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Models based on a mass-diffusion theory successfully represent the growth and collapse of 
gas bubbles in an epoxy resin. A quantitative evaluation of the steady-state diffusion 
equations requires values for the diffusion coefficient and the solubility of the mobile 
species within the resin precursor. These parameters are affected by changes in temperature 
and/or pressure, and they are generally not measured as part of a processing schedule. 
Models have been evaluated that predict the temperature dependence of the gas diffusion 
coefficient in the resin. A free volume approach describes the viscosity of the resin 
successfully at temperatures of up to 100 K above the glass-transition temperature. At higher 
temperatures, a thermal-energy-barrier approach is more appropriate. A direct correlation 
between the viscosity of the resin and the gas diffusion coefficient is proposed which is 
considered to be applicable to any gas/resin system where specific component interactions 
are negligible and the solute concentration is sufficiently low that it does not affect the free 
volume of the medium. 

1. Introduction 
When thermosetting resins were first introduced as 
matrices for composites, empirical methods were used 
to determine the process variables (temperature/pres- 
sure-time profiles). Such methods have several disad- 
vantages; they are restricted to small ranges of the 
process variables, they cannot be generalized for dif- 
ferent materials and geometries, and last, but not least, 
they are expensive and time consuming. The short- 
comings of empirical methods can be eliminated by 
the use of scientifically valid models which provide 
a means of establishing the optimum values for the 
processing variables. Process control can be a predic- 
tive or an interactive technique where quantitative 
models allow simulation and prediction of the effects 
of the controllable variables - composite formulation, 
fabrication pressure, temperature and time. The ulti- 
mate aim of such control is to produce void-free com- 
posites of the specified dimensions with the optimum 
degree of cure of the resin. This depends on a complex 
interaction involving heat transfer, resin flow and 
chemical reactions. Once the material and processing 
inter-relationships have been identified it is possible to 
establish the optimum values of these processing vari- 
ables as well as facilitating the real-time control of the 
manufacturing operation. Most practical processes. 
(for example, autoclave curing of prepreg or resin 
transfer moulding (RTM)) require that the matrix 
resin should be a liquid of low viscosity, typically less 
than 1 Pa s, during the critical infiltration and consoli- 
dation stages of the process. 
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Many of the material and processing parameters 
play an active role in more than one model, that is the 
temperature influences both the kinetics of the curing 
operation and the fl0w of the resin (Fig. 1). Resin flow 
is controlled by the viscosity of the resin (which is of 
critical importance to composite processing) and by 
the consolidating pressure. These factors affect the 
infiltration of the reinforcement and the macroscopic 
consolidation of the laminate. The viscosity is also 
important since it is related to the resistance of the 
medium to molecular motion, which controls both 
self-diffusion and diffusion of any dissolved species. 
During the curing process, the viscosity increases, 
until, at gelation, both flow and diffusion effectively 
cease. Molecular-transport processes, up to the point 
of gelation, are critical to the production of void-free 
composites. 

2. Bubble behaviour 
Bubbles present within the resin will grow, or collapse, 
according to the concentration of the mobile species, 
the temperature and the hydrostatic pressure in the 
resin during the cure cycle. BUbble behaviour is in- 
fluenced by such changes in accordance with the 
ideal-gas-law equations and by the diffusion of mobile 
species across the bubble/resin interface; that is, gas- 
eous species in the bubble diffuse into the resin or 
dissolved gases in the resin diffuse into the bubble. An 
increase in temperature or a decrease in pressure will 
cause the gas within the bubble to expand, resulting in 
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Figure 1 A flow diagram of some interactive processes. 

3. Transport phenomena 
The viscosity of a resin system is extremely temper- 
ature dependent, initially decreasing sharply as the 
temperature is raised and then rapidly increasing as 
cross-linking reactions lead to gelation of the resin 
(Fig. 2). Although the viscosity, and its relationship 
with temperature, is generally a parameter that is 
measured in composite processing, it is still necessary 
to represent the interaction mathematically before it 
can be used in a predictive model. Although this can 
be totally empirical (using mathematical regressions 
to fit experimental interactions) it is more advantage- 
ous to use models that have some physical basis to 
take into account different resin systems or cure 
cycles. 

An Arrhenius relationship is often used to describe 
the temperature dependence of the viscosity where 
each molecule is considered to occupy an equilibrium 
position, thus requiring a definite energy of activation, 
AE n in order to pass to another position. This energy 
is regarded as consisting mainly of the energy required 
for the formation of a hole into which the molecule can 
pass in its motion from one equilibrium position to the 
next [3]. Viscous flow, however, is not a simple ther- 
mally activated process in polymers since the viscosity 
is sensitive to the extra free volume made available by 
thermal expansion as well as the extra violence of 
kinetic agitation [4]. 

The free volume is the unoccupied space which 
arises as a result of inefficient packing of molecules. 
Fox and Flory [5] have suggested that above the 
glass-transition temperature Tg a decrease in the tem- 
perature of a polymer will be accompanied by a de- 
crease in the free volume which continues until the 
Tg is reached. At this temperature the free volume 
attains a characteristic value which remains constant 
as the temperature is further reduced. The glass- 
transition temperature can then be pictured as a speci- 
fic volume change due solely to an increase in free 
volume. As the polymer is cooled towards its glass- 
transition temperature there is an enormous increase 
in the viscosity so that the chemical structure is of 
secondary importance to the non-specific vitrification 
phenomenon. 

In terms of the migration of molecules (whether 
solute or solvent), transport is affected by the free 

bubble growth, and vice-versa. Changes in pressure 
and temperature can also have a pronounced effect on 
the solubility of mobile species in the resin, which may 
influence not only the magnitude of the driving force 
for diffusion but also the direction of the concentra- 
tion gradient. Since an increase in temperature also 
causes an increase in the diffusion coefficient, mass 
transfer of molecularly mobile species will also in- 
crease, resulting in more-rapid bubble growth or in 
collapse, depending on the direction of the diffusion 
gradient relative to the host bubble [1]. 

Models based on mass-diffusion theory have been 
investigated [-1, 2], and it is considered that entrapped 
bubbles can be collapsed or suppressed from growing 
by manipulating the process variables during the cur- 
ing operation; that is, it is possible to influence bubble 
behaviour by changing the processing temperature 
and pressure. To implement these models successfully, 
a number of input parameters and their respective 
interactions with the process variables need to be 
evaluated before it is possible to predict the growth or 
collapse rate of gas bubbles in the liquid resin. These 
material parameters include the diffusion coefficient 
and the solubility of the mobile species in the liquid 
resin, they are functions of temperature and/or pres- 
sure. Since a model is only as successful as the accu- 
racy and availability of the input data, it is beneficial 
to have relationships that can predict these input 
parameters and/or their interaction with the changing 
process variables from fundamental data on materials 
or from more accessible physical quantities. The 
rationale behind the investigation is that such rela- 
tionships and the input parameters required for a void 
model can then be translated to other systems or 
process options, with minimal additional character- 
ization of materials. By minimizing empiricism it is 
also easier to confront the problem that there is no 
universal cure cycle since it is necessary to determine 
an optimum schedule within a processing window 
dictated by the heat transfer, cure and consolidation 
processes. 

This paper deals specifically with how the diffusion 
coefficient of a non-condensible gas within a liquid 
polymer may be related to the viscosity of the polymer 
medium and how the temperature dependence of the 
latter can be predicted from independent physical 
quantities. 
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Figure 2 Schematic viscosity-time profiles for different temper- 
atures where T1 > Tz > r3. 
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volume, and the viscosity of a liquid can be related to 
the number of "holes", or more realistically to this free 
volume. This is demonstrated by the fact that the 
temperature dependence of the viscosity of a liquid is 
significantly lower at constant volume than at con- 
stant pressure, indicating that the volume facilitates 
molecular motions and that most of the thermal ex- 
pansion at constant pressure goes into providing extra 
free volume [6]. This temperature dependence can be 
expressed in a linear form, where f ( T )  is the free 
volume fraction at a temperature T, and f (Tg)  is the 
free-volume fraction 

f ( T )  = f(Tg) + ct(T-- Tg) (1) 

at Tg which is considered to have the universal value 
0.025 for all polymers [7]. The parameter a is the 
difference in the respective volume-thermal-expansion 
coefficients above and below the glass-transition tem- 
perature; this is deemed to have a universal value of 
4.8 x 10 -4 K -1. 

The free-volume theory can be reconciled with the 
thermal-activation approach, which is concerned with 
raising the energy of a flowing molecule over a poten- 
tial energy barrier, by considering that the activation 
energy is made up of two contributions, the work 
required to make a hole for the molecule to jump into 
and the work required to free it from its immediate 
environment. The former is generally much larger 
than the latter in non-polar liquids and it is found to 
be almost constant for a large number of liquids. At 
higher temperatures ( >> Tg) a simple activation-en- 
ergy approach should prevail while as the temperature 
is decreased towards Tg this is no longer valid since 
the energy of activation becomes dependent on the 
availability of a suitable hole for a segment to move 
into rather than being representative of the poten- 
tial-energy barrier to rotation. Empirically, it has been 
noted that polymers that are still stable at temper- 
atures in excess of 100K - t  above their glass- 
transition temperatures obey an Arrhenius relation- 
ship [8]. 

The diffusion of penetrating molecules in a liquified 
polymer also requires rearrangement of the relative 
molecular conformations within a mixture, and the 
behaviour is closely related to the rheological proper- 
ties of the medium. However, it must be emphasized 
that the molecular and segmental motions are some- 
what different for the two processes, especially when 
diffusion is compared to the bulk viscosity of the 
medium. For  the diffusion of small molecules only 
relatively local co-ordination of segmental motions 
are involved. In viscous flow processes, there is an 
actual displacement of the matrix molecules, requiring 
more co-ordination of these segmental motions E9]. 

4. M a t e r i a l s  c h a r a c t e r i z a t i o n  
The resin investigated in this study was a commercial 
unmodified bisphenol-A/epichlorohydrin resin (Shell 
828) that had an epoxide group content of 5.128 
mol kg-  1 [10]. Using the relation M,  = 2000/epoxide 
content [11, 12] this corresponds to an average mo- 
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lecular weight of 390 g mol -  1. The density of the resin 
was measured and it was found to agree with the 
manufacturer's specifications (1160 kg m -  3 at 298 K) 
and it was not found to change significantly over the 
temperature range of interest (293-373 K). 

The viscosity of the resin was measured using 
a simple falling-sphere method and it was found to be 
extremely temperature dependent having a room tem- 
perature value (293 K) of 23-26 Pas  (Fig. 3). This 
method was limited to a temperature of 353 K at 
which point the sphere velocity was too high to attain 
consistent readings. A capillary-tube method was used 
for the higher-temperature (lower-viscosity) data [13]. 
The tube was calibrated against glycerol, which had 
a known viscosity (1.5 Pa s at 293 K). The resin was 
sucked into the capillary tube and one end was tem- 
porarily sealed to allow the resin to reach the required 
temperature. The seal was then broken and the flow 
time for the resin to pass through the tube under 
gravity was measured and correlated to the viscosity. 
All measurements were within 4- 10% of the mean 
value. The diffusion coefficient of nitrogen in the resin, 
determined from bubble-dissolution rates, was found 
to increase by over three orders of magnitude for the 
temperatures measured (313--425 K) and it did not 
show any discrete change in its mechanism (Fig. 4). 
Details of the method of measuring the diffusion coef- 
ficient are described elsewhere [1, 2, 14]. 
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Figure 3 The temperature dependence of resin viscosity. 
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Figure 4 An Arrhenius plot showing the temperature dependence of 
the diffusion coefficient of nitrogen in resin. 



5. Viscosity-high-temperature regime 
If it is supposed that n molecules forming a liquid are 
bound to each other by bonds adding up to a total 
energy of nU, then to vaporize a single molecule 
would require an energy U/2, since each bond is 
shared between two other molecules provided the rest 
of the molecules join up so as to leave no hole in the 
liquid. If a hole is left, the vaporization of a single 
molecule will require an energy U. The return of 
a molecule from the single state to a hole prepared for 
it would result in the liberation of an energy U/2, and 
therefore the energy required to make a hole of mo- 
lecular size in a liquid without vaporization of the 
molecule is U - U/2 = U/2. It follows that the energy 
required to make a hole in the liquid large enough for 
a molecule is the same as that required to evaporate 
a molecule without leaving a hole. This latter quantity 
is related to ttae latent heat of vaporization, Hv, and so 
the energy of activation for viscous flow, E n, which is 
required for the provision of a suitable hole, should 
also be related to the heat of vaporization. 

In reality, the activation energy for viscous flow is 
much smaller than this. In fact, experimental evidence 
has shown that liquids fall into well-defined groups. 
For  molecules that have spherical fields of force, such 
as tetrachloromethane and benzene, Hv/E n is about 
3 whereas the ratio is approximately 4 for asymmetric 
molecules [15]. 

The resin molecule is a long molecule even before 
the polymerization reaction and it will not have 
a spherical field of force. The space required for it to 
flow by segmental motion is only a fraction of that 
occupied by a single molecule. If the solubility para- 
meter, g, of the resin is known, it is possible to calcu- 
late the notional molar energy of vaporization, AE, for 
a resin molecule using the relationship, 

= (2)  

where V is the molar volume [16]. 
For  the range of temperatures in the processing 

route, the enthalpy of vaporization and the energy of 
vaporization are approximately equivalent. The solu- 
bility parameter has been estimated from molar at- 
traction constants and Hansen parameters to give 

~ 20.45(J cm-3)  1/2 for this system [17]. The molar 
volume can be calculated from the density and the 
molar mass to give AE ~ 140 kJmo1-1. Using the 
empirical ratio Hv/E n = 4 gives an activation energy 
for viscous flow of E n ~, 35 kJmol-1 .  

Liquids that are held together by hydrogen bonds 
show an activation energy for viscous flow that chan- 
ges markedly with temperature; for example, glycol, 
glycerol or water. The energy of activation of such 
substances consists not only of the fraction of the 
enthalpy of vaporization to break what may be termed 
physical bonds but also the energy to break hydrogen 
bonds, which must be broken when the liquid flows. 
As the temperature is raised the number of hydrogen 
bonds diminishes because of the thermal movements 
of the molecules, and the energy of activation will 
therefore decrease; that is, the larger is the number of 

hydroxyl groups, the more complex are the number of 
hydrogen bonds and the greater is resistance to flow 
[18]. 

The resin molecules used in this study had a hy- 
droxyl group on their backbone which could interact 
with other hydroxyl groups on other resin molecules. 
Such interactions are thermally labile and this will 
partly explain any change in the activation energy for 
viscous flow, E n, with increasing temperature along 
with the increasing free volume. If it is assumed that 
such interactions as hydrogen bonds are broken at 
temperatures where the viscosity is governed by ther- 
mal activation, then the cohesive energy density 62 
will be lower than it was at room temperature. Re- 
moving the hydrogen-bonding component from the 
solubility parameter and applying the same treatment 
as before decreases the activation energy for viscous 
flow from 35 to 29 kJmol -1  [17]. Even if some H- 
bonds are stable, this semi-empirical approach indi- 
cates that at high temperatures an Arrhenius relation- 
ship will describe the temperature dependence of the 
viscosity and that the activation energy will be in the 
range 29-35 kJ mol -  1. 

The absolute rate theory [19] states that the flow 
process is dependent on the height of the energy bar- 
rier, AE n, the number of times the barrier is attempted, 
u, and the flow volume, V0. 

n = u ~ o e x P \ R ~ ]  (3) 

where, Rg is the universal gas constant and T is the 
absolute temperature. 

These pre-exponential parameters are not known, 
but order of magnitude estimates can be made. If it is 
assumed that the number of times a resin molecule (or 
part of a resin molecule) attempts the barrier is in- 
versely related to its vibrational frequency, then 
a value of 1013 s for u is appropriate for this temper- 
ature range in a simple liquid [15]. The flow volume 
can be considered simply as a spherical volume which 
is related to the mean jump distance. The jump distan- 
ces that are believed to occur in liquids are in the 
range 0.2-0.5 nm, or about one eighth of the volume 
of a polymer molecule [6]. If a value of 0.3 nm is 
taken, then the pre-exponential factor is 
3.6 x 10-6 Pa s, at 293 K. This value will not change 
much over the temperature range considered. This 
Arrhenius relationship is compared with the free-vol- 
ume theory and the experimental data in the next 
section. 

6. Viscosity-low-temperature regime 
At temperatures where free-volume effects are 
more significant than the molecular chemistry (as 
Tg is approached) the viscosity can be mathemat- 
ically represented using the basic form of the 
Wil!iams-Landelan-Ferry (WLF) equation [7] which 
is in the form of a shift factor, a t ,  and is simply the 
ratio of the viscosity at a temperature T, relative to 
that at a reference temperature, To. The expression is 
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given by 

- -  C ~ ( T  - -  To) 
logar  = (4) 

C2-F T - -  T o 

where To is a reference temperature and C~ and C2 are 
constants characteristic of To and, to a lesser extent, 
the polymer. 

If the reference temperature is the glass-transition 
temperature of the polymer, Tg,  then Cx and Cz take 
the values 17.44 and 51.6, respectively, which are con- 
sidered to be universal constants [7]. This assumes that 
the glass-transition temperature is an "iso-free vol- 
ume" state. 

Hence a plot o f (T  -- To)/( - logar)  versus T -- To 
should be linear with a slope 1/C1 and with an ordina- 
te intercept of C~/C2. Fig. 5 shows a plot of this type 
with reference temperature of 293 K for the experi- 
mental data. This value was chosen since it was the 
lowest temperature measured and it had the least 
scatter. A linear regression has been used to find the 
best-fit line through the low-temperature points. The 
two high points were not used in the regression as 
these temperatures were well in excess of the applica- 
bility of the free-volume theory and they would be 
better represented by an energy-barrier approach. 

The data falls on a good straight line giving 
Ct = 7.69 and Cz = 125.58. These values can now be 
used to determine T, using the inter-relations 

C1C2 
C I T  ~ = 

C 2 -I- Tg - -  To  

CZT, = C2 + T g -  To (5) 

Substituting the empirical and the universal constants 
into both equations yields values for Tg of 223 K and 
219 K, respectively. These values for the Tg deter- 
mined from the viscosity are comparable to those 
values calculated from the semi-empirical molecular- 
mass dependence of epoxy prepolymers [20] where, 

6x104 
Tg = 3 7 7 . 5 - ~  (6) 

and M, is the molar mass of the polymer. 
Equation 6 gives a value of 223 K for Tg. The 

viscosity at Tg, determined from the WLF equation 
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Figure 5 WLF plot for the viscosity of the resin with reference 
temperature of 293 K. 

920 

10 2- 

Doolittle equation 
101, (free-volume t h e o r y ) ~ .  / 

r 
.~ 10 ~ 

> 10 -t >...t../- 

o_J ~ ' / "  Absolute rate equation 
10 -2 ~ , ~  (energy-barrier theory) 
0.0022 0.0026 0.0030 0.0034 

0.0024 0 .0028  0 .0032  0.0036 
Temperature -1 (K -1) 

Figure 6 Viscosity data/Doolittle equation (Equation 7) (B n -- 0,98, 
v 1 0 = l . 3 6 x 1 0 - 6 p a s ) ,  Absolute rate equation (Equation 3) 
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and the viscosity at 293 K ( ~  25Pa.s), is 
2.74 x 1011 Pas, which is in agreement with many 
polymer systems [21]. 

The viscosity can also be represented by Doolittle's 
semi-empirical equation [22]. 

I] = qoexp (7) 

where B n and ~o are constants a n d f ( T )  is the temper- 
ature dependence of the free volume (Equation 1). 
Fitting this equation to the viscosity data using the 
universal constants and Tg = 223 K, it was found that 
B n was 0.98 which is very close to the accepted value of 
unity. 

In fact, if the Arrhenius relationship (predicted by 
the absolute rate theory) is also applied it can be 
clearly seen that it begins to represent the data where 
the flee-volume theory begins to fail (Fig. 6), although 
the pre-exponentiai constant is too speculative to 
allow a confident quantitative estimate of the point at 
which it becomes the dominant mechanism. This may 
not be too much of a problem for most composite 
systems since the resin will have begun to gel before 
the free-volume theory breaks down completely. It 
should be noted that at the gel point the processes of 
eliminating bubbles and laminate consolidation will 
effectively cease. 

7. Comparison of viscosity 
and diffusion data 

Many attempts have been made to predict the diffu- 
sion coefficient and/or its dependence on temperature 
from molecular considerations. Although expressions 
based on such models would seem to offer the advant- 
age that the necessary parameters should be predict- 
able from the inherent properties of the penetrating 
molecule and the resin, all models to date have one or 
more adjustable parameters except for some specific 
systems over limited temperature ranges [23, 24t. 
Models based on the flee-volume theory have a defi- 
nite advantage in that they can relate other measur- 
able parameters such as the viscosity to the diffusion 



coefficient. As the viscosity of the resin is a required 
and generally known parameter, a correlation be- 
tween the diffusion coefficient of molecules in the - +a 

medium and the rheology is extremely valuable. One .~ 
can modify the Doolittle equation (Equation 7) by 
noting that the diffusion coefficient is inversely pro- 
portional to the frictional resistance in accordance 
with molecular friction-theory [25], that is diffusion .c__. 
and viscous flow will be governed by the same fric- ~_ 
tional constant. In a very crude approximation one i5 
may say that this is proportional to the viscosity of the 
medium so that 

- Bd 
D = Do exp (~-~-~-) (8) 
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Figure 7 Free-volume theory applied to: A the viscosity and ([~) the 
diffusion data. 

The pre-exponential constant is a parameter that de- 
pends on the size and shape of the penetrant molecule. 
The parameter Ba can be interpreted as the efficiency 
of the use of the available free volume in the diffusion 
process [26]. 

It is interesting to compare the in(viscosity) and 
diffusion-coefficient versus lIT graphs. To make this 
comparison quantitative the temperature dependence 
is often expressed in terms of an activation energy. If 
the WLF equation (Equation 4) is used, it can be seen 
that the activation energy for viscous flow can be 
represented by 

Rgd(ln aT) 
AEn - d(1/T) (9) 

Therefore, differentiating the generalized form of the 
WLF equation gives 

2.303RGC1C2 T2 
AEn = ( C  2 -~- T -- To) 2 (10) 

It is apparent that the activation energy for viscous 
flow is not a function of (T - To) alone, and thus it is 
not surprising that although there is a universal at- 
function there is no universal AE. As one cannot 
compare "activation energies", apart from at a specific 
temperature (comparison with experimental data is 
difficult with the need to draw tangents to the curve), it 
is more useful to consider Doolittle's equations (Equa- 
tions 7 and 8) for the viscous and the diffusion process 
directly. Fig. 7 shows the application of the Doolittle 
equation for viscosity and the modified form for the 
diffusion coefficient with the experimental data. The 
coefficients Bd and B n are both unity within experi- 
mental error. The ratio of the Doolittle coefficients 
Ba and B n is therefore also unity, implying that the 
efficiencies in utilising the free volume by a mass- 
transport process relative to momentum transfer are 
similar. This is interesting in that one would expect 
that a small molecule, such as nitrogen, would diffuse 
much faster in a resin than the diffusion of a resin 
molecule required for viscous flow. This implies that 
the temperature dependence of the diffusion process is 
characterized by the mutual action between molecules 
of the resin and not of that between the dissolved 
nitrogen and the resin. 

This interesting result can be considered in molecu- 
lar terms. If the solute molecule is larger than the 
solvent then the motion of the solute cannot be de- 
scribed in terms of vibrations about an equilibrium 
position and displacements of the latter, instead, it 
must be described by Brownian motion. In this case it 
is clear that there will be a relationship between the 
viscosity and the diffusion coefficient of the solute. If 
the solute molecule is of comparable size to the solvent 
it will diffuse at the same rate as the solvent since the 
diffusive transport is completed only by the jumping 
of a neighbouring solvent molecule into the remaining 
void. This does not imply that a nitrogen molecule is 
of a comparable molecular size to a resin molecule. 
A semi quantitative argument states that polymers do 
not flow as single rigid units. Instead, small segments 
jump from one equilibrium position to another. The 
effective activation energy for diffusion is therefore not 
only a consequence of the transition of the diffusant to 
a new equilibrium position but also the motion of the 
resin into the initial position, that is the effective 
activation energy for diffusion must refer to the whole 
complex of particles participating in the transition, 
which for dilute solutions, as in the case of permanent 
gases in polymers, cannot markedly differ from that  
governing viscous flow. Hence, there will be closer 
relationship for low penetrant concentrations and 
large-size penetrants between the diffusion coefficient 
and the bulk viscosity. 

8. C o n c l u s i o n s  
It has been shown that the rate of diffusion of nitrogen 
gas in an epoxy resin is directly related to the viscosity 
of the resin, over the range of temperatures relevant to 
most practical composite processing operations. 

This relationship is extremely fortuitous, since the 
gas diffusion coefficient in the resin is a necessary and 
more easily interpreted, but not readily available, 
parameter for prediction of bubble growth and col- 
lapse processes. It should also be applicable for any 
gas/resin system where the free volume is not signifi- 
cantly disturbed by the penetrating molecule, that is, 
at low penetrant concentrations. If the temperature 
dependence of the viscosity is known, Tg can be cal- 
culated and for this system it was found to agree 
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relationship for epoxy prepolymers; that is, if the 
molecular weight of the resin is known then the 
temperature dependence of the viscosity can be pre- 
dicted. Thus a knowledge of the viscosity of the 
resin and application of free-volume theory enables 
calculation of the temperature dependence of the dif- 
fusion coefficient for any temperature in the process- 
ing cycl e . 

The gas diffusion coefficient should also be predict- 
able in a curing system where the viscosity is initially 
decreased by raising the temperature and then dra- 
matically increases due to the cross-linking reaction. It 
will then be possible to determine the point at which 
the bubble is effectively "frozen" into the laminate and 
so to place limits on the time required to eliminate 
bubbles in the curing cycle. It must be remembered 
that the diffusion coefficient can only be as accurate as 
the model that predicts the viscosity; that is, if free 
volume theory applies over a limited temperature 
range in the processing cycle then this will also be the 
limit of the calculated diffusion coefficient. At higher 
temperatures the relationship between the viscosity 
and the diffusion coefficient may still prevail but the 
chemical structure of the polymer will play an increas- 
ingly important role in comparison to the non-specific 
vitrification phenomenon; that is, the viscosity can no 
longer be considered to be temperature dependent due 
to free-volume considerations alone. In this system, 
free-volume theory was found to be applicable over 
a wide temperature range above the calculated and 
predicted glass-transition temperature of the resin, 
that is, in a curing system, gelation of the resin will 
intervene before the free-volume theory breaks down 
for most processing options. 
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