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SUMMARY: Most critical processing step during long fiber reinforced epoxy matrix 

composite laminate manufacturing is the polymerization stage. If not optimized, it gives 

birth to defects in the bulk material, such as voids. These defects are considered as possible 

sources of damage in the composite parts. The aim of this work is to model the evolution of 

void growth in thermoset composite laminates after ply collation (autoclave processes) or 

resin impregnation (RTM, LCM process).  A coupled mechanical and diffusion model is 

presented to better predict the final void size at the end of polymerization. Amongst the 

parameter investigated, onset of pressure application and diffusive species concentration 

where found to have a major effect on void size evolution during curing process. 

 
KEYWORDS: A. Laminate; B. Porosity/Voids; C. Modelling; Autoclave processing.  
 
 
1) Introduction 
 
Nowadays, prepreg thermosetting materials are frequently used to manufacture high 

performance structural parts in industrial aeronautic field, as they are stronger, lighter and 

less corrosive when compared to metallic materials. Prepreg tape lay-up, followed by post 
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lay-up consolidation and autoclave curing, is the conventional process to manufacture the 

thick carbon/epoxy laminates for heavily loaded structural parts. In the literature, several 

research works attempt to determine optimized curing cycles with respect to mechanical 

properties of the post cured materials [1-7]. It is clearly stated that for each prepreg and part 

geometry, there is a specific curing cycle according to the very complex relationship 

between materials and processing. One important factor that has to be taken into account 

during curing is the void formation and/or evolution. As a matter of fact, the negative 

impact of voids on laminates has been largely studied, and it has been shown that voids can 

promote damages, crack initiation and propagation [8]. Indeed, these defects generate 

important mechanical property decreases like interlaminar shear stress, flexural and tensile 

strengths, and modulus of elasticity [1-5, 8, 9-11]. Therefore, it is mandatory to minimize 

the occurrence and growth of these porosities in composite laminates, phenomenon that can 

be directly linked to manufacturing process. 

Several authors have reported the influence of the manufacturing process on void content: 

for Resin Transfert Molding [12-17] (RTM), Sheet Moulding Compound (SMC) [18-20], 

or autoclave [21-23] processes. 

Whatever the process, heterogeneous nucleation and moving gaseous species diffusion , 

like water molecules, at curing temperature may favour void creation [24-27]. This happens 

if the semi-product has absorbed humidity during the storage, cutting or perform lay-up 

step or after poor resin degassing.  

Issues stated above were scientifically investigated by Kardos and al. [26] and A.C. Loos 

and al. [7] in order to define an automated procedure for curing temperature and pressure 

profile optimization.  
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In spite of results gained by these studies, it is always difficult to produce thick void-free 

laminates manufactured from third generation thermosetting prepregs. At the beginning, 

when composite materials were introduced, viscosity of first generation resin was lower 

and excess of polymer was washed out and absorbed by a glass bleeder during the curing 

step thanks to the vacuum and hydrostatic pressure. As a consequence volatiles previously 

mixed with resin, solvents or absorbed water, were also driven out with the excess of resin. 

But today, in order to improve mechanical properties of laminates, thermosetting polymers 

are mixed with other constituents, like thermoplastics to enhance impact resistance, 

increasing resin viscosity and reducing considerably flow and gas motion possibilities 

inside the structure. Moreover, the very complex geometry of recent aeronautical parts, 

with integrated stiffeners, large thicknesses and tapered plies, limits gas evacuation 

possibilities. Thus, in order to decrease the void content, it is important to investigate the 

link between void behaviour and curing conditions, not only with a diffusion approach, but 

also from a mechanical point of view.  

In a first step, this work addresses the time-temperature resin viscosity modelling in order 

to be able to introduce a mechanical description of voids behaviour during curing step. In 

the same time, diffusion model developed by Wood [25] is improved by taking into account 

the thermodynamical and the chemical aspect of water transfer. Then, mechanical and 

diffusion models are coupled to obtain a more accurate void size prediction along the 

temperature and pressure cycle applied during the polymerisation. Results are discussed 

and compared with experimental data published in literature and with the ones given by 

Kardos’ models and the ones calculated from Wood model. 
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2) Curing kinetic and rheology parameter identification of third 
generation epoxy resin system  
 
Rheological properties of new resin generation are particularly difficult to control during 

processing due to their important change in viscosity. Three parameters, resin flow, 

temperature and time are governing this property. Amongst them resin flow is neglected 

because of the very slow velocity of polymer flow during cycle duration. Temperature 

activates the crosslinking and influences the speed of the exothermic phenomenon, and 

time is introduced in the chemical reaction kinetics. In order to insure a final fiber/matrix 

weight ratio thermoset resin curing kinetics and chemorheological models must be studied 

carefully. This is mandatory to certify the final polymer crosslink ratio in order to get 

optimized mechanical properties. 

Numerous models are summarized in literature [28], and methodology applied in the 

following is based on Ivankovic [29] work.  

In the first step, the cure kinetics is based on an autocatalytic modified Kamal and Sourour 

model [30]: 

 

( )( ) 21
max21

nnkk
dt
d αααα −−=  with ��

�

�
��
�

�
−=

TR
E

kk
b

ai
ioi exp  (1) 

 
where (αmax) the maximum crosslink ratio linearly dependent with temperature T. An 

inverse numerical method based on isothermal Dynamical Scanning Calorimetry (DSC) 

tests allows the determination of coefficients k1, k2, n1 and n2. 

Calculated results confirm that the overall reaction order (n1+n2) is 2 (see table 1). 

 

In the second step, rheology is modeled with a combination of Williams-Landel-Ferry 

(WLF) [31] equation and Castro and Macosko [32] conversion term, as following:  
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Where Tg0 the uncured resin glass-transition temperature, ηg viscosity at gelation generally 

assumed to be 1012 Pa.s, αg crosslinking ratio at gelation C1, C2, a, model parameters. 

Isothermal and non-isothermal rheological tests were performed to identify these 

parameters (see table 1). 

Model validity in non-isothermal conditions was verified with a dedicated rheological test 

close to the supplier recommended temperature curing cycle (fig. 1). The rheological test is 

stopped when resin viscosity exceeds 106 Pa.s, corresponding to the solidification of 3D 

macromolecular resin network. 

As shown in fig. 1, there is a good agreement between experimental data and model 

prediction.  

 
3) Visco-mechanical based void growth model  
 
Several parameters are responsible for the mechanical growth of a gas bubble in a 

thermoset polymer matrix:  

• autoclave and void gas pressure difference, respectively pimp and pg,  

• gas temperature (T) variation, 

• cure cycle resin viscosity variation  

In order to model the void size variation in laminates during the curing step, some 

assumptions are introduced to define the visco-mechanical model. 

a) First of all, fiber effects are neglected. Gas bubble is assumed to be only in contact 

with resin (fig. 2(a)). This assumption is partially validated by optical observation on 

representative samples (fig. 2(b)). 
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b) Void and the thermoset resin are non-miscible. Therefore diffusion phenomena of 

gas molecules in the resin are not yet taken into account.  

c) Void is a sphere with radius Rp.  

d) Gas in the void is assumed to be a perfect gas.  

d) Thermoset resin is incompressible and Newtonian.  

e) Inertia and mass effects are negligible compared to viscous effects and stresses due to 

gas pressure. 

f) For each time step, gas and resin temperature are assumed to be equal to the imposed 

one. 

 

Because of the similarity between void growth and polymer foaming process, a polymer 

foaming cellular model (partially developed by Amon [33]) was adapted in order to 

investigate the void growth in viscous medium. 

Expressing void gas pressure according to the perfect gas law and initial conditions (p0, T0), 

and taking into account all the previous assumptions, void radius variation ( pR� ) can be 

expressed with following differential equation (for more details see [34]):  
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where �LV the surface tension. Model initial parameters (To, po and Ro ) are listed in table 2. 

 
Non-linear differential equation (3) was solved using RK4 implicit scheme implemented in 

Matlab® software. Model results are shown in fig. 3 for a typical autoclave process, 
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combining the temperature cycle used in paragraph 2 and a pressure cycle that increases 

from 0,1 to 7 bar as defined in fig. 3(a) 

Viscosity variation and void radius evolution are plotted in fig. 3(b). The latter can be 

divided in three stages: 

Stage 1: only the temperature increases, leading to the viscosity decrease. Void growth is 

due to gas expansion, following the perfect gas law.  

Stage 2: during hydrostatic pressure increased, void internal pressure increases in order to 

keep a mechanical equilibrium. As a consequence, void radius is reduced by 60%. 

Stage 3:  pressure is constant and viscosity increases exponentially at the end of the dwell 

time, due to thermoset resin crosslinking. Calculation is stopped when viscosity reaches 109 

Pa.s. During this stage void diameter is nearly constant and stabilised around 3 µm.  

 
This final void radius seems to be smaller than the experimental values detected by image 

analysis [35], as can be seen in fig. 4. As a matter of fact, most voids have an equivalent 

mean radius higher than 3 µm. However, this visco-mechanical model helps the 

understanding of the important role played by hydrostatic pressure aiming to reduce 

significantly the final void size.  

 
Influence of the diffusion phenomenon that was neglected in previous model will be 

studied separately in the next section.  

 
4) Gas diffusion controlled void growth model 

 
Basic model formulation 

Initial model formulation is based on Kardos and al [26] work assuming that a spherical gas 

bubble of initial radius R0 is trapped in viscous polymer resin. For model simplification, the 
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bubble is assumed to contain an air-water vapour mixture. Total pressure in the gas void 

(pg) can be calculated using two different approaches : first,  in adding air partial pressure 

(pair) and water vapour partial pressure (pH20) (equation 4), second with Laplace-Young 

relationship (equation 5) taking into account the externally applied hydrostatic pressure 

(pimp) and the surface tension forces for equilibrium stability .  

 
OHairg ppp 2+=  (4) 

p

LV
impg R

pp
γ2

=−  (5) 

 
�LV surface tension is assumed to be constant throughout the curing cycle with a value of 

0,05 Pa.m, classically taken in literature [26]. 

 

Chemical phenomenon describing bubble growth or shrinkage corresponds to the diffusion 

of mobile species (water molecules) across the bubble/resin interface, requiring a transfer 

of gaseous species from the bubble toward the resin or vice versa. In this work, water 

molecules are assumed to be the only diffusive species between resin and gas bubble. 

Changes in pressure and temperature can have pronounced effects on the solubility of the 

mobile species in the resin, or may affect directly the void expansion following the perfect 

gas law.  

 

For modelling purposes, the gas bubble radius Rp(t) is surrounded by a large volume of 

resin with initial and uniform dissolved gas concentration equal to C�. When temperature 

and pressure vary, diffusion occurs at the resin/bubble interface, modifying the gas 

concentration near the bubble wall, noted Csat.  
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Following Epstein and Plesset’s [36] and Wood [25] approaches, solution of Fick’s second 

law for this spherically symmetrical geometry at r = Rp leads to:  
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Where D the diffusion coefficient is assumed to be constant until the end of the curing 

cycle (this assumption will be discussed latter). In this work, diffusion is assumed to be 

isotropic. Nevertheless, as the bubble may be trapped between fibers, their proximity may 

induce anisotropic or orthotropic diffusion. As a consequence, bubble geometry may evolve 

from a spherical towards a cylindrical shape [37]. 

Bubble water mass evolution rate is determined by the outward gas flux at bubble surface, 

itself obtained from the Fick’s first law expressed at the bubble interface (r = Rp). 
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This mass evolution can also be calculated according to the perfect gas law as follows: 
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Where Mgas, the bubble gas molecular weight depending on gas composition that evolves 

with time.  

 

Improved model formulation 

Combining equations 5 to 8 results gives following non linear differential equation: 
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Compared to Kardos [24] and Wood’s work [25], no assumptions where made to simplify 

the resolution, and non isothermal and non isobar conditions as well as gas molecular 

weight variation and surface tension effects where taken into account. 

 

The molecular weight considered for pure water vapour and pure air are respectively 18.10-

3 kg.mol-1 and 28.10-3 kg.mol-1. Actual bubble gas molecular weight is updated using a 

linear combination based on their respective volume fraction.  

As a result, equation (9) is highly non-linear and numerical methods are required for radius 

variation calculation versus time. 

 

As void growth is a relatively slow process (with respect to autoclave type cycles), 

computation can be simplified in assuming that all parameters reach equilibrium for each 

time increment. 

 
Experimental model parameter determination 

 
Main input parameters, diffusivity D, gas concentration Csat and C� were experimentally 

determined as follow. Previously dried, prepreg samples were exposed to three levels of 

temperature (6°C, 20°C, 40°C) and humidity (60%, 80%, 90%), for a maximum duration of 

one month. Mass increase was regularly measured along this period, and has shown  a 

typical Fick behaviour. Diffusion coefficient that expresses the capacity for mobile 

molecules to move inside the resin is defined with a temperature dependent Arrhenius law:  
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Parameters Do, pre-exponential constant and Ea, diffusion activation energy per mole, were 

determined thanks to a linear regression of experimental data and are reported in table 3. 

This equation was assumed to be also valid at higher temperature (i.e. during  curing cycle).  

Resin water concentration, C, was estimated from environmental humidity ratio, � (%), of 

prepreg resin weight fraction, Wr and resin specific mass, �r following equation (11): 

 
( )

R

R
b

W
a

C
100

ρϕψ=  (11) 

 
The adjustment parameter � – that varies between 0 and 1- allows a differentiation between 

the water molecules chemically reacting with polymer following a hydrolyse reaction and 

those able to diffuse into the resin. Expression a(�)b is used to describe the solubility of 

water in resin, experimental values of parameters a and b are reported in table 3. 

Bulk resin water concentration can be expressed directly using the relationship (11), if air 

humidity ratio in contact with resin is known. This humidity ratio (��), corresponds to the 

environmental humidity ratio existing in the manufacturing, cutting and laid up workshops 

(classical value is 55 ± 5%). In the following a value of 60% was chosen and was 

considered to be constant all over the curing cycle. Water concentration close to the void 

interface is more complicated to model with respect to the variation of bubble gas humidity 

ratio, induced by water molecule diffusion from resin into void. Definition of gas relative 

humidity ratio (�) is given by the ratio of partial vapour pressure and saturated vapour 

pressure as shown in equation (12). Water vapour saturated pressure is related to 

temperature following Dupré Bertrand relation (13) which is a modified Clausius-

Clapeyron relationship [38].  
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( )'

02 Tp sat
OH  is the saturated water vapour pressure at reference temperature T’0, � and E� are 

two parameters used to adjust the evaporation enthalpy of water versus temperature 

increase. Table 3 summarises all parameter values used in the diffusion model. 

Water vapour partial pressure depends on water mole fraction in gaseous void mixture 

(xH2O) following Dalton relation: 

 
gOHOH pxp 22 =  (14) 

 
Gas concentration at bubble wall, Csat, (equation (15)), can now be expressed combining 

equation (5) and (11 to 14). First expression of Csat in equation (15) is valid as long as water 

partial pressure is lower than saturated water partial pressure. 
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Simulation results 

All previous equations were combined to get the final non-linear differential equation that 

is able to describe void size evolution along the curing cycle. It takes into account on one 

hand the external temperature and pressure imposed during the cycle, and on the other hand 
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the water molecule diffusion phenomenons through the void interface. A dedicated Matlab 

subroutine was developed to solve this equation using an implicit Euler scheme. Time step 

(�t = 10-3 s) was adapted to insure the stability of the computation.  

 

Model results are plotted in fig. 5 and compared to Wood and Kardos models.  

Temperature and curing cycles are the same as those imposed in the previous mechanical 

model. Three stages can be distinguished on fig. 5(c). During first stage, whatever the 

model, void radius grows rapidly due to the temperature effect on diffusion. This increase is 

related to the exponential variation of diffusion coefficient and to the decrease of Csat. As 

Kardos model does not take into account surface tension, void size predicted is more than 

two times higher.  

The high maximum values obtained with these three models are mainly related to the 

assumption on constant infinite concentration. From a physical point of view, validity of 

this approximation may be questionable and experimental tests are necessary to get a better 

evaluation for the relation between these parameters and temperature and pressure applied 

on the bubble. 

After the first stage, hydrostatic pressure is applied on resin, and void radius decreases 

more or less rapidly, depending on the considered model. The drop observed on Kardos 

results is related to perfect gas law with the assumption of a constant material quantity 

inside bubble during pressure application. Conversely, Wood’s model shows low sensitivity 

to pressure gap. Current model combines the advantages of these two previous models: 

limited initial void size increase followed by pressure sensitivity. Saturation concentration 

variations obtained from current model are plotted fig. 5(b). It can be seen that during first 

stage, this concentration decreases due to the diffusion toward the bubble, whereas after 
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pressure application, the increase of the concentration in the bubble reverses the 

phenomena and Csat increases towards values higher than Cinfini. As a consequence void size 

evolution due to concentration differences becomes negligible from the beginning of the 

stage 3. After the end of pressure application, void radius seems to be stabilized. Only 

current model predicts a low void reduction of about 20 %.  

 
5) Coupled visco-mechanical and gas diffusion void growth model  
 

The main goal of this improved and combined model is to add the viscosity and polymer 

crosslinking effects to the previous diffusion model and also to improve the role played by 

hydrostatic pressure. 

In this combined model gas pressure inside void is derived from equation (3) that can 

rewritten as followed 
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Equation (8) allows the calculation of gas mass evolution during a time step dt: 
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Using the diffusion model developed previously, this mass variation can be expressed using 

equation (18) (combination of equations (6), and first Fick’s law):  
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Relations used to calculate C� and D are the same as those used in diffusion model. 

Concerning Csat, only the partial vapour pressure calculation is modified using relationship 
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(16) in order to obtain the total gas pressure inside void. This last parameter is linked to the 

partial water vapour with the Dalton relation (14). 

 

Computation procedure for solving the above equations requires several steps. First, for a 

given time step, temperature and pressure imposed on system are updated. With these new 

values, resin viscosity is calculated using equation (1) and (2). Then, a first test is made to 

verify whether the limit value of 109 Pa.s for viscosity is reached or not. If it is the case, 

calculation is stopped. If not, diffusion coefficient D and water concentration near the 

bubble wall, Csat are determined thanks to equation (10) and modified equation (15). 

Afterwards void gas mass variation due to diffusion only is determined thanks to equation 

(18). Another loop stop is introduced in order to verify if the new gas mass inside void is 

positive. If this condition is not satisfied, time step has to be shorten. Else, molecular 

weight of gas Mgas and mole fraction of water in gaseous void mixture (xH2O) are updated 

too. Subsequently the new void radius is calculated using (17) relationship. This procedure 

is repeated until viscosity reaches the upper value, or until curing cycle is finished.  

Previous computation procedure was used for parametrical studies in order to identify the 

more influent parameters on void reduction. Seven selected cases where investigated (table 

4) and five of them are reported in fig. 6. The reference curve (shown with rhomb markers) 

is the coupled diffusion/mechanical model result obtained for the curing cycle of fig. 5(a). 

When compared with the only diffusion model (triangular marker or fig. 5(c)), visco-

mechanical phenomena reduce significantly (-30%) initial void growth (remind the 

logarithm scale of the curve). 

Next, three types of parameters have been investigated successively:  

• geometrical parameters, i.e. initial void size (5µm instead 10 µm, asterisk markers); 
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• polymerization cycle parameters, i.e. onset of pressure application (40 min (circle 

markers) instead 70 min, and 20min);  

• physico-chemical parameters, i.e. resin bulk diffusive species concentration (divided 

by 10, square markers), and diffusion coefficient divided by 10 (see table 4). 

Following general trends have been highlighted (Table 4). First, decreasing initial void size 

in optimizing the lay-up conditions has low effect on its final value. This is true as far as 

initial void size remains in the industrial best practice range. Second, onset of hydrostatic 

pressure application has a major effect in limiting diffusive species void growth: as can be 

seen in fig. 6 moving the pressure application from the middle of the first temperature 

gelation dwell towards its beginning divides the final void radius by a factor of 3 . This is 

enhanced if pressure is applied after only 20 min, where size is divided by a factor of 20. 

The earlier hydrostatic pressure is applied, the smaller is the void size increase. This could 

explain the industrial practice to apply the hydrostatic pressure since the beginning of 

curing cycle for these new generation resin systems. Lastly, the mastering of the resin bulk 

diffusive species concentration C� is the second important parameter affecting the void 

behaviour. As a matter of fact, dividing this concentration by a factor of 10 results in a 

other decrease of the final radius by a factor close to 15 ( simulation show a final void 

radius close to 0.3 mm, which is of the same order of magnitude as some voids observed by 

image analysis). Lastly a decrease of diffusion coefficient by a factor of 10 diminishes final 

void size by a factor of 3. 

In summary three parameters where found to have a major effect on void size evolution 

during curing: the onset of pressure application, the initial water concentration and the 

diffusion coefficient. Amongst them the two first may be easily mastered in industry. 

Newertheless, from a modelling point of view, future work is required to confirm the 
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importance of diffusive species concentration, especially in trying to compare experimental 

in-situ bubble growth measurements with numerical predictions.  

  

CONCLUSION 
 
In this paper, the effects of diffusion and visco-mechanical phenomena have been 

investigated with respect to void growth during autoclave curing cycle of a new generation 

resin system. Three types of void growth models were developed successively: the visco-

mechanical model, the gas diffusion controlled model, and the coupled visco-mechanical 

and diffusion model. After resin curing kinetics and rheological characterization, predicted 

results were obtained after the development of a computational numerical code. It was 

shown that diffusion is favoured by the increase in temperature that induces the growth of 

water gas bubble. Pressure application inverses the concentration gradient in diffusive 

species and marks the sudden shrinking of void radius until the system reaches a 

mechanical and diffusion state of equilibrium. Then, void volume is stabilized until the end 

of curing. It was also shown that the onset of pressure application, the diffusive species 

concentration as well as the diffusion coefficient are the three major parameters to have to 

be controlled in order to minimize the final void radius. Although if major focus was on the 

prepreg process, this coupled model may also be used for void size prediction during 

polymerization in other processes like RTM or SMC. 
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Symbol ko1 ko2 Ea1 Ea2 Tgo ηg n1 n2 αg αmax C1 C2 a 
Unit s-1 s-1 kJ/mol kJ/mol K Pa.s / / / / / / / 

Value 1528 1,6 59,4 26,3 235 1012 0,51 1,49 0,345 -3,8+0,0099 
T 29,9 30,0 2,1 

 

Table  1 Epoxy resin chemorheology model parameters  

 
 

Symbol �LV To po Ro 
Unit Pa.m °C Pa µm 
Value 0,05 30 10000 10 

Table 2   Model initial conditions 

 
Symbol Do Ea Wr �r � a b ( )02 Tp sat

OH  Tref � E� 

Unit m².s-1 kJ.mol-1 / kg.m-3 / / / Pa K J.K-

1.mol-1 J.mol-1 

Value 0,32 53,3 0,4 1280 0,9 2 10-4 1,7 3169 298 43,893 57073 
 

Table 3   Diffusion model parameter values 

 
 

Model type Ro (µm) 

Onset of 
pressure 
application 
(minutes) 

Initial water 
concentration 
C (kg/m3) 

Initial 
diffusion 
coefficient 
D (m²/s) 

Final void 
size (mm) 

Only diffusion 10 70 82,6 2,7 10-12 20 
Mechanical and 
diffusion 10 70 82,6 2,7 10-12 14 

Mechanical and 
diffusion 5 70 82,6 2,7 10-12 14 

Mechanical and 
diffusion 10 40 82,6 2,7 10-12 5 

Mechanical and 
diffusion 10 20 82,6 2,7 10-12 0,5 

Mechanical and 
diffusion 10 40 8,3 2,7 10-12 0,3 

Mechanical and 
diffusion 10 40 82,6 2,7 10-13 1,6 

Table 4   Parametrical study results on final void size 
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Fig. 1. Comparison between calculated and experimental rheological data 
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Fig. 2. (a) Schematic of the cellular model, (b) Micrography of representative void in 
composite sample. 
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Fig. 3. Void radius evolution according to temperature, pressure, resin viscosity and time. 

 

                   
 
 
 
Fig. 4. Experimental void size investigation: (a) micrography (voids are represented in 
green color) (b) equivalent radius mean size distribution 
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Fig. 5. Void radius calculated from Kardos [24], Wood [25] and current model 
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Fig. 6. Void radius versus time, temperature, pressure, resin viscosity and diffusive species 
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