function of a4y, dyi, dy, 7, and m, hence,

6/1 _6_,11 6}”’1 6_;1 or 6[1 6611 6_[1 6d11 6_/1 6d22

0X, OmdX, OT 0X, 0, 0X, od;, 0X;, 0dy, 0X

For the special case of uniform stress, damage, and temperature distributions, only the moisture concen-
tration gradient term is dominant, giving the moisture flux term as,

ou ou om\ om

=2 en) (&) =P ax) ®
= ou

p=n(g)

In Eq. (5), D; are the components of diffusivity in the material principal directions, and D; are the com-
ponents of effective diffusivity in the material principal directions. Note that repeated indices do not imply
summation in Eq. (5). Substitute Eq. (4) into Eq. (5) gives,
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For the special external stress-free case where G;; = 0, Eq. (6) reduces to,

a/.l GZC() 6 C1 6@1 ad“ adzg 62d11 62d22 62C2
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(7)

Based on a definition of a damage entity originally proposed by Talreja (1994), it can be shown that the pre-
existing non-zero damage components d,;, dy, are given by,

k(m, T)t26,
dy = ;
8
K(m, T)fgéz ( )
dy = ————

where k(m, T) is an experimentally determined influence parameter on crack opening displacement, 7. is the
crack size as shown in Fig. 1, ¢ is the total thickness of the laminate, and J,, J, are crack densities in
laminate longitudinal (X)) and transverse (X>) directions respectively. In the definition of the Gibbs po-
tential, it is assumed that damage and stress are the two independent state variables in the formulation. In
addition, the focus of this paper is on the influence of pre-existing damage on the diffusion characteristics
of the laminate, that is, the micro-cracks have been generated by load application prior to the diffusion
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Fig. 2. Radiograph from a specimen containing fatigue induced bi-axial cracks.

experiments. When the applied load is removed it is assumed that the micro-cracks still remain sufficiently
open, as quantified by «(m, T)t., to allow ingress of water vapor into the cracks and perhaps even liquid
water through capillary action. It should be noted that x(m, T) is defined to depend only on the moisture
concentration and the ambient temperature but not on stress. The diffusion enhancing effect of applied
tensile stress in the presence of pre-existing damage is included in the model through the damage-stress
interaction terms in the Gibbs potential given by Cso,d;; and Cgo1dps.

Subsequent to the moisture uptake experiments, penetrant enhanced radiography was employed to
assess the damage-state in the composite laminates. An example of a section taken from such a radiograph
is shown in Fig. 2 for a specimen that was subjected to 75,000 cycles of uniaxial loading (R = 0.1, f = 10
Hz) at 521 MPa (75.6 ksi, 70% UTS). We note that while some interbundle separation (commonly referred
to as a meta-delamination) occurs, delamination damage mode is not incorporated into the present diffusion
model because the influence of meta-delaminations on laminate through-thickness diffusion is deemed
insignificant. As may be observed from the radiograph shown in Fig. 2, the longitudinal cracks do not
extend the full length of the laminate in uniaxial fatigue of AS4/PR500 woven composite, where as the
transverse cracks span the entire width. Consequently, for the longitudinal cracks, the crack density is
calculated as,

M

2.

where M is the number of longitudinal cracks each having a length of /; within a specimen volume of WLt.
The transverse crack density is calculated as

N
2 Wi
i=1
0=
where, N is the number of transverse cracks, and w is the length of the ith transverse crack. For transverse
cracks, the crack length is equal to the specimen width W, so that we have

52:Z

If it is assumed that swelling due to moisture absorption influences only the opening displacement
without significantly affecting either the crack size, z., or the crack density, d, J,, then,
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Taking the definitions of damage and its derivative given respectively by Egs. (8) and (9) and substituting
in Eq. (7) results in an expression for moisture flux in terms of an effective diffusivity and concentration
gradient as indicated on the right-hand side of Eq. (10),

o — Om
Ia)(l_ la)(l

(10)

where, each orthotropic component of effective diffusivity (D;) can be obtained as a quadratic function of
the crack density given by,

— ou
D =Dig
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Arranging terms in Eq. (11) yields,

D; = Cy+ Ci(8) + 82) + C2816, + C3(57 + 97) (12)
where,
0*Cy
Co(m, T) =Dy (13)

¢, _oC, ok - 62K>t2
t

(¢, , G, ax P o\ /2\°
T)=D;|—= 4 2K 2 < 1
Co(m, T) = Dy |5 21t i = Cza -+ CQ(@ ) (t) (15)
azcz o ac3 o o Ok )] 2\’

Conservation of diffusing mass of penetrant within a unit volume of the polymer requires,
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om  0f;
or X,
where, in the absence of temperature, stress and damage gradients, moisture flux f; for orthotropic sym-
metry is assumed to be of the form,
ou
i 6/\/,
where D; are the diffusion coefficients in material principal directions. Note that while repeated indices
imply summation in Eq. (18), summation is not implied in Eq. (17). Combining Egs. (17) and (18), gives the
governing equation for diffusion in an orthotropic medium,

om 0 ou

— = D; 19

a X ( aX,.) (19)
Repeated indices imply summation in Eq. (19), with i = 1, 2, 3 for three-dimensional diffusion. Substituting
Egs. (10) and (12) in Eq. (19) yields the governing equation for moisture diffusion in an unloaded ortho-
tropic laminate with uniform damage in a volume-average sense,

am 0
ot aX

(17)

fi=— (18)

{ [Co + C1(S1 + 82) + C28105 + C5(5] + 3) ] 2;} (20)

For modeling absorption and/or desorption in a damaged laminate in the through-thickness, i.e., in the X;
direction, Eq. (20) reduces to

am 6

3. Boundary condition and maximum saturation level
For a linear elastic composite laminate, the chemical potential of the ambient vapor u, on the boundary
is a constant with respect to time, i.e.,
pu(m,T,d;;) = w, = constant on boundary (22)

Assuming negligible change in stress and damage with moisture concentration, Eq. (4) reduces to,

aC, oC aC aC
u(m,T,d;) = o 04 aml (dyy +dx) + 6m2 djdy +— om > (d], + d3,)
= Ao(m, T) +A1(m, T)(dll + d22) +A2(m, T)d11d22 +A3(m, T)(d%l + dgz) (23)

Assuming that moisture concentration m < 1 as is typically the case for a PMC, and expanding the co-
efficients in Eq. (23) in powers of m and retaining only first-order terms in m yields,

p(m, T,d;) = |Ao(T) + Ao(T)m] + |41 (T) + A (T)m|(di1 + dos) + [A2(T) + A>(T)m]dy1da
+ [A3(T) + A3(T)m} (d%I + dgz) (24)
Combining Eqgs. (22) and (24) gives concentration on the boundary (my,) as a function of damage,

—Ay(T) -
Ao(T) + Au(T

my =

A(T)(d1y + dy) — Ay(T)dy1dyy — A3(T)(d], + d3) (25)
(T

)(di1 + dn) + A2(T)dy1dys + A5(T)(d7, + d3,)
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Dividing numerator and denominator in Eq. (25) by fio(T ),

e — ay(T) + ai (T)(dy +dy) + ax(T)dy1dyy + a3 (T)(d}, + d3,) (26)
1+ ag(T)(dyy + dyp) + as(7T)dy1dy + dé(T)(d%I + dﬁz)

where,
A _ Mo — ZO(T)
“) =)
.o Ay(T)
a0 =)

and so on.

In the interest of solution tractability if it is assumed that d;;, d»; < 1, then we may ignore the damage

terms beyond first order in the numerator and denominator of Eq. (26), giving,
14 as(T)(di1 + da)

Expanding Eq. (27) in terms of (d;; + dy;) using Taylor series and retaining terms up to second order

provides an approximate expression for the concentration on the boundary in terms of bi-axial damage
state,

my = ao(T) + @, (T)(d1; + d) 4 @ (T)(dy; + dys)’ (28)

(27)

a1 (T) =a\(T) — ag(T)aqe(T)

@ (T) = as(T)[ao(T)as(T) — a (7))
Recalling from Eq. (8),

Kk(m, )25, Kk(m, T)i25,
dy == d» ==

and substituting in Eq. (28), the boundary moisture concentration given in Eq. (28) can now be expressed in
terms of bi-axial crack densities as,

my = ao(T) 4 a(m, T)(8; + 62) + az(m, T) (1 + 9,) (29)
where, ay, a;, and a, are constants associated with the moisture concentration level and temperature and are

given by,

ay(T) = ay(T)
ai(m,T) = al(T){’W}

t

t

a(m,T) = az(r){w}z
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Finally, the maximum moisture content in the specimen at saturation can then be obtained as,

M,, = my(volume of specimen) (30)

4. Closed form solution for diffusion through laminate thickness

If the crack-densities are uniform in a volume-averaged sense, the diffusion governing equation given by
Eq. (21) is amenable to a closed form solution subject to the boundary condition defined by Eq. (29). The
resulting through-thickness, time-varying moisture concentration profile in terms of bi-axial crack densities
is given by,

m; = |:a0(T) —|—a1(m7 T)(51 + 52) + az(m, T)(51 -+ 52)2:| {1 — %g% €Xp [ - (2]1
+1)? (%)2 [Co+ Ci (01 + 62) + C2610 + C5(3] + 33)]¢] cos W} (31)

where, / is laminate thickness and ¢ is time. Integrating Eq. (31) over the laminate thickness results in an
expression for the total moisture uptake per unit area of the laminate surface as a function of bi-axial crack
densities,

) g 1
M, = [aO(T)+a1(m,T)(51 +02) + ax(m, T) (61 + 0) }{1 —;;m exp [ — (2n

2
+1)? (%) [Co+ Ci(81 + 82) + C2616, + C5(8% + 62)]1]

—
—~
98
S)
S~—

5. Hygrothermal testing and diffusion data characterization

In order to characterize the damage-diffusivity influence coefficients Cy, C;, C,, C; and the damage-
saturation influence coefficients ay, a;, a,, moisture weight gain data for graphite/epoxy 5-harness satin
[0/90/0/90]; laminate with different bi-axial micro-crack densities were obtained from hygrothermal tests
performed at Virginia Polytechnic Institute and State University. Specifically, test specimens were me-
chanically pre-cracked by uniaxial fatigue or by static loading and then fully immersed in water at 65°C.
The bi-axial micro-crack densities in terms of cracks/cm for the specimens are listed in Table 1 together with
the type of loading that was used for pre-cracking the specimen. A set of uncracked specimens was also
included in the test matrix as a control set. The specimens were not subjected to any applied mechanical
stress during moisture absorption. The last two columns of Table 1 list the diffusivity and maximum
moisture weight gain (%) measured for each specimen type from test data. Fig. 3 shows the moisture weight

Table 1

Diffusivity and maximum moisture uptake obtained from hygrothermal tests performed at different damage levels
Specimen Load type 5 (em™) 5y (cm™") D (cm?/s) M, (%)
1 No damage 0 0 8.621E — 09 0.40808
2 21.4 KN (static) 0 7.35 1.265E — 08 0.45255
3 100,000 cycles 1.44 24.7 5.341E — 08 0.50715
4 200,000 cycles 4.95 25.2 1.936E — 07 0.60336
5 300,000 cycles 1.71 25.2 9.634E — 08 0.55616
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Fig. 3. Moisture uptake test data for specimens 1-5.

gain (%) vs. square root of time data for the five test specimens. The damage—diffusivity influence coeffi-
cients Cy, Cy, Cy, C3 and the damage-saturation influence coefficients ay, a;, a, for each test specimen were
extracted from weight gain data using a simple quadratic least-squares curve-fit procedure outlined below.
It should be noted that test data from only the first four specimens (i.e., specimens 1-4) were employed to
characterize the influence coefficients. The fifth data set (specimen 5) was held in reserve for verification of
model prediction.

6. Least-squares curve-fit procedure

Let
D5, 65) = Cy + C1 (8 + 8%) + 2880 + ¢ (5’;2 + 55) (33)
and
N 2
E=Y [Dy—D(3},3)] (34)
k=1

where, E is least square error, N is the number of test data points, D, is the kth test data point, 5’{ 1s the
crack density in laminate 1-direction corresponding to kth data point, 5'; is the crack density in laminate
2-direction corresponding to kth data point.

The variation of the least square error should be zero, that is,

N

OE = (Dy —D)3D =0 (35)
k=1
Substituting Eq. (12) into Eq. (35) gives,
N
D (Dx = D) [8Cy + 5C1 (3} + ) + 8C20305 + 5C; (of +5)| =0 (36)

k=1
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Since all 8C; are arbitrary variations, the coefficients of 6C; must be zero, giving four Egs. (37)—(40) that can
be solved for the four influence coefficients Cy, C;, Cs, Cj,

N N N N
NG+ |0+ ) [+ [So (@) | €+ | Do (o + o) | e = Doms (37)
k=1 ] k=1 k=1 k=1
N [ N N
lz (@ + o) | ot |D(0F+ a8 o | D6+ 85 (shh) | €
k=1 | k=1 k=1 (38)

C = ZDk (5’1{ + 5’;)

k=1

XN: S+ %) (5’;2 + 5’2‘2)
k=1

N N N N
[Z (S538) [ Co+ |D (64 + a5 (388) [ + | Do (8585 o+ | D (88 +65) (84%) | €
k=1 k=1 k=1 k=1
N
= Di(6)65) (39)
k=1

N

+ 3000+ &) (5?2 + 5’52)

k=1

G = ;Dk (5’1(2 + 552)

A similar procedure was employed to obtain the three damage-saturation influence coefficients ag, a;, a,
and is not presented separately here. The characterized values of the influence coefficients are listed in
Tables 2 and 3, respectively. Upon characterization, these coefficients were then used to calculate the ef-
fective diffusivity given by Eq. (12), and the maximum saturation level given by Egs. (29) and (30). The
values of diffusivity and maximum saturation level for the first four test specimens were computed by
employing the influence coefficients from Tables 2 and 3 in the proposed model and are listed in Table 4.
As can be expected, a comparison of the calculated results presented in Table 4 with the test data in Table
1 reveals that the values calculated using the model agree closely with the original test data. While this
constitutes a necessary check, it does not conclusively validate the model because the same set of test data

N

3 (658%) (5’;%55) G

k=1

C +

N
[Z (58 + )]
ZN:(a’f + 5’;2)2

k=1

(40)

Table 2

Damage-diffusivity influence coefficients characterized using specimens 1-4
Co (cm?/s) 0.86210E — 08
Cy (cm’/s) 0.98573E — 09
C, (cm?/s) 0.15594E — 08
C; (cm?/s) —0.59533E — 10

Table 3

Damage-saturation influence coefficients characterized using specimens 1-4
a (g) 0.41959E + 00
a; (gem) 0.41541E — 03

a; (gem?) 0.16178E — 03
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Table 4
Diffusivity and maximum moisture uptake obtained by using the proposed model at various damage levels for specimens 1-4
Specimen 5 (em™) 5 (em™) D (cm?/s) M,, (%)
1 0 0 8.6210E — 09 0.41959
2 0 7.35 1.2653E — 08 0.43138
3 1.44 24.7 5.3409E — 08 0.50499
4 4.95 25.2 1.9306E — 07 0.57918
0.6 = . . a = []
0.55 ;—
0.5 E—
_04sf
> E
E 0.4 E
[ E
2’ 0.35
S -
2 o03F
= °f
® 025
2 E
2 o02fF
= F * no damage
0.15 Fl A 95 ksi quasi-static
E . 100,000 cycles at 75.6 ksi
0.1H = 200,000 cycles at 75.6 Ksi
0.05 model prediction
0 TN [N TN TN TN T NN TN T TN T [N Y SO N |
0 10 20 30 40
sqrt (hrs.)

Fig. 4. Moisture uptake test data for specimens 1-4 for comparison with model prediction.

was used to obtain the influence coefficients. The four solid lines in Fig. 4 are model results for moisture
uptake obtained using Eq. (32) and they merely serve to verify the accuracy of the influence coefficient
characterization procedure for specimens 1-4.

7. Model verification

For actual model verification, Eq. (32) was applied to simulate the moisture uptake in test specimen 5,
that was not included in the influence coefficient characterization data set. The influence coefficients listed in
Tables 2 and 3 were used for this purpose, in conjunction with crack densities of §; = 1.71 and J, = 25.2
cracks/cm listed in Table 1 for specimen 5. The solid line in Fig. 5 shows predicted moisture weight gain as a
function of time. The solid circles depict test data. Despite the scatter in the test data, the agreement be-
tween the test data and model prediction is deemed reasonable. The laminate diffusivity and maximum
saturation level predicted by the model for this case are listed in Table 5 together with test data for
comparison. While there is a 33% error in predicted diffusivity, the error in the predicted maximum satu-
ration level is less than 2%. It is likely that the accuracy of the diffusivity prediction can be greatly im-
proved through the collection of more data points during the early stages of each experiment.

These results seem to confirm that retaining only up to the quadratic terms in damage in the expansion
of the Gibbs potential is a valid modeling approximation for the material system under consideration.
More model verification tests are necessary to fully validate the hypothesis.
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Fig. 5. Moisture uptake test data for specimen 5 and comparison with model prediction.

Table 5
Prediction of diffusivity and maximum saturation level for crack density é; = 1.71 and 6, = 25.2 cracks/cm using proposed model
Diffusivity (cm?/s) % Error in D M, (%) % Error in M,
Model prediction 6.437E — 08 33.2 0.54792 1.5
Test data 9.634E — 08 - 0.55616 -

8. Discussion and conclusions

A modeling methodology based on irreversible thermodynamics developed within the framework of
composite macro-mechanics was presented to allow characterization of anomalous (non-Fickian) diffusion
coefficients from moisture weight gain data for laminated composites with bi-axial damage. A symmetric
damage tensor based on continuum damage mechanics was incorporated in this model by invoking the
principle of invariance with respect to coordinate transformations. To maintain tractability, the diffusion
governing equations were simplified for the special case of a laminate with uniform matrix cracks that is
subjected to a uniaxial tensile stress state. Because of the macro-mechanics formulation employed in de-
veloping this model, the model is currently restricted to the study of global laminate absorption/desorption
characteristics in the presence of non-evolving damage states. An alternative meso-mechanics approach
that considers the more detailed physical aspects of moisture ingress into a micro-cracked laminate is
presented elsewhere (Roy and Bandorawalla, 1999).

The material influence coefficients needed to model the effect of bi-axial matrix micro-cracking on
laminate diffusivity and maximum saturation level were evaluated by using hygrothermal test data for a
[0/90/0/90]; graphite/epoxy 5-harness satin textile composite. The moisture weight gain curves predicted by
using a quadratic diffusivity-damage relation yielded good correlation with test data. While these obser-
vations do not conclusively prove that the laminate diffusivity and saturation level are indeed quadratic
functions of crack density, it does indicate that retaining only up to the quadratic terms in damage in the
expansion of the Gibbs potential is an acceptable modeling approximation for the material system under
consideration. The primary purpose of this paper is to establish a theoretical framework for using the
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proposed modeling approach to characterize, and eventually, to predict absorption and desorption in bi-
axially micro-cracked laminates. The formulation presented in this paper is deemed to provide a small yet
positive step towards that goal. Additional hygrothermal tests on specimens subjected to combined stress
and damage states at different temperature and humidity levels are currently underway to comprehensively
evaluate the accuracy of the proposed model when these data become available.
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