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Al~tract--The behaviour of coatings made of epoxy resin when in contact with water at 80 ° is studied. 
The process of water absorption is controlled by transient diffusion with a constant diffusivity, and 4% 
of water is absorbed at equilibrium. The drying process of the pre-saturated resin is controlled by transient 
diffusion through the resin and evaporation from the surface. At the end of the drying at 80 °, c 16% of 
the initial water remains in the resin. If after drying the resin is immersed a second time in water, at 80 ° 
a higher rate of absorption with a higher diffusivity is observed. Mathematical models, with analytical 
expressions as well as mathematical models, are successfully tested for the processes of absorption and 
desorption. 

NOMENCLATURE 

C = concentration of water in the resin at time t and 
position x, 

Ceq = concentration of water in the resin after infinite 
time, 

Co = concentration of water on the surface of the coating; 
Cext = concentration of water on the surface, at equi- 

librium with the surrounding atmosphere; 
D = diffusivity of water in the coating, 

At = finite increment in time, 
Ax = slice thickness of space, 
F o = rate of evaporation of pure water, 

! = half-thickness of the coating, 
M, = total amount of water which has entered the resin 

at time t, 
M~ = total amount of water after infinite time, 

M, N = dimensionless numbers, 
p = density of water. 

INTRODUCTION 

Epoxy resins are often used for high per formance  
coatings,  as well as for the polymeric mat r ix  in 
composites .  M a n y  studies have been made  on  the 
composi t ions  of  these epoxy resins, and  on  the pro- 
cess of  cure. Because of  the low thermal  conduct ivi ty  
of  the resin associated with the high exothermici ty  of  
the process of  cure, the react ion gives rise to high 
tempera ture  within the resin. These facts are of  
concern  for thick samples,  being responsible for 
d iscoloura t ion or degrada t ion  of  the final material ,  
cracking or crazing or even dis tor t ion of  the mould-  
ing [1--4]. 

The cure of  the resin deposi ted as a coat ing is also 
difficult to achieve, because it is no t  easy to heat  the 
resin. The prob lem is how to achieve the cure of  the 
resin coat ing at  room temperature ,  or at  a tempera-  
ture c 50 °, and  to know the t ime required to ob ta in  
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a good result. As the propert ies  of  the final mater ial  
largely depend on  the state of  cure, various models  
have been built  to describe the process by taking into 
account  the heat  conduc t ion  and  the heat  evolved by 
the react ion [5-8]. A n o t h e r  model  has been con- 
s t ructed and  tested for the cure of  coatings made  of  
epoxy resin, per formed at low temperature ,  and  it 
could predict  the state of  cure in terms of  the 
pa ramete r s  such as the t empera ture  and  time. A 
mechanical  proper ty  such as hardness  has been cho- 
sen to follow the cure, and  correlat ions were obta ined  
between this proper ty  and  the state of  cure [9]. 

The  purpose  of  this paper  is to study the mat te r  
t ransfer  taking place between an  epoxy resin coat ing 
and  water  kept  at  80 °, when  they are in contact .  The 
subsequent  process of  desorpt ion  of  the water  which 
has entered the resin is also examined,  by considering 
various condi t ions  of  drying. The process of  absorp-  
t ion is assumed to be control led by t rans ient  diffu- 
sion, while the process of  desorp t ion  is explained by 
diffusion of  the water  t h rough  the solid and  evapor-  
a t ion  on the surface. 

EXPERIMENTAL PROCEDURES 

Material 

The material was obtained by mixing the epoxy resin 
(Lopox 200---CDF Chimie, Orkem), and the hardener (D 
2605--CDF Chimie, Orkem) containing an anhydride of 
Me THP and an accelerator with 0.75% of an aromatic 
amine (type 1,195---CDF Chimie). The binary mixture was 
prepared at room temperature with continuous stirring. The 
composition in weight percent was, following previous work 
[10], epoxy resin (56%) and hardener (44%). 

State of  cure of  the resin 

The kinetics of cure are followed by calorimetry (DSC 
111--Setaram) heating at a constant rate of 5°C/min from 
room temperature up to the end of reaction. The kinetic 
parameters are determined by using the Freeman and Caroll 
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technique, by assuming that the cure reaction follows an 
Arrhenius equation. 

Preparation of the coating 
The resin mixture is deposited on steel sheets, the epoxy 

coating having an average thickness of 1 mm. After curing 
for 44 hr, part of the coating is studied by calorimetry, 
showing that the extent of cure reaches 90% at this time. 

Matter transfer studies 
The resin coating is removed from the steel plate and then 

immersed in water at constant temperature. The kinetics of 
absorption are followed by weighing the resin coating at 
intervals. When equilibrium is reached for the absorption of 
water, the resin coating is dried in air under various 
conditions: 

(i) at 20 ° up to equilibrium, followed by drying at 80 ° 
and 100%; 

(ii) at 80 °. 

THEORETICAL 

The following assumptions are made: 

(i) the thickness of the coating remains constant 
during absorption and desorption, as the 
amount of water absorbed is very small; 

(ii) the process of absorption is controlled by 
transient diffusion through the thickness of 
the coating, with a constant diffusivity as 
obtained from experiment; 

(iii) the process of desorption is controlled by 
transient diffusion of water through the solid 
and evaporation from the surface; 

(iv) the rate of evaporation is proportional to the 
difference between the actual concentration of 
water on the resin surface and the concen- 
tration of water on the surface which is at 
equilibrium with the vapour pressure of water 
in the surrounding atmosphere, the coefficient 
of proportionality being the rate of evapor- 
ation of pure water under the same conditions; 

(v) during absorption, the concentration of water 
on the coating surface reaches equilibrium as 
soon as the coating is immersed in water. 

Mathematical treatment 

Absorption. The one-dimensional diffusion in the 
medium of thickness 21 is expressed by Fick's law 
with constant diffusivity: 

OC 82C 
t~-T = D • Ox 2 (1) 

where C is the concentration of water in the resin at 
time t and position x. 

The initial and boundary conditions are: 

t = 0  - l < x < l  C = 0  (2) 

t > 0  x =  +l C=C~ (3) 

The solution of equation (1) with these conditions 
is [1 I]: 

C~q-Cx, 4 ~ ( - I ) "  ( 2 n + l ) n x  
-- 2.~ 7 .  COS 

C~q n .  = o 2n + 1 21 

• exp[ (2n+l)2n2Dt 1 4 1 2  (4) 

where Cx, is the concentration of water in the resin at 
time t and position x, and Ceq is the concentration in 
the resin after infinite time. 

The kinetics of absorption are obtained by inte- 
grating the concentration with respect to space within 
the resin: 

M~ -- M, 8 :o 1 

M~ = ~-~.~0 (-~n + 1) 2 

• exp(-(2n+l)2n2Dt)412 (5, 

where M, is the total amount of water which has 
entered the resin at time t, and Mo~ is the correspond- 
ing amount after infinite time. 

Desorption 
A uniform concentration of water through the 

resin is obtained when the equilibrium absorption is 
attained. The rate of loss of water by evaporation 
from the surface is expressed by: 

3C 
--D " -~x = F°(Cs- Cext) (6) 

where Fo is the rate of evaporation of pure water 
under the same conditions, Cs is the actual concen- 
tration of water on the surface, and Cext is the 
concentration on the surface which is at equilibrium 
with the surrounding atmosphere. The gradient of 
concentration is calculated on the surface. Under 
these conditions, the solution is: 

Ceq --  Cxt - ~-~ 2L cos(fl.x /l) 
Ceq - f in  n=l/'~ ( f l 2 T Z " ~ L - ) : ~ O S  fin 

- e x p ( - T  Dt ) (7) 

where the fl°s are the positive roots of 

f l . t a n f l  = L (8) 

and L is a dimensionless number: 

l'Fo 
L = (9) 

D 

The total amount of water M, leaving the sheet up 
to time t is expressed as a fraction of M~,  the 
corresponding quantity after infinite time, by: 

L ( 2 ) l f  Dt 
M~ - M, 2L 2 _ft. 

(10) 
/L(/L + +L)  M~ n=l 2 2 L2 exp . 

Numerical model 
A numerical model with finite differences is 

helpful when the initial concentration of water in the 
coating is not uniform, and when the diffusivity is 
concentration-dependent. 

As shown in Fig. 1, the thickness of the coating is 
divided into equal slices of thickness Ax. The balance 
of the water entering and leaving the slice at position 
n during the increment of time At enables one to 
express the new concentration CN, after the elapse of 
time At in terms of the previous concentration: 

1 
CNn=-~[C,_I+(M-2).Cn+C,+I] (11) 
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Fig. 1. Space-time diagram for numerical analysis. 

where (7, is the concentrat ion of water in the slice n 
at time t, and CN, is the value of this concentrat ion 
at time (t + At). 

Equat ion (1 l) can be used for the water transport  
within the coating during either the absorption or the 
desorption. 

Absorption. On the surface of the coating, follow- 
ing assumption (ii), the concentrat ion is at equi- 
librium as soon as the process starts. 

Cs = Ceq. (12) 

Desorption. The matter balance is calculated in the 
slice in contact with the surface (Fig. l) by consider- 
ing the diffusion of water from the inside of the 
coating and the evaporation from the surface. The 
new concentrat ion on the surface is thus expressed 
by: 

l 
CNo=~[½C2+(M-I- '  N) .Co+N.C,x t ]  (13) 

where Co and CNo are the concentration on the 
surface at time t and (t + At), respectively and C, xt is 
the concentrat ion of water on the surface which is at 
equilibrium with the surrounding atmosphere and the 
dimensionless numbers. 

(Ax) 2 I 
M . . . .  (14) 

At D 

N = F° '  Ax (15) 
pD 
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Fig. 2. Kinetics of absorption of water by the coating 
at 80 ° . Thickness=0.09cm, D = l . 6 x l 0  -s (cm2/sec), 
M~ = 0.7564 g. M= = 4.045%. + ,  Experiments; 

models. 

By plotting the amount  of water absorbed vs 
(time) ~/:, a straight line is obtained for times < 10 hr, 
and the diffusivity is calculated by using the well- 
known equation: 

4(V)°'  16) 
Moo 2l 

The diffusivity and the maximum value of the 
water absorbed are shown below. Data for the ab- 
sorption of water are: 

D = 1.6 x 10 -s (cm2/sec) 

M~ = 4.045% 

where M~ is the amount  of water in 100 g of the 
initial resin. 

Desorption. When the sample of coating pre- 
viously saturated of water is exposed to air at 20 ° , 
only part of the water in the coating evaporates. After 
various drying steps at higher temperature, e.g. 80 
and 100 ° , complete dryness of the coating is not 
achieved (Fig. 3). 

The diffusivity is calculated by using equation (10) 
for long times, when only the first term of the series 
need be considered: 

Mo~ - M, 3-. 2L 2 
Ln -M~ = ~ D t + L n  2 2 L 2 . (17) 

%(IL + + L ) 

RESULTS 

Two types of results are of interest: one is con- 
cerned with the data, such as the diffusivity, the 
amount  of water absorbed and desorbed, and the 
rate of evaporation, the other with the validity of 
the model, and the kinetics of absorption and 
desorption, as well as the profiles of concentration 
of water developed through the thickness of the 
coating. 

(1) Data for the absorption and desorption 

Absorption. The kinetics of absorption of water at 
80 ° are shown in Fig. 2. After a high rate of absorp- 
tion expressed by the vertical tangent at time zero, the 
rate decrease regulary with time, and an asymptotic 
value is reached for times exceeding 80 hr. 
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Fig. 3. Kinetics of desorption of water from the coating, 
successively at 20, 80 and 100% M~ =0.7564g, M des- 

orbed = 3.463%. 
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Table 1. Data for the two-step desorption of water at 20 ° and 80 °. 
Temperature (°C) 

20 80 
D x 108 (cm2/sce) 0.52 8.9 Amount  of 
F o . 106 (g/era 2. see) 2.86 1860 water remaining 
M evaporated (%) 1.718 1.692 0.635 

Table 2. Data for the desorption of water at 80 ° 
D = 7.3 x 10 8 (cm2/scc)_  Fo = 1.86 x 10 -3 (g/¢m 2" SCC) 

M absorbed = 4.09% 
M evaporated = 3.44% 
M remaining = 0.65% 

The rate of  evaporat ion is obtained from exper- 
iments with pure water at room temperatures. The 
values at other temperature are easily calculated, as 
the rate of  evaporat ion is proport ional  to the vapour 
pressure (Tables 1 and 2). 

(2) Validity of the model 

The validity of  the mathematical  model  and of  the 
numerical model is tested by comparing the kinetics 
obtained by experiment with those by calculation. As 
shown in Fig. 2 in the case of  absorption at 80 ° and 
in Fig. 4 (first step of  desorption at 20 °) and Fig. 5 
(second step of  desorption at 80°), good agreement is 
obtained for the absorption and for the two step 
desorption. Good  agreement is also obtained for the 
kinetics of  drying at 80 ° . 

(3) Profiles of concentration of water 

The profiles of  concentration of  water can be 
calculated with the help of  equations (7) and (l l), as 
they are developed through the coating as a function 
of  time. It is difficult to determine these profiles by 
experiment, as indicated in previous studies [12, 13]. 
However,  there is p roof  of  the validity of  these 
profiles, as the kinetics are obtained by integrating 
the concentration of  water in the coating with respect 
to space. 

The profiles calculated during the process of  ab- 
sorption (Fig. 6) show that a steep gradient o f  
concentration of  water is developed next to the 
surface at the beginning of  the immersion. When the 
absorption equilibrium is reached, a uniform concen- 
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Fig. 4. Kinetics of desorption of water from the coating 
at 20 °, thickness=0.09cm, D =0.52 x l0 -8 (cm2/sec), 
F o = 2.86 x l0 -6 (g/cm 2. see), M~ = 0.7564, M desorbed = 

1.718%. 
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Fig. 5. Kinetics of desorption of water from the coating 
at 80 °, thickness = 0.09 cm, M~ = 0.7564g, D = 8.9 x l0 -s 
(cm2/sec); F o = 1.86 x l0 -3 (g/cm 2. see), M desorbed = 

1.69%, Mremainin s = 0.635%. 

tration of  water through the thickness of  the coating 
is obtained. 

The same profiles of  concentration of  water are 
calculated during the two-step desorption first at 20 ° 
(Fig. 7) and then at 80 ° (Fig. 8). 

The following conclusions are drawn from these 
curves: 

(i) the concentration of  water on the surface of  the 
coating decreases regularly during the desorp- 
tion at 20 °, because the rate of  evaporat ion is 
not  very high and at 80 ° , this concentration 
drops very quickly, the rate of  evaporation 
being considerably higher; 

(ii) at the equilibrium of  desorption attained at 20 
and 80 ° , there is uniform concentration of  
water in the coating, 
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Fig. 6. Profiles of concentration of water developed through 
the thickness of the coating, during absorption at 80 ° . 
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Fig. 9. Kinetics o f  absorption o f  water at 80 ° by the coating 
previously saturated with water and then dried at 80 ° . 
D = 9.3 x 10 -a em2/sec, M absorbed = 3.543%, + exper- 

i m e n t s , - - - ,  models. 
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Fig. 7. Profiles of concentration of water developed through 
the thickness of the coating, during desorption at 20 °. 

The second conclusion is of interest, because it 
shows not only that an equilibrium of desorption is 
attained for each temperature but also that a flat 
gradient of concentration is obtained under these 
conditions. The water located in the solid is in 
part bound to the hydrophilic part of the resin, and 
high temperatures are necessary to evaporate this 
water. 
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Fig. 8. Profiles of concentration of water developed through 
the thickness of the coating, during desorption at 80 °. 

(4) Kinetics of re-immersion of the pre-treated 
sample 

The sample previously immersed in water at 80 ° 
and dried to constant weight at 80 ° in air, is thus 
soaked again in water at 80 ° . The kinetics for the 
second absorption are also described by the model 
(Fig. 9). Two facts are worth noting: 

(i) the diffusivity is higher for the second absorp- 
tion than that calculated in the first absorp- 
tion. Following this fact, a higher rate of 
absorption is observed at the beginning of the 
process; 

(ii) the total amount of water absorbed, resulting 
from the water remaining after the first drying 
and from the further addition during the sec- 
ond absorption, is about the same as the 
amount absorbed at the end of the first absorp- 
tion (Table 3). 

T a b l e  3. D a t a  f o r  the  s e c o n d  a b s o r p t i o n  

D = 9.3 x 10 - a  (cm2/sec)  - Mab ~ = 3 . 5 4 3 %  

M = 4 . 1 2 5 %  

C O N C L U S I O N S  

When coatings made of epoxy resin are in contact 
with water at 80 ° , absorption occurs. The process is 
controlled by transient diffusion with a constant 
diffusivity and around 4% by weight of water is 
absorbed at equilibrium. 

The coating previously saturated is then dried in 
the surrounding atmosphere under various con- 
ditions. Only 42% of the water located in the resin 
is evaporated at room temperature; after further 
drying at 80 °, ca 16% of the initial amount of water 
remains in the sample. The process of drying is 
described by transient diffusion through the resin 
and evaporation from the surface, with a constant 
diffusivity. 

The coating dried at 80 ° , when immersed in 
water for a second time, exhibits a higher rate of 
absorption with a higher diffusivity; absorption 
occurs to about the same extent as in the first 
absorption. 
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