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Abstract—This study presents an experimental and theoretical investigation of moisture effects
in graphite/epoxy composites. The experiments involved exposure of antisymmetric, cross-ply
laminates to various levels of fixed and fluctuating humidity and measurements of the resulting,
time-dependent curvatures. Those data were compared with computed values based upon linear
elasticity and linear, rheologically simple, viscoelasticity. Good agreement was noted between
data and viscoelastic predictions during the moisture absorption stage from the initially dry
condition. However, increasing disparity between theory and experiment developed during
subsequent drying and humidity cycling conditions. This disparity is attributed to the growth
of moisture-induced damage, indicating that drying and moisture cycling are more detrimental
to the integrity of composites than moisture absorption, even though they may be associated
with a smaller total moisture content.

INTRODUCTION

Laminated composite materials have a tendency to develop residual thermal stresses
as the laminate is cooled from its elevated cure temperature. Consider, for example,
a (0/90), laminate. The thermal expansion coefficient in the direction of the fibers (lon-
gitudinal direction) is typically much smaller than the thermal expansion coefficient
perpendicular to the fibers (transverse direction). In addition, the stiffness of the ma-
terial parallel to the direction of the fibers is usually much greater than that transverse
to the fibers. As the laminate is cooled from its elevated cure temperature, the individual
laminae have a tendency to contract a much larger amount in the transverse direction
relative to the longitudinal direction. However, such transverse contraction is con-
strained by the adjacent perpendicularly directed laminae. These adjacent-ply con-
straints produce residual thermal stresses in the laminate.

Linear elastic stress analysis predicts that these residual thermal stresses may
exhaust the strength of various laminae in a composite structure even before the ap-
plication of external loads. Effects which were attributed to high residual thermal
stresses in composite laminates have been reported by several investigators[1, 2].

The polymer matrix material in composite laminates exhibits time-dependent be-
havior, especially at elevated temperatures or in the presence of moisture. Typically,
this time-dependence reduces the magnitudes of the residual thermal stresses below
those predicted by linear elasticity. There are situations, however, when this is not the
case[3]. The use of elastic solutions as conservative estimates of the residual stress
state in composite laminates is, therefore, often inappropriate.

It is common knowledge that the epoxy matrix material used in high performance
graphite/epoxy composites absorbs moisture from a humid environment. This absorbed
moisture produces expansional strains in the material which counteract the thermal
contraction strains that result from the cool-down of the material from its cure tem-
perature, and thus serve to relieve (or partially relieve) the residual thermal stresses
that develop in these materials. In addition, moisture softens the epoxy matrix, sub-
stantially lowers its glass transition temperature, and accelerates its time-dependent
behavior.
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908 B. D. Harper AND Y. WEITSMAN

There is considerable evidence in the literature that, in some situations, moisture
may cause irreversible time-dependent degradation of the properties of epoxy-matrix
composites{4—-20]. Permanent changes in certain mechanical properties[4—15] as well
as changes in moisture sorption Kinetics[9, 16-20] have been attributed to the presence
of such time-dependent degradation.

In most instances, the decrease in graphite/epoxy composite properties (e.g. stiff-
ness, tensile strength, etc.) due to hygrothermal exposure has been attributed to some
combination of matrix degradation, and a reduction of the fiber-matrix interfacial bond
strength{4]. It is generally accepted that graphite fibers, unlike glass fibers[11], do not
degrade by exposure to moisture.

This study investigates the effects of post-cure cool-down and subsequent envi-
ronmental conditioning upon residual stresses in composite laminates. The analysis
incorporates linear viscoelastic, hygrothermorheologically simple material behavior
with classical laminated plate theory to predict the time-dependent hygrothermal
stresses as well as the mid-plane strains and curvatures of antisymmetric cross-ply
graphite/epoxy laminates. For comparison, the analysis is also performed assuming
that the material behavior is linearly elastic.

Experimental assessment of residual stresses was provided by measurements of
the time-dependent curvature of antisymmetric cross-ply (0/90/04/90,/0/90), AS/3502
graphite/epoxy laminates, These measurements were then compared with linear elastic
and viscoelastic predictions.

Even though the elastic and viscoelastic analyses do not consider irreversible mois-
ture-induced degradation, careful attention was paid to all experimental data in order
to detect the presence of such effects.

ELASTIC FORMULATION

Consider an antisymmetric cross-ply laminate, depicted in Fig. 1, exposed to fluc-
tuating ambient temperature 7(¢) and relative humidity ¢(¢). In view of the high thermal
diffusivity and the small thickness of composite laminates employed in practice, it is
permissible to ignore the process of thermal diffusion and employ the approximation
that T = T(¢) throughout the laminate. On the other hand, the slowness of the process
of moisture diffusion requires taking full account of transient moisture distributions.
For laminates of thickness much smaller than in-plane dimensions, moisture diffusion
may be considered spatially one-dimensional.

Employing the assumptions of classical laminated plate theory[21], the linear elas-
tic stress/strain relations for the odd-numbered, orthotropic plies in Fig. 1 are

0:(z, 1) = CL((t) + zhkt) — a L AT() — Bome(z, 1))
+ Crr(e(1) + zky(1) — arAT(1) — Brm.(z, 1)) (1)
0y(z, 1) = Crrled(t) + k(1) — a AT(t) — Brm.(z, 1)
+ Cred(t) + zk, (1) — arAT() — Brm.(z, 1)).
In (1), o denotes stress, €” and & the mid-plane strain and curvature, respectively, C

designates stiffness, and o and B are linear thermal and moisture expansion coefficients.
Also, AT denotes temperature change and m, the effective moisture content

mz, ) = m(z, 1) — m for mfz, 1) > m,
=90 for miz, 1) = m, (2)

where m(z, t) is the moisture content and r; the ‘‘threshold’” moisture content, below
which no moisture expansional strains are observed. The subscripts L and T in eqn (1)
denote properties parallel and transverse to the direction of the fibers respectively,
while subscripts x and y refer to the laminate coordinate system of Fig. 1.

The stress/strain relations for the even-numbered plies are obtained by interchang-
ing subscripts L and T in egn (1).
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Fig. 1. Geometry of antisymmetric cross-ply laminate.

Because the laminate is assumed to be free of external loading, the net resultant
forces and moments on the laminate must vanish, thus

k3
N = [ oz nde =0

h3
Ny(t) = f~h3 oy(z, ) dz = 3)

i
o

h3
M. () = f-h; oz, 1) zdz

i
e

h3
M0 = [ oy 024z

Appropriate substitutions into (3), followed by integration of the expressions, yields
four equations in the unknowns €2, €7, k., and k,. Solution of these equations yields

e =) =+ U! (Cr + Cr = 2C.7) {hs(P + QIAT(1) + (R + S)F (1)}

— 3g:(Cr — C7) {g1(P — QAT(t) + (R — S)YG(H}] (4)

k(1) = —ky(1) = %[ha(CL + Cr + 2C.7) {g1(P — QAT + (R - S)G(1)}

= &1(CL = C) {hs(P + Q)AT(1) + (R + SF(N}],
where
= Croay + Crar
Crrap + Crar
CrBr + CrrPr
CrrBr + CrBr

trh &R M
l

1
g =3k + ki -k

A

1l

M {CL + Cp?* = 4Cir} — 321 (CL — Cop)P?

A3
F(r) = j; m.(z, t) dz

h3 k2
G(t) = fo moz, Hz dz — 2 L’ m.(z, 1)z dz.
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Note that the moisture content profile m(z, ¢) is found independently by solving the
diffusion equation.

Once €2 and £, are determined from (4), the stresses may be obtained by direct
substitution into (1).

VISCOELASTIC FORMULATION

For the viscoelastic case, the material behavior is assumed to be hygrothermo-
rheologically simple and linear. Making the assumptions of classical laminated plate
theory, and noting again that €2 = €2 and k, = —k, due to the antisymmetric cross-
ply lay-up, we have the following relations for the odd-numbered plies:

Be

0
0x(z,t) = f Co(t — &) {aex(T) Bk(;f'r) B a(aL(iT(T)) B amg;j’ T)} i

f Corle — &) {aex(ﬂ k() AerdT() g M} .

T

(91‘ oT or (6)
al X AT Az,
o,(z, t) = f Crr(E — &) {36 (T) 6kai'r) B a(OLLaT (1) 8, om a(: 'r)} dr
x K AT oz,
f CT(g g ) {ae (T) : 6’:7) B a(aTaT o — Br o E)('f T)} dr.

Expressions for the even-numbered plies are obtained by interchanging subscripts L
and T in (6). In eqn (6), the reduced times £ and &' are defined by

' ds
£ =&z 1) = ﬁ, aru(m(z, s), T(s)) )
. B T ds
¢ =¢&(z, 1) = fo arm(m(z, s), T(s))

where arys is the combined temperature-moisture shift factor.
Requiring net resultant forces and moments to vanish at all times results in two
integral equations

4 h3 o€ t h3 ,
f(f F,(g—g')dz> Do+ [ ([ Fe - e

—zf Fy(E — &)z d) ) 4~ Ryo)

f(f F3(§—§)zdz—2fh Fy(k — &)z d)&exifr)

t h3 akx
+ L ( 0 Fy(t = £)7° dZ) _é? dr = Ry(1),

®)

where
r h3 3 ] T AT
R = [7 ([ Fute - £ ) 2T
" , oy (T(T)AT(7)]
+f0<ﬁ) F5(§‘—§)dz) o d

e [0S e = pr = e - g0 P a: ) g
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t ha h2 a T AT
Ro(t) = [ ( [P~ erzaz - 2f " Foe - £ dz) el DNy

t A3 , hz ; a[a ;r( T(T))A T(T)]
+L(f0 Fol — )2 dz - 2] Fa(ﬁ—é)zdz) - d

ame(z, )

+L{L (Fs(& — €)Br + Fo(t — £)p0) 22 2 gp

-2 e - £+ Fute - 080 T e an

and

F;=CL+CT+2CLT; F5=CL+C;_T

F, =C.+ Cr—2Cyr; Fe=Cp ~ Cyr (10)
F;=C, ~ Crp; F7=Crr - Cy

F4 = CT + CLT-

MOISTURE DIFFUSION

For many epoxy resin composites, the moisture sorption process was found to
follow the classical diffusion equation{16]:

om _ p&m (11)

where m is the moisture content, ¢ denotes time, and z is the spatial coordinate for
one-dimensional diffusion. Also, D is the moisture diffusion coefficient.

In many circumstances, the equilibrium moisture content M. was correlated to
the ambient relative humidity $[19, 22, 23], and for the composite material at hand it
was found[23]:

M. = 0.002684' 3%, (12)

Finally, the coefficient D in eqn (11) was found to vary most significantly with
temperature[16, 23]. For the present case we have[23]

D = D(T) = 1.67 exp(—5480/T). (13)

In eqn (13), T denotes temperature in °K and D is in mm?/sec.

The solution to (11) is well known{24, 25] and can be evaluated most efficiently
by a scheme proposed recently[26]. This scheme will be followed for calculating mois-
ture profiles to be inserted in (1) and (6).

NUMERICAL PROCEDURES

The complexity of the viscoelastic integral equations (8) necessitates the use of a
numerical solution. Conventional numerical integration procedures are inappropriate
because the unknown functions to be determined, namely €2(¢) and k.(t), appear as
derivatives within the integral.

An approach often referred to as the “‘incremental time-marching scheme’ has
been employed on several occasions to solve integral equations of this type[23, 27, 28].

$AS 21:8-F
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To illustrate this method, consider one of the integral expressions in (8), namely

4 h3 0
10 = [[( [ Ftee 0 - e az) S o (14)
with
w“ dS
fe. 0 = L arm(m(z, 5), T(s)) (>

First discretize the time domain into M time steps, not necessarily equal in magnitude.
Evaluating (14) at time ¢ = ;, and allowing for the possibility of discontinuity at time
t = 0, we have

fiz

I(y) = , P&z 5) dz [€307) — €¥07)]

=N s oed(T)
Ago J; < o Fl(g(Zs t/) - g(z' T)) dZ) o7 dr

A

+

X

= | FiE@ ) dz [20°) = €07)]

+
B | —

J 1 s
E‘o “o [Fi(&(z. 1) = &z, txs1))

+

Fi&(z, ;) — &z, 1)l dz} [€Xtrs1) — €2(1p)] (16)

where to =07
The spatial integration in eqn (16) is performed by discretizing the laminate half-
thickness, A3, into N divisions, again not necessarily equal in magnitude, for example

h3 N—1
Fiz, ;) — &z, 1)) dz = % E {Fil(zien, t) — &Ziv1s 1)

i=0

+ Fi&zi, 1) — &z, D} (@i — 20) (17)

where zo = 0 and zn = 4;.

Upon discretization of all terms in (8), it is finally possible to form two equations
in the unknown quantities €2(¢;) and k.(#,) that can be solved simultaneously. Note that
at time ¢ = 1, all earlier values €2(¢,), . . ., €X(t;_ ) and k. (1), . . ., k.(f;— ;) are known
from previous steps. With €2(#,) and .(#;) known, one then increments the time to ¢
= t;., and proceeds as above to find €2(¢;, ;) and k.(¢;+ ). This procedure is repeated
progressively until the mid-plane strain and curvature are found at any time of interest.

Note that this procedure requires solving for €2 and k, at each time increment,
even though these values may only be desired at the final time ¢ = 5, or perhaps at
only a few of the intermediate times. For this reason, this procedure is rather inefficient
for very long hygrothermal histories.

In order to improve numerical efficiency, a method similar to that proposed by
Schapery[29] was employed to solve eqn (8) for the time-dependent mid-plane strains
and curvatures. This method involves approximating the mid-plane strains and cur-
vatures by the functions € and k(" defined through the following expressions:

h3 o h3 h2 k(l)
(J;) Fi(§) dZ> € + (L F3(§)zdz — ZL] Fi(§)z dZ) x Ri(1) (18)

h3 h2 3
( J, Pz dz -2 Pz dz) e+ < | P2 dz) K

Rz(t)v
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where R,(¢) and R,(¢) are given in (9) and & = &(z, ¢) is given in (7). Note that R,(t)
and R>(t) can be evaluated exactly at any time of interest since the temperature and
moisture history is known explicitly beforehand. Therefore, the approximate quantities
e and £V do not need to be known at each intermediate time step in the numerical
integration process, as was required in the previous procedure.

In order to estimate the error involved in using "’ and k"’ as the mid-plane strain
and curvature, define

Ae, = €2 — € (19)
Ak, = ky — K.

Manipulations of (8) and (18) then yield the following integral expressions for Ae,
and Ak,,

Lt<Lh3F|(€—€')dz>a§—:xdﬂr+J;’<J:)h3F3(§—§')ZdZ

z , oAk, ([ , gell)
-2 F3(§—§)zdz) - df—ﬁ){fo (FI(E)—Fl(é—E))dz} " dr
4 h3 h2 akfrl)
+ . { [ @ - Pt - ez -2 (R - e - ez 02) B an
(20)
t h3 h2 dA .
/. (fo Fs(€ - €)2dz - 2 Fy(e - €z dz) = dr
t ha kx t h3
() Fe - e a) B - { |, @ - Fse - ez de
h2 [$}] t h3
-2 " (Fu® - Frte - €)1 dz}%d-r + { I, @
(1
- Fag - €))7 dz} % dr. @1

The solution of (20) and (21) for Ae, and Ak, will involve the same incremental time-
marching procedure as mentioned previously, but since the ‘‘errors’” Ae, and Ak, are
presumably small in comparison with €{" and £{", it is possible to employ cruder time-
steps in the numerical integration.

If Ae, < € and Ak, < ki then " + Ae, and k" + Ak, may be taken as our
solution. Otherwise, higher-order increments A®e, and Ak, can be calculated in a
similar manner.

In our case, Ae, and Ak, provided sufficient accuracy, because they resulted in
corrections of no more than a few percentage points.

SUMMARY OF MATERIAL PROPERTIES

Published data on the AS/3502 graphite/epoxy material[30] indicate that only the
transverse compliance Sy shows any appreciable time-dependence. The compliances
S, and S, 7 were both virtually constant with values given by

SL 8.00 x 10—6 MPa“‘ (22)
Sir =232 x 107*MPa~'.

The dry transverse compliance data can be expressed in the following form:

Sr(t) = So(t + to)? (23)
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with
So = 88.2 x 107° MPa~"min~¥
g = 0.00775 (24)
fo = 1 min,

while wet transverse compliance data assumed the form

§+t) = Dy + Dit” (25)
with
Dy = 88.2 x 107° MPa™!
Dy = 1.662 x 107*MPa~ ' min™" (26)
n = 0.14.

The data also indicate that the AS/3502 material is hygrothermorheologically sim-
ple. The temperature-dependent shift factor, a;, and moisture dependent shift factor,
ay, were expressed as follows

ar = exp(—T/A + B) 27
and
ay = exp(—Com + Cy) (28)
with
A = 6.258
B = 45.81 (29)
C() - 52
C; = 26

In (27) and (28), T is the temperature in °K and m is the moisture content in %
weight gain.

It was also found that the combined temperature-moisture shift factor, aas, could
be expressed as a product

Aram = drdy. 30)

Data from reference [30] also indicate that the thermal expansion coefficient varies
linearly with temperature

ap = oro + ol 31)
ar = arg + anl
with
are = —.484 x 107 cm/cm/°K
az; = 0.72 x 107% cm/em/°K?

9.05 x 107% cm/cm/°K
0.41 x 1077 cm/ecm/°K?>.

2
3
i

2
=
]
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Experimental data on AS/3502 graphite/epoxy[23] indicate that transverse moisture
expansional strains may be expressed

Ii

€ BT(m - m) for m > m, (33)

Ny~

Il

€ 0 for m = m,,
where €# is the transverse moisture swelling strain, m is the moisture content, and m;
the threshold moisture content (m; = 0.1%). Also, Br is the transverse moisture ex-
pansion coefficient (37 = 0.00324 cm/cm/% moisture).

The longitudinal moisture expansional strain was negligibly small and we took B,
= 0 in all computations.

Because data for the AS/3502 material[30] are given in terms of creep compliances,
we employed the quasi-elastic approximation[31] to express the relaxation moduli that
are required for our viscoelastic analysis, namely

_ S7(1)
€0 = 5.5 - Sn

I A
Cl1) = S.Sr(t) — Sir 4
Crr(t)y = —Sir

S.8r(t) — Sir’

It has been shown[23] that for the AS/3502 material, the above approximation involves
errors of less than 2%.

EXPERIMENTAL PROCEDURE

Effects of residual stresses in composite materials can be detected by measuring
curvatures of antisymmetric laminates[2, 4, 23, 28, 32-34]. However, both lay-up and
dimensions of the laminate must be chosen advisedly. For instance, the easiest con-
ceivable lay-up, that of [0,/90,]7 is unsuitable because it develops premature cracks
due to its low fracture toughness[2, 28, 33]. In addition, the deformation of plates with
high length-to-thickness ratios departs from linearity, and may be even subjected to
thermal buckling[35], while excessively thick plates require an impractically long time
to reach moisture saturation.

Based on a multitude of considerations[23], square plates of in-plane dimensions
of 0.1016 m (4") and the lay-up [0/90/04/904/0/90]r were chosen as test specimens (see
Fig. 1). Forty-five specimens were cut up from larger panels that were manufactured
and cured according to manufacturer’s specifications.

Curvatures were determined from deflections that were measured periodically by
means of dial gages attached to a rigid stand, as detailed elsewhere[23]. Deflection
measurements yielded no more than 1% deviations in curvature values within each
specimen and a scatter of +=4% within each group of specimens. Also, the curvatures
k. and k, deviated from their average values by no more than 4%.

Exposure to fixed levels of relative humidity was achieved by placing specimens
above suitable salt solutions[36] within humidity chambers.* Temperature control was
achieved by placing the chambers in several rooms with different thermostat settings.
A summary of the test environments is given in Table 1 below.

To assure initially dry conditions, all specimens were dessicated at 327°K (130°F)
until reaching equilibrium weight. Upon exposure to moisture, weight gains were mea-
sured periodically, at equal "2 intervals.

* The selected solutions were: LiCl (13%R.H.), NaCl (75%R.H.), and K,SO, (95%R.H.).
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Table 1. Combinations of temperature and relative humidity

considered
RH (%)
T (°K) 0 13 75 95
298 X X X
327 X X X X
339 X X X X
346 X
RESULTS

Computational and experimental results for all environmental exposures are shown
in Figs. 2-11. In all those figures, values of the nondimensional curvature change
hs(ky; — k.(2)) are plotted versus the square root of time, ¢, in days. In the above, h;
is half the laminate thickness as before, k., is the initial dry curvature and k.(¢) is the
time-dependent curvature. The solid lines in the figures refer to elastic predictions,
whereas dashed lines represent viscoelastic evaluations. Experimentally determined
curvatures had a typical data scatter of about 4-6%, about the average values shown
in the figures.

In those cases which include desorption (Figs. 2-4), the desorption results were
plotted with the time scale reset and measured as the square root of time since the
initiation of desorption.

In view of the observation that a geometrically constrained Hercules 3502 resin
develops significant chemical shrinkage stresses during cure[37], the initial curvature,
prior to exposure to moisture, is caused partly by the above-mentioned chemical effect
and partly by thermal cool-down. Because it is impossible to separate those effects, it

T T T
A First Cycle Absorption Data
O First Cycle Desorption Data
A Second Cycle Absorption Data
500 b ® Second Cycle Desorption Data s

Elastic {Absorption)

400

300

200

hakx - ky[t])x 10°

100

o]

-

o e i i o =

Viscoslastic {(Desorption)

-100 i i i
a 4 8 12 16

Time (Vdays)

Fig. 2. Time-dependent curvature change of (0/90/04/904/0/90)r AS/3502 graphite/epoxy lami-
nates at 346°K (163°F). Absorption data is obtained at 95% relative humidity.
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Fig. 3. Time-dependent curvature change of (0/90/04/904/0/90)r AS/3502 graphite/epoxy lami-
nates at 339°K (150°F). Absorption data is obtained at 95% relative humidity.
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Fig. 4. Time-dependent curvature change of (0/90/04/90,/0/90)r AS/3502 graphite/epoxy lami-
nates at 339°K (150°F). Absorption data is obtained at 75% relative humidity.

917



918 B. D. Hareer anD Y. WEITSMAN
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—=— Viscoelastic
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halks, - kaft]) < 10°
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0 1 !
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Time (\days}

Fig. 5. Time-dependent curvature change of (0/90/04/904/0790)y AS/3502 graphite/epoxy lami-
nates during absorption at 327°K (130°F) 95% relative humidity.

was decided to relate all results in terms of departures from an initial curvature, rather
than through absolute curvatures. Presented in this manner, the effects of initial stresses
should disappear entirely in the elastic case. However, the uncertainty regarding initial
stress effects must still be resolved when considering viscoelastic behavior. To over-
come this ambiguity, two sets of viscoelastic computations were performed. In the first
set, the stress-free temperature was assumed to be the cure temperature of 455°K
(350°F), while in the second set, the stress-free temperature was assumed to be 25°K
higher. It was found that the results of the two sets of calculations yielded indistin-
guishable results for the curvature differences k,, — k(1) that are exhibited in Figs. 2—
1.

Reproducibility of experimental results was checked by exposing two groups, of
three specimens each, in two separate chambers to identical environmental conditions.
The results for all four groups, averaging values between the three specimens within
each group, are shown in Fig. 5. It is seen that the results coalesce to a continuous
curve, proving consistent and reproducible data.

Note that, because of the way results are plotted in Figs. 2—11, large values of the
ordinate represent greater change of the curvature relative to the initial dry curvature,
and thus smaller absolute values of curvature. It is interesting to note that clasticity
predicts greater departures of curvature than viscoelasticity. In addition, during de-
sorption the viscoelastic curvature exceeds its earlier value, prior to the onset of con-
ditioning. These results seem contrary to intuitive notions that relaxation behavior
should necessarily vield values that are smaller. However, they are typical of results
obtained for problems in which an external agent (in this case moisture) acts as a stress-
inducing agent as well as a stress-relaxing factor{3].
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400 T T T

—— Elastic
—— Viscoelastic

300

200

ha(kx, - kx[t]) X 10°

100

Time (Vdays)

Fig. 6. Time-dependent curvature change of (0/90/0,/90,/0/90)r AS/3502 graphite/epoxy lami-
nates during absorption at 327°K (130°F) 75% relative humidity.

It can be seen from Figs. 2—11 that data obtained during absorption at high tem-
perature are closer to the elasticity predictions than to viscoelastic calculations. The
data tend toward the viscoelastic results with the lowering of the conditioning tem-
peratures. This trend indicates that, at least during initial absorption, the time-depen-
dent behavior is predominantly viscoelastic, except under the more extreme environ-
mental conditions. Under those more extreme conditions, the fact that measured
curvatures are smaller than viscoelastic predictions suggests the presence of some sort
of moisture-induced damage.

Figures 9-11 represent results obtained during absorption at a relative humidity
of 13%. Because, in this case, the equilibrium moisture weight gain is 0.08%, which is
below the threshold moisture content m; = 0.10%, this circumstance is associated with
no moisture-induced strains. An elastic analysis, therefore, will predict no time-de-
pendent changes in curvature, so that only viscoelastic results are plotted in Figs. 9-
11. The fact that the curvature was nevertheless observed to relax during exposure to
a 13% relative humidity environment indicates that a time-dependent effect is inherently
associated with moisture absorption, even in the absence of moisture-expansional
strains. Note the difference in scale between Figs. 9-11 and Figs. 2—8, indicating that,
under 13% R.H., the difference between experimental data and viscoelastic predictions
is smaller than meets the eyes.

Periodic curvature measurements were also obtained from specimens conditioned
dry at 339°K (150°F) and 327°K (130°F). The specimens were kept dry by placing a
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Fig. 7. Time-dependent curvature change of (0/90/04/904/0/90)7 AS/3502 graphite/epoxy lami-
nates during absorption at 298°K (77°F) 95% relative humidity.

CaCl, dessicant material in the environmental chambers. In these two situations, the
measured curvature remained constant to within less than 1% of their original curvature
for exposure times of approximately 6 months and 1 year, respectively. This shows
that, for the AS/3502 graphite/epoxy material, time-dependent effects become signifi-
cant only in the presence of moisture.

Note that, in Figs. 2—-4, the measured curvatures do not return to their original
values after complete desorption, indicating a hysteresis-like material response. In Fig.
2, the deviation of measured curvatures from viscoelastic predictions is about the same
at the end of desorption as it is at the end of absorption. In Figs. 3 and 4, however,
the deviation from the viscoelastic predictions was larger at the end of desorption than
it was at the end of absorption. This is especially apparent in Fig. 4, where measured
values agreed well with viscoelastic predictions at the termination of the absorption
phase, but differed significantly when desorption was complete. This observation is
consistent with the fact that large tensile stresses develop at the surface of the laminate
during the early stages of moisture desorption due to the steep moisture gradients which
occur at this time[4]. These tensile stresses enhance matrix microcracking and fiber-
matrix interface degradation, thus producing smaller curvatures than would be observed
in the absence of these damage mechanisms.

All the curvature data obtained under environmental conditions in which moisture
expansional strains develop (e.g. Figs. 2-8) are plotted in Fig. 12. In this figure, the
ordinate and abscissa have been nondimensionalized in such a way that the elastic
results for all conditions fall on a single curve. The reduced time r* is the nondimen-
sionalized quantity * = Dt/h3, m; is the threshold moisture content (m; = 0.10%),
while m.. is the equilibrium moisture content. The fact that the experimental data do
not fall on a single curve provides further evidence that the material behavior is
inelastic.
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Fig. 8. Time-dependent curvature change of (0/90/04/904/0/90)r AS/3502 graphite/epoxy lami-
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Fig. 10. Time-dependent curvature change of (0/90/04/904/0/90)7 AS/3502 graphite/epoxy lami-
nates during absorption at 327°K (130°F) 13% relative humidity.
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Fig. 11. Time-dependent curvature change of (0/90/04/904/0/90)r AS/3502 graphite/epoxy lami-
nates during absorption at 298°K (77°F) 13% relative humidity.

Additional tests were performed to measure curvatures of presaturated specimens
under cyclic environmental exposures. In these experiments, specimens that were sat-
urated at 95% R.H. were switched at regular time intervals between chambers with
0% and 95% R.H. All these tests were performed at a constant temperature of 327°K
(130°F).

Results for the time-dependent curvature change obtained during these tests for
cycles of 16 days and 9 days are shown in Figs. 13 and 14. Note that, in these figures,
time is measured from initial saturation (or the beginning of cycling). The elastic pre-
dictions are shown by solid lines, whereas viscoelastic predictions are given by dashed
lines. Note that while initially the experimental results and viscoelastic predictions are
in good agreement, the discrepancy between the two sets of results increases as cycling
continues. This suggests that repeated wetting and drying of composites enhances the
moisture-induced degradation of material properties.

This contention is further supported by the moisture uptake data obtained during
the same environmental cycling iests, presented in Figs. 15 and 16. The solid lines in
these figures represent predictions based upon Fick’s law. Note that the discrepancies
between data and theory increase as cycling proceeds. This provides an indirect con-
firmation to the proposition of moisture-induced damage.
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Fig. 13. Time-dependent curvature change of (0/90/04/904/0/90)r AS/3502 graphite/epoxy lami-
nates during cyclic exposure to 0 and 95% relative humidities at 327°K (130°F), with cycle-
interval of 16 days.
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Fig. 14. Time-dependent curvature change of (0/90/04/90,/0/90)r AS/3502 graphite/epoxy lami-
nates during cyclic exposure to 0 and 95% relative humidities at 327°K (130°F) with cycle interval
of 9 days.
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Fig. 15. Moisture content (in % weight gain) during cyclic exposure to 0 and 95% relative
humidities at 327°K (130°F), with cycle interval of 16 days.
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Fig. 16. Moisture content (in % weight gain) during cyclic exposure to 0 and 95% relative
humidities at 327°K (130°F), with cycle interval of 9 days.

CONCLUDING REMARKS

This study presented an investigation of moisture effects on the mechanical be-
havior of polymeric composites. It was shown that the time-dependent material prop-
erties of the resin, which become more accentuated in the presence of moisture, play
a very significant role in the response of the composite. This material time-dependence
couples with the time factor associated with the diffusion process to yield a very com-
plicated history effect.

The drying of saturated composite laminates is accompanied by tensile stresses
which, under appropriate combinations of time, temperature, and humidity, exceed the
tensile strength of the material—thereby causing matrix cracking or debonding between
fibers and matrix. These cracks and debondings present new surfaces for moisture
absorption during subsequent exposures, which lead to highly concentrated swelling
strains at the newly formed tip zones. In this way, the growth of damage may feed
upon itself with each additional humidity cycle until reaching a critical level.

A detailed investigation of this highly complex damage mechanism should employ
fracture mechanics and deserves further study.
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