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SECTION I

INTRODUCTION

Owing to their favorable performance characteristics composite materials
have been gaining wide use in commercial, military, and space applications.
There is some concern, however, that the mechanical properties of such mat-
erials may suffer when the material is exposed to moisture for long periods
of time. Therefore, in order to utilize the full potential of composite
materials their response to moist environments must be known. The objective
of this investigation was to determine the moisture content as a function of
time of composite materials when the material is either exposed to humid air
or fully submerged in water. Although the main interest in this investiga-
tion was in the moisture absorption and desorption of composite materials,
the results also apply to homogeneous materials.

First, results are presented which apply directly for single layered
composites when the moisture content and the temperature of the environment
are constant (Sections II-VIT). The major conclusions obtained for this prob-
lem were described by the authors in The Journal of Composite Materials
(Reference 1). The results thus obtained are also needed for calculating

moisture contents of single or multilayered composites when the ambient

conditions vary with time (Section VIII).




SECTION I1I

THE PROBLEM

Consider a plate of thickness h exposed on two sides to the same moist
environment (Fig. la). The plate is taken to be infinite in the y and z
directions so that the moisture cor*ent and the temperature inside the plate
vary only in the x direction (i.e. the problem is one dimensional). Ini-
tially (time t < 0) the temperature Ti and the moisture concentration ¢4
inside the plate are uniform. The plate is suddenly exposed to a moist en-
vironment in which the temperature Ta and moisture concentration c, are con-
stant. The objective is to determine the temperature distribution T, the
moisture distribution ¢, and the total moisture content m of the material as
a function of time.

The temperature and the moisture concentration are described by the

Fourier and the Fick equations

aT » 3T 1
PC3t = o Kox &
2 _ 2 p 2¢
2t X *ax 2)

and the initial and boundary conditions

T =T o< x <A t £0 (3a)
c = C,
1— = Ta >0
¢ = Ca X 305)(-«& t (3b)
-2-
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The moisture concentration at the surface of the material n is related to
the moisture content of the environment.

The thermal diffusivity Kx/P € and the mass diffusivity Dx depend on the
temperature and on the moisture concentration and hence on the distance x.
The parameters Kx/e ¢ and D, are a measure of the '"'speed" by which the tem-
perature and the moisture concentration change inside the material. For
most materials the ratio (KX/P C)/Dx is of the order of 106. Thus, the tem-
perature approaches equilibrium about 106 times faster than the moisture con-
centration. For example, for a 12.5 mm thick Graphite T-300 Fiberite 1034
composite exposed to 90 percent humid air at 350 K the temperature becomes
nearly uniform across the plate in about 15 seconds while the moisture con-
centration reaches equilibrium only in about 13 years. Therefore, in most
practical situations the temperature inside the material may be taken to be
the same as the ambient temperature. It has also been observed that the dif-
fusivity changes very little with the moisture content (Reference 2). With
the temperature and the diffusivity being constant inside the material the

problem is described by the equations

ac =D dc 1)

at X ax?

c = ¢, ocx <A t <0 (5a)

¢ = C, x:o)-x:l. t>0 (5b)
-4-
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ﬁJ SECTION I11

MOISTURE CONTENT

The moisturc distribution and the weight of moisture inside the material
is obtained from equations (4) and (5). The solution of these equations is

(Reference 3)

o0 . L A, 2
c-C _ , _ 4 I, Qi+)®X - @)Lt
Gu=-C. / 7t‘f_: (z,'u)m £ "P[ A ] (6)

The total weight of the moisture in the material is obtained by integrating

equation (6) over the plate thickness

£
m =/c3dx (7)

The result of this integration is (Reference 3)

aDt
P G= moMm / - 8 Eik exﬁf:(ﬁjfvj%t (é%i'zi

» - m, L S’ (27 +1)*

(8)

m, is the initial weight of the moisture in the material (i.e. the weight
prior to exposure to the moist environment) and L is the weight of moisture
in the material when the material is fully saturated, in equilibrium with
its environment.

The time (tm) required for a material to attain at least 99.9 percent

of its maximum possible moisture content can be determined from equation (8)

and is given as

t = o674

= 9
» D, 9

Equation (8) may be approximated by the expression (see Figure 2)

2107
G = | -ex/[-azs %) / (10)

-5- ‘y
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In most practical situations we are interested in the percent moisture
content as manifested by the weight gain of the material. Thus, in practice
the parameter of interest is the percent moisture content defined as

M=

1L — WERHT OF MY AArSCAL w- 4
NEIGHT OF MOST MATERIAL — W/ £ MY A SO = ‘4 X /00

WEISHT OF OV AN TGl/AL W an

By noting that

W= W +m (12)

equation (8) may be rearranged in the form
M= GM~—M,) + M (13)

Equation (13) applies to both absorption and desorption. Furthermore, it can

. be used when the material is exposed to the environment either on one or on
two sides. The Qse of the foregoing results is illustrated by the following
examples.

Example 1. A 12.5 mm thick Graphite T-300 Fiberite 1034 plate is ex-
posed on both sides to air at temperature 350 K and 90 percent humidity. The
plate is of [/4 construction with all fibers being parallel to the surface
of the plate ( (= 90°). The initial moisture content of the plate is 0.5
percent. Estimate the time required to reach one percent moisture content.

From equations (10) and (19)

tars
[ 75 (/- M /%)] (14)

For graphite T-300 Fiberite 1034 (vf = 0.68) the constants a and b are

0.00014 and 2, respectively. The diffusivity is (Figure 3 and equation 18)

-7 2 -/
Dx = D”= 2:6 x /0 mm” S

daws T




Thus, equation (14) gives

lar

2
t= 2 Lgy- L2298 = 2bx10”s = 2.4 yoert

T z.6x07 7.3 o.ovo/t(90)- 0.5

For 90 percent humidity the wmaximum possible moisture content of the plate is
r
My = 0.000/4 (70" = /./3 %

The time required to reach at least 99.9 percent of this moisture content is

{equation 9)

2
0.67 x(/2:5) .
— = 4x0 s = /2.8 g
én, 2.6 x 077

If the plate were exposed to the environment on one side only the time re-

quired to reach one percent moisture content would be
Yo

t (2;(/25)[ _ /- 05 y= 3-01/0’5 = f' 6 W

2.6x1077 2.000/4(90) - 0.5

and the time required to reach at least 99.9 percent of the maximum possible

moisture content would be

2
. L35
lon = oi,ixx(f::; 2 = /5X/ﬂ?s= P

Example 2. The initial moisture content of the plate specified in the
above example is 1 percent. The plate is then exposed on both sides to humid
air of temperature 333 K and relative humidity 10 percent. Estimate the
moisture content of the plate after 10 days.

From equations (10) and (13)

2 /0:14-::3/40://31/0 7095 3
M =f/—e)5b[i 23¢ s ]jl[a @)~ 4/ = 0,97 %

Thus, in 10 days the moisture content would be reduced from one percent to

0.97 percent.




SECTION 1V

DIFFUSIVITY

The diffusivity Dx can be measured directly. For composite materials
the measurements must be pertormed properly taking into consideration the
anisotropy of the material. For fiber reinforced composites the diffusion
coefficient Dy can also be calculated from the following parameters: a) the
diffusivity of the matrix Dr’ b) the diffusivity of the fibers Dg, c) the
volume fraction of the fiber Ve, and d) the orientation of the fibers with
respect to the exposed surface ( #,P, ¥ , Figure 1). The relationship
between D, and D, Dy, Vg, and the fiber orientation can be established by
noting the similarities between heat conduction and moisture diffusion through
the material (equations 1 and 2). Approximations for the thermal conductivi-
ties parallel and normal to the fibers were given by Springer and Tsai

(Reference 4} (vf-< 0.785)

K = (/-§) K + 4K (15a)
-// L
K, = (/-2/G/m) K *+ [z L _/_("k_‘ff{’i)_]

B bf/z’) ! +B Y/

B

]

z(;ﬁf—/)

(15b)
Analogously, we can write

2, = - + ¢ (163)

= (-2VGR)b + 2 fg - £t/ V=G0 ]

5 //-(A,'a/x) / +/B %
B, =2 (£ -1) (16b)

[T



Generally, the diffusivity of the fiber is small compared to the diffusivity

of the matrix (Df<K[HJ’ and equations (16a) and (1Ab) reduce to (vf < 0.785)

Dy =(/-18)D, (17a)

j%z (;’—-.2 V:Z$77T,)1Qr

(17b)

Dx is related to Dll' D35, and Dr by the expressions (Reference 5)
px = D// Cﬂ:( + )22 Mz’( (18)
ﬁx = pr[(/' Y)tew ' + (/'2‘/'4/::)4‘:";’(] (19)

In order to assess the validity of equation (19) the diffusivities of
Graphite T-300 Fiberite 1034 composites were measured at different tempera-
tures, and the measured values were compared to values calculated from equa-
tion (19). The tests were performed with 101.6 mm long, 12.7 mm wide, and
1.27 mm thick specimens (volume fraction v¢ = 0.68, angle ol = 90 degrees)
according to the procedures outlined in the next section. Diffusivities of
the pure matrix Dr were also measured with 50.8 mm x 12.7 mm x i.27 mm speci-
mens. The results for Dr are presented in Figure 3. In this figure the data
of Hertz (Reference 6) is also included.

Comparison between the measured and calculated Dx values are shown in
Figure 3. As can be seen from this figure there is good correlation between
the measured and calculated diffusivities lending confidunce to the validity

of equation (19).

-10-
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SECTION V

TEST PROCEDURES

In order to predict the moisture content of a material the maximum mois-
ture content Mm and the diffusivity Dx must be known [(see equations 8 and 13).
The following test procedures may be used to determine these parameters:

1} The test specimen is made in the form of a thin plate (h/1<<1l and h/n<<1,
Figure 4), so that moisture enters predominantly through the nl surfaces of
the plate. A coating impermeable to moisture should be applied to the edges
of the plates (surfaces nh and 1h). Metal coated tapes were found to provide
the best protection.

In the absence of coating a correction must be made for the moisture
entering through the edges (see Appendix A). For unidirectional composites
the fibers may be oriented in any arbitrary direction; specimens with fibers
normal (& = 0°) or parallel ( «{ = 90°) to the nl surface are most convenient.
For laminated composites the fibers in each laminate must be parallel ( « =
90°) to the nl surface.

2) The specimen is completely dried in a desiccator and its dry weight wd
is measured.

3) The specimen is placed in a constant temperature, constant moisture en-
vironment and its weight W is recorded as a function of time.

4) The moisture content (percent weight gain) M = (W-Wd)/wd is plotted
versus /t, as illustrated in Figure 5.

5) The tests are repeated for different temperatures and different environ-
mental moisture contents,

The above procedure yields a series of curves similar to the one shown

in Figure 5. 1Initially (when t < tL’ Figure 5) all curves are straight lines,

-12-
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the slope being proportional to the diffusivity of the material. After a

long period of time the curves approach asymptotically the maximum moisture
content Mm. The value of Mm is a constant when the material is fully sub-
merged in a liquid; it varies with the relative humidity when the material

is exposed to moist air (Reference 7). In the latter case Mm may be expressed

as

A
Mo= a ¢ (20)

The constants a and b are selected to provide the best fit to the data, as
illustrated in the next section.
The diffusivity D is obtained from the initial slope (t<ftL) of the Mm

versus J/ t curve (see Appendix A)
£ E, M -M 2

=N (21)
D =t (F=r)

If the moisture entering the specimen through the "edges' (surfaces hn and hl,

Figure 4) can be neglected Dx is

D, =D (22)

Including ''edge effects", for a homogeneous material (Figure 4) Dx is (see

Appendix A)
-2
p,(.—_-p(/+2'ﬁ+%) (23)

For fiber reinforced composites D, cannot be computed directly when the edge
effects are taken into account. In this case D, must be evaluated from the

expressions derived in Appendix A.
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g‘ If Dr is known then Dx can be obtained directly from equation (19).
| Hence only Mm must be obtained from the tests, in which case, the test times
can be reduced by performing the tests at high temperatures.

The foregoing procedure requires that each specimen be tested until the
maximum moisture content is reached (t = tm). The tests may be accelerated
by the following procedure.

1) Prepare a specimen in the form of a thin plate as described in point 1

above. The edges must be coated with a substance impermeable to moisture

hecause the edge corrections cannot be applied now.

2} Measure the weight gain of a dry specimen (Mi = 0) as a function of

time and plot M versus /? beyond the point at which the slope of the curve
- is not a constant (t :’tL).

3) Assume a value for Dx'

4)  Select a time t; so that t = t1~< t.
5) Calculate G from either equation (8) or from Figure 2.

6) Calculate M for t, from equation (13) using the value of M measured
at tl.
7)  Select a time t, so that t = t, > t

8) Calculate G from either equation (8) or from Figure 2.

9)  Calculate M. for t, from equation (13) using the value of M measured

at t2.

10) Check whether Mm given by step 6 is equal to Mm given by step 9.

If the two Mm values differ select a new diffusivity and repeat the procedure.

Using this procedure the tests can be terminated at a time t, which is

much less than tm.

-16-




For a layered composite, the average maximum moisture content (Mm)avg and

ol

the average diffusivity (Dx)avg can be estimated from the maximum moisture
content and diffusivity of each layer. If the maximum moisture contents and
diffusivities of layers of thicknesses Ll' Lz, .... are Mml' Mmz» ... and

Dxl, sz,..., the (Mm)avg and (Dx)avg may be approximated by

Mm, by + Muyboz # - (24)
L, + 4 *

(MM) =
“7

(ﬁ) _ Ly + Ly # o
“‘7_ L//Dx/ le/Az Lol

The validities of these expressions have been tested in our laboratory with

B/Ep-Gr/Ep hybrid composites (B/Ep-AVCO 5505, Gr/Ep-Hercules 3501-5/A-S).

A
«

Good agreement was found between the measured and calculated average values
of M_and D.

m

The average values (Mm)avg and (Dx)avg must be used with caution in
calculating the moisture content of the material. For a period of time after
the conditions in the environment have changed only the outer layer or layers
will sense this change. Thus, during these early time periods, a substantial

error may be introduced in the moisture content if the values (My) nd

a
avg

(Dx)avg are used to calculate the moisture content instead of the values

corresponding to the outer layer.
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SECTION VI

RESINTS FOR GRAPHITE T-300 FIBERITE 1034 COMPOSITES

A series of tests was performed to measure the moisture absorption and
desorption of 77/4 and unidirectional Graphite T-300 Fiberite 1034 composites.
The tests were conducted with the specimen a) exposed to humid air, b) exposed
to saturated stcam, ¢ fully immersed in water, and d) dried in an oven. The
appararus and the detailed results are given in Appendix B. The conditicas
employed in the tests are summarized in Table 1. Four unidirectional and
four W /4 specimens were tested at each of the 18 test conditions. Thus,a
total of 144 specimens were tested. A typical test result is shown in Figure 6.

The accuracy of the tests can be assessed by calculating G from the data
(see equation 13) and by comparing the values obtained with the theoretical G
values given in Figure 2. This comparison, shown in Figure 7, shows good
correspondence between the data and the theory.

The maximum moisture content as a function of humidity is shown in

Figure 8. A fit to the data gives
2
M = 0-000 /4 (#) percent 26)

For the material fully submerged in water the tests give
Mo = 18 perce xt 27

Equations (26) and (27) apply to both unidirectional and 7(/4 composites.

It is interesting to note that according to the present tests the
maximum moisture content is insensitive to temperature. A slight dependence
of M, on temperature has been observed by other investigators at high tem-
peratures. Thus the dependence of M_ on temperature merits further investi-

gation.
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The test results for the diffusivities of the Graphite T-300 Fiberite
1034 composites were presented before in Figure 3.

It is important to note that size changes in the specimens (swelling)
were also measured during the tests with a micrometer. Within the accuracy
of the measurements (25.4 /Lm which corresponds to about 0.2% swelling) changes

in specimen sizes could not be detected under any of the test conditions.

o
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SECTION V11
SUMMARY OF RESULTS FOR SINGLE LAYERED COMPOSITES
EXPOSED TO (ONSTANT ENVIRONMENTAL CONDITIONS

The following problem was investigated. A material (either homogeneous
or composite) is exposed to a moist environment. Depending upon the environ-
mental conditions and the condition of the material, the material cither ab-
sorbs or loses moisture as manifested by weight gain or weight loss. The
objective is to determine the percent moisture content M (percent weight

gain) of the material as a function of time t

— M(f )= WEIGHT OF MOIT MATERIAL — NEISHT 0F PRy MArECH,
M o — WEIGHT oF OR) MATEC/ AL

X /00  (11)

It was found that when a) the material is exposed to the environment on one
side only, or on two sides with both sides being para}lel (one dimensional
problem, Figures la and 1b}, b} initially the temperature and moisture dis-
tributions inside the material are uniform, and c¢) the moisture content and
the temperature of the environment are constant, the moisture content of the

material during both absorption and desorption is

M = G(/Wm—/%)‘/' My (13)

Mi is the initial moisture content of the material, Mm is the maximun mois-
ture content which can be attained under the given environmental conditions,
and G is a time dependent parameter
6 = /- 85 SplEIE)
= 72",'-0 C'zj*’)z

(8)
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Equation (8) may be approximated by the expression
O € \o.78
G=/ —exp[-73(%5) ] (10)

For a material exposed on two sides to the same environment s is equal
to the thickness (s=h); for a material insulated on one side (thermal insula-
tion, impermeable to moisture) s is twice the thickness (s=2h). Dx is the
diffusivity of the material in the direction normal to the surface. For
fiber reinforced composites in which the orientations of all the fibers with

respect to the x, y, z axes are & ,/9 , and ¥ (Figure 1)
2 © 2
D= D, coo’st + Dy am’X (18)

where nll and DZ? are the diffusivities in the directions parallel and nor-
mal to the fibers (longitudinal and transverse directions). If Dx is not
known it may be estimated from the diffusivity of the matrix D, and the

volume fraction of the fibers Ve
De =0, [/~ 1f)emd™ + (/- ZM/R)‘""‘(] (19)

Equation (19) may be applied to unidirectional and laminated composites
(e.g. 7T /4 composites). 1In the latter case in each laminate a) D, must he the
same, b) the volume fraction of the fibers Vg must be the same, and c) the
fibers must be in a plane parallel to the surface (o = 90°). The orientations
of the fibers relative to the y, z directions may vary from laminate to
laminate.

Experimental evidence indicates that the maximum moisture content is
insensitive to the temperature but depends on the moisture content of the

environment. For a material immersed in liquid My is a constant

-24-
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/1/,., = CoNETANT Cfully mmersed ) (28)

For a material exposed to humid air Mm depends on the relative humidity

according to the relationship

Mu—= a3t (Lumid arr) (209

The time required for a material to attain at least 99.9 percent of

its maximum possible moisture content is

.67 5?
£ — 9675 9)
m D,

The time required to reach the maximum moisture content is insensitive to the
moisture content of the environment but depends on the temperature through
Dx.

The foregoing results for M and t, are based on an exact solution of
the equations governing the problem (Section III). However, in order to
calculate M and tm the maximum moisture content My (or the constants a and b)
and the diffusivity D, must be known. These parameters must be determined
experimentally. The accuracy of M and tm depend directly on the accuracy
of the experiments. Proper test procedures for determining Mm, a, b, and Dx
are described in Section V.

An extensive series of tests were performed studying the moisture ab-

sorption and desorption characteristics of Graphite T-300 Fiberite 1034 com-

posites. These tests gave the following results:

-25-




Graphite T-300 Fiberite 1034 exposed to humid air

M, = 0.000 /4 @)" percent 26)

Graphite T-300 Fiberite 1034 immersed in water

/W,,, = /-8 percen € (27)

The matrix diffusivity together with the longitudinal and transverse diffu-

sivities are shown in Figure 3.

-26-
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SECTION VIII

TIME VARYING BOUNDARY CONDITIONS

The moisture content given by equation (8) is applicable only for single
layered composites when the initial temperature and moisture concentration
inside the material are uniform, and the temperature and moisture content of
the environment are constant. When these conditions are not met and when, in
addition, the conditions on the two sides of the plates differ the solution
to the problem must be obtained by numerical means. The general one dimen-
sional problem is illustrated in Figure 9. This problem is specified by
the following parameters

1) thickness of each layer Ll’ Lz,

2} thermal conductivity of each layer le, KxZ’

3) diffusivity as a function of the temperature of each layer DX]' DXZ"'

4) maximum moisture content as a function of the humidity of each

layer Mml’ Mmz,

5) temperature on the two exposed sides of the material as a

function of time

6) relative humidity on the two exposed sides of the material as a

function of time.

A computer code for the general problem described above was developed at
The University of Michigan and may be obtained from the Fluid Dynamics Lab-
oratory, Department of Mechanical Engineering, The University of Michigan.
This program computes the moisture distribution in each layer and the mois-

ture content (weight gain) of each layer as a function of time.
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SECTION TIX

NON-DESTRUCTIVE TESTS FOR DETERMINING THE MOISTURE CONTENT

In the laboratory the moisture content of the material is determined by
weighing the specimens. In the field this procedure is not feasible. It
would be desirable therefore, to develop non-destructive test procedures which
indicate the moisture content of the material. Two different types of tests
were evaluated during the course of this work. First, an attempt was made
to correlate the moisture content with changes in the electric resistance of
the material. Second, a correlation was sought between the moisture content
and the hardness of the material.

(1) Electric Resistance Measurements

The electric resistance of graphite T-300 Fiberite 1034 composites was
measured on specimens 13 mm x 13 mm x 1.3 mm (8-ply). Both unidirectional
and 7{/4 specimens were tested with the graphite fibers embedded parallel to
the two largest surfaces. In order to measure the resistance between these
surfaces, 6 mm thick and 12 mm diameter aluminum electrodes were placed on
the surfaces directly opposite to each other. The aluminum electrodes were
held in position by a Rima Spring Tester. With this tester, steady pres-
sures of up to 15 MPa could be applied to the specimen.

The aluminum electrodes were connected to a Simpson Meter and the
resistance of the specimen was read directly from the Simpson Meter. In
the first series of measurements only thoroughly dried specimens were tested
so as to establish the baseline values. The electric resistance was re-
corded as a function of the pressure applied to the specimen (pressure range:
2.7-8.3 MPa). It was found that the resistance measurements varied randomly

with pressure, ranging from 0.25 to 4 k5¥ . Furthermore, these values could
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not be repeated. It was thought that maybe these values were not taken at
steady state. A new series of tests was undertaken to investigate the steadi-
ness of the electric resistance as a function of time. At a given constant
pressure (3.4 and 5.2 MPa) the resistance was measured at 10 minute inter-
vals up to one hour. The resistance values were ohserved to vary randomly
ranging from 0.05 to 4 kSL . Both unidirectional and /4 specimens showed this
random behavior. Therefore, the electric resistance measurements were not
pursued further.

(2) Surface Hardness Measurements

The surface hardness of 102 mm x 12.7 mm x 1.3 mm (8-ply) Graphite T-3CO0
Fiberite 1034 composites was measured. Both unidirectional and 7T /4 speci-
mens were tested. The measurements were performed with a Rockwell Hardness
Tester using a 3.175 mm diameter indenter. Each specimen was thoroughly dried
and its surface hardness determined to establish the baseline hardness value.
The specimens were then put into the steam chamber (Appendix B) at 394 K.
After the desired amount of moisture was absorbed by a specimen, the sur-
face hardness of the moist specimen was measured and compared to its own dry
baseline value. The unidirectional specimens, including both dry and moist
ones, tended to crack during the hardness measurements. Thus only the mea-
surements with the /4 specimens are reported. A plot of the percent reduc-
tion in surface hardness versus the percent of moisture content in the 7[/4
specimens is given in Figure 10. Although the individual points scatter
over a wide range, the mean of several measurements show a clear relation-

ship between the moisture content and the hardness.
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APPENDIX A

CORRECTIONS FOR EDGE EFFECTS

To determine the diffusivity D, we refer to equation (4)

o¢c >dcC
ot T X ox*

For a semi-infinite solid (h—= oo ) the boundary conditions (equations 5a and

Sb) become
C =C¢C, 0<X<°0 t\<o (Ala)
C = Cm X =0 t >0 (Alb)

In this case the concentration as a function of position and time in

the solid is (Reference 3)

c-cy X
- = ] - —_——
Cm-Ca "{2/ -th

and the weight of moisture which enters or leaves through an area A in time

(A2)

t is
M
— 2¢) dt
m =
/o, AL (Gx >x.=, J (A3)

Equations (A2) and (A3) give (Reference 3)

%4
T

(Ad)

m =:ZA?(C»\.”Q)

During a test moisture enters or leaves the specimen on all six sides
(Figure 4). 1In the early stages of the process the interaction of the dif-
ferent sides may be neglected and equation (A4) can be applied to each side

independently. Thus the total weight of the entering moisture is
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m =49 (cm-c) (ml /B +2lSDy +J//E:)/;?:

(AS)

where Dx’ Dy, and DZ are the diffusivities in the x, y, and z directions.

For an initially dry specimen [ci = 0 and Wdz (’3»‘,7!-[] the moisture

content as a function of time is

M = S 1I00= G €100 = I (/o *7/5;*;;@)/;

Note that C;”/QD is the maximum moisture content

M~=MX/DO= MX/00= .E.:"
Wi Wi /(dn £)

Hence

Mo f (T T AT

(A6)

(A7)

(A8)

Equation (A8) shows that M varies linearly with /I“ at least for a short time

after exposure to the environment, i.e. before the opposing sides begin to

affect significantly the moisture content. Equation (A8) may be written as

where

2
D =D,(l+f_§;!+;‘é _f;!)

For a homogeneous material Dx =D, = DZ and equation (A10) becomes

y
D =D (r+Z+£)*

(A9)

(Al10)

(A11)

For composites the diffusivities D,, Dy, and D, must first be evaluated.




For unidirectional composites (fiber orientations {'P’ and I’, Figure 1),

the diffusivities are (Reference 5)

23

D, = D, co™® + D, & (A12a)

C'Diﬂ + EL: A&n‘ﬁ
(A12b)

cntt + D, wn’l

<
I
&

(Al12¢)

Equations (17) and (A12) together with equation (A10) give D for unidirec-

tional composites

o L, A e + -2l )ans
D = D [-F)con + (-20UFJn ) ain’ ], * 5 (- @)eta + 2B o’

1 p/
L A [t 2By / (a13)

Ny - )) o' # (/—zm‘)a"u’d
We consider next laminated composites consisting of N layers. The thickness
of the jth layer is hj‘ In the jth layer the fiber orientations with respect
to the y and z axes areﬂj and /J.. The fiber orientation with respect to the
x axis is 90° in every laminate, and Y} = 90°—ﬁj. For these conditions

equation (Al12) gives

Y = D,, (Al4a)
> 4o’ j?’é;‘whag‘

D =2 L +), Lg——

'y I y3 CRNE- ) (Al4b)
731 I ,‘:/ 7

S
il
>
“&
§.
‘:yﬂ
+
>
i
X
gﬂ
X

4 £« (Al4c)
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Combining equations (17), (A10), and (Al4), we obtain an expression for D for

laminated composites

~ .2
p = (/'z/lf;/x)/;f ("w'z’-‘gm" ” M
/ ;r 4{?
j’/
Z

2GRN 4;
J‘I

(A15)

~ ~ -
LA [ D})}?é‘“‘ . 2%
A A
" BRI Z 4 Z 4
’-’
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APPENDIX B

DESCRIPTION OF APPARATUS AND DATA SUMMARY

(1) Description of Apparatus

The moisture absorption and desorption characteristics of the graphite
T-300 Fiberite 1034 composites were determined by placing the composite
specimens inside environmental chambers in which the temperature and the
moisture content could be regulated. A total of twelve chambers were used
simultaneously. Each chamber was made of a 0.1 m3 galvanized iron tank. The
required temperature inside each environmental chamber was maintained by an
electric heater placed at the bottom of the chamber. Power from the building
supply line was fed to the electric heaters through individual voltage regu-
lators. Fiberglas insulations were wrapped around the outside of the cham-
ber to minimize heat losses. The temperature inside the chamber was moni-
tored by a thermocouple placed next to the specimens.

During desorption tests (relative humidity = 0%), chemical drying agents
(1 kg of anhydrous calcium chloride and 0.1 kg of anhydrous calcium sulfate)
were placed inside the chamber to absorb the water vapor from the air. During
absorption tests in constant humidity environments (50% and 75% humidity), two
continuous streams of dry air were fed into the chamber (Figure B-1). The in-
let air pressures were slightly above atmospheric (~ 0.5 k Pa). One of the
air streams was connected to a 4 £ glass bottle half filled with water. The
air was bubbled through the water and became saturated with water vapor at
the chamber temperature. This moist air was next fed into a 1 £ glass bottle
which served as a trap for the water droplets dispersed in the moist air.
The other air stream was fed directly into the chamber where it was mixed

with the saturated air stream. The mixture of moist and dry air stream was
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directed towards the specimens. The air left through a 10 mm hole near the
top of the chamber. The necessary humidity was attained inside the chamber
by adjusting the flowrates of the two air streams. In order to expose the
specimens to 100% humidity, the chamber was partially filled with water and
heated to the required temperature. The specimens were then placed right
above the water surface where the humidity was taken to be 100%. In these
tests the air was stagnant; there was no air flowing through the chamber. To
determine the absorption characteristic of the material during immersion

in water specimens were also immersed in the water maintained at the desired
temperature.

A steam chamber was constructed to test specimens under saturated steam
conditions. This chamber was made of mild steel and had an inside dimension of
90 mm x 230 mm x 300 mm. Steam from the supply line in the building was fed
into the chamber continuously during the tests. The conditions of the steam
inside the chamber were measured by a pressure gauge and a hot-well thermo-
meter. The desired steam condition was attained by regulating the flowrate of

the steam through the chamber.

(2) Data Summary
Both the unidirectional and the X/4 specimens tested were 102 mm long,
12.7 mm wide, and 8 plus thick (~ 1.3 mm). The test conditions are listed

in Table 1. The results of the tests are presented in Figures B-2-B-.19,
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Table 1. Summary of Conditions Used in the Tests with Unidirectional

and T /4 Graphite T-300 Fiberite 1034 Composites.

Fiber Volume Fraction Ve = 0.65 to 0.68;

Moisture content

Humid air 100%

Temperature K

300, 322, 344, 366

For All Specimens

Fiber Orientation ol= 90°

Remarks

Absorption
Absorption
Absorption

Desorption

Absorption

Absorption

75% 300, 322, 344, 366
50% - 322, 344, 366
0% - - - 366, - 422
Saturated steam - - - - 394, 422
Immersed in water - - 344, 366, - 422
-40-
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Figure B-2. Moisture Content Versus Exposure Time for Unidirectional

and 7C/4 Graphite T-300 Fiberite 1034 Composites Exposed
to 75% Relative Humidity at 300 K. Circle Represents the
Average of Four Data Points with the Diameter of each

Circle Representing the Spread in the Data. Solid Line is
Fit to Data.
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Figure B-3. Moisture Content Versus Exposure Time for Unidirectional and

7T /4 Graphite T-300 Fiberite 1034 Composites Exposed to 100%
Relative Humidity at 300 K. Circle Represents the Average of
Four Data Points with the Diameter of each Circle Representing
the Spread in the Data. Solid Line is Fit to Data.
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Moisture Content Versus Exposure Time for Unidirectional and

7 /4 Graphite T-300 Fiberite 1034 Composites Exposed to 50%
Relative Humidity at 322 K. Circle Represents the Average of
Four Data Points with the Diameter of each Circle Representing
the Spread in the Data. Solid Line is Fit to Data.
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and 7 /4 Graphite T-300 Fiberite 1034 Composites Exposed

to 75% Relative Humidity at 322 K. Circle Represents the
Average of Four Data Points with the Diameter of each

Circle Representing the Spread in the Data. Solid Line
is Fit to Data.
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Figure B-6. Moisture Content Versus Exposure Time for Unidirectional

and 7C/4 Graphite T-300 Fiberite 1034 Composites Exposed
to 100% Relative Humidity at 322 K. Circle Represents
the Average of Four Data Points with the Diameter of Each

Circle Representing the Spread in the Data.

is Fit to Data.
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Figure B-7. Moisture Content Versus Exposure Time for Unidirectional

and 7 /4 Graphite T-300 Fiberite 1034 Composites Exposed
to 50% Relative Humidity at 344 K. Circle Represents the
Average of Four Data Points with the Diameter of Each
Circle Representing the Spread in Data. Solid Line is
Fit to Data.
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TIME h

Moisture Content Versus Exposure Time for Unidirectional

and X /4 Graphite T-300 Fiberite 1034 Composites Exposed

to 75% Relative Humidity at 344 K. Circle Represents the
Average of Four Data Points with the Diameter of Each

Circle Representing the Spread in the Data. Solid Line
is Fit to Data.
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the Average of Four vata Points with the Diameter of

Each Circle Representing the Spread in the Data. Solid
Line is Fit to Data.
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Figure B-10.

TIME W2

Moisture Content Versus Exposure Time for Unidirectional
and 7 /4 Graphite T-300 Fiberite 1034 Composites Immersed
in Water at 344 K. Circle Represents the Average of Four
Data Points with the Diameter of Each Circle Representing
the Spread in the Data. Solid Line is Fit to Data.
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Figure B-11.

Moisture Content Versus Exposure Time for Unidirectional
and 7T/4 Graphite T-300 Fiberite 1034 Composites Exposed
to 50% Relative Humidity at 366 K. Circle Represents
the Average of Four Data Points with the Diameteér of

Each Circle Representing the Spread in the Data. Solid
Line is Fit to Data.
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Figure B-12. Moisture Content Versus Exposure Time for Unidirectional
and ®/4 Graphite T-300 Fiberite 1034 Composites Exposed
to 75% Relative Humidity at 366 K. Circle Represents the
Average of Four Data Points with the Diameter of Each
Circle Representing the Spread in the Data. Solid Line
is Fit to Data.
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Figure B-13. Moisture Content Versus Exposure Time for Unidirectional
and 7T/4 Graphite T-300 Fiberite 1034 Composites Exposed
to 100% Relative Humidity at 366 K. Circle Represents
the Average of Four Data Points with the Diameter of
Each Circle Representing the Spread in the Data. Solid
Line is Fit to Data.
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Figure B-14.

Moisture Content Versus Exposure Time for Unidirectional

and 7C/4 Graphite
in Water at 366 X.

T-300 Fiberite 1034 Composites Immersed
Circle Represents the Average of Four

Data Points with the Diameter of Each Circle Representing

the Spread in the

Data. Solid Line is Fit to Data.
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Figure B-15.

Moisture Content Versus Exposure Time for Unidirectional
and 7/4 Graphite T-300 Fiberite 1034 Composites Exposed
to Saturated Steam at 394 K. Circle Represents the
Average of Pour Data Points with the Diameter of Each

Circle Representing the Spread in the Data. Solid Line
is Fit to Data.
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Figure B+16. Moisture Content Versus Exposure Time for Unidirectional
and 7 /4 Graphite T-300 Fiberite 1034 Composites Exposed
to Saturated Steam at 422 K. Circle Represents the Average
of Four Dats Points with the Diameter of Each Circle

Representing the Spread in the Data. Solid Line is Fit
to Data.
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Figure B.17. Moisture Content Versus Exposure Time for Unidirectional

and 7/4 Graphite T-300 Fiberite 1034 Composites Immersed
in Water at 422 K. Circle Represents the Average of Four
Data Points with the Diamter of Each Circle Representing
the Spread in the Data. Solid Line is Fit to Data.
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Figure B-18. Moisture Content Versus Exposure Time for Unidirectional
and 7/4 Graphite T-300 Fiberite 1034 Composites Dried
at 366 K. Circle Represents the Average of Four Data
Points with the Diameter of Each Circle Representing the
Spread in the Data. Solid Line is Fit to Data.
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Figure B+-19. Moisture Content Versus Exposure Time for Unidirectional
and 7/4 Graphite T-300 Fiberite 1034 Composites Dried
at 422 X. Circle Represents the Average of Four Data
Points with the Diameter of Each Circle Representing the
Spread in the Data. Solid Line is Fit to Data.
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