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A REVIEW OF MOISTURE

DIFFUSION IN COMPOSITES

1. Introduction. The effect of environment may be severe

in polymeric composites. It may lead to reduced strength and
even final failure through deterioration of polymers by chemical
reactions such as scission of polymer chains or dissolution
or by swelling. Scission and dissolution are the more severe
processes. Scission may be caused by substantial energy input
such as ::mwoum radiation which may break intramolecular
bonds. Dissolution, on the other hand, causes errosion through
solution of the polymer in a gaseous or liquid environment.
Swelling is an altogether different phenomena. It is caused
by diffusion of moisture or organic vapour into the polymer.
Although it is a weaker process than scission or dissolution,
it can considerably degrade the physical properties of the
polymer. With increasing uses of polymeric composites in
marine and aerospace structures, radomes, and various other
structures, under conditions which include exposure to humid
weather or actual water, the influence of moisture in composites
constitutes a major concern and should be thoroughly investigated.
Polymers are generally amorphous, crystalline or partly
crystalline organic materials. Molecules of repetitive,
comparatively low molecular weight units of one or more groups
(monomers) are combined through primary valence bonds to form
independent large molecules (macromolecules) in some sort of a
chain. These large ovnwswwwo.mmonoaoHoncwwn are grouped

together by an additional bond (intermolecular bond) to form

the complete polymeric structure. Thus, in polymers these nknv
macromolecules constitute the basic structural units that may 6
have irregular and often complex shapes. Whereas the inter-
atomic (intramolecular) bond, within the molecule are unno:a~<0
covalent, the bonding between the molecules (intermolecular)
may be relatively weak Van der Waals bonds, strong hydrogen AUL~
bonds, or crosslinks between atoms of adjacent chains. 1

Diffusion is a process by which migration of atoms takes
place between two or more substances. It is basically statistical
in nature, and the path of migration (penetration) is highly 7
random and cwvnoawn«uvwo. In metals and ceramics, migration O
of atoms commonly occurs through migration of vacancies,
migration of interstitialcies, and place exchange as indicated
in Fig. 1. 1In polymers,diffusion of small molecules Ewmmcmwn8
may take place as a result of nm:mo__» Brownian movements of nw7
diffusate. The diffusion mechanism becomes very complicated
when the molecules of the diffusate are about the same size
as, or larger than, the chain segments that contribute rost
to heat motion in polymers.

In case of moisture diffusion, the micromolecules of the
penetrant enter between the macromolecules of the polymer and
make direct polymer-to-polymer contact impossible. This gradually
loosens and finally breaks the bond between the macromolecules
A».w.. intermolecular bond). The immediate effect of moisture
diffusion in polymers however is change in dimensions i.e.,
swelling. As swelling progresses, a polymer which is initially
strong may become rubberlike. So the moisture acts as a

plasticizer, lowering the glass transition temperature of a
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2. Some results of moisture diffusion. Let us now review

and extend some results of moisture diffusion representing
Fickian behavior.

Fick's Equation for Three-dimensional Isotropic Medium:

2
a9y

where D may be a function of time, spatial coordinates, and

aM 3 nvz
it ( vx. i

M t) M
Ix :uﬂv + e= »lem (1)

moisture concentration M.

If D is independent of x, y, and z,Eq. (1) reduces to

wl.,n_.-o.awluw,’m.w.,”'“m, (2)

If D is also independent of moisture but depends only on
time,

D = f(t).

Then we may introduce a new time-scale T such that

dT = f(t)dt
and Eq. (2) becomes
2 2 2
aM aI™M aM 3™ (3)

st vxm ay”© vnu

Pick's Equation for Three-dimensional Anisotropic Medium

M _ 3 M M M
3t ~5x P11 3x * P12 3y * D13 3z
P M oM am
* 3y (P21 3% * D22 3y * D23 32
9 oM M oM :
* 3z O31 3% * P32 3y * P33 37 (4)

where the owu.u may be functions of time, spatial coordinates,

and M.
When Onu.- are independent of position,Eq. (4) reduces to
2 2 2 2 i
M M M M I°M
e B ay? 3357 " (023*032) 373z
”~

- -

2 2

M 9°M
3% * (012 * Da1) 3% oy (5)

3
+ Dy + D53 33

Transformation of Eq. (5) to principal axes of diffusion

results in
2

@
=
@
=

M 2% 2

M
= D + D (6)
it x uxu y

+UN

{
y

z

o
~
@

Note that here x, y, z axes now represent principal axes of

diffusion and ox~ | I uu are principal diffusion coefficients.

v
If we make the further transformation of Eq. (6)

X = x (D, D)., ¥, = w\~oVu<“. z = z/(D, ow (7)

where D is any function of t and M,we obtain

2 2 2
M ™M ™ M (8)

= D{ + — + )
C e g

Equation (8) has the same form as Eq. (2), and hence some

anisotropic problems may be reduced to the corresponding isotropic

problems.

Note that, for an orthotropic fiber-reinforced medium,

Eq. (6) can also be written as

2 2 2

aM ™M ™™ M

70T P g2t Py =
1 1 1

where L represents the fiber direction, and T's represent
mutually perpendicular directions normal to the fiber directioa,
Fig. 2. 1In case of square, hexagonal, or random array of

fibers, it is usually assumed that

Dpy = Ppz = Dp | m—
soo) | al
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As t approaches infinity, the above equation reduces to
the linear concentration distribution

zlsu

?wnx

z
= (17)
L B

Case IV: Variable surface concentrations.

The surface concentrations zpan, and =-n. are functions
of time, Fig. 6. The solution to the problem of diffusion
is given by Carslaw and Jaeger [2]. For emperical values of
xw.nv. z~.nv and z»ﬂu.. three integrals arise which have to be
evaluated mnmv:wnww»< or numerically. In certain cases, however,
where the surface concentration can be represented by a mathematical
expression, the solution is considerably simplified.

Example 1: M) (t) = M,(t) = zoﬁw-oxv (-8t)}, and the initial

concentration is zero, Fig. 7.
The situation usually arises when an instantaneous change
is attempted in an experiment. The solution is

M o°muaw\o-\~

— = 1 -exp(-Bt) j
(8/D)

cos >

3 2 7 (1 exp(-p(2p+1) 2r%e/m?)

p=0 (2p+1) {Bh*-Dn? (2p+1) °}

(2n+l)nz
cos ==

(18)
provided B is not equal to any of the values uAnv+wuu=~\:~.

Hence the total amount z- of diffusing substance is

£
obtained by integrating (16) with respect to z between
-Brd
:Q
t uvn\u nu:.msu\auuw\n

mmm = 1 - exp(-Bt) (4D/8h

-l @ oxvaa.~w+~v~=~0n\=uv
*2 pe0 (2p+1)2(1-(2p+1) 2 (Dx2/ (BR2) 1)

(19)

Example 2: zpan. = :n.n~ = kt (i.e., linear variation with time)

and the initial concentration is zero. The solution is

DM___ Dt 5 1 aann - 1)
khZ/e nisa 2l
+ 16 M 1° oxvﬁnuanv#wvnaun\vuu cos L2p+l)vz
3 pa0 (2p41)°3 .,
. (20)
The corresponding M < is
-
DM - 2.2 2
t _ 20t _ 2, 64 }
- - - + A (21)
Kh3/8  hi/a 3 a8 PO (2p+1)

B. Time-dependent Diffusion Coefficients

The time-dependence of the diffusion coefficient is
discussed in the Introduction. Weitsman [3]) solved a specific
problem involving time-dependent diffusion coefficient. He
observed that the diffusion coefficient becomes time-dependent,
when the composite is subjected to a time varying temperature

during a "thermal spike". 1In general, when D is a function of

t only, the diffusion equation in one dimension becomes

2

M M

3t - D(t) vl..wn (22)
z

Let us use the transformation

dT = D(t) dt,

t.e., T = s p(er)ae” (23)
0
and then Eq. (22) reduces to
2
oM ™M™
& a (24)
T
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Using the transformation (25), the second condition above
results in

1/2

M= Zc. n= W h/t

which is not expressible in terms of n only, but also involves

t. However, Tsang (13-14) presented solution for one-

dimensional diffusion through finite thickness, Fig. 10. The

following non-dimensional variables are assumed first

¢ =rmnz/h, ¢ |~213wv\AZo|va. d= U\Oo (31)
The diffusiion equation is then

EF R R T)

L T G
subject to the conditions .

¢=1,0<g <, t=0
¢=0, t=0and m, t >0 (33)

Tsang then assumed an expansion of the form

Hon = T £ (2/m 12 sin ng (34)
n=

and proceeded to develop an approximate analytic solution
having a simple form. The results are reasonably accurate

for moderately concentration-dependent diffusion coefficients.

3. Aporoximate constitutive relations for a laminated composite.

D 1is again constant in each lamina, but may be different from
lamina to lamina. It is observed (15] that the hygrothermal
stresses are identically analogous to thermal stresses. The
effect is dilatational;. there exist coefficients of hygroscopic
expansion m» analogous to the coefficients of thermal expansion

Gy and the induced stresses are self-equilibrating across the

b

- 14 =

laminate thickness.

The through-the-thickness coordin~+- is represented by the
z-axis. The constitutive relations .cor each layer are different
and given by (for a non-principal coordinate system)

oaau.nv = OWu-nu - nuq.u.nv - mu M(z,t)] (35)

(i,j = 1,2,6)

where, Fig. 11,

OWU = anisotropic elastic constants

nu = strain components
au - omwmmwnwmanu of thermal expansion
wu = coefficients of hygroscopic expansion
T(z,t) = temperature distribution
M(z,t) = moisture concentration distribution
z = distance measured from the mid-surface of the laminate

t = time

and i,j refer to Cartesian coordinates in plane stress. Thus
O] = Oyr 0y = Oyr 9¢ = axw. etc. Note that in Eq. (35) the
following assumptions are made:
1. Linearly elastic material behavior
2. oy and w» are constant over the ranges of temperature
and moisture. ;
3. The laminate is thin compared to other dimensions.

.

Force and Moment Resultants

h
N, = /20, a2 (1,9 = 1,2,6) (36)
£ 0%
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boundary conditions.

4. Determination of diffusion coefficients.

Definition and !easurement

The measurement and theoretical prediction of D constitute
the most important first step in describing the moisture diffusion
process. The simplest definition of D for one dimensional case
is given by the rate of transfer of the diffusate across unit
area of section, divided by the space gradient of concentration
at the section. Thus,
M

where F is the rate of transfer.

Fortunately, the moisture diffusion in polymeric composites
is a two-component process i.e. a process involving diffusion
between only two substances. When D is assumed constant and
there is negligible swelling, an experimental method for evaluation
of Eq. (15) will satisfactorily determine D. But the problem
becomes significantly difficult when D is concentration-dependent
associated with th¢ swelling of the sheet. Crank [1] presented
an elaborate discussion on various considerations for such cases.
This will form useful guidelines for formulating a definite
program for determination of D in cases of moisture diffusion

in polymeric composites.

Cdge Effects. When testing a finite size specimen in a moisture

environment, it is quite likely that the moisture content of the

specimen will be affected considerably because of diffusion

- 18 -

through the edges. This is particularly important during the |

early stage of diffusion.

In a test specimen (Fig. 12), usually the thickness !
(z-direction) is much smaller than the length (y-direction)
and breadth (x-direction) of the specimen.
The moisture content due to diffusion through the the z-
direction can then be determined from the results of the
previous sections. But, if diffusions through the x~- and
y-plane are also considered, it will be appropriate to consider
the medium semi-infinite.
Thus, say for a specific case when D is constant, the

boundary conditions are

M=M, 0<x<w t=0

M= Zp‘ x=0,t>0
Hence the solution [1] of H

o %

ot x vxu
is

M-M

M = erf X

Mo=My 2/T5, 87
or,

M-, )

=] - erf

ey 2/T0 &7 i)
The rate of transfer of the diffusing substance per unit
area is proportional to the concentration gradient measured

normal to the section, i.e.,

o i B
L Ux i
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macro-levels.

From the mechanics view point, the study mainly concentrates
in micro- and macro-levels. The analytical and experimental
research should be planned to supplement each other and should
consist of the major problem areas as listed below. These may
acain be sub-divided into several groups and sub-groups depending
on the complexities and nature of the problems and materials
(polymers and fibers) used. We however cite here only the major
ones.

) a:m.no:vwmu behavior of moisture diffusion and heat
transfer in fiber composites including effects of interface and
curing stresses for various fiber arrangements, namely, square
and hexagonal (transverse isotropy) and rectangular (transverse
orthotropy) .

This is a micro-level investigation and will result in
determination of diffusion coefficient, coefficients for
hygrosccocpic expansion and thermal expansion, and their dependence
on temperature and moisture.

2. Establishment of constitutive relations for a laminated
composite system including hygrothermal effects.

This is essentially a macro-level study, but should include
micro-level information regarding effects of interlaminar and
residual stresses.

3. Study of strength characteristics and defining failure
modes for unidirectional (micro) and laminate (macro) composites.
This is a complex problem area. We may start with any of

the following approaches for our investigation. (i) Proceed

with elastic solutions as in 1 and 2, assume a failure criteria

- 24 -

for each of the constituents or for the composite as whole, and
then derive the scheme of progressive failure and predict final
failure. (ii) Assign (or obtain) limit loads for the constituents
and try to obtain a bound for the actual ultimate load for the
composite as a whole.

However, it is again stressed that the correct interpretation
of behavior at the material level will considerably improve
the basic understanding and subsoqueont formulation of the
failure mechanism in higher levels (micro and macro).

4. Solutions of specific boundary value problems of practical
interest. ¢

One should note that a realistic solution must include
sufficient (if not all) information from the problem areas

stated above.

REFERENCES
1. Crank, J., The Mathematics of Diffusion,Clarendon Press,
Oxford, 1975.
2. Carslaw, H.S. and Jaeger, J.C., Conduction of Heat in Solids,
Clarendon Press, Oxford, 1959, 102.
3. Weitsman, J., "Diffusion with Time-Varying Diffusivity,
with Application to Moisture-Sorption in Composites™,
J. Compos. Mater., 10, 1976, 193.
4. Boltzmann, L., "Zur Integration der Diffusionsgleichung
Bei Variabeln Diffusions-coefficienten", Annlen der

Physik und Chemie, 53, 1894, 959.




10.

11.

12.

13.

- 38 =

Philip, J.R., "Theory of Infiltration", Adv. Hydrosci.,
5, 1969, 215.

Philip, J.R., "On Solving the Unsaturated Flow Equation:

The Flux-Concentration Relation", Soil Sci., 116, 1973,
328.

Lee, C.F., "On the Solution of Some Diffusion Equations with
Concentration-Dependent Diffusion Coefficients", J.
Inst. Math. and its Appl., 8, 1971, 251.

Lee, n.mn. "On a Diffusion Problem with a Time-Lag Concentration-
Dependent Diffusion Coefficients", Atti Accad. naz
Lincei Re., 50, 1971, 60.

Lee, C.F., "On the Solution of Some Diffusion mn:wnwonn with
Concentration-Dependent Diffusion Coefficients-II",

J. Inst. Math and its Appl., 10, 1972, 129.

Wagner, C., "On the Solution of Diffusion Problems involving
Concentration-Dependent Diffusion Coefficients",

J. Metals, 4, 1952, 91.

Wagner, C., "Diffusion Processes during the Uptake of Excess
Calcium by Caleium Fluoride", J. Physics Chem. Solids,
29, 1968, 1925.

Stokes, R.H., "One-Dimensional Diffusion with the Diffusion
Coefficient a Linear Function of Concentration", Trans.
Faraday Soc., 48, 1952, 887. .

Tsang, T., "Transient State Heat Transfer and U»nm:uuou

Problems”, Ind. Engng. Chem., 52, 1960, 707.

14.

15.

16.

17.

18.

19.

- 26 =

Tsang, T., “"An Approximate Solution of Fick's Diffusion
Equation", J. >vvw. Phys., 32, 1961, 1518.

Pipes, R.B., Vinson, J.R., and Chou, T.W., J. Compos.
Mater., 10, 1976, 129.

Jones, R.M., Mechanics of Composite Materials, McGraw
Hill, N.Y., 1975.

Shen, C.H. and Springer, G.S., "Moisture Absorption and
Desorption of Composite Materials", J. Compos. Mater.,
10, 1976, 2.

Spring, G.S. and Tsai, S.W., "Therma’ Conductivities of
Unidirectional Materials", J. Compos. Mater., 1, 1967,
166.

Keith Miller, A. and Adams, D.F., Micromechanical Aspects
of the Environmental Behavior of Composite Materials,
UWME-DR-7011111, Mech. Eng. Dept., Univ. of Wyoming,

January 1977.




$ 2y

T o4

<
<

R | ? N.r

e
[

% < LG ‘3 v
\.AeNMtA 339
WUV O YU VOUUIVD
WUNR AV O VLLOY D ’
Gue DBV L IIINY
INVVVV VNNV Y \
VO BB O DeDIIVY lr
3G IIUNDNBHNDJ0
'
3 : 4
i
'
t
=
H
.
B L oS, e TR R

i ’ “auUC L 0

- 82 -

—

{

—L—L
Ao
|

—+-

t

EEEEEERNE

D 0

o P

200 0T TTHETNYNT X300 NOMLT «

FIAYOTIOVYd ALXIVND 1STE ST DV SIHI

HO

e oM

PR T T IR SV PRI




Fia. 6

T T T N R Ty Y ST g

PRI PAGE IS BEST QUALITY PRACTICABLA : .
FROM COFY FURNISHED T0 DDC -
- 29 - i : Sl
i M, (4)
! ” r\»nul e
o A l.Izn lllll - e — —=M{=0= — — +
Ik nf T
3. b gt M, &)
Fic. 4 17
3—
M, h
My
B L0 $
Fic.5 :
-2 _ +z
z_ﬁﬂv “ ﬂ—ﬂ-. w
S...:.v h
3»3




17914

A s g

NOTLDINIE AIONL =

AT

<

uz

h , 5 ]
M@ .GE c‘N ]
| MR EEEEREEEERED LI jN 6,
! U P avL QY IVO
| VOV WIABUL VUS -.JN
i BOH MBIV VDS L
O VOB NAQUPWwDN .

<
|
|
|
N

%

PN PSR IS, TIPS R K4 I

SRR oo

Y- 28 - CIUOLN U Y A - VACL i 4D L iEeialie At - -
et ek
0QQ O CTUSTNWAL XI0D WORLT
| ATEYOTIOVHL XITTIVOD ISEd ST AOVd SIHT -
o - o o Fropee, a el o ) s b ——




