General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



(MASA-CR-169936) MODELLING OF DIRENSICHNAL N83-18850

STABILITY OF FIBER REINFORCED CONMPOSITE

BATERIALS Final Report (Washington Univ.)

181 p HC AQ7mMF 0O! CSCL 11p Unclas
G3/24 08721

MODELING OF DIMENSIONAL STABILITY OF

FIBER REINFORCED COMPOSITE MATERIALS REC‘IVED

0CT 2 ¢ 1982
H. Thomas Hahn PATENTS AND Ty OFFICE
A. Hosangadi
Final Report

Subcontract JPL-956011

June 1982

Department of Mechanical Engineering

and Materials Research Laboratory
Washington University

St. Louis, MO 63130

This work was performed for the Jet Prcpulsion
Laboratory, California Institute of Technology,
/‘\ sponsored by the National Aeronautics and

\ Space Administration under Contract NAS7-100.

1
K}



A review has been made of various methods of predicting the expan-
sion and diffusion properties of composite laminates. The analytical
complexity and the lack of experimental data for short-fiber composites

have been pointed out. However, it is concluded that the prediction

equations for continuous-fiber composites can be applied to SMC composites

as the »ffective fiber aspect ratio in the latter is large enough.

The effect of hygrothermal expansion on the dimensional stability
of composite laminates has been demonstrated through the warping of
unsymmetric graphite/epoxy laminates. The warping is very sensitive to
the size of the panel, and to the moisture content which is in turn

sensitive to the relative humidity in the environment. Thus, any long-

term creep test must be carried out in a humidity-controlled environment.

Environmental effects in SMC composites and bulk polyester have
been studied under seven different environments: RT/65% RH, RT/98% RH,
RT/water, 75°C/65% RH, 75°C/98% RH, 75°C/water, and 100°C/steam. The
SMC composites chosen are SMC-R25, SMC-R40 and SMC-R65. The maximum
weight gain depends on temperature under high humidity environments
while the diffusivity depends on relative hwmidiry. In many environ-
ments moisture diffusion is not Fickian probably because of the
material damage. The most frequent damage at 75°C is blistering while
no visible damage occurs at room temperature. Small blisters are very

thin and limited to the surface. When they burst open, the composite
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loses a glossy appearance on the surface. These small blisters develop
under all environments at 7/5°C in SMC composites, but they do not

form in bulk polyester. Large blisters are much thicker and clearly
visible to the naked eye. They develop most frequently at 75°C/water
and 100°C/steam. The cracking at 100°C/steam in bulk polyester is
much more severe than in the composites perhaps because of the rein-

forcing effect of fibers.

Although the main objective of this study was to characterize the
dimensional stability of SMC composites, it has been found that there is
a more urgent need to elucidate the degradation mechanisms under severe
environments. A more reliable application of SMC composites hinges on

our knowledge of environmental limits of these materials.
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1.0 INTRODUCTION

The dimensional stability of structural xaterials is an important
design consideration where environmental changes are encountered. The
environmentally induced deformations iead to a distortion of structures
and induce internal stresses. Thus, a comprehensive understanding of
expansional characteristics is essential where a high degree of geometrical
stability is required and where only low internal stresses can be

tolerated.

One of the structures where good dimensional stability is of
utmost importance is the solar collector. The efficiency of these collec-
tors depends very much on the precise alignment; any perturbation of the
alignment induced by environmental changes will lead to a decrease in

efficiency.

Being relatively new as structural material, composites do not have
sufficient design data base for expansional properties as compared with
other conventional materials. The lack of design data is very serious
especially for short fiber composites which are prime candidates for use

in the solar collectors.

The objectives of the present work were thus twofold: (1) to develop
an analytical model for the prediction of hygrothermal behavior of
randomly oriented short fiber composites, and (2) to provide an experi-
mental correlation of the model. The material chosen for study is

sheet molding compound (SMC) composite.
.l-



Chapter 2 provides a summary of analytical methods for prediction
of composite properties from constituent properties. Chespter 3
demonstrates the effect of residual stresses on dimensional stability
through a study on warping of unsymmetric cruss-ply lsminates. The
hygrothermal behavior of sheet molding compound (SMC) composites is

discussed in Chapter 4.
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2,0 ANALYTICAL BACKGROUND
2.1 Thermal Expansion

The typical thermal expansion properties of continuous fiber com-
posites reported in the literature cre listed in Table 1. The negative
longitudinal coefficients of thermal expansion [CTE) reflect the
shrinkage of graphite and Kevlar fibers with increasing temperature.
The high anisotropy observed of all the unidirectional composites is
responsible for residual strssses in the constituent plies of multi-

directional laminates.

For transversely isotropic unidirectional composites with isotropic

constituents the coefficients of thermal expansion are given by [1]

ae-0t (3(1-2v,,) ——

ot 8 Ay s (k) ()
O - 3V, (1-2v, ) —_

mr-bm{m[z—ir--—‘%—i-(%n (2)

where

n = coefficient of thermal expansion

£ = Young's modulus

k = bulk modulus

v = Poisson's ratio

K = plane strain bulk modulus

sub £, m = fiber and matrix, respectively

sub L, T = longitudinal and transverse, respectively
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Table 1. Typical thermal expansion

coefficients
% %

Composite wm/m/°K um/na/ K
E-Glass/Epoxy 6.6 30.0
S-2 Glass/Cpoxy 3.5 28.9
Boroa/Epoxy 4.3 22.1
Graphite/Epoxy

T300/5208 -0.27 24.7

AS/3501-SA 0 26.0

AS/3502 -0.56 21.7
Kevlar 49/Epoxy -4.0 79.0

-4-
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The over bar indicates a volume average,
) = vel g+ vp( )y (3
where v £ and v, are the volume fraction of fiber and matrix,

respectively.

Equations (1) and (2) are valid regardless of fiber length as long
as the appropriate composite moduli are used. Thus, the problem is
reduced to the determination of the composite moduli EL’ KT’ and vu..
Various methods of predicting composite moduli are well summarized in

[2,3]. A general method is briefly described below.

Consider a two phase composite. The composite stress and strain
are related to the constituent stresses and strains respectively by

0= vaf + vma.m, €= vaf + vam (4)
Here it is implicitly understood that the stresses 0's and the strains
€'s are seccnd-rank tensors. The appropriate constitutive relations
are written as

o=Ce, Og = CeEe, g =CcE (%)

with the understanding that C's are fourth-rank stiffness tensors. By
proper rearrangement of Eqs. (4) and (5) the composite stress can be
written as

0 = Cg + ve(Ce-Cpleg (6)
Introducing the average strain influence tensor A,

€¢ = A€, @)

-5-
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one can easily show that
Cs= Cm * vf(cf-c‘)A (8)

Thus, one only has to determine A since everything else on the right-

hand side of Eq. (8) is given.

An analytical approach to determine A is to use Eshelby's method
[4]. here the fiber is treated as an ellipsoidal inclusion in an infi-
nite homgeneous medium of stiffness Cm subjected to a uniform strain
€ at infinity. The fiber strain €¢ is then obtained from the solution
of the following equations:

Cf(Ele') = Cm(Eis'-eT), €' =S cT, € = g+e! (9)

Here S is known as Eshelby's tensor, eT is the stress-free strain
tensor, and €' represents the disturbance in the strain field resulting
from the difference between C and Cf. Once A is obtained from Egs.

(9) and (7), it is substituted into Eq. (8) to determine C (5,6].

The foregoing method has been applied to short fiber composites
in [7-10]. As A is obtained by solving the problem of a single fiber
embedded in a infinite matrix, the resulting solution is good only for
composites of low fiber volume content so that fiber-to-fiber inter-
action can be neglected. One method of remedying such a drawback is to
replace the matrix by a homogeneous medium having the same properties
as the composite, However, since the composite properties are not
yet known, the final equation must be solved for the composite

properties [11].

6~
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Although the aforementioned methods are analytically attractive,
the results are difficult to use because the equations are complex.
Especially in [11], the composite properties can only be determined

numerically.

A frequently used semi-analytical method is based on the Halpin-

Tsai equations [12]. The pertinent equations are

P, 1+Enve (10)
VT " YeVe T Vatn (i
where

. Pf/Pm-l .

R a2
L 1

£, =2, E =2, & 8 13)
E, d Ep G 3-4v,

The variable P stands for any one of the elastic moduli, G is the

shear modulus, and ¢/d is the fiber aspect ratio.

Reference [11] gives a comparison between the results of a more exact
analysis and those from tle Halpin-Tsai equations for the longitudinal
modulus EL of E-gluss/epoxy composite. It is concluded that a fiber
aspect ratio of 100 is high enough for the corresponding short fiber
composite to be treated as a continuous fiber composite. For glass
fibers the ucmianal diameter is 13 um. Therefore, the required minimum

length is is the order of 1 mm., Since the current SMC composites are

made with fibers 25 wm long, the oquations for continuous fiber
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composites are expected to be applicable even after allowing for the

curved arrangement of fibers,

For continuous fiber composites the longitudinal strain does not
change much from fiber to matrix. In this case, therefore, one can use

the equations derived by Levin [13],

Ea _a(l+v) (E
a, == - G- 1) (14)
L EL vn-vf EL

1+v
f
]

a = o+ av - aLV - ('\';-\)L.r) [c!,n -a ¢ (Qm-af) v—‘_x,; (15)

Here Eq. (15) was obtained by rearranging the original solution in [13].

| Next, the composite moduli are given by ([2,3,14,15]

E, =E+ 4 —7-k—7-——vf—vm 2 L = ] 16
- Ve~Vp 1 1
Vi TVt R k) an

where
v v
1 1 f
e ) (18)
k’l‘ vf+cvm Kf Km
1+ (1-2\)]’.)1(1“/1(f

R 16 BTN (19)

For most composites the second terms in Eqs. (16) and (17) are
much smaller than the first terms. Therefore, the following approximate

equations can be used for continuous fiber composites [16]:

a, = (20)

L

B
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= a+av-av (21)

Once the unidirectional properties are determined, the laminate
properties can be predicted using the laminated plate theory [17]. In
particular, when the fiber orientation is ;;ndom in the laminate plane,
the in-plane thermal expansion coefficient becomes [18,19]

o+ @)V E/Ep + aqEr/Ey
157 1+ (v DEJE, (22)

whereas the thermal expansion coefficient in the thickness direction is

given by [20,21]

(°T‘°L)(“TT'“LT£T/EL)
% "% T (v DE/E (23)

With aL and Op known from Eqs. (20) and (21), the in-plane and out-of-
plane CTE of SMC panels can be calculated from Eqs. (22) and (23),

respectively.

2.2 Swelling

Swelling ¢f composite laminates can be predicted following the
same procedure as for thermal expansion. For this purpose the swelling

coefficient B is defined as

B = 3 (24)

where € is the strain resulting from the moisture concentration ¢

defined by
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lim mass of moisture in AV (25)

€ ® Aw0 T dry mass of AV

Since both € and ¢ are dimensionless, so is B.

Unlike temperature, moisture concentration can vary from fiber to

matrix even in an equilibrium state. Therefore, the moisture concentra-

tion in a composite is given by [17]

cs= (cnvnsn *CveSe + vv)/s (26)
where s is the specific gravity and vy is the void content.
The resulting equations for swell-

For glass fibers we have Cg = 0.

ing coefficients are (cf. Eqs. (20) and (21))

E, s
B, = — B, (27)
Es
m
B = [evp - =3 -8 (28)
E m

where we have assumed no void content, v, = 0. Note that the specific

gravity of the composite is related to the specific gravities of the

constituents by

S Vet Yty

(29)

The in-plane and out-of-plane swelling coefficients are now
obtained by substituting BL and BT for aL and aT' respectively, in

Eqs. (22) and (23).

-10-
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In some composites and polymers swelling is negligible until a
threshold moisture concentration is reached [22-24]). The existence of
such thx:eshold moisture concentration can lead to an almost bilinear
relation between swelling and average moisture concentration in absorp-
tion tests [21]. For graphite/epoxy composites, the threshold moisture
concentration is about 0.4%, whereas it is in the order of 1.5% for some
epoxies [21,24]. In particular, Adamson [24] related the threshold
moisture concentration to the free volume of epoxy. It remains to be
seen whether or not a threshold moisture concentration exists in SMC

composites.
2.3 Diffusion

The thermal conductivities of transversely isotropic composites are
found in [2]:
kL = vfkf + vmkm (30)

v
i £
kp = k1 + WFERE avp72) (31

On the other hand, based on a square arrangement Springer and Tsai
[25]) derived the following approximate equation for the thermal

conductivity kT:
1/2 K km 4
kT -(1-2(vf/w) ) ot T [v -

(1-82vf/1r)1/2

/2

2 1
(1-Bv,/m) k
-1 f m
an 1/2] , B = 2[k—f- - 1] (32)

t

1+ B(vf/n)

-11-
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The thermal crndauctivities of short-fiber composites have been
predicted by Nomura and Chou [26]; however, no closed form sclutions

are available.

The moisture diffusivities can be analyzed similarly. Replacing
the k's in Eqs. (30) and (31) cr (32) by the diffusivities D's and

noting that Df = 0, we obtain

D, = (1-vp)D (33)
l-vf
Dr = 155 D (34)
f
or
Dy = (1- zﬁfh)Dm (35)

To a first order approximation the diffusion of moisture can be
described by the Fick's equation [27]

2

c _ 3 C
ot Dij axiaxj (36)

Q

with Dij independent of c.

For a thin, large plate immersed in an environment, diffusion can
be assumed to be only one-dimensional through the thickness. Thus,

for an SMC panel with fibers lying in the plane of the panel, Eq. (36)

reduces to
2
oC 9 €
L . pos (37)
ot axz

where x is the thickness coordinate, and D is the transverse diffusivity.

-12-
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The diffusivity D depends very much on temperature. The tempera-
ture dependence is conveniently expressed by an Arrhenius type of
equation,

Ey
D = D, exp(- gp) (38)

where E; is the activation energy for diffusion [27].

The solution of Eq. (37) for a plate of thickness h is

c-c o . 2.2
°o .1.4 1 . (25+1) x -(2j+1) ‘7Dt
et r e T e )

o
where oA and c_ are the initial and final uniform moisture concentra-
tions, respectively. The average moisture concentration ¢ throughout

the volume, also called the moisture content, is given by

c-¢ ® . 2.2
o 8 1 (25+1) 1Dt
—=1-=1I exp [- ] (40)

If the lateral dimensions of the plate are not large enough
compared with thickness, the diffusivity D in Eq. (40) may be taken as
an effective diffusivity. For a rectangular SMC plate of width W and
length L, D is related to DL and DT by (cf. [27])

172
D=D[1+ G+ EI] (41)

where DI is the in-plane diffusivity,
1
D; = (D +D;) (42)

Equation (42) follows from the laminated plate theory and the assumption

-13-
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of random in-plane arrangement of fibers in SMC.

The equilibrium moisture concentration depends mainly on the

relative humidity (RH) through a power law [28]

b
¢ = a( (43)

© 100
where RH is in percent., For graphite/epoxy composites, a ranges between

0.015 and 0.020 and b is close to or greater than unity.

The actual diffusion may deviate from the ideal Fickian behavior.

Many reasons for such deviation are discussed in [28,29].

The diffusivity may depend on moisture concentration [30] while
the equilibrium moisture content changes with temperature [24,31]. Upon
long-term exposure additional weight may be gained or lost. It is
generally believed that the additional weight gain is associated with
microcracking of the matrix and interface [32] while the weight loss
is the result of leaching out of low-molecular weight materials [33].
In SMC composites the extraneous weight loss can be quite extensive at

elevated temperatures [27].

Other factors affecting moisture diffusion are the applied stress
and thermal cycling [34,35]. A tensile stress leads to an increase in
the diffusion coefficient and moisture concentration. In fact, the

same effect is observed in bulk polymers. Accelerated moisture diffu-

-14-




sion to a higher concentration can be caused by rapid thermal cycling

to a temperature near the glass transition temperature.

Absorbed water plasticizes the matrix resin and lowers the glass
transition temperature [22,36]. Severe damage is known to result from
a combination of high moisture concentration and rapid thermal cycling

above the glass transition temperature.

-15-



E.

3.0 EFFECT OF HYGROTHERMAL EXPANSION ON DIMENSIONAL STABILITY:
A DEMONSTRATION

3.1 Introduction

Although our main objective is to characterize the dimensional
stability of SMC composites, the lack of control over the fiber
arrangement in these compositas makes it rather difficult to understand
the basic mechanisms responsible for dimensional stability. There-
fore, it is more instructive to demonstrate the presence of residual

stresses and the effects these residual stresses have on dimensional

stability and possible damage, using continuous-fiber composite laminates.

The inherent anisotropy in the expansional properties of unidirec-
tional composites gives rise to residual stresses in multidirectionai
laminates. Immediately after fabrication, laminates are subjected to
curing stresses because of the thermal expansion mismatch between plies
with different fiber orientations. As the laminates are left in moist
environment, they absorb moisture and swell. The swelling strains can
annihilate the curing strains with the net result of reduced residual

stresses,

The warping of unsymmetric laminates has been frequently used as
a means of studying the dimensional stability of composite laminates
[21,37-40]. The classical laminated plate theory is known to describe
the warping of small panels fairly well [38]. However, large panels

require the use of large-deflection plate theory [41].

-13-



Residual stresses naturally affect the first ply-failure stress,
i. e., the stress at which the weakest plies fail [42]. Such effect
manifests itself in the acoustic emission characteristic of laminates
at room temperature after preloading. If the preloading is done at an
elevated temperature, the corresponding Kaiser effect is not so
conspicuous, indicating less damage caused by the preloading [43].
Residual stresses also exist in the form of interlaminar stresses [44]

which may affect delamination.

In this chapter we present some experimental results on the warping
of unsymmetric graphite/epoxy laminates, with a view toward a better
understanding of the change of residusl stresses resulting from ‘ong-
term environmental exposure. The effect of residual stresses on ply

failure is studied for a symmetric Kevlar 49/epoxy laminate.

3.2 Materials and Experimental Procedure

To study the size effect on the warping, a square [04/904}.r panel
was cured from T300/5208 graphite/epoxy prepregs following the manu-
facturer's suggested cure cycle. The nominal dimensions of this panel
were 270 mm x 270 mm with a thickness of 1 mm. Shortly after fabrica-
tion, maximum deflections along the edges were measured using a
cathetometer. The panel was then cut into four smaller pieces of
equal size and again measurements were taken of the maximum edge

deflections. The same procedure was repeated twice more until the

-14-



smallest panels had sides only one-eighth as long as those of the
original panel. The nominal dimensions and numbering of all these

panels are shown in Fig. 1.

Panels 1 and 4 were postcured at 177°C for 1 h, and panels 2 and
S for 7 1/2 h, The resulting changes in weight and edge deflections

were measured within a few days after fabrication.

For the study of the long-term exposurs effect, eight 100 mm x

100 mm panels of [0,/90 stacking sequence were cured from T300/C69

alt
prepregs. Three different cure cycles were emplcysd. Cure cycle 1

was the standard cure, as shown in Fig. 2(a), and was used for panels
1-1, -2 and 3-1, -2, Cure cycle 2, Fig. 2(b), had slower cool down rate
(1 C/min.) while cure cycle 3, Fig. 2(c), wze distinguished by longer
dwell time ( 2 h) at the initial cure tempersture. Cure cycles 2 and 3

were used for panels 2-1, -2 and 4-1, -2, respectively.

Half of the panels were stored in a vacuum oven at 75°C while the
other half were left i{n the laboratory environment. Th» maximum deflec-
tions at the center of the panels were measured periodically at room

temperature. Concurrently measured were the weight change:..
The effect of residual stresses on ply failure was investigated

using a [O/QO]25 Kevlzt 49/epoxy laminate. Specimens were 25 mm Xx 25

mn squares with a nominal thickness of 2 mm. These specimens were kept

-15-
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in a vacuum oven at 75°C. Periodic measurements of weight and of the
number of cracks in tﬁ’}.s};r{nciinas_were taken at room temperature.
A red dye penetrant was sprayed on the specimen surfaces to enhance the
detectability. Weight measurements were taken on duplicate specimens

to avoid the extraneous weight of the dye.
3.3 Results and Discussion

3.3.1 Surface Adsorption

Since weight was measured in the room environment, it increased
during measurement as the specimen absorbed moisture. Figure 3 shows
the weight gain during the first 30 minutes immediately after the speci-
men is taken out of the oven. Since the weight gain stabilizes much
more quickly than predicted by the Fickian diffusion equation, it is
the result of moisture adsorbed on the surfaces. The surface moisture

concentration reached in about 30 minutes is 4 x 10'7 g/mmz.

Figure 3 also indicates the possible range of error in weight

change because it took 20-25 minutes to finish all the measurements.
3.3.2 Size Effect

Figure 4 shows the curvature calculated from the deflection

measurements along the edges based on the assumption of circular

«18~«
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deflection. For each pdr,oﬁcpﬁ&’it.e‘edges an average curvature
was calculated. Therefore, each panel had two curvatures, one
positive and the other negative. Figure 4 shows only the magnitude

of these average curvatures.

For the smallest plates the two curvatures are almost equal to each
other and the warping is anticlastic. The next smallesf plates are not
saddle-staped; one curvature is larger than the other. In Fig. 4 the
larger curvatures are indicated by circles, and the smaller curvatures

by triangles.

For the largest and next largest panels the smaller curvatures are
almost zero; thus the warping is no longer anticlastic but cylindrical.
Furthermore, the cylindrical warping is not stable because the curvatures
can be interchanged by snapping back the plates. As the panel becomes
larger, the smaller curvature decreases monotonically; however, the
larger curvature reaches a minimum and then increases to a limiting value

independent of the panel size.
The edges with zero curvature are not straight throughout their
length. They are curved slightly over a length of 40 mm near each

corner; the deflection at each corner is about 1.6 mm.

According to the classical laminated plate theory, the curvature

for anticlastic deformation of [04/904]T panels is given by [17]

-20-
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;
;

k, » &% K (e,-er) (44)

vhere

2
K, = (1-v E)E — (45)
1 + 14E + (1-16Vv7)E

Here E and v are the transverse-to-longitudinal modulus ratio and the
major Poisson's ratio, respectively, of unidirectional plies. The e's
are nonmechanical strains and h is the thickness of the panel. Note
that unidirectional composite properties only are used in Eqs. (44)

and (45).

The curvature for cylindrical deformation is obtained by setting

one of the curvatures to be zero. The result is

k, = 3— K, (e, -er) (46)

where

K [+ (1-2v-v )E + (-v +2v 15415 47
1 + 15E + (15-16v )E + (1- 16v JE

The curvatures ka and kc are calculated from the following material
propexties for T300/5208:

E=0.059 , v=0.28

e, = +16.4 ym/m , er = -3994 ym/m
h=1m
Note that e, and eq are the resulting thermal strains as the plate is

cooled from the cure temperature of 177°C down to a room temperature of
21°C. The results for k_ and k_ are indicated by arrows in Fig. 4 at

panel sizes equal to 0 and 300 mm, respectively.
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Recently, Hyer [41] showed that the unstable warping of large

ponels can be explained by a large-deflection plate theory. In particu-
lar, the in-plane strains are given by

2
€ -—+%(%";)

x
2
; v I(BH (48)

W Ty

o 10%u _ 0dv 9w ow
o T 20y u w Y

where u, v, and w are the displacements in the x, y, and z directions,
respectively. Note that the x and y axes are in the plane of the

laminate.

The displacements are assumed to be

2

2 3
u=cx_a6x -&y_
2.3 2
v.d,-b_%__glz;t_x (49)

W= gax’ + byd)
The variational principle is then used to determine the unknown constants

a through d. The results of Ref. [41] are shown in Fig. 4.

For small panels the results of Ref. [41] reduce to Eq. 44 whereas
Eq. 46 provides a good approximation for large panels. The assumption
used for thc derivation to Eq. 46 leads to a nonzero moment along a pair
of curved edges. Thus this equation should be used sufficiently away

frum the edges. It is not clear whether or not £q. 46 is an asymptote

-23-




to the results of Ref. [41] for large panels.,
N T
The experimental results are greater than the analytically
predicted especially for the smallest panels. It is possible that the
deformation of these small panels is affected by the boundary regions.
Also, the material properties used yield smaller curvatures than do

those in Ref. [39].

As is clear by now, of utmost importance in the elastic analysis
of residual stresses is the stress-free temperature. Usually the cure
temperature is used as the stress-free temperature which is 177°C for
the present graphite/epoxy. Within the framework of elastic behavior,
the stress-free temperature can be determined by heating up a warped
laminate and recording the temperature at which the laminate becomes
flat. Figure 5 shows results from such tests where two panels of
different sizes were used. Edge deflections are shown on the ordinate.
Both laminates become flat somewhere between 180 and 190°C. However,
an extrapolation of the data between 60 and 150°C indicates a stress-
free temperature of 180°C. Therefore, the cure temperature of 177°C
is believed to be a good candidate for the stress-free temperature
for the T300/5208 composite. It should be noted that chemical shrinkage

may increase the stress-free temperature above the cure temperature.

-24-
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3.3.3 Effect of Postwowe. ,. A

RIS [

The changes in curvature and weight after postcure are shown in
Figs. 6 and 7. The larger panels, panels 1 and 2, reverse their
curvatures both after 1-h postcure and after 7.5-h postcure. That is,
the non-zero curvatures become zero, and vice versa, after postcure.

The arrows indicate directions of change.

As for the smaller panels, the larger curvatures decrease or do not
change much, Figs. 6 and 7. However, the smaller curvatures increase
after postcure. As expected, more weight loss is observed in the 7.5-h

postcure than in the 1-h postcure.

The reversal of curvatures in the larger panels indicates that the
warping of these panels is unstable and that these panels become flat at
the cure temperature. The weight loss and the increase in the maximum
curvatures are believed to be caused by the moisture desorption during

postcure.

3.3.4 Effect of Long-Term Exposure

The center deflections and weight losses of the panels stored in a
vacuum oven at 75°C are shown in Fig. 8. Panels 1 ‘> 3 are seen to lose
about 0.54% of their initial weight while panel 4 loses only ~0.1%.

The weight losses result from the desorption of the moisture that was

<26-
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present in the panels before conditioning.

The center defiections of panels 1 to 3 stand around 5 mm regard-
less of the period of conditioning. Since the deflections are caused
by the residual stresses, we may infer from these data that the
relaxation of residual stresses at 75°C is negligible within the time
period studied. Also, the slow cool-down does not seem to have any
effect on the deflection, The deflection of S mm observed when dry
converts to a curvature of 4.0 n'l for panels 1 to 3. This value is

higher than those shown in Fig. 4.

The same type of data as in Fig. 8 are shown in Fig. 9 for the
other group of panels that were left in the laboratory environment.
The changes in weights reflect the variation of ambient relative
humidity from month to month. Since panel 4 had much lower moisture
content at the start of measurements, it continued to absorb moisture.
In January the relative humidity hovered around 20% whereas it was

about 74% in May.

3.3.5 Effect of Cure Cycle

Residual stresses at a given temperature will be minimized if
cure is completed at the same temperature. For the graphite/époxy
panels, therefore, the cure cycle of Fig. 2(c) is preferred to that of

Fig. 2(a) in reducing residual stresses if sufficient cure is achieved
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at the initial cure temperature.

For 5208 resin the time to gel, tgel’ at a given hold temperature

T is given by [45]

t . = 5.442550 x 10~ 1372103701.8/T (50)

gel
where tgel is in minutes and T in °K. On the other hand, the isothermal
time to complete reaction, tCR’ is given by

tog = 3-187585 x 107177219%229.77/T (51

For any temperature history the fraction of gel is defined by
t

FG= [ & (52)
0 “gel

Similarly, the fraction of complete reaction is

t
FC = | :_t_. (53)
o ‘cr

In Ref. [45], FR and FC were evaluated numerically under the assumption
of a stepwise increase in temperature. However, the integrals in Egs.
(52) and (53) can be given in closed form for any temperature change

of constant rate.

If temperature is increased from To at a constant rate ¢ (°C/min.),
i, e.,

T = ¢t + To (54)

then Eqs. (52) ard (53) can be reduced respectively to
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FG = 2.7575 x 10 (10-3701.8/T - 10-3701.8/T°)
¢ (55)
12
FC = 2.7977 x 10 (lov6229.77/T _ lo~6229.77/T°)

¢

Consider now the thre: cure cycles in Fig. 2. For computational
convenience these cycles are zpproximated by piecewise linear tempera-
ture histories as ¢ own by broken lines. For each cure cycle, FG and
FC are calculated and the results are shown as functions of time in

Fig. 10.

For cycles 1 and 2 only about 20% of gelation takes place at
124°C while three times as much gelation is expected at the same
temperature for cycle 3. For the latter, gelation is completed even

before the final cure temperature is reached.

None of the three cycles is sufficient for complete reaction.
The fraction of complete reaction at 124°C is negligible in all three
cycles. Most of complete reaction takes place at 177°C with some
occurring during cooldown. Thus, cycles 1 and 3 show the same fraction

of complete reaction while cycle 2 shows the most.

The results of Fig. 10 are in qualitative agreement with the data
on warping. That is, plate 4 shows the least amount of warping, but
the difference is much less than what is predicted using 124°C as the

stress-free temperature. The results of Figs. 8 and 10, however, prove
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that residusl stresses can be reduced by a prolonged gelation at a

- -

T e o T

lower temperature.

3.3.6 Ply Failure

Residual stresses in composite laminates may exceed the unidirec-
tional lamina strengths, causing failure of constituent plies. In
symmetric cross-ply laminates having the same number of 0° and 90°
plies, the transverse residual stress is calculated by using the
laminated plate theory as

R ]
or * T+ E(+zyy BrleL-ep) (56)

where ET is the transverse Young's modulus.

Figure 11 shows the average crack density in the surface plies of
three [0/90]25 Kevlar 49/epoxy panels. The panels were initially left
in the laboratory. They were then dried in a vacuum oven at 75°C,
and weight losses and cracks were measured intermittently. The crack

density generally follows the trend of the weight loss,

For the Kevlar 49/epoxy composite the pertinent material properties
are [46]

E=0.0724, v =20.34

Ep = 5.5 GPa
The composite was cured initially for 4.5 h at 60°C and then for 3 h at

130°C. As a conservative estimate we choose the initial cure
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temperature of 60°C as the stress-free temperature. The corresponding
| ]

curing strains at a room tcmperature are then

e = 156 ym/m , e = -3081 m/m
The resulting residual stress from Eq. (56) is

GTR = 15.9 MPa

This stress is much higher than the transverse tensile strength of

8.9 MPa, and hence nlies will fail along the fibers.

The reason for the crack density increasing with weight loss in
Fig. 11 is that the residual stress increases as moisture leaves the
panels. Absorbed moisture induces swelling which can annihilate the
curing strains. However, since the panels were initially dry
immediately after fabrication, the increasing crack density cannot be
be explained by the elastic analysis alone. It is likely that a
viscoelastic behavior and additional cure are responsible for such

time-dependent behavior,

3.4 Conclusions

The residual stresses induced by fabrication and environmental

exposure manifest themselves in the warping of unsymmetric laminates.

The type and amount of warping depend on the size of panels.
Large panels exhibit cylindrical warping whereas small panels undergo

saddle-shaped warping. 7he cylindrical warping is unstable in that

=37~




s &

there are two stable deformed shapes. One shape can be snapped into the

other by force, or by postcure at the cure temperature.

The relaxation of residual stresses in graphite/epoxy laminates at
75°C seems negligible up to a period of 220 days studied so far. The
warping is very sensitive to ambient relative humidity because of the
moisture absorption. A prolonged gelation at the initial cure tempera-

ture reduces residual stresses while postcure does not.

The residual stresses can l'e high enough to cause ply failure,
as demonstrated in Kevlar 49/epoxy laminates. Such ply failures seem to

be time-dependent.

-38-




4.0 HYGROTHERMAL BEHAVIOR OF SHEET MOLDING COMPOUND COMPOSITES

4.1 Introduction

Sheet molding compound (SMC) is a heterogeneous mixture of chopped
reinforcing glass fibers, resin and filler, developed as an economical
light~weight structural material. Fibers are nominally one inch long

and distributed randomly, although not always straight, in plane.

Compared with the so-called advanced composites such as graphite/
epoxy, the dimensional stability of SMC composites has not been under-
stood well enough to allow more reliable and wider application. There-
fore, the main objective of the present program was to characterize
both experimentally and analytically the hygrothermal behavior of SMC

composites.

4.2 Experimental Procedure

4.2 1 Materials

The sheet molding compound (SMC) composites chosen for study are
SMC-R25, SMC-R40 and SMC-R65. SMC-R25 was obtained from B. F. Goodrich
whereas the remaining two SMC's were supplied by Owens-Corning.
Compositions of these three SMC composites are listed in Table 2. Note

that there are two versions of SMC-R2S.
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To investigate the effect of fiber length, unidirectional composite

panels were fabricated using the same ingredients as those in the SMC's.

Two different lengths of fiber were used: { mm and 25 mm,

The fibers of desired length were first dried at 75°C in an over.
The base plate, the square mold and the cover plate were clesned with
acetonc to remove grease, dirt and any other inert material. They were
then uniformly coated with release agent Fureekote 33 and dried in air.

This facilitated easy removal of curad panel.

A thin wire mesh was positioned on the bottom plate, and fibers
were aligned over this mesh. When all of the preweighea fibers were
aligned uniformly to givc a fairly constant thickness, another wire
mesh was laid on top of the fi“ers. At this stage, the two wire meshes

which sandwich the fibers were held on edges by clips.

The resin, initiator, mold release and thickener were mixed in
exact proportions as listed in Tabic 3. The contents were thoroughly
mixed and kept in a vacuum oven at room temperature to remove air
bubbles generated while mixing. When all air bubbles were removed,
the resin was slowly and evenly poured over the fibers. After half the
content was used, the fiher-mesh assembly was flipped over, and the
resin poured as before. After all the resin wes poured, the container

was weighed to obtain the exact amount of resin used.

The wire meshes were replaced by Teflon sheets, and the composite
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was subjected to repeated press and release cycles for ~4 minutes in
a hydraulic press to consolidate the fibers in resin and to remove air

bubbles.. The press platens were heated to ~40°C.

The composite was then removed from the press and cured at room

temperature for at least 16 hours.

Bulk polyester panels were fabricated using the same proportions
of thickener, initiator and mold release except for fibers as in the
unidirectional composite. The panels were cured at room temperature

for at least 16 hours.

Conventional specific gravity bottle method was used to obtain the
actual specific gravities of composites. The mass contents of fiber
were determined by burning off the matrix resin and weighing the
residue. The measured values of specific gravity and fiber mass

content are listed in Table 4.

In terms of mass contents me and my the specific gravity of

composites is given by

i 1
Cmglse tm /sy v v /s 7

On the other hand, the fiber volume content is related to the fiber

mass content by

=m. >
Ve = Mg S¢ (58)
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Table 4. Fiber and void contents

R25C R25W R40 R65

Specific gravity
Nominal 1.41 1.41 1.55 1.86
Measured 1.33 1.34 1.50 1.80
Fiber mass content, %
Nominal 25 25 40 65
Measured 25 23 41 64
Fiber volume content, %
Nominal 14 14 23 47
Measured 13 12 24 44
Void content, %

Nominal 0 0 0 0

Measured 6.8 5.0 5.0 3.4

i

i




In Table 4 the nominal values of s and v_ were calculated from

f
the nominal fiber mass contents under the assumption of no voids. On
the other hand, the "measured" values of Ve and v, were calculated
from the actually measured values of Be and s. The properties of
E-glass fiber and polyester resin required in Eqs. (57) and (58) are
listed in Table 5. It should be noted that the matrix resin of

SMC-R25 composites contains a large amount of calcium carbonate, and

therefore, some of the properties in Table 5 may not be applicable.

4.2.2 Moisture Diffusion and Swelling

The specimens chosen were 50 mm x 50 mm square plates. The

nominal thicknesses of specimens are shown in Table 2.

Prior to environmental exposure, all the specimens were dried in
a vacuum oven at 75°C. During drying, specimens were weighed after
1, 4, 9, 1€, and 24 hours on the first day, and daily thereafter,
Fig. 12. The drying was stopped after 36 aays although SMC-R25 and
polyester E987 had not reached equilibrium. The data in [27] show that
equilibrium should be reached within 36 days for these composites.
Therefore, the ever increasing weight loss is believed to be a loss of

material other than moisture desorption.

After the preconditioning, three specimens each were subjected to

the various environments listed in Table 6. Saturated salt solutions
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Table S. Properties of E-glass fibers and polyester resin

Property Fiber Matrix
(E-glass) (polyester)

Young's modulus, GPa 72.35 2.80
Shear modulus, GPa 29.65 1.04
Bulk modulus, GPa 43.06 3.11
Poisson's ratio 0.22 0.35
Coefficient of 5 x 1070 95 x 1078

thermal expansion,

um/meK

. -3 3

Density, 10 ~ Kg/m 2.6 1.24
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Temperature

AT

Table 6. - Environments studied

Relative humidity

Designation

Room temperature

75°C

100°C

65% RH
98% RH
Distilled water immersion
65% RH
98% RH
Distilled water immersion

steam

-48-
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Fig. 12. Wcight loss during preconditioning
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of lead nitrate and magnesium nitrate were used to obtain relative
humidities of 98% and A5%, respectively. At 75°C the 65% relative

humidity could not be obtained; the actual value was 61%.

Both weight and dimensions of specimen were measured at room
temperature at regular intervals based on (time)llz. Before each
measurement specimens were transferred into another chamber with
the same relative humidity but at room temperature, and were allowed
to cool down to room temperature. Specimens were then taken out one
by one, and weight was measured on a Mettler balance with 10'4 gram
accuracy, immediately followed by dimensional measurements using a
caliper accurate up to 0.0005 in., The specimen was placed back in
the original environmental chamber, so that it was not exposed to

ambient condition for more than three minutes.

The measured weight was converted to the weight gain M by

- Weight at time t -
dry weight after preconditioning 1 (59)

The weight gain was monitored as a function of time, and the maximum

value Mm was noted.

When specimens reached maximum weight gain, two out of three
specimens were removed and dried in a vacuum oven at the same tempera-
ture to study the desorption behavior. One sample was left behind to

monitor the long-term weight change.
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4.2.3 Thermal Expansion

The thermal expansion curves for SMC, unidirectional and bulk
polyester specimens were obtained on Orton automatic recording
dilatometer. Specimen geometry of 2 in. by 1/2 in. by thickness with a
tolerance of 0.001 in. was used. The coefficient of thermal expansion
was measured in the thickness direction, also, In the thickness direc-
tion, the required 2-in. length of specimen was made up by using pre-
calibrated glass rod. The thermal expansion was continuously
recorded automatically on an x-y recorder against temperature. The
small zone where the curve changes its slope was taken as the range

of glass transition temperature, Tg'

4.2.4 Identification of Damage

Specimens were .nspected visually for any sign of damage such as
color change, blistering and void formation. After moisture absorption
tests some specimens wer2 cut and cross sections were examined on a

Leitz-Panphot all-purpose optical microscope.

The change of attenuation due to environmental degradation was

measured ultrasonically on a Sonoray 303B flaw detector with a 10 MHz

transducer.
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4.3 Results and Discussion

4.3.1 Absoggtion

The weight changes in SMC composites at v#rious environments are
shown in Figs. 13 through 19. The curves represent Eq. (40) with ¢
as the weight gain. The maximum weight gain Mm was taken as the final
equilibrium moisture concentration. The diffusivity was determined

from the weight gain M1 after the first day and the maximum weight

gain Mm as
2 M
m h¢ 1,2
D'I—Gt_l-(M_) (60)
m
where tl = 1 day = 86400 s. The values cf Mm and D are listed in

Table 7,

In every environment the weight gain reaches a maximum and then
decreases. Also, the actual diffusion process is slower than predicted

by the Fick's equation.

At room temperature, both R40 and R65 exhibit a fairly Fickian
diffusion behavior until maximum weight gain is reached, Figs. 13-15.
The most deviaticn from Fickian diffusion is observed for R25C and

R25W,

Essentially the same type of behaviors is seen also at 75°C,
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Figs. 16 through 18. The weight gain of R25C and R25N is extremely
erratic at 75°C/98% RH. In tlé_,pis&j?f}mfﬁe weight decreases below
the initial dry value after aboutriogrdays.l iﬁﬁs. R25C and R25W
composites are believed to degrade faster than R40 and R65 composites.
At 75°C/98% RH the weight gain in R40 and R65 slows down for a while

and then speeds up as it approaches maximum.

Tue most deviation from Fickian behavior occurs at 100°C/steam.
In some cases, e. g., R40 at 75°C/water and 100°C/steam, maximum weight
gain appears as a sharp peak. Such behavior was usually associated with
visible formation of blisters on specimen surfaces. When the blisters
burst open, weight decreased. Therefore, sharp peaks were not taken as

maximum weight gain.

Unlike SMC composites, bulk polyester follows the Fick's equation
better at more severe environments, Fig. 20. At mild conditions such
as RT/65% RH and 75°C/65% RH, weight gain is slower than predicted.
However, at the remaining three conditions at 75°C the actual weight gain

very closely follows the prediction.

The maximum weight gain Mm is shown in Fig. 21 against the fiber
volume fraction at various environments, Also included in the figure
are the data from [27]. For the composites studied in the present
work, Mm in general increaszs with decreasing fiber volume content.

However, such is not the case with the data from [27]. The reason is
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that SMC-R25 composites pontain a large amount of calcium carbonate,

which is not believed to absorb as much water as polyester.

Exéeptions are noted for SMC-R25 composites and at 75°C/water.
It should be kept in mind that R25W and R25C have different matrix
compositions than R40 and R60 do. At RT/98% RH both R25C and R25W
show unexpectedly low weight gains. However, at RT/water and 75°C/98%
RH conditions, R25C absorbs extremely large amounts of water whereas
R25W behaves on or below par in comparison with R40 and R60. There
are two differences between R25C and R25W. First, R25C has visible
voids whereas R25W does not. Second, R2SW has wetting agent KR 44S
added to the matrix. Both differences are in support of better

environmental stability of R2SW,

At 75°C/water SMC-R40 shows a peak weight gain of 5.3% after 36
days. However, since this value was not in line with the other points
before and after, a lower estimated value was used instead in Fig. 18.
If the peak value is used, the maximum weight gain for R40 will be
higher than for R65, thus conforming to the general trend of increasing

weight gain with decreasing fiber volume content,

To check the effect of fiber reinforcement on maximum weight gain,
the in situ maximum weight gain in the matrix was calculated from Eq.
(26) with Ceg =V, = 0. The results are compared with the maximum weight

gains in bulk polyesters in Fig., 22. The straight line in the figure
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represents the equality between the in situ weight gain and the weight
gain in bulk polyester. Since R25C snd*R2SN have different matrix

compositions, our discussion here is limited to R40 and R60 only. \

The actual in situ weight gains are higher than predicted in high
humidity conditions except at 100°C/stesx. For some unknown reason
the composites gain much less weight than expected at 75°C/65% RH.
R6S has higher in situ weight gain than R40 in every environment tested.
The difference is the largest at 75°C/water. It is possible that the
increased interfacial area contributes to increased moisture absorption.
The composites show much less weight gain than predicted at 100°C/steam.
The bulk polyester specimens showed extensive cracking both outside
and inside at this environmea! while the composite specimens did not
show as much damage. Thus, the fibers seem effective in preventing
damage. The less extensive cracking is credited for lower weight gains

in the composite specimens,

Relations between maximum weight gain and relative humidity are
shown in Fig. 23. Here the water immersion data are plotted at 100% RH
for convenience. At 65% RH maximum weight gain is fairly independent
of temperature for both composites, but not so for polyester. At 98%

RH and in water maximum weight gain increases substantially with
temperature. Such behavior is contrary to the behavior of graphite/epoxy
composites which usually show equilibrium moisture content decreasing

with increasing temperature [24,31].
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The maximum weight gain data at 65 and 98% RH were used to determine
the parameters in Eq. (43). The resulting values of a and b are listed
in Table 8, and the corresponding equations are shown as curves in

Fig. 23.

To check the temperature dependence of diffusivity as indicated
by Eq. (38), the results for D in Table 7 are shown in Fig. 24 against

the inverse of temperature.

Both R40 and R65 have comparable diffusivities except in water
where R65 shows an erratic behavior. A reference to Fig. 21 reveals
that R65 has an unusually high weight gain at 75°C/water. Since diffu-
sivity is inversely proportional to the square root of maximum weight
gain (cf. Eq. (60)), a lower value will result at 75°C/water. Note
that bulk polyester shows much less dependence of diffusivity on

relative humidity.

4.3.2 Desorption

To study desorption behavior two specimens were taken out of each
environmental chamber and placed in a vacuum oven at the same temperature.
The weight gains of these specimens at the start of desorption tests

were near their respective maximum values.

The weight loss during desorption is defined as the difference

between the current weight gain and the weight gain at the start of
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Table 8. Parametérs désdrbing relation between
naximum weight gain and relative humidity

Material Temperature, °C
RT 75
SMC-R40
8 % 1.6253 4.1956
b 2.5353 5.601
SMC-R6S
a, % 1.3156 3.2714
b 2.7618 4.3114
Polyester
a, % 3.0344 5.6661
b 2.2506 1.4745

-70-




.10 T = SMC-R40 107 SMC-R65

10°

[
o

DIFFUSTVITY, mm2/sec
]
[ )]
| ]
[«]
o
| §
[ o]

1077 { 3 10'7 L L
2.0 3.0 4.0 2.0 5.0 4.0
T, k1

o 65% RH

® 9%% RH

4 VATER

© STEAM

10-5 = POLYESTER. RESIN

-6

DIFFUSIVITY, mm“/scc.

10 -
[}
10'7 | 1
2.0 3.0 4.0
T, &7

Fig. 24. Diffusivity vs. temperature

-71-




desorption. The measured weight losses are compared with the corres-

ponding weight gains during absorption in Figs. 13 through 20.

All desorption curves fairly closely follow the respective absorption
curves up Co the points of maximum weight gain. Yet the desorption
curves are always above the absorption curves, resulting in a permanent
loss of material after a complete moisture cycling. The permanent losses
of mass are listed in Table 9. These values would have been higher if
desorption tests had been performed on those specimens that already
showed a decrease in weight gain in absorption tests. The relatively
small amounts of mass loss indicate that not much material is lost

during absorption before a maximm weight gain is attained.

The most material loss occurs at the most severe environment, i. e.,
100°C/steam. Among the remaining environments those that give higher
weight gains are also responsible for higher material losses. On the
whole, SMC-R40 loses more material than SMC-R65 while SMC-R25C is
more susceptible to material loss than SMC-R25W. The difference
between R40 and R65 is plausible because the lost material is expected
to be mostly from the matrix phase. As discussed earlier R25W is
more stable environmentally than R25C. However, the difference in

material loss is surprisingly small.
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Table 9. Permanent loss of material (V) in desorption

Environment Material
SMC-R25W SMC-R25C SMC-R40 SMC-R6S Polyester

RT/65 0.045 0.03
RT/98 0.03 0.03 0.02 0.07
RT/water 0.30 0.50 0.45 0.13
75/65 0.08 0.05
75/98 0.125 0.30 0.50 0.30
75/water 0.60 0.15
100/steam 2.8 1.40
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4.3.3 Swelling

]
-0 »
Both thickness and in-plane swelling strains were measured during

absorption, and the results are shown in Figs. 25 and 26. The in-plane
strains were measured in two perpendicular directions parallel to the
edges. However, only one set of measurements are shown in Fig. 26
because the twoe directions are indistinguishable and also because

there was no consistent difference between the two sets.

Most of the swelling data are quite erratic in thac any consistent
trend cannot be found easily. Composites can swell or contract with
moisture absorption. Also swelling can be abruptly followed by

contraction within the time scale used.

The three environments at RT and the 75°C/65% RH environment are
mild in that no sign of damage is visible on specimens surfaces under
these environments. The remaining three environments are severe for
the present material systems because they lead to visible degradation

of material.

In the thickness direction, R40 and R60 composites contract under
the mild ¢rvironments, wiile they swell under the severe environments,
Fig. 25. No dimensional change is observed in all cases until some
minimum amount of water is absorbed. The threshold weight gain depends
on the type of environment as well as the type of composite. However,

R25 composites swell under all the environments tested.
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Fig. 25(a). Swelling strains in thickness direction at RT/65% RH
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Fig. 25(b). Swelling strains in thickness irection at RT/98% RH
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Fig, 25(g). Swelling strains in thickness direction at 100/steam

-81-




°
©

MOTSTURE GAIN,

OF POOR QX
q J0.4
—
<’ -0.3 0.8 -
w‘\\:
[} .2
0.4
To.1
1 1 ] | 1 ] A
-0.08 -0.04 0 0.04 0.08 -0.4 0 0.4

STRAIN, %

Fig. 26(a). Inplane swelling strains at RT/65% R

-82-



i ,

/
$ SMC-R2SW
1.5k o SMC-R25C 1.5 J

!
t3

MOISTURE GAIN, %

6 4
1.6
- 2.4
SMC-R40 SMC-R6S
1.2} = 2.0
1.6
0.8
1.2
0.8
0.4
0.4
! ] L o 1 ] 1 1
-0.25 0 0.25 -0.2 -0.1 0 9.1 0.2
STRAIN, %

Fig. 26(b). Inplane swelling strains at RT/98% RH

-83-



TR

MOISTURE GAIN, %

- ORIGINAL PAGE IS
OF POOR QUALITY

s.of . !
SMC-R2EC 4.0

SMC-R25¥

P |

0 0.25 0.5 6.7 1.0 0 0.25 0.5 0.75 1.0

3 S,
SMC-R40 SMC-R65
1.6 r 1.6}
1.2
0.8}
0.4 0.4
{ 1 1 1 1 1 1 3 ]
0 0.03 0.06 0.09 -0.08 -0.04 0 (.32 9,04 0.06 0.0U8

STRAIN, &

Fig. 26(c). Inplare swelling strains at RT/water
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R25 composite specimens swell in their plane also, Fig. 26.
However, the in-plane strains of R40 and R60 composites can be

positive or negative.

Part of the erratic swelling behavior in thickness direction is
associated with blistering observed on specimen surfaces under the
severe environments. Blisters resulted in apparent swelling during
their growth stage. When they burst open, however, apparent contraction
was measured. Yet the in-plane behavior cannot be explained by the
blistering alone.

‘“he bulk polyester did not show any noticeable chunge in dimensions
until it reached maximum weight gain. Ashbee and Farrar [33] also reports
negligible dimensional changes under water immersion for an ortho-
phthalic polyester resin. Thus, the behavior of bulk polyester is in
line with that of R40 and R60. However, R25 composites exhibit more

swelling than expected.

4.3.4 Damage Development

Each .ime weight and dimensional measurements were taken, specimens
were visually inspected for any sign of damage. Two types of changes
were looked for on the specimen surface. The first change was in color

and the second was the development of blisters and cracks.
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(a) SMC-R2SW (tog). SMC-R25C (bottom)--from left, no
exposure, 75°C/98% RH, RT/98% RH, RT/water

(b) SMC-R65--from left clockwise, RT/65% RH, RT/98% RH,
RT/water, 100°C/steam, 75°C/water, 75°C/98% RH, 75°C/65% RH

Fig. 27. Color change on specimen surface
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Fig. 28. Formation of small blisters, SMC-R65 at 100°C/steam
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Fig. 29. Surface with many small blisters burst open, SMC-R65 at
75°C/98% RH
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Fig. 30. Cracks on surface of bulk polyester specimen, 100°C/steam

-93-



There was not visibile sign of damage under all room temperature
environments except for a slight change in color for R25 specimens
immersed in water. However, all specimens changed color at 75°C, as
described in Table 9. Pictures of specimens are shown in Fig. 27.
Note the voids in SMC-R25 specimens. SMC specimens did not share the

color of the bulk polyester counterparts under the same environment.

Small blisters about 100 um in diameter were observed on specimen
surface at 75°C regardless of relative humidity and also at 1006°C/steam.
These blisters weie seen only on the composite specimens but not on
the bulk polyester specimens. With time some of these blisters grew to
2-3 mm in diameter, as shown in Fig. 28, and burst open damaging the

glossy appearance of the surface.

At 75°C/water and 100°C/steam large blisters formed. These blis-
ters were clearly visible to tte naked eye. Blistering was most severe
at 75°C/water for all specimens. In bulk polyester blisters could be
as large as 1 cm in diameter. When a blister was cut open, liquid was
seen coming out. When the large blistars burst open, they left small

craters.

The most severe damage in the form of surface cracks was seen in
bulk polyester at 100°C/steam, Fig. 30. Although not clear in the
figure, most of these cracks were fairly well aligned. The composite

specimens rarely showed surface cracks even under the same environment.
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Fibers seem effective in preventing surface cracks.

The blisters are certainly responsible for increased weight gain,
as the experimental data indicate. The apparent temperature dependence
of maximum weight gain in Fig. 23 can thus be explained at least
partially by the blistering. Since no blistering was observed at 75°C/
65% RH, both RT and 75°C weight gains would be expected to be equal to

each other.

To investigate the internal damage in more detail, specimens were
cut through the middle and cross sections were examined on an optical
microscope. The color changes and damages observed are summarized in
Table 11. The most drastic change in color was observed at 100°C/

steam, Fig. 31. The specimens are the same as those in Table 10.

For many specimens which had been subjected to the severe environ-
ments the inside had different color than the outside. A thin surface
layer could be easily observed from the color difference. The most
drastic difference in color was observed in the bulk polyester specimen
at 75°C/65% RH. Although the surfaces were dark silver, the inside was
sienna brown, Fig. 32. However, all composite specimens did not show

any change of color at this environment.

Photomi crographs of R25C specimens are shown in Fig. 33. This
composite had voids visible to the naked eye even before any environ-

mental exposure. These voids are clearly seen to be in resin-rich
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Table 10. Color change and damage on specimen surface

Material Environment Period of Color Damage
exposure Before After
(days)
R25C, RT/98 220 white white none
R25W RT/water 220 white gray none
75/98 220 white Yyellow large blisters
R40, RT/6S 180 white white none
R65 RT/98 180 white white none
RT/water 180 white white none
75/65 180 white cream small blisters
75/98 180 white yellowish small blisters
cream
75/water 180 wvhite whitish small blisters
raw umber large blisters
100/steam 100 white gray and small blisters
taw umber large blisters
Polyester RT/65 150 opaque opaque none
RT/98 150 opaque opaque none
RT/water 150 opaque opaque none
75765 150 opaque dark none
silver
75/93 140 opaque canary none
yellow
75/water 140 opaque light large blisters
raw umber
100/steam 65 opaque yellow cracks
ochre

-96-




Table 11.

Color change and damage cobserved on cross section

Material Environment Period of Color Damage
exposure Before After
(days)
R25C RT/98 220 white white large voids
RT/water 220 white white large voids
75/98 220 white whitish large vcids,
canary cracks
yellow
R25W RT/98 220 vhite vhite no damage
RT/water 220 white vhite no damage
75/98 220 white whitish large voids,
canary cracks
yellow
R40, RT/65 180 white white no damage
R65 RT/98 180 white white no damage
RT/water 180 white white no damage
75/68 180 white white no damage
75/98 180 white brown, voids,
white czacks
75/water 180 white vwhite, voids,
gray cracks
100/steam 100 white dark voids,
brown cracks
Polyester RT/65 150 opaque opaque no damage
RT/98 150 opaque opaque no damage
RT/water 150 opaque opaque no damage
75/65 150 opaque sienna no damage
brown
75/98 140 opaque grayish no damage
canary
yellow
75/water 140 opaque white large cracke
100/steam 65 opaque grayish cracks parallel
yellow to surface
ochre
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Fig. 31. Cross section of SMC-R65 at 100°C/steam
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Fig. 32. Cross section of bulk polyester at 75°C/65% RH
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(b)
Fig. 33. Photomicrog-aphs of SMC-R25C: (a) no exposure; (b) RT/98% RH
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(d)

Fig. 33 (cont.). Photomicrographs of SMC-R25C: (c¢) RT/water;
(d) 75°C/98% RH
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(a)
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34.

(b)
Photomicrographs of SMC-R25W:
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(a) no exposure;

(b) RT/98% RH
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Fig. 34 (cont.). Photomicrographs of SMC-R25W: (c) RT/water; (d) 75°C/
98% RH
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(b)
Fig. 35. Photomicrographs of SMC-R40: (a) RT/65% RH; (b) RT/98% RH
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Fig. 35 (cont.)
.). Photomicrograph
Fhiot.om graphs of SMC-R40: (c¢) RT/water; (d) 75°C/
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Fig. 35 (cont.). Photomicrographs of SMC-R40: (e) 75°C/98% RH:
(f) 75°C/water
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Photomicrographs of SMC-R65:

Fig. 36.
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Fig. 36 (cont.). Photomicrographs of SMC-R65: (c¢) RT/water;

(d) 75°C/65% RH
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Fig. 36 (cont.). Photomicrograph of SMC-R65: (e) 75°C/98% RH;
(f) 75°C/water
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(b)

(a) 75°C/water; (b) 100°C/steam

Cracks in bulk polyester:

Fig. 37.
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areas in Fig, 32. At 75°C/98% RH voids are larger, and, although not

shown in the photomicrogrsph, delamination cracks developed and grew
to nm,:: when they were rear the surface.

R2SW composite is fairly void free, Pig. 34. Further formation of
voids is not noticeable except at 75°C/98% RH.

Both R40 and R6S composites are also almost free of voids, Figs. 35
and 36. Voids are more trequently detected at 75°C environments. At
75°C/water delamination cracks are seen in resin-rich areas. Delamination

cracks are larger at 100°C/stean.

In bulk polyester no voids or cracks are seen except at 75°C/water
and 100°C/steam. At /-°C/water a large delamination crack developed near
the mid plane, Fig. 37. Smaller cracks are almost parallel to the
surface, It should be noted that no cracks were found in the planar

surfaces.

Under 100°C/stear, environment cracks developed everywhere although
no crack grew big enough to cause delamination as observed at 75°C/water,
Fig. 37. Again, all cracks on cross sections were almost parallel to
the surface. The cracks on the surfaces were also fairly well aligned,

‘ndicating the possibility of an ori~nted structure.

From the observations described so far the following mechanism is
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proposed for the development of damage under the environments studied.
In composites moisture diffuses into voids and builds up pressure
especially at elevated telp;ra;ﬁre."Cracks then develop from the voids
and grow in the plane of the laminate. The fairly planar arrangement of
fibers in SMC prevents crack growth normal to the plane. If the crack

is near the surface, the pressure inside can push up the surface layer

of polyester and a blister is seen on <he surface.

Blistering was also reported by other investigators [47-50]. How-

ever, the observed blistering was between the gel coat and SMC substrate.

The observed damage agrees very well with the relative attenuation
measured by the ultrasonic flaw detector, Fig. 38. In the figure
environments are arranged in the increasing order of severity. The
relative attenuation is defined as log A/Ao where Ao and A are the
magnitudes of the reflected pulse in thie specimens which have been sub-
jected to RT/65% RH s.1d any other environment, respectively. For SMC-
R25 composites, specimens with no exposure were substituted for the
reference data at RT/65% RH. The arrows in the figure indicate that
the relative attenuation is higher than 40 db. Note that the damage
at 100°C/steam is so severe that no composite exhibits a relative

attenuation lower than 40 db.

4.3.5 Thermal Expansion

A typical thermal expansion curve for polyester is shown in Fig.
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39. The glass transition temperatude’is seen to be around 110°C.

For SMC-R40 and -R60 the thermal expansion behavior over the glass
transition temperature is different from that of bulk polyester. Figure
40 is an in-plane thermal expansion curve for an SMC-R40 specimen. The
slope above Tg remains fairly constant at a lower value than below Tg.
However, in the thickness direction the thermal expansion curve of SMC

composites is similar to that for amorphous polymers, Fig. 41.

The effect of fiber aspect ratio on the coefficients of thermal
expansion of unidirectional composites is shown in Fig. 42. The pre-
diction is based on Eqs. (1), (2), (10), (11), and (18). The predicted
values of a, and a, at £/d = 1 are different from each other because the
equations used are not valid in this case. The fiber aspect ratio is
seen to have negligible effect when it is greater than ~100. The

experimental results are all greater than the predictions.

The coefficients of thermal expansion for SMC composites are shown
in Fig. 43, where the curves represent the predictions based on Eqs. (20)
through (23). Note that the fiber aspect ratio of SMC composites is
large enough to allow them to be treated as continuous fiber composites.
The data for o, show very little dependence on fiber volume content.
The in-plane coefficient of thermal expansion a, was measured in two
normal dizections, and both results are shown in the figure. Note the

difference between these two points, indicating a slight anisotropy of
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the composite. The low values for SMC-R25 may be because of the
presence of calcium carbonate in these composites. The best agreement
between theory and data is observed for SMC-R65. For comparison purposes,

Fig. 43 also includes the predictions for o and Qe

In SMC composites fiber arrangement is not perfectly planar, and
therefore, some effective stiffening in thickness direction is expected.
Such stiffening will lead to a lower coefficient of thermal expahblon.
The stiffening effect is likely to be more severe in the case of low
fiber volume content. This may be the reason why a, remains almost the

same for both R40 and R65.

4.4 Conclusions

The environmental effects studied in SMC composites and b.lk
polyester included moisture diffusion, swelling, thermal expansion, and
damage growth., The fiber contents in the composites were 25, 40, and
65% by weight. Seven different environments were chosen for study:
RT/65% RH, RT/98% RH, RT/water, 75°C/65% RH, 75°C/98% RH, 75°C/water,

and 100°C/stean.

Moisture diffusion behavior of SMC composites and bulk polyesters
depends very much on temperature and relative humidity. The maximum
weight gain, which is usually taken as the equilibrium moisture content,
was much higher at 75°C except under 65% RH. The diffusivity depended

on relative humidity in an inconsistent manner perhaps because of the
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material degradation observed under severe environments. Desorption
took place at a slightly faster rate than absorption, and resulted in

a permansnt loss of material.

Swelling behavior was very erratic; no consistent relationship
between weight gain and swelling strain could be established. Both
in-plane and thickness strains could fluctuate between positive and
negative values. Bulk polyester showed almost no dimensional changes
until blistering became obvious. One exception was SMC-R25 composites;
they showsd swelling in the thickness direction as well as in the

plane,

At 75°C both SMC composites and bulk polyester changed color.
Furthermore, the composites showed blistering. There were two types
of blisters: small and large. The small blisters were very thin and
limited to the thin surface layer. They were also very small in diameter.
These small blisters resulted in lose of glossy appearance on specimen

surface when they burst open.

The large blisters were clearly visible to the naked eye, and were
much thicker. The environments contributing to the development of large
blisters were 75°C/98% RH, 75°C/water and 100°C/steam for the composites
whereas only 75°C/water resulted in blistering for ti.. bulk polyester.

The blisters in the polyester were the result of large cracks inside.

At IOO'C/s;eam the polyester showed many cracks both inside and outside.
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Some of these cracks are the result of blisters bursting open.

The fiber aspect ratio in the composites has been found to be
so large that the theory for continuous fiber composites can be used
to predict the coefficients of thermal expansion. The coefficients of
thermal expansion of SMC-R25 were lower than predicted because of the

presence of calcium carbcnate.

-124-




5.0 SUMMARY AND RECOMMENDATIONS

A review has been made of various methods of predicting the
expansion and diffusion properties of compusite laminates. The analyti-
cal complexity and the lack of experimental data for short-fiber compos-
ites have been pointed out. However, it is concluded that the prediction
equations for continuous-fiber composites can be applied to SMC
compesites as the effective fiber aspect ratio in the latter is large

enough.

The effect of hygrothermal expansion on the dimensional stability
of composite laminates has been demonstrated through the warping of
unsymmetric graphite/epoxy laminates. The warping is very sensitive to
the size of the panel, and to the moisture content which is in tum
sensitive to the relative humidity in the environment. Thus, any long-

term creep test must be carried out in a humidity-controlled environment.

Environmental effects in SMC composites and bulk polyester have been
studied under seven different environments: RT/65% RH RT/98% RH,
RT/water, 75°C/65% RH, 75°C/98% RH, 75°C/water, and 100°C/steam. The
SMC composites chosen are SMC-R25, SMC-R40 and SMC-R65. The maximum
weight gain depends on temperature under high humidity environments
while the diffusivity depends on relative humidity. In many environments
moisture diffusion is not Fickian probably because of the material

damage. The most frequent damage at 75°C is blistering while no visible
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damage occurs at -oom temperature. Small blisters are very thin end
limited to the surface. When they burst open, the composite loses a

glossy appearance on the surface. These small blisters develop under

all environments at 75°C in SMC composites, but they do not form in
bulk polyester. Large blisters are much thicker and clearly visible
to the naked eye. They develop most frequently at 75°C/water and
100°C/steam. The cracking at 100°C/steam in bulk polyester is much
more severe than in the composites perhaps because vf the reinforcing

effect of fibers.

Because of the limited scope of the present work some of the
questions raised during the course of this study remain to be answered.

The issues recommended for further investigation are listed below.

1. The water used for diffusion tests should be analyzed cheaically
to identify the mechanisms of material loss. The chemical spacies found

in the wate. can then be compared with those in the specimens.

2. Mechanisms ior blistering should be elucidated. Why are small

blisters found only in SMC composites but not in bulk polyester?

3. Room-temperature environments seem fairly safe for SMC compos-
ites. However, the elevated temperature of 75°C is precarious especially
under highly humid environments. The limiting environments should be

identified ifor these composites.
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4. Mechanisms for environmental degradation evidenced by color
change should be identified.

S. Stability under environmental cycling should be investigated.
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