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Abstract : The prediction to the hydroscopic moisture warping behaviors is analyzed for cellulose-based laminates using
a numerical method base on a modified classical laminate(MCL) theory for hygroscopic moisture deformations with
cycling testing data. The experimental measurement of the interferometric hygroscopic warping effects, moisture generator,
and curvature of cellulose reinforced epoxy laminates is studied under cyclic environmental conditions using a Moire
interferometer coupled. Accurate determination of curvatures provides a description of dimensional stability evolution; the
tools for validation of computational internal stress and for the warpage prediction in model safety.
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ever their dimensional stability as affected by moisture
absorption is poor and severely reduces product safety
and durability.

The aim of this study is to understand the hygro-
scopic warping of these systems so as to contribute to
the development of dimensionally stable laminates and

1. Introduction

Cellulose-based laminated are widely used as mats
for resin impregnated laminates essentially because of
their ease of impregnation, decorative and surface
quality properties and aptness for continuous processes

in paper and film industry. Efforts for product develop-
ment in this long established industry are devoted to
improving material durability and surface quality con-
trol while increasing production rate. Today, thermoset
materials impregnated cellulose mats show excellent
surface quality and reasonably fast curing rates, how-
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internal stresses. Because the properties of cellulose
fibers as well as their composites are strongly affected
by moisture exposure, the behavior of a system at
given moisture content does not reflect that of a part
in service where the environmental conditions vary
regularly. In addition, cellulose fibers show a hysteresis
with respect to hygroscopic properties.

These factors make the dimensional stability beha-
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vior of cellulose composites quite peculiar and unlike
that of inert fiber composites. The main differences
lying in the fact that the hygroscopic expansion of
cellulose is significant and present both the radial and
longitudinal directions, and that the elastic modulus
varies significantly between the two extremes of mois-
ture content.

In order to highlight the hygroscopic properties of
cellulose mats, extreme cyclic conditioning was per-
formed on the materials investigated, and regularly was
followed by Moire interferometer to gather three di-
mensional deformation maps. The curvatures recorded
at different levels of conditioning and of cycling can
then be used for describing the service behavior of
these materials. In parallel, material property measure-
ments were carried out under the same cyclic environ-
mental conditions in order to gather essential data for
numerical simulation. The engineering constants sought
were in plane and shear modules and in-plane moisture
expansion coefficients, all as a fimction of moisture
content and environmental cycling,

2. Numerical Analysis

2.1. Numerical Formulation

In order to run hydrothermal elastic laminate theory
calculations to predict curvatures and internal stresses,
a number of engineering constants were evaluated. The
analytical models for laminate composite mechanical
behavior presented up to now have based on the
assumption of constant environmental conditions. Among
the many environmental conditions that may influence
composite mechanical behavior, changes in temperature
and moisture content. The modified lamina stress-strain
relationships can be written for linear elastic behavior
and constant environmental conditions for an isotropic
material.

T _|oAT ifi=123

€i =
0 if i=4,5,6

M

where ¢ coefficient of thermal expansion (CTE),
e[ thermal strains, and 4T temperature change. Cairns
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and Adams", who have developed cubic polynomial
expressions data for epoxy, glass/epoxy, and graphite/
epoxy from -73°C to 175°C, base this relationship on
the experimental observation.

In polymeric materials moisture has been shown to
cause hydroscopic expansions or contractions to ther-
mal strains. The experimental observation is that the
moisture-induced strains in isotropic materials can be
expressed as

M | BAC ifi=123

£
0 ifi=456

@)

where [ the coefficient of hygroscopic expansion
(CHE), & moisture-induced strains, and A4C moisture
concentration.

The total hydrothermal strain can be written as

H T .M
i (3

The hydrothermal strains in a composite lamina are
different in longitudinal and transverse directions. The
hydrothermal strains associated with the 12 principal
material axes in the specially orthotropic famina should
be expressed as”

cH _ | GidT+BAC if =123
0 if i=4,5,6

i =

“)

If the material is transversely isotropic, o> = a; and
B2= fs.

The total hydrothermal strains along the principal
material axes in the specially orthotropic lamina are
found by summing the hygroscopic strains by Eq. (2)
and the thermal strains by Eq. (1).

€l a B
e = 1az (AT + ) B2 (AC
€3 0 0 %)

Finally, the coefficient of hygroscopic expansion
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(CHE) can be expended the matrix formulation with
the resultants of hygroscopic forces and moments (if
AT=0, thermal part is null) as;

P dyxx axy dxs Nﬁ
By [ =|ayx ayy ays [|N) [+
ﬁxy dsx Adsy dss || N SH
buy by bys ||ME
byr byy by Mi’
bgy bgy b 51 ©6)

where, matrix [a] and [b] are laminate compliance
matrices in interlaminar,

The resulting curvature with curvature-moment rela-
tionship are given by

H
ky Cxr Cxy Cxs || Nx
H
ky [ =]cyx cyy cys [Ny [+
kxy Csx Csy Css Ny
H
dyy dyy dyg M,;{
dyx dyy dys M
d d d
sx  dsy  Gss | MsH %)

where, the matrix [c] and {d] the laminate stiff-
nesses by the hydrothermal are meaningful parameters
for all laminate configurations.

2.2. Micromechanics Models for Hydrothermal

The mechanical properties of a composite lamina
can be estimated from the corresponding properties of
the constituent equations for micromechanics models.
Similarly, the micromechanics equations for hydro-
physical properties appear in hydrothermal have been
presented by Chamis”. An equation for CTE longi-
tudinal @1, @ can be developed using thermal me-
chanics model of longitudinal CTEs of fiber and mat-
rix materials. The one-dimensional forms of the stress-
strain relationship along the longitudinal direction for

MedobuEtsix|, M19H M1Z 200444

the lamina, fiber, and matrix materials were substituted
in the rule of mixtures for longitudinal stress”.

Similarly, the one-dimensional forms of the stress-
strain relationship with hydroscopic effects, can be
write same procedure above as a found similar rela-
tionship for the longitudinal CHE S

Ef1Brivs+Em Bmvm
1 EfVfTEnm 8)

where S5 and S, are the longitudinal fiber and
matrix CHE, E; and Eml are the Young's Jongitudinal
modulus of fiber and matrix. In polymer matrix
composites the amount of moisture absorbed by the
fibers is usually negligible in comparison with the
moisture absorbed by the matrix, so that the term
involving A3, can be ignored. Thus, the transverse
CHE 3 would be given by

/32 = (1+vm)ﬁmvm + (1 +v

PPy TP
®

where (3 is given by the Eq. (8), the equations de-
rived by Schapery.

The example of the hydrothermal micro-properties
sensitivity of matrix~-dominated is the data of Gibson et
al”, who used a vibration beam method to measure
the flexural moduli of several E-glass/polyester sheet-
molding compounds after soaking at various times in
moisture bath in experimentally.

kel =kl b1,
Fig. 1. Flow chart of numerical procedure of hydroscopic model
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2.3. Procedure of numerical analysis

In order to run hygro-elastic laminate theory calcu-
lations to predict curvatures and internal stresses, a
number of engineering constants were evaluated. The
procedure consisted in conditioning sample coupons to
the same quasi-equlibrium regime as for the Moire
measurements, on the flow chart of numerical pro-
cedure of hydroscopic model in Fig. 1. The procedure
consisted in conditioning sample coupons to the same
quasi-equilibrium regime as for the Moire measure-
ments”. The material's corresponding moisture content
at 90 and 10 % RH at RT, is 9.5 and 3 % (wt/wt.)
respectively. Testing was carried out when such
moisture contents were reached and was repeated over
at least five cycles in order to assess any influence of
cyclic conditioning on material properties.

The engineering constants gathered or derived were
the machine direction (MD) and cross direction (CD)
moduli and the shear MD/CD modulus; the moisture
expansion coefficients (CHE) in MD and CD, and the
diffusion coefficient Dz. The Fig. 2 and Fig. 3 shows
shear modulus values as well as moisture expansion
cocfficients as a function of environmental cycling.
Values calculated according to Baum's relation from
Emp and Ecp.

MD and CD modules were measured using a
Rheumatics solids analyzer RSA 1I, the out time form
the conditioning chamber being minimal and the weight
of the coupons being checked before and afier testing,
moisture loss was kept at a minimum. Shear modulus
Gi> was calculated from Evp and Ecp values according
to Baum's relation. The coefficients hydroscopic expan-
sion (CHE) was measures using a specially designed
fixture with a reading precision of 5mm. The Fig. 4
shows the procedure of moisture measurement until
RH generator to Moire interferometer.
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Fig. 2. Evolution of shear modulus during vapour conditioning
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Fig. 3. Evolution of in-plane moeisture expansion coefficients
(Bwmp and Bep) during vapour conditioning

3. Experimental

3.1. Moisture Conditioning Procedure

The cured samples were stocked in dry atmosphere
subsequent to processing and prior to conditioning.
Two types of cycling conditioning were imposed on
the specimens; vapor diffusion controfled conditioning,
and wet-dry accelerated conditioning. The former was
performed with a precise RH generator coupled with a
balance to control weight loss and gain for cycles
between 10% and 90% RH, providing results on
transient and quasi-equilibrium moisture content curva-

Fig. 4. Procedure of moisture measurement until RH generator to Moire interferometry
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tures. For each cycle maximum and minimum moisture
content 9.5 and 3% was recorded. The Moire inter-
ference method for displacement characterization was
chosen as a means to measure deformation™. This
technique relies on the principle that when two closely
spaced ‘arrays of parallel lines, which differ in either
pitch or orientation, are superimposed and viewed under
cither transmitted or reflected light, and then inter-
ference between the two arrays occurs. In the setup
used, an array of lines with a pitch of 20lines/mm was
projected at an angle on the warped sample; the
reflected, and deformed, array was recorded through a

~CCD camera fitted with an identical array and placed
at the same viewing angle as the projector. This pro-
vided a Moire interference pattern, which was further
analyzed with Pisa software and transformed into a
grey level image; an example of these images is given
in Fig. 5 (a) and (b).

(0]
Fig. 5. Examples of Moire pattern images: (a) Maire fringes of
a curved surface, (b) Corresponding grey level image.

AelokiEE|x|, M9 H1Z 20044

Depending on the extent of warping of the samples,
a less dense array with a pitch of 10lines'mm was
used. In fact, when reducing the pitch, the sensibility
of the technique is shifted, implying that greater defor-
mations can be measured without saturating the fringes,
however sensibility to small strains is reduced. Moun-
ting the sample on a special support performed coupl-
ing of the hygroscopic conditioning experiments to
Moire interferometer. This latter measure provided neat
fringes evenly arising from the centre of the sample
wrrespectively of the degree of warp.

32. Materials

Impregnation of the cellulose mats was carried out
manually and each ply was checked for its fiber
weight percent at 65%12%. The cellulose mats were
vacuum dried at 80°C overnight before impregnation.
Two types of square samples (80 X 80mm’) where pre-
pared with 6 pre-pregs; the first stacked in a cross ply
lay-up [MDs; CDs], and the second stacked in a
uniform lay-up [MDs]. Both laminates were laid up
antisymmetrically with respect to the wire and topside
of the cellulose mats. Curing was carried out at 165°C
for three hours with the samples constrained between
Teflon plates both during cure and cool down. The
fiber weight percent was only slightly affected by pro-
cessing due to flow of the resin made in laboratory
level. DSC characterization of the pure resin showed
full conversion under these curing conditions™”.

The cellulose mat used was produced by paper
industry. Its main characteristics is a basis weight of
SOg/m2 (80um thick), an in plane modulus ratio of 3:1
and controlled fiber dispersion. The modulus ratio was
chosen to match that of cellulose mats used in
industry, where fibres tend to align in the MD of
production giving rise to modulus ratios of 2:1 up to
4:1 with respect to the CD. With this in mind, the
cellulose mats were treated as orthotropic plies, ie.,
also involving an out of plane direction (ZD).

4. Results and Discussion

Fig. 6 show the evolution of the X-axis and Y-axis
curvature at the transient moisture content of 6% for
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the cross ply laminate as a finction of cycling between
experimental and numerical . After an initially stable
reading, the curvature is seen to rapidly increase and
stabilize at approximately twice the warping amplitude.
Due to the increase in diffusion coefficient with cyclic
exposure as depicted, the transient moisture content of
6% corresponds to an increasingly more uniform
moisture content gradient through the thickness. This
implies that the hygroscopic deformations about the
mid-plane of the laminate are further pronounced
hence leading to increased curvature readings. With a
stable diffusion coefficient, the curvature amplitude
also stabilises. It should be noted that the Y-axis
curvature at 6% moisture content is not yet perceivable
with the Moire interferometer and appears above 8 %
or higher. This is due to the stable curvature configu-
ration being cylindrical and not saddle-shape, i.e., one
curvature dominates on the other.

This phenomenon is not accountable by differences
in moisture content gradients as the readings are taken
at quasi-equilibrium and equilibrium states. Instead an
initial or cycle dependant irreversible change of fibre
hygrophysical properties is the underlying observable
fact. The quantitative observations reported here are
bases for validation of numerical predictions, which
need to be based on cyclic dependent properties. To
this end, work was carried out to assess the nature and
magnitude of these changing properties, and hence to
implement them in a mechanical model.

Hygroscopic Moisture Warping
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Fig. 6. X and Y curvatures induced by vapour conditioning
cycles between 10 and 90 % RH. Line fit representing
tendency of curvature evolution
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Fig. 7. Evolution of X and Y curvatures induced by vapour
conditioning during wetting upon the third cycle

The model used was based on modified classical la-
minate(MCL) theory accounting for hygroscopic stra-
ins. In addition, varying moisture expansion coefficients
(CHE) as well as varying modulus values as depicted,
were accounted for by implementing a cyclic routine
allowing result to be presented in the same manner as
those arising from hygroscopic Moire measurements.

The arrow indicates the crossover point where least
warping is recorded. During vapor conditioning, curva-
ture values between the two extremes of moisture con-
tent were taken at regular intervals for each cycle. The
results for a single cycle are summarized in Fig. 7.
Each Moire picture taken at the chosen interval
provided information on both X-axis and Y-axis
curvatures for specific  transient moisture content;
hence the complete evolution of the part shape was
assessed, When at low moisture content, X-axis cur-
vature predominates to the point that Y-axis curvature
is invisible to the interferometer.
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Fig. 8. Progress of crossover point for least warping as a
function of cyclic conditioning
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The difference in curvature magnitude between the
two axes is large enough for the plate to effectively
warp into a cylindrical shape, which, upon wetting,
gradually flattens. As the moisture content is increased,
the X-axis curvature decreases while the Y-axis curva-
ture becomes more evident. At specific moisture content,
the two curvatures equate themselves in magnitude.

This crossover point is reflected as a slight warp,
and corresponds to the moisture content resulting in
the best balance in hygroscopic strains. Following this
point, the Y-axis curvature increases while the X-axis
curvature falls below the Moire interferometer sensi-
. tivity, i.e., the part shows again cylindrical warping,
but along the Y axis. The magnitude of cylindrical
warp at high moisture contents is lower than at low
moisture contents, in fact matrix and fiber soften at
high moisture contents increasing the systems com-
pliance and hence deformations are reduced.

It is also interesting to note the evolution of the
moisture content for crossover with cycling as depicted
in Fig. 8. The change tends towards higher moisture
contents in order to obtain a quasi-flat part. This ten-
dency covers an increase of approximately 10% over
five cycles. Again confirming that cycling environ-
mental service conditions have a pronounced effect on
the dimensional stability of cellulose based composites.

5. Conclusions

The procedure described herein has proven to be a
useful tool in observing the deformation behavior of
cellulose based composites under environmental cycl-
ing, It was found that warping amplitudes evolved with
cycling, as did physical properties of the materials in
question. In addition environmental conditions for the
least possible warping of the cross ply composite were
determined and were also found to evolve with cycl-
ing. The results presented here are of a phenomenolo-
gical nature, but nonetheless give insight into the po-
ssible mechanisms that govern the dimensional stability
of such materials.
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