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ABSTRACT

A combined analytical and experimental study was designed
to characterize moisture absorption in graphite/expoxy composite
materials. Tests were designed to investigate the influence on
moisture absorption of a number of composite parameters includ-
ing thickness, fiber volume, and lay-up configuration. The
environmental parameters investigated were the effects of temper-
ature and humidity; the effect of small applied strains was also
evaluated by use of four point bend specimens. The results
were analyzed by comparing the weight gain characteristics of
the various panels, and by evaluating the coefficients of diffu-
sion for the specimens. Based on these diffusivities, one and
three dimensional solutions to Fick's equation were evaluated.

A micromechanical model for laminates was developed and
analyzed; the experimental data showed the model to be a lower
bound solution. Moreover, the results indicate the classical
solution to the one dimensional Fick's law based on effective
diffusivity can be used to predict weight gain of a graphite/
epoxy panel due to the presence of water. This model cannot
currently predict secondary diffusion effects. The results of
the bending tests showed no effect of small applied strains on
the weight gain of the bend specimens.
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I. INTRODUCTION

As new materials move from the laboratory to field usage,
one of the key concerns is the material's behavior as it
encounters an uncontrolled environment. Since the absorption
of moisture by epoxy matrix or bonding materials has been
shown to cause some change in the mechanical properties of the
composite, considerable interest has been expressed in the
effect of moisture on composite materials. This interaction
between a composite material and the environment is a very
complex event involving a number of physical processes. As such,
it may be viewed in several different ways, ranging from the
physics of the interface to the behavior of a large panel sub-
jected to an outdoor environment. Ultimately, each of these
viewpoints will become part of the total understanding of the
effects of temperature and moisture on the material. However,
at the present time it seems more appropriate to view the over-
all picture as this will point the way for more detailed studies
in the future.

While organic fibers can themselves absorb considetrable
moisture, the inorganic fibers, such as graphite and boron,
are not known to absorb moisture to any significant degree.
In terms of present structural usage, the high modulus inorganic
fibers are of primary interest, and so, for this program, we
can rule out moisture absorption by the fiber. Moisture, how-
ever, can be transported through the matrix by

(1) capillary action along the fiber/matrix interface,
(2) wvc¢ .c, pores, or cracks in the resin system,
(3) diffusion through the resin itself.

Thus, in the case of inorganic fiber/epoxy composites, it is
anticipated that problems associated with moisture absorption
would be more severe in "matrix dominated" laminates, such as
(+45), than in "fiber dominated" layups such as (0/90).

Absorbed moisture has been found to be predominately, if
not entirely, water; work by the Air Force Flight Dynamics
Laboratory has shown that over 90% of desorption products are
pure water. The time scale for water absorption by other than
artificial environmental conditions is on the order of weeks.
Some moisture apparently is always present; estimates have
been made that 0.2 - 0.3% water by weight is present in a
thermosetting composite immediately upon removal from the oven.
Since this moisture level, as a minimum, is apparently always
present in the thermosetting epoxy, it should be considered as
the reference level for measuring environmentally induced
moisture levels, unless measures are taken to dry and preserve
the composite in such a dry state.

— ———




A number of experimental observations have been made on
moisture levels in epoxy resin composites as a function of
temperature, humidity, and exposure time. "Saturation" levels
appear to be in the range of 1 - 2% moisture by weight, with
the actual equilibrium levels of water being a function of the
void content and fiber volume of the composite, as well as the
humidity conditions surrounding the composite. The rate of
water absorption depends on the temperature as well as the
thickness, but it is not clear whether the equilibrium moisture
content is independent of temperature.

ek




ITI. ANALYTICAL MODELLING

As already mentioned, the approach taken to describing
moisture absorption in this program has been to consider the

absorption in a structural sense. That is, we wish to describe

the overall response of the composite, i.e., weight

the particular temperature-humidity environment. However, since

a composite structure is composed of many different

gain, to

composite

parameters, such results may not be very general since they

are necessarily structure dependent. To avoid the necessity of
testing all composite structures, we have used a micromechan-

ical model to describe the overall response in terms of com-

- binations of simpler elements. Based on information

the weight gain of multilayer composites.

diffusing substance is proportional to the gradient

o 3aC o w o .
--Fi = Dij gzg i,9 =1, 2, 3, sum on j

neglected through an averaging process.

If we then consider conservation of matter,

where C is the concentration of diffusing material,
stituting (2) into (1), we obtain

¢ _ & {, 3¢C
ot~ 9E, i) aaj

gained by

testing unidirectional panels, it is then possible to predict

While the basic formulation of the diffusion problem is
well established, it bears some repetition here both for com-
pleteness and to emphasize some key points. The basic postulate
of the diffusion problem is that the rate of transfer of the

of the

concentration. For an isotropic body this only involves the
normal gradient but for an anisotropic material the concentra-
tiop gradients in other directions can be involved as well.

In general then the flow in the ith direction is given by

(1)

where Djj reflects the flow in the ith direction due to a con-
centration gradient in the jth direction. This means that for

flow at an angle to a unidirectional ply, gradients perpendicular
to the flow direction can exist and influence the flow.
ately, these effects usually average out, as we shall show, but
one must be aware that such terms are not zero but are only

(2)

then sub-

(3)

Fortun-




If the diffusion coefficients are not functions of position,
then we can write

2
3¢ a2
s B et (4)
ot = Pij 3L 0
or, written out
2 2 2
ac 32 e 3¢
5 Py T3t Byo ¥ Doyl g+ Dy, T (5)
3¢ 1965 5E
1 2
2 2 2
e e 52¢c
+ (Dy3 *+ Dyy) 3 3F- * D33 —F + (D3y + Dy3) 373
2983 2€ 3 398,

Since Dj4 is a second order tensor, we can perform a coordinate
transformation and obtain (5) in terms of the principal diffus-
ivities, Dj, D2, and D3. Performing the transformation to the
principal coordinates xj, (5) becomes

2 2 2

8c 3 C 3 C 3 C

T = Dl = i D2 s + D3 — (6)
axl 8x2 8x3

For isotropic bodies, the diffusivities are equal and the right
hand side of (6) reduces to DV2C.

So far, the discussion has been for anisotropic bodies in
general. Consider now a unidirectional fibrous composite with
the y axis normal to the plane of the fibers and x, z in the
fiber plane; this is shown in Figure 1. If 6 = 0, then x and z
are the principal inplane directions and (6) describes the flow.
For inplane flow at an angle to the fibers, however, the cross
product term is retained so that

2 2 2 2
ac _ a%c 3% 3%c e
9t P T T Py Fxbe * Py WY Oy T3 A
X tE 4 oy
4

St o i e ————
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FIGURE 1. COORDINATES FOR A UNIDIRECTIONAL
FIBROUS COMPOSITE.
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where

e 1 2 Gad

Dx = Dll = Dl cos 6 + D3 sin 6
: sz = D13 = (D3 - Dl) sin 6 cos 6 i
g s i o2 2
s Dz D33 Dl sin 6 + D3 cos 6
D, =D,, =D,
E: Note that in writing (7) the assumption has been implicity made
3 that a unidirectional fibrous composite can be treated as a

homogeneous anisotropic body. Since inorganic fibers do not
absorb significant amounts of water, this is a reasonable
assumption. In the event that either the fibers themselves or
the fiber-matrix interfaces transport significant amounts of
moisture, it does mean that an effective diffusivity is being
considered.

Once the diffusion parameters are known for a unidirec-
tional ply, then it is possible to describe moisture transport
in a multilayer structure. If we consider the two cases of (i)
| flow normal to the plane of the fibers (Figure 2a) and (ii)
‘ flow parallel to the plane of the fibers (Figure 2b) then we

Flow
D;Z D L] 'Hl
> F
D32 L ij h,
p 0 5 .
. W : i -
DY, DY 4 § hn i
Figure 2a Figure 2b

FIGURE 2. FLOW NORMAL AND PARALLEL TO
THE PLANE OF THE FIBERS.

P

obtain the effective diffusivities as follows. For the flow in
2a, we can use a series approximation,

h/2
d |
) e |
e BJL (9) |
D22 22 ;
-h/2 |

.

e ‘




where the Bij is an average or effective value. Performing the
integration, one obtains

h h h
ST S e 3 (10)
D DX D2 po
22 22 23 22

For flow in the plane of the fibers, we use a parallel approxima-
tion,

h/2
B D,. d (11)
it h 3 Ty
-h/2
or in series form
= e | 2 n
Dij h = Dij hl + Dij h2 A MR Dij hn (12)

Note there is no effect of stacking sequence in (10) for flow
normal to the plane of the fibers. It can also be seen from
(11) and (8) that, for symmetric layups, the cross ply terms
will drop out.

Let us consider a couple of specific examples. For the
unidirectional laminate the two directions normal to the fiber
are equivalent, so Dy = D3. Then for a crossply layup with equal
thickness plies, each at 8 = +45°, we get

D, (D, + D,)/2

D =D

¥ 2 (13)
D= (Dl + Dz)/2

b, =0

On the other hand if we have a core and shell laminate, 10 plies
thick, with layup [0, (t45)2]s, we get

Dx = (60l + 4D2)/10
Dy = D2 (14)
b, = (491 + 6D2)/10

and again the cross term, sz, vanishes.

7




T
e

This analysis allows us to obtain the behavior of the
laminate in terms of unidirectional layer properties. By repre-
senting the composite as composed of a series of unit cells, it
is possible to obtain the diffusion coefficients in terms of
the volume fraction of fiber. A number of different unit cell
models are possible but for simplicity we assume a square array.
Referring to Figure 3, the unit cell has dimensions b by h,
with a circular fiber of radius a, and a fiber volume Vg. For
flow normal to the fiber, we have the effective diffusivity of
the unit cell,

D v, £ . =
6£=1-2 £ +B£-[ﬂ-—4—*TAN1ﬂ——/—C—],(15a)
m L D VI = C 1 + /C
1= ¢ > 6
and
Ra Vel g 2
D—=1—2 TT +B—- n-——*ln{/5+/c-1} (15b)
m D vC -1
where

2
€= Vf BD/ﬂf
2 (Dm/Df =l0)

f = h/b.

w
]

D, is the effective diffusivity normal to the fiber while Dp
and Df are the matrix and fiber diffusivities. If the moisture
content of the fibers can be ignored and we assume a square
unite cell, i.e., £ =1, (l5a) and (15b) reduce to

(16)

UI NU
]
[
]
N

3




b/a

N

>

FIGURE 3. UNIT CELL MODEL
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for flow normal to the fibers. For flow parallel to the fibers,
the flow is reduced by the volume of nontransporting fibers,
i.e.

By
st =1-v, (17)
m

Expression (16) and (17), together with (8), give the effective
diffusivities of a unidirectional fibrous composite in terms

of the fiber orientation. Moreover, when the unidirectional
plies are layered to form a multiply laminate, equations (9) and
(11) can be used to arrive at effective diffusivities for the
laminate. Figure 4 shows the diffusivity, D,/Dp, plotted as a
function of volume fraction.

With some idea of the nature of the diffusion coefficients,
we can turn to the actual solution [1,2] to equation (7); how-
ever, we shall only be dealing with symmetric laminates so Dxgz
term in (7) vanishes. If we specify the boundary and initial
conditions as

X = +2
C = Co y = th (18)
z = +b

or alternately, since the body is symmetric

8C/8xi = 0, X, = 0 (19)

and the initial condition,

c (t, x, v, z2) = Ci’ t £ 0 (20)

then we can obtain a series solution in the form

- MR G . | é 0 imx jmy knz
e, Tk 3 I3k OO% i ©O8 R cos Jp (21)

10
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FIGURE 4. EFFECTIVE DIFFUSIVITY AS A FUNCTION
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where

2 o2 . \2 2
T i J k
Mik T T ((E) Dx+<h> Dy"(B) Dz> kE2)

This is the general solution, applicable for suitably defined
systems. However, for very small values of time, i.e.

4Dyt/h2 fw ik

(or equivalently, one of the other two terms if they are larger),
the series converges very slowly and an alternative solution is
more convenient.

To develop this short time solution, we consider aninfinite
slab so that we have a one~dimensional diffusion flow. Taking
the Laplace transform of (4) for a one-dimensional flow, i.e.,

i = 3j =1 and applying the boundary conditions (18-20) we obtain

C =G
¢ > (-1)" [erfc a3 U Do (23)
o i 2/Dt

n =20

¢ opfe 20+ 1) b+ y:J
2vV/Dt

where erfc is the complimentary error function, D is the effec-
tive diffusivity in the y direction and 2h is the thickness of
the slab. (For more details, see Reference 1l.) For very short
times, the moisture entering from one surface will not inter-
act with any other surface; hence a three dimensional solution
can be obtained by superimposing the three one dimensional
solutions.

Weitsman [3] has estimated that only the first two terms
of (23) need be retained for

4D_t

h2

< 0.01.

12




Dl 2k

Since Dy ~ 2 * 10-6 inz/hr, and h = 0.06 inches for these panels,
this means that for times on the order of 14 hours and less, the
error function is appropriate. Since the experimental program
being reported deals with much longer times, the majority of

the modeling has employed the cosine series solution, (21).

Since it is difficult to determine the concentration of
moisture in the material, the total weight gain by the specimen
is usually obtained. The weight gain is computed by integrating
(21) over the volume of the material. This yields

M - Mi 83 e_)\i'k t
e Tk § 5 S A (24)
m i m 3+ 95k

i, j,k

odd

where Ajs:x is given by (22), and My is the equilibrium weight
gain of %he material.

With this result, we have a complete model for predicting
the weight gain of multilayer panel. Combining (16) and (17)
to eliminate Dp, we obtain

1 - Vf
D1 = ] D2 (25)
1 -2 /Vf7w

Using the effective diffusivities for the ten ply core and
shell laminate, (14), and two volume fractions, 0.52 and 0.65,
we have

Bx (0.65) = 2.73 D,
By (0.65) =D, (26)
Bz (0.65) = 2.15 D,

and
Bx (0.52) = 1.95 D,
Sy (0.52) =D, (27)
D, (0.52) = 1.63 D,

13




¢ Using the experlmentally determined diffusivity for flow normal
4 to the fibers in a unidirectional composite, Dy = 1.68 * 10~ =6
Y in2/hr, we use (26-27) and compute the total weight galn of the
e two specimens as shown in Figure 5. (For later comparison, we
P used 4.0 x 0.060 x 2.0 and 1.0 x 0.067 x 1.0 inches for the
65 and 52 percent volume specimens, respectively.) Moreover,
the figure also shows the predicted weight gain for a unidirec-
tional composite. In all cases the initial moisture content of
the composite is zero, Mj = 0. The plot shows that for thin
flat panels, the model predicts that the stacking sequence
plays a small role since the lateral edge area is so small. The
unidirectional panel shows a slightly more rapid gain because
of the higher diffusivity in the x direction; however the differ-
ence is extremely small. The difference between the two core
and shell laminates is somewhat larger; the larger diffusivities
of the higher volume fraction panel make the difference. Over-
all, however, it is clear that the effect of stacking sequence
in thin panels is not expected to be large. These curves are
compared to some test results in a later section.

In [4], Shen and Springer suggest a one dimensional approx-
imation for weight gain. This method is based on the fact that
for short times, it can be shown that the weight gain is pro-
portional to the square root of the time. This yields

! Mt)_4/5/
| e = a (28)

{ (e}

where

2
[D ,D '
h X h z
d =D <1+— = ¢ = ——-) (29)
L D b D
y y y

d is thus a one dimensional diffusivity that is corrected for
the lateral surfaces. Using the same parameters as the micro-
mechanical model, (26), we obtain

de=1.92 * 16°° in/nr (30)

for the 0.65 volume fraction material and
(3

d=2.34 * 10 inz/hr (31)

for the small volume fraction material.
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FIGURE 5. THEORETICAL MOISTURE CONTENT FOR THREE
COMPOSITE LAMINATES (3D MODEL).
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These two values, when substituted into (28) result in
curves slightly higher than their respective three dimensional
models; this is shown in Figures 6 and 7.

In deriving (5), the assumption was made that the flow
depended only on the concentration gradient. Since it is known
that an applied stress can influence the flow of water in a
porous medium, there is a question of whether or not the level
of stress in a composite will influence diffusion in the
composite. In other words, can the elastostatic problem be
solved separately from the diffusion relation, (5)? In [5],
Gurtin presented work which showed that, for isotropic bodies,
the problem does uncouple and the level of strain does not
affect the concentration of moisture in the body. At the same
meeting, however, Broutman [6] presented data which showed
that loaded specimens gained considerably more weight during
a humidity test than did unstrained specimens. The data pre-
sented by Broutman was for specimens at fairly high levels of
applied strain; the level was sufficiently high that there
could have been considerable cracking and void formation within
the specimen. If this is indeed the case, then the properties
of the composite would have been significantly altered and
this would account for the high weight gain values.

Since there is not presently available a theory of thermo-
hydroelasticity for anisotropic materials, it is not possible
to theoretically predict the effect of applied stress on mois-
ture gain. Moreover, the results of [6] are unclear as to
whether the gain is due to an influence on the material or an 3
alteration in the material microstructure. The tests in this
program have,therefore, been conducted at a relatively low
level of applied strain to determine the need for such a theory. ﬂ
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III. EXPERIMENTAL PROGRAM

Specimen Fabrication

To better understand the mechanism of moisture absorption
in -~omposite materials, precision moisture absorption tests have
been conducted. The effects of various composite parameters on
moisture absorption have been examined as well as the effects
of different temperatures and humidities. Specimens wereof two
general types; the first wasused to measure moisture absorption
in various composite layups, while the second testedthe effects
of moisture absorption on tensile properties. Laminates were
fabricated with different fiber orientations, fiber volumes,
and different thicknesses. An effort was also undertaken to seal
the edges of many of the moisture absorption specimens to pro-
vide one-dimensional diffusion.

All test panels fabricated during the course of this pro-
gram were constructed with NARMCO T-300/5208 graphite/epoxy
prepreg tape. This materia! is widely used and according to
data published by the manufacturer possesses the following room
temperature material properties:

o= 215 gt 20.5

X X

i 6.75 ES 1.47
y y

gt® 295 gf 22.0

X X

gfu 115 gf 1.6

Y X

Strength (S) properties are 103 psi, moduli (E) are 106 psi.
The x direction is parallel to the fibers, y is the transverse
direction. Ultimate tensile properties are denoted as tu, while
ultimate flexural properties are superscript fu.

This material was used to fabricate 23 laminated panels
with various fiber orientations, fiber volumes, and numbers of
plies. Parameters for each of the test panels are listed in
Table 1. Test specimens were cut from these panels with a
diamond cutting wheel. Crossply tensile specimens measured 9
inches long and 0.75 inches wide; unidirectional tensile speci-
mens were 9 inches by 0.5 inches. All other test specimens
measured 4 inches by 2 inches. Neat resin specimens were saw
cut from neat resin plates.

To provide a uniform surface finish, all panels were cured
in a heated platten press. Normal fabrication utilizes a cavity
or blanket press but this type press cannot be used to produce
low fiber volume specimens; to avoid two different surface fin-

ishes, all panels were produced with the platten press. High fiber
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TABLE 1. COMPOSITE PARAMETERS FOR THE TEST
SPECIMEN PANELS.

Orientation Panel No. Fiber Volume Plies

+45 103 61 4 *

= 102 57 8 ,

104 60 16 .

105 54 20 |

106 58 24 |
+45 108 63 8
4 - 114 62 8
2 107 43 8
A 127 41 8
2 118 39 8
b 109 30 8
1 110 30 8
E 111 26 8
126 21 8
i 125 16 8
3 0° 101 51 8
, 112 67 6
, 15 55 6
! 121 37 6
128 12 6
0/90 124 28 8
119 43 8

129 62 8 |
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volume panels (60-65%) were fabricated using the manufacturer's
recommended curing schedule, given in Table 2. The required
lower fiber volume panels (20-60%) were much more difficult to
fabricate and required a small development program. It was
possible, by altering the manufacturers cure cycle and by adding
neat resin film between the prepreg plies, to achieve a panel
with a fiber volume fraction as low as 46 percent. In order to
produce panels with still lower fiber volumes, the cure cycle
was carried out in a setup more akin to a molding technique, as
illustrated in Figure 8. The curing cycle for these low fiber
volumes were:

(1) Preheat press to 355°F.
(2) Insert layup and apply pressure for six minutes.

(3) Slowly apply full pressure, 200 psi, to push the
pressure plate down to the shim stops, compressing
the coroprene boundary supports.

The particular fiber volume achieved in the panel was controlled
by the height of the shim stop. The height of the stop was
calculated from the desired fiber volume and the cured ply thick-
ness of a 60 percent fiber volume panel. Fiber volumes as low

as 13% were achieved in this manner. Sectioning of some low
fiber volume specimens revealed pockets of resin, but fiber
distribution was fairly uniform as shown in Figure 9. Void
content increased as fiber volume decreased, with void content

as high as 5 percent being calculated for the lowest fiber
volumes.

Fiber volumes were determined by taking a sample from the
center of a panel, weighing it first in air, then in water to
determine the panel density as per ASTM D792, "Specific Gravity
and Density of Plastics by Displacement." Fiber volume was then
calculated from the densities of resin and fiber by the equation:

where p is density, subscript C refers to the composite, R is
resin, and F is fiber. Fiber volumes determined in this manner
are of course an average value for the sample measured.

Neat resin panels were fabricated by first degassing the
resin in a vacuum oven at 250°F until the resin had stabilized.
Resin was then poured into a mold consisting of release agent
coated aluminum plates shimmed 0.1 inch apart. The edges of the
mold were sealed and the resin cured in an oven according to
the manufacturer's recommended curing cycle. Specimens were
cut from the neat resin plates with a diamond cutting wheel.
Tensile specimens were then machined to a dogbone shape.

21




TABLE 2. STANDARD CURE CYCLE

Initial heat rise RT-275 tiOOF' {135 + Z°C) @ 4-6°F/min.

(2-3°C/min.)

60 min. beginning @ 265°F (129°C)
part temp.

Pressurize Apply 85-100 psig (5.98-7.03 kgf/cmz)
vent at 20 psig (1.4 kaf/cm2)

5

10,
10 ¥

Final heat 275 & 5

°F (135 + Z°C) to 355 +

6

(179 + §

°C) @ 4-6°F/min. (2-3°C/min.)

6°C)

Cure 120 + 5 min. @ 355 ¥ 1O0°F (179 + 3

Cool down Cool to 140°F (60°C) or below under
pressure




181 Glass cloth

(Vent)
Shim stops
Nylon film
( Perforated )
rys rt
Boundary supports — 120 Glass cloth
( Bleeder )
| | Pressure plate L

Graphite layup

|

Layup plate

LOW FIBER VOLUME PANELS.

23

\\—TX 1040 ( Separator )

FIGURE 8. SETUP USED TO FABRICATE
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To provide data on one dimensional diffusion, an effort
was made to seal the edges of the moisture absorption specimens.
This proved to be more difficult than at first realized because
the seal coating itself could not be allowed to absorb moisture,
thereby disturbing measurements of moisture absorption in the
composites. As a first attempt, aluminum was vacuum deposited

on the edges of several specimens. However, the sealed speci- A
mens gained weight more quickly than did comparable specimens
with bare edges. It was then decided to use an aluminum foil J
seal attached with a nonmoisture absorbing adhesive. The foil

seal consists of an aluminum foil sanwiched between layers of 1
mylar film and polyethylene film. The polyethylene surface was
bonded to the specimen edge with an anerobic adhesive, as anero-
bic adhesives are moisture resistant. Polyethylene is easier
to bond to than the aluminum surface would be, thereby avoiding
the usual extensive cleaning procedures required when bonding

to aluminum. Indications are that this sealing arrangement,
while not perfect, is a reasonably effective means of limiting
moisture absorption by the edges.

Moisture Conditioning

Sets of test specimens were exposed to constant humidity,
constant temperature environments. Each set of specimens at a
particular environment consisted of 34 test pieces. Of these,
12 were 2" x 4" moisture absorption specimens used to measure
percent weight of water gained, 12 were 2" x 4" test pieces
subjected to a constant bending deformation to measure the
effect of small strains on moisture absorption, and 10 test
specimens were tensile test pieces to determine the effect of
moisture absorption on tensile properties. Tensile test speci-
mens were untabbed during moisture conditioning. Specifications
for a typical set of test specimens subjected to one temperature-
humidity environment are shown in Table 3. Three specimens with
unsealed edges were also included in some tests.

Constant temperature-humidity conditions were established
in controlled environmental chambers. Heat was supplied by
resistance heating elements; moisture was supplied by inject-
ing steam into the cabinet. Humidity was measured and controlled
from wet and dry bulb temperature measurements. The first cham-
ber put in use was a commercially* manufactured cabinet capable
of temperatures of -30 to 350°F and humidities ranging from 20
to 95% depending on the temperature.

Because each test might take as long as 30 days, it was
decided to build other environmental chambers. This was done
by using the freezer compartment from an old refrigerator as
an insulated cabinet. Platten heaters were attached to the
inner wall of this cabinet, and steam was injected to provide

*
Tenny Engineering, Inc., Union, NJ.
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TABLE 3. TYPICAL SET OF TEST SPECIMENS FOR ONE
TEMPERATURE-HUMIDITY ENVIRONMENT.

e

i St

ey

Type Orientation Fiber Volume No. of Plies
Moisture +45 61 4
Absorbtion +45 57 8

+45 60 16

¥45 54 20

F¥45 58 24

F45 43 8
F45 41

¥45 30 8

F45 26 8

545 21 8

0 51 8

N.R. 0 -

*

Constant 0 55
i Deformation +45 62
N.R. 0

Tensile 0 12 6

0 37 6

0 67 6

+45 16 8

+45 39 8

¥45 63 8

0/90 28 8

0/90 43 8

0/90 62 8

N.R. 0 -

*
Four specimens each, at four different levels of applied strain.
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the proper humidity. Two temperature controllers were used to
set the particular environmental condition. One controller
operated the platten heaters and was dependent on the dry bulb
temperature within the cabinet, measured with a thermocouple.
The other controller operated immersion heaters in a small
boiler to initiate steam injection, and was dependent on the
wet bulb temperature in the cabinet, measured with a thermo-
couple covered by a wet cotton cloth. The difference between
temperature set points determined relative humidity within the
cabinet. A small fan was used to continuously circulate and
mix the atmosphere within the chamber. Both wet and dry bulb
temperatures were monitored continuously for a period of sev-
eral days and found not to vary more than 1°F, therefore pro-
viding the necessary constant environmental conditions required
for the tests.

As stated earlier, moisture absorption within the speci-
mens was determined by the change in weight of the specimens.
Specimens were dried two or more days in a 150°F oven, then
weighed prior to edge sealing. Edges were sealed, specimens
reweighed then stored in a desicated bottle until a particular
moisture test was run. During testing, the specimens were
periodically removed from the moisture cabinets and weighed.

A typical weighing resulted in at most a 10 minute period dur-
ing which the specimen was exposed to room temperature conditions.
Specimens were weighed on a Mettler balance capable of 0.0001

gram resolution then returned to the cabinet. Constant deforma-
tion specimens were of course removed from the loading fixture
for weighing, then returned to the fixture and chamber.

Constant Strain Testing

Composites in service will normally be subject to some
loading. One goal of this program was to determine what effect
small strains will have on the moisture absorption process.
Ideally, specimens would be placed in fixtures designed to sub-
ject the test specimens to a state of constant stress. Practi-
cally, 12 such fixtures would be somewhat difficult to fit
in a conventional moisture chamber. Gripping would also
be a problem, as the specimens are removed periodically
and weighed. During this program, 2 inch by 4 inch specimens
were subjected to a constant 4 point bending deformation, in
fixtures of the type shown in Figure 10. Each fixture holds
4 specimens, taken from the same panel, subjected to 4 levels
of applied constant deformation. Four point bending was
selected because it provides a constant maximum strain between
the inner loading points. Deformation (strain) is measured
through small holes in the bottoms of the fixtures. Again, the
object was to detect any major effect on moisture absorption
caused by application of small strains, with small strains
being used to avoid cracking of the specimens: Bending strains
used during these tests ranged from 7.5 x 1074 to 3.0 x 10-3,
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Tensile Testing

When tensile test specimens had reached a state of mois-
ture equilibrium, i.e. when weight gain ceased, they were re-
moved from the environmental chamber and tabbed with glass/epoxy
tabs. These tabs were attached with a room temperature setting
adhesive in a process taking about 2 hours. The specimens were
j then returned to the moisture chamber for 48 hours to restore
3 them to moisture equilibrium. An alternative method would have
been to tab these specimens prior to exposing them to the
temperature/humidity environment. This would have avoided the
2 hour time period out of a moisture chamber in order to apply
tabs. However, moisture absorption in composites is very much
a function of thickness, therefore the tabbed specimens would
have required much more time to come to moisture equilibrium
with the atmosphere as a result of the thicker end sections.
More importantly, the percent weight gain method of measurement
could not differentiate between moisture absorbed by the tabs,
and moisture absorbed by the test specimen. For these reasons
é_ it was decided to allow the test specimens to reach moisture
4 equilibrium before application of the tabs, then return the
specimens to the moisture chamber to reabsorb lost moisture.
Application of tabs to single specimens does make proper allign-
) ment more difficult to achieve, however. The tensile tests
; were conducted at room temperature and humidity in a standard
1 tensile testing machine. Strains were measured with an extenso-
meter tc provide stress-strain data for elastic modulus
calculation. Tests were conducted at a constant crosshead dis-
placement rate of 0.02 inches/minute, each test lasting approx-
imately 3 minutes.
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IV. TEST RESULTS

Data Reduction

Because of the large amount of test data generated during
the weight gain experiments, an automated process for storing
and plotting moisture absorption data was developed for
this program. The weight of the wet specimen as well as the
date and time of weighing wereentered into a Tektronix 4051
microcomputer for permanent storage on magnetic tape cartridges.
Specimen dimensions and composite characteristics such as fiber
volume werealso stored. The tensile test results werealso part
of the data bank and wereavailable for recall and analysis. The
principal means of data presentation has been to plot the per-
centage weight gain versus timel/2., The percent weight gain is
calculated by

AW = ———— x 100 (32)

where AW is percentage weight gain, W is weight during test,
Wg is the weight of the specimen and edge seal, and Wi is the
weight of the bare specimen. A typical plot is shown in Fig-
ure 1l1l. As part of the software package, routines were written
to enable superposition of several different sets of data.
This means that weight gain results could be compared for any
of the composite or environmental parameters.

Two parameters are needed to describe the weight gain
curves typified by Figure 11; these are the diffusivity and
the equilibrium moisture content, Mp. Since the majority of
the specimens employed in this program had sealed edges, the
diffusion was one dimensional, with flow normal to fibers,
and so the diffusion coefficient is simply Dy = D2. Again,
because of the amount of data involved, software was written
to automate calculation of effective diffusivity coefficients,
using the trial and error approach described by Springer [4].
In this procedure, two points are selected on a percentage
weight gain plot, one point on the initial linear slope of the
curve and one point past the linear region and in the regime
in which the slope of the curve is decreasing. A diffusivity
Dy, is assumed and the value of G is calculated for the first
point from the equation

k. g [ D, ¢t
exp | - (23 + 1) o
G=1‘—82‘T o

™ = (2]+1)

(33)

3 %N
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where t is time in hours and h is the thickness of the specimen.
The maximum moisture content of the specimen, Mm is then found
from

M = ——— + M. (34)

where M is the moisture content of the specimen and Mj is the
initial moisture content. The same procedure is followed for
the second point and the two My values are compared. If the
values differ, a new diffusivity Dy is selected, and the pro-
cedure is repeated. Once Dy and Mp have been determined, the
moisture content of the specimen for any time can be computed
from the equation

M = G(Mm = Mi) + Mi (35)

where G is as given previously. The solid line in Figure 11
shows the results of such a calculation. For this specimen,
the diffusivity is Dy = 1.74 x 10-6 inz/hr while the maximum
moisture content is 1.17%. Note this assumes the weight gain
continues to level off and ignores the subsequent upturn in
data after 30 vhours. This point will be discussed later.

Moisture Data

As previously discussed, the bulk of the specimens had
their edges sealed in an attempt to obtain one dimensional
diffusion. Figure 12 compares the weight gain for two unidir-
ectional eight ply laminates, one with sealed and one with
unsealed edges. The data is virtually identical, although the
sealed specimen shows slightly higher gain than the unsealed
specimens. Since other experiments on larger surfaces showed
the seals to be fairly effective, this indicates that edges
did not contribute significantly to the moisture absorption by
these thin laminates.

Four temperatures were investigated in this program; 75°,
125°, 175°, and, because of its relevance to the B-1 program,
260°F. A number of different moisture conditions were investi-
gated at these temperatures. A water bath and 75 and 95 percent
relative humidities were used at all temperatures, while 40
percent relative humidity was completed at 125° and 175°F.

Lower humidity tests were planned but because of the very long
times necessary to complete the test, these tests were not
completed. Because of the large volume of data collected,
only selected comparisons will be presented.
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There have been a number of areas of disagreement among
investigations regarding the effect of certain parameters.
For example, McKague et. al. (7], tested identical composite
specimens at the same relative humidity but different tempera-
tures and found that the specimens reached the same equilibrium
moisture content, M. Other work by Springer [8] showed speci-
mens tested at the same relative humidity but different temper-
atures reached different equilibrium moisture contents, equili-
brium moisture content increasing with temperature. Shirrell [10]
reported similar findings. Because moisture concentration in
the air increases with temperature for a constant relative
humidity, different equilibrium moisture contents within the
composites would be expected. Figure 13 compares the weight
gain for [0°]g laminates tested at three temperatures at 70%
relative humigity. This curve shows the expected behavior for
the 75° and 125°F conditions, but a lower weight gain at 175°F.
Similar results were obtained for other laminates included in
these tests.

The 175°F data is puzzling as after about 4 days, many of
the specimens began to lose weight. In fact, at 95 percent
relative humidity, a few of the specimens even showed a negative
weight gain. The severity of the weight loss problem decreased
with decreasing humidity, but there still appeared to be some
effect at 40 percent humidity. Weight loss in this type of
experiment can be attributed to one of several causes:

& Flaking, chipping or some other physical deteriora-
tion of the specimen in the chamber.

25 A postcure condition which drives off a gaseous
component.

3. Swelling, perhaps combined with residual stresses,
which close the cracks, voids, etc., and drive off
water.

4. Deterioration of the sealed edges.

Of these possibilities, we saw no evidence for mechanical loss
of weight. Also, since the specimens were cured at 350°F, a
postcure condition seems unlikely. Hence, it is more likely
that the loss is the result of the latter two conditions. At
175°F, as the test continued, we noted a pronounced deteriora-
tion in the edge seals. While not observed, there could have
been some physical loss of edge sealant material which would
have more effect than the increased absorption through the
edges. In fact, we became convinced of the lack of effective-
ness of the seals at this temperature and the 40 percent humidity
specimens were not sealed. Since this condition did not show
as severe effects, and these effects did not appear until late
in the test, the swelling of the material forcing out the
moisutre could explain this.
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There did not appear to be any consistent pattern in the
weight gain experiments at 175°F. However, the thicker speci-
mens did not appear to be particularly affected. At 70 per-
cent humidity, we ran identical sealed and unsealed specimens.
The unsealed specimen did not show a weight loss like the
sealed specimen, but its equilibrium moisture content was sig-
nificantly below the equilibrium content at 125°F. It should
be noted that not all the sealed specimens showed a weight loss.
If, as seems likely, we are seeing two sources of weight loss,
i.e., the edge seals and the swelling, we are unable to explain
why our experiments were especially affected by swelling when
other work on nonpostcured 5208/T300 does not show such an
effect [10].

When specimens at the same temperature are exposed at dif-
ferent relative humidities, then the weight gain should be
proportional to the relative humidity. Figure 14 shows a typi-
cal result for a unidirectional panel tested at 125°F at three
humidities. Similar results were observed for other composites
and neat resin test specimens.

Figures 11 and 14 illustrate a pattern of behavior
observed in many of the present tests as well as in other
experiments [9]. After the specimen has seemingly reached
equilibrium, on the order of four weeks, an upturn in the
weight gain is noted. It has been suggested that this in-
crease is due to void and crack formation in the specimen,
these openings filling with water to produce the gain. Some
limited sectioning experiments have, however, failed to sub-
stantiate this hypothesis.

It should also be pointed out that while this behavior is
often referred to as non-Fickian diffusion, this is not really
true. It is true that the weight gain relationship (24) can-
not be used to predict this secondary behavior; however, it
should not be expected to as the two materials are different.
That is, there is no reason, at the present, to believe that
we could not predict such behavior if we knew the proper diffu-
sion coefficients for material with voids and/or cracks as well
as the more homogeneous material at the beginning of a test.
Models of hydrogen entrapment in metals have been developed
[11,12] and show that virtually any concentration vs time
behavior can be obtained depending on the particular entrapment-
release parameters. Similar models for moisture entrapment
in voids are being developed by Gurtin [13] and show that this
is a feasible model for explaining anomolous diffusion behavior.

Thickness, as would be expected, also affects the moisture
absorption process. Thicker specimens take a longer period of
time to reach their equilibrium moisture content. Figure 15
shows percent weight gain versus vtime for four [+45°] lami-
nates with different numbers of plies. These particular spec-
imens were all tested at 125°F, 95% relative humidity. As can
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be seen in the figure, the thinnest specimen, 4 plies, reached
its equilibrium moisture content relatively quickly. Specimens
with greater thicknesses took longer periods of time; the 24
ply specimen did not reach equilibrium, even after 50 days.
These tests of varying thicknesses again illustrate the neces-
sity of developing a useful analytical model, as moisture
absorption tests on structural composites will be quite time
consuming.

In the one dimensional analytical model no difference in
moisture absorption characteristics would be expected attribut-
able to a variation in stacking sequence. The three dimensional
model does predict a difference in moisture absorption charac-
teristics, but this is a result of edge effects. Figure 16
compares the moisture absorption results for a cross-ply lami-
nate and a unidirectional specimen, both exposed to 125°F, 95%
relative humidity environments. Both pieces contained 8 plies
and are close in fiber volume. As can be seen from the plot,
the [+45] laminate initially gained weight slightly faster than
did the [0°] test specimen. Both reached the same equilibrium
moisture content by the conclusion of the test. Since edge
seals were placed on these specimens, the moisture absorption
was one dimensional. Therefore, the difference in weight gain
characteristics indicates that there is a possible stacking
order effect.

Figures 17 and 18 compare the three laminates used in this
program at two humidity conditions; the fiber volume for these
specimens range from 62-67 percent. At the lower humidity,
the weight gain curves are very close, but at the 95 percent
value, the 0°/90° lay-up gained much more weight. Based on
all the data obtained in the program, the 0°/90° specimens gen-
erally gained more weight than the +45° specimens, which in
turn gained slightly more than the unidirectional specimens.
The large variation in My shown in Figure 17 was unusual; most
of the differences between the three ply orientations were small,
as in Figure 18. Since the three specimens in these two tests
were cut from the same panel, the extent of the variation in
weight gain is surprising.

In comparing the results of Figures 16-18 and the other
tests in this program, it does not appear that a strong case
can be made for an effect of stacking sequence on the absorp-
tion of moisture. If the edge seals were perfect, then there
is no difference between the two cross ply laminates during  the
environmental exposure and the weight gain should have been
identical. 1If the edge seals were not perfect, then one would
still expect to see little variation between the 0°/90° and the
+45° behavior. 1In the latter case, however, the difference
is an edge effect and is not due to the stacking sequence per
se. Moreover, as shown in Figure 16, the differences between
layups are small. This suggests that the variation in weight
gain behavior is due more to individual specimen variation
than any stacking sequence effects.
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Because moisture absorption takes place in the matrix por-
tion of composites reinforced with inorganic fibers, the fiber
volume of the composite should have a strong effect on the
moisture absorption process. Total moisture absorbed should
increase as the fiber volume decreases, as more matrix material
is present to absorb moisture. The test results show
this to be true, as can be seen in Figure 19. Here test results
for four [+45] eight ply specimens of various fiber volumes
tested in a 125°F, 95% relative humidity environment are shown.
As can be seen in Figure 19, the amount and rate of moisture
absorbed increased as fiber volume decreased. Figure 20 shows
results for two neat resin and two composites specimens for two
different humidities, all at 125°F. Neat resin specimens gained
more weight than the composite specimens for any given set of
environmental conditions.

The maximum moisture content attained by the composite is
one of the key parameters used to describe the environmental
behavior of composites. This weight, My, is shown as a func-
tion of relative humidity in Figure 21 for the 8 ply +45°
specimens. It should be noted that the My plotted is the equil-
ibrium content observed during the primary diffusion stage and
does not include any secondary diffusion, if such was observed.
The reason for ignoring the secondary gain is that the gain is
probably controlled by damage mechanisms which may be different
in any given structure. Hence, these secondary effects cannot
really be predicted by laboratory tests until the mechanisms
of these effects are understood. Thus, while the curves in
Figure 21 present minimum values of My, they should be repre-
sentative of the maximum weight gain in undamaged materials.

The high fiber volume laminate, as shown in Figure 21,
shows small increase in maximum moisture below 70 percent rela-
tive humidity, but the increase accelerates at higher humidity.
According to [14], this is indicative of the diffusion becoming
concentration dependent as the amount of moisture absorbed is
increasing more rapidly than the amount of water available
through the increased humidity.

Except for the 41 percent fiber volume data, the curves
for the various fiber volumes are generally parallel. The
curves show that a high fiber volume composite, operating year
round at 70 percent humidity, would only absorb about 0.5 per-
cent moisture. On the other hand, a low fiber volume material
might absorb twice as much water. If such a low fiber material
were used as a filler, the resulting swelling could cause dam-
age to the structure.

The effect of small strains on moisture absorption were
studied by loading some of the specimens in the environmental
chamber. This loading was accomplished by using four point
bending. Three specimens were used, one neat resin and two
laminates. The resulting weight gain curves are given in the
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Appendix. Figure 22 shows the results of the 125°F, 95 percent
humidity test and compares these results to the performance of
an unstrained specimen. The figure shows no difference in the
weight gain for the strained and unstrained specimens. No con-
sistent pattern could be observed in the relationship of the
applied load to the weight gain. This suggests that at low
strains where there has been little or no damage introduced
into the specimen, there is no effect of applied load. However,
at higher loads which can cause cracking or otherwise induce
damage into the material, these damage zones will trap moisture
and cause a considerable secondary weight gain.

A series of sequence tests were performed at 125°F to check
the effects of changing the environment from one humidity level
to another. The two humidities used were 95 and 40 percent,
with the change taking place after a week at a given level so
that the specimens had not achieved equilibrium moisture levels.
The weight gain results are given in the Appendix. The main
feature of these curves is the extremely rapid weight loss when
the humidity level is lowered from 95 percent to 40 percent.
Conversely, when the humidity is raised, the initial weight gain
is less rapid than in a virgin specimen. These effects are,
of course, due to the moisture gradient and the high concentra-
tion of moisture at the surface.

Figures 23 and 24 show the two sequence tests for the neat
resin as well as the predicted weight gain based on the diffus-
ivities obtained in this program. The agreement is quite good
except immediately after the change in humidity. This disagree-
ment is due to the assumption of uniform initial moisture in
the specimen. The rapid weight loss at the surface indicates
that the surface is undergoing severe changes; if these changes
result in swelling or other deformation, the surface could
readily develop fatigue cracks under environmental cycling.

Tensile and Spiking Tests

A number of specimens were taken from each condition com-
pleted and tensile tested. As previously discussed, these
specimens were tested at ambient laboratory conditions and not
at the absorption environment. While there is some weight loss
during the tensile test, it is restricted to the surface and
should not greatly affect the tensile and modulus properties
of the bulk material. These effects would be much more impor-
tant in a long term test since the local swelling can produce
surface cracks or defects which would alter the results of a
fatigue test, for example.

The tensile results are given in Tables 4-7; some results
are also given for the 95 percent relative humidity in Figures
25-27. Because of the unique character of each of the panels
and the wide range of the test program, there was not enough
material for multiple specimen testing and hence the results,
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TABLE 7. TENSILE DATA FOR NEAT RESIN SPECIMENS

Strengths - 103 psi

Moduli - 10° psi

W.B. Water Bath

R.T.

*
Defective Specimen

95
70
40
95
70
40
95
70
W.B.
W.B.
W.B.
W.B.

Dry
Dry

Room Temperature

Humidity (%)
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based on single specimen tests, are more scattered than might
normally be observed. Figure 25 shows the effect of environ-
mental exposure temperature on the tensile strength of the
unidirectional specimens of three volume fractions. As would
be expected, the lowest fiber volume specimens show the lowest
strength. However, the middle volume fraction showed higher
strengths than did the higher 0.67 percent fraction. The re-
sults for the three exposure temperatures are consistent
although the 0.37 specimen at 305°K failed prematurely in the
grip and so the low temperature regime is shown dotted. Gener-
ally, this data agrees with other published data indicating
that below 300°F, there is not much effect of humidity on the
tensile strength. Rather, as the temperature is increased,
there is a small decrease in tensile strength, indicating that
temperature rather than humidity is the primary influence on
tensile strength.

The two low fiber volume baseline strengths are considerably
lower than the environmentally exposed specimens. This is not
surprising as the low fiber volume specimens would be expected
to show much more scatter. The 0.67 specimen showed a 20 per-
cent higher baseline strength than the environmental specimens.
However, this baseline strength is only half the manufacturer's
specified value, even though the modulus agreed with the speci-
fied values. Since a number of long term exposure tests were
already in progress when these results were obtained, and since
the tensile results for the panel were self-consistent, it was
decided to go ahead with the existing panels since the behavior
trends for the given panel are the important features.

Figures 26 and 27 show similar results for the 0°/90° and
the +45° specimens. The 0°/90° lay-up shows a large effect of
fiber volume on the tensile strength. Also, the specimens gen-
erally showed a small decrease in tensile strength with environ-
mental exposure temperature. On the other hand, the 45° layup
showed little effect of volume fraction, while also showing a
slight temperature effect.

As noted in the tables, there was generally little effect
of moisture on either the tensile strength or the modulus. The
exception to this is the unidrectional, 67 percent fiber volume
specimens which showed dramatic strength increases after expo-
sure to low humidities; the modulus, however, was unaffected
and agreed with published values. Since it is difficult to
obtain proper alignment when applying tabs to individual small
specimens and a number of these specimens failed at the grips,
this suggests that there may have been a problem with the tabs
on these specimens. Possibly, this did not show up on the
lower fiber volume specimens as the increased resin content
allowed for some minor self-alignment and more uniform load
transfer to the smaller number of fibers.
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In addition to the normal tensile tests, a number of speci-
mens were heated from ambient laboratory temperature to 300°F,
cooled, and then tensile tested. The spiking was accomplished
by filling an aluminum cylinder with water and the specimen,
sealing the ends, and then immersing in an oil bath. The bath
was heated at several rates to vary the spiking ramp; the temper-
ature of the water in the cylinder was monitored with a
thermocouple. The heating rates and tensile results are given
in Table 8.

Comparing the spiking tensile results to the environmental
tensile results showed that the rapid heating had no appreciable
degradation on the tensile strength of the material. The pos-
sible exception to this was the 0°/90° layup where two of the
three specimens showed lower strengths after spiking. There did
not appear to be any effect of rate over the small range of
rates utilized. Apparently, any surface cracking or damage
introduced by the spike did not affect the strength. The mod-
ulus values obtained after spiking did not differ appreciably
from the moduli obtained previously.
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TABLE 8.

Time to

300°F, (sec) Laminate
134 0/90°
156 +45°
186 +45°
228 +45°
231 0/90°
162 0/90°
137 0°
132 0°
200 0°
199 Neat Resin

SPIKING DATA

26
41
36
16
40

37
66
12
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Sx. (ksi)
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V. DIFFUSIVITY COEFFICIENTS

In addition to the complete set of specimens tested at
the four levels, some preliminary tests were conducted at 150°F,
95% relative humidity. These tests involved a number of dif-
ferent size specimens, different fiber volumes and ply config-
urations, and different sealing techniques. The usual practice
in performing small specimen tests is to have the samples
unsealed. This is usually done because sealing is difficult
and because most sealing techniques are of uncertain effectiveness.
Moreover, because most small specimens are only a few layers
thick, the edge effects are not thought to be large. To see
if there is an effect of edge area, two unsealed undirectional
specimens, 4.0" x 2.0" and 1.0" x 1.0", both 0.06" thick were
placed in a 150°F, 95% relative humidity environment. The
results are shown in Figure 28. As would be expected, the
smaller piece shows more scatter in the weight gain data, but
the overall behavior is the same. There is some slight differ-
ence in the maximum weight gain but the difference could well
be normal scatter. Since there is a factor of 3 difference in
the areas of the lateral edges, this suggests that there is not
a large effect of edges in these small specimens.

E
!
5

Since the two specimens were of different sizes, two
methods were used to compute the diffusion coefficients. First,
the two point matching technique was used with the assumption
that the edge effects could be ignored and the problem treated
as one dimensional; this yielded

6

D, = 1.68 * 10 ins/hr. (36)

For the second computation, we assumed the two specimens to be
transversely isotropic i.e., D_ = Dz' Using the short time
solution of (3) in the form, y

VD VD /D
Ho-L X, X, 2 i (37)
Mm P %

substituting for the dimensions of the two specimens, and solv-
ing simultaneously, we obtain

D = 2.43 * 10”° in%/hr
X
e (38)
= = * i
Dy Dz 1.72 10 in“/hr
‘ 61

———"




FIGURE 28,

1.2 r |
: 1.0 .
E —
- O
; & 08l i
L
E P_‘
e,_ =
A = 0.6 J
£ o
(&)
| o
i 150°F, 95% R.H. ]
| S O 1-A65-Ag/Ag = 4.4%
0.2 O 2-A65-AE/AS=11.2% -
g Unidirectional, Vg =65%
! | |
; 10 2 3
VT ,Vhours

MOISTURE CONTENT IN TWO

UNSEALED COMPOSITES.

62




During these preliminary tests, some attempts were made to
determine the diffusion coefficients by sealing individual
pairs of surfaces. The tests, shown in Figure 29, gave diffus-
ivities which did not agree particularly well with the previous
values. When the lateral edges were coated, the computed value
was

7

D = 5.7 * 107 in’/hr (39)

y

which is a factor of three less than the earlier value, (38).
On the other hand, when the lateral top and bottom surfaces
were sealed, the constant in the fiber direction was

4

D = 3.4 * 1077 in°/hr (40)

X

which is an order of magnitude larger than (38). The latter
is not too surprising since the very small weight gain of this
specimen means that the computation is sensitive to the parti-
cular values chosen to represent the data.

Figure 29 also compares the various models with data for
the two specimens. The two one dimensional plots are data fits
and so represent the data as expected. The solid curve is a
three dimensional prediction obtained by using the diffusion
coefficients (38). Since the Dy values for both the one and
three dimensional curves are essentially the same, the differ-
ence between the upper two curves represents the effect of the
edges. The difference in the two values is small enough that
it would be covered by the scatter in the data in an experiment.
It must be emphasized though that these are quite thin
specimens.

The other pair of curves show a much wider divergence
between the one and three dimensional models. 1In this case,
the data is obtained from an edge sealed specimen, and hence
is a one dimensional problem. The 3-D model assumes that
moisture is entering from all edges and, from (40), the value
of Dy is three orders of magnitude larger than Dy. This shows
that, in spiteofa very small area involving Dy, the diffusivity
is large enough to have significant edge effects.

Figure 30 shows the predicted weight gain curves of Fig-
ures 6 and 7 replotted against the actual weight gain of speci-
mens B-65 and B-52. 1In both cases, the one dimensional
approximation better represents the data. For the higher vol-
ume fraction material, both predictions fall short by 10-15
percent; the one dimensional approximation does do a fairly
good job representing the 52 percent fiber volume material.
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It is, however, of interest to view the results of Figure
30 differently. Instead of elminating the matrix diffusivity
Dn, we can use (16) to check the effective diffusivity of the
laminate. For the 150°F test, we estimate the value of D, as

D, = 2.0 * 107> in’/hr

Using the values for the several volume fractions in this test,
the data points are compared to the relation (16) in Figure 4.
It is seen that, for the higher volume fractions, V_ = 0.65,
(16) provides a reasonable estimate of the effective diffusivity
of the laminate. Both the unidirectional and the crossply
diffusivities fit the model leading to (8) which assumes no
effect of stacking sequence; this fits the results of Shen and
Springer [4] who also reported no difference between the two
layups at Vp = 0.68. Figures 31 and 32 show the same comparison
for all the specimens at two different environments. These
results show that the unidirectional laminate tends to agree
best with the model as would be expected. Overall, the model
gives a fairly good lower bound, but the accuracy decreases

as the volume fraction decreases. This lack of agreement is
primarily due to the lower fiber volume material not being as
homogeneous as the higher fiber content material. Moreover,
the low Vg material will contain higher percentage of voids.

An attempt was made to include void effects in the unit cell
model of Figure 3, but the results indicated only a small effect
at realistic void contents. It should be noted that when com-
pared on the basis of diffusivity, any small perturbations in
the diffusivity values are magnified. Comparisons on the basis
of weight gain, Figure 20, do not show this effect as strongly
as presenting the data in the form of Figures 31 and 32.
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VI. CONCLUSIONS AND RECOMMENDATIONS

Based on the work discussed in this report, the following
conclusions can be made.

1.

Moisture absorption by graphite-epoxy is described
to engineering accuracy by Fick's law. This analy-
sis cannot account for effects such as secondary
diffusion. Thus a careful study of the operating
environment of the structure is necessary before
maximum anticipated levels of moisture can be set.
That is not only the temperature and humidity levels
during operation, but any damage inducing conditions,
e.g. fatigue, must be examined since these will
affect the ultimate amount of moisture absorbed.

Normal graphite-epoxy composites, operating year
round at 70 percent relative humidity, would absorb
less than 0.7 percent water. As noted above how-
ever, if damage in the form of cracks and voids is
introduced into the laminate, the structure may ab-
sorb considerably more moisture.

Lower fiber volume composite materials show more
rapid weight gain and reach higher equilibrium
moisture contents. This can be important in special
use structures where either the low fiber material
is used as a filler or as a separation in a sandwich
laminate.

The maximum amount of moisture absorbed increases as
a function of relative humidity. The increase is
rapid above 70 percent, suggesting the beginning of
concentration dependent diffusion.

In spite of theoretical expectations, there was an
effect of layup, with the largest weight gain being
for the 0°/90°, followed by the +45° and the 0°
layups. However the differences generally were small.

A micromechanics model based on a unit cell and
laminate theory can be used with the matrix diffusivity
to obtain a lower bound for the effective diffusion
coefficient of a composite laminate. This model be-
comes increasingly inaccurate at low fiber volumes
however.

The tensile strength of the composites showed little
effect of humidity but did show some decrease with
increasing environment temperature. Spiking the
specimens to 300°F at several rates showed no decrease,
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Recommendations for future work are as follows:

and in fact in most cases, a small increase in tensile
strength. This small change could be due to residual
compressive surface stresses.

The sequencing tests demonstrated that the short time
weight gain or loss is largely a surface phenomenon
resulting from the large moisture gradients near the
surface. The predictions of weight loss underestimated
the loss following a change in environment; the overall
behavior was predicted quite accurately however.

AR oot i

For specimens tested in four point bending, for low
applied strains, there was no effect on weight gain of
the applied load. No consistent pattern of weight
gain as a function of applied strain was observed for
the four levels of strain used in this program. This
suggests that at higher strains, the material is
damaged which accounts for the observed coupling of
moisture and stress.

Develop a nondestructive method of determining the
concentration distribution in the material. Most
experimental work is based on weight gain measurements
which yields only an average concentration value.
Slicing techniques yield some distribution information
but the material is destroyed. A nondestructive
technique would not only aid moisture modelling but
would also serve to aid maintenance of in-service
aircraft.

The reasons for secondary diffusion and other anomalous
behavior are needed. This report has suggested that
void and crack entrapment of moisture is the cause.
Other researchers cite stress-diffusion coupling while
others suggest thermal diffusion as the cause. This :
must be clarified before the effects of moisture on
long term aircraft exposure can be completely turned *
over to the designers.

This program explored the use of a micromechanics model
to predict absorption behavior of a laminate. Since
this model provides a lower bound, effort should be
devoted to developing an upper bound solution. An
attempt was made to broaden the current model by in-
cluding voids in the unit cell, but this was not
successful. Apparently, a more sophisticated analysis
is needed.

In line with the introduction of damage into composite
materials, a specific problem that has not been
addressed is the effect of a bearing load on moisture
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absorption. Since the problem encompasses fretting,
applied loads, and moisture, it is a very complicated
problem but one that should be addressed for safe air-
craft operation.

5. More attention should be paid to dynamic problems.
Some results have indiccted that moisture absorption
can produce serious modulus and damping effects.

Since this has implications for structural application
of composites, more attention should be paid to these
areas.
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APPENDIX B

WEIGHT GAIN RESULTS FOR 125°F,
95% RELATIVE HUMIDITY
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