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the gel point, after conditioning it at two different relative humidity levels,
50% and 95%. Subsequently, the porosity of the cured resin samples was
quantified through density measurements. Comparative analysis of the
microscopy images of cured samples and the predictions of both models
revealed an overestimation of the final void sizes by both models, with the
Kardos' model exhibiting a higher deviation. Additionally, a finite element
model was employed to investigate the conditions leading to void formation,
aiming to understand the factors influencing the porosity development and
properly set the process parameters during composite manufacturing.
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1 | INTRODUCTION

Epoxy resins find many applications, including paints
and coatings, adhesives, electronic materials, biomedical
systems, and matrices for fiber-reinforced composites due
to their high mechanical properties, adhesion strength,
thermal stability, and dielectric behavior."* Epoxy-based
composites can be processed through many technologies,
from liquid composite molding (LCM) processes to fila-
ment winding (FW) and autoclave or out-of-autoclave
(O0A) layup.”>™® Autoclave lamination, based on the use
of pre-impregnated unidirectional carbon fiber tapes (the
so-called prepregs), is the process adopted by the aero-
nautic industry for manufacturing high-performance
fiber-reinforced composite parts, with severe quality
requirements.” Prepreg materials containing epoxy resins
are sensitive to moisture absorption during storage and
lamination,'®'" which leads to the development of poros-
ity during the curing process of resin.>'> Multiple vac-
uum bagging (debulking) is usually applied in clean
room lamination to consolidate the laminate and remove
entrapped air, making the porosities arising from water
or other volatile compounds the main issue. To avoid or
limit this detrimental phenomenon responsible for prop-
erty reduction eventually leading to part rejection,"®° it
is possible to properly set the process parameters, mainly
pressure and temperature.”' >’

Several models are available in the literature for predict-
ing void growth, content, and size. The thermodynamic and
diffusion aspects of the stability of bubbles in liquid—gas
solutions were described in 1950 by Epstein and Plesset.”®
Amon and Denson® introduced a model to describe
the bubble growth during the foaming of polymeric
liquids, afterward modified by Arefmanesh et al.***' and
Roychowdhury et al.,** who applied the model to amor-
phous thermoplastic polymers. Kardos et al.>>** developed a
model to characterize the time-dependent void growth and
stability during the cure cycle of composite laminates, where
the liquid resin is subjected to pressure and temperature
changes of 100-150°C. This model was applied by Boey and
Lye'*** to predict the final void content in composites.
Wood and Bader® improved Epstein and Plesset's model by
including the effect of surface tension forces on void growth,
while Gu et al.”” improved Kardos' model by considering an
air-water vapor mixture void. However, it has been proven
that the difference in the minimum resin pressure required
to prevent void growth predicted by Kardos' and Gu's
models is almost negligible.® Ledru et al.* presented a
coupled visco-mechanical and diffusion model for void
growth prediction during composite curing. This model was
successfully applied by Wang et al.** to FW composites
along with a resin flow submodel for fiber volume fraction
modeling. Sul et al.*' studied the bubble formation and

growth phenomena in a polymeric resin when a vacuum is
applied. Anderson and Altan** proposed a model for void
content capable of predicting an asymptotic non-zero
value compared with Boey and Lye's model. de Parscau du
Plessix et al.** proposed the existence of a boundary layer
around the bubble with different diffusive properties to
explain the slowdown of water diffusion at the bubble inter-
face. More recently, Kermani et al.** developed a model for
bond-line porosity prediction in honeycomb core sandwich
structures. Dei Sommi et al.>> implemented a model to
evaluate the effect of process parameters on porosity devel-
opment in autoclave cured composites. However, all the
reported models are generally unable to predict the actual
void size and content and they neglect phenomena like void
transport and void coalescence.

In this work, the effect of initial water content absorbed
in the uncured resin and of hydrostatic resin pressure on
the porosity development in an epoxy resin used for high-
performance composites for aeronautical components has
been analyzed. The results of this study can be exploited to
properly set the process parameters during composite
manufacturing. Kardos et al.'s>* and Ledru et al.'s* models
have been compared to evaluate the void growth in neat
epoxy resin samples. Resin samples have been exposed to a
moist environment and then cured under different pres-
sures. The effect of moisture absorption and applied pres-
sure on porosity has been assessed through density and
optical microscopy measurements.

2 | EXPERIMENTAL

The epoxy resin analyzed in this work was CYCOM®
977-2 (Solvay). Its curing kinetics was studied by differ-
ential scanning calorimetry (DSC) using a Mettler Toledo
DSC 822 calorimeter with dynamic runs on uncured
resin from 25 to 300°C at 0.5, 0.75, 1, and 2°C/min in a
nitrogen atmosphere. The rheological analysis of the
resin was performed on a parallel plate (diameter
25 mm) rheometer (ARES, Rheometrics Scientific) in
dynamic mode at 1 Hz from 50 to 200°C at 0.5, 0.75,
1, and 2°C/min. For both analyses, three replicates were
performed at each heating rate.

Flat resin samples with a diameter of 50 mm and a
thickness of 2 mm were conditioned by exposure to rela-
tive humidity (RH) levels of 50% and 95% at a tempera-
ture of 25°C until saturation using a Binder KMF
115 climate chamber. RH = 50% represented the typical
RH content in clean rooms where lamination of compos-
ites for aeronautics is generally performed. A total of 95%
RH was adopted either as a reference or to simulate bad
storage and handling practices of prepregs. Then, the sam-
ples were cured in an oven (Carbolite LHT 6/120) inside a
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FIGURE 1
each experimental condition and (B) the model domain.

Sketch of (A) the adopted experimental setup for

proper custom-made tool with compressed air to simulate
the autoclave conditions. Three pressure levels (0.1, 0.2, and
0.5 MPa) were adopted. The curing conditions consisted of
a heating stage at 2°C/min up to 180°C and a dwell stage of
3h at 180°C, as recommended by the prepreg provider.
Cured samples were fractured, and the fracture surfaces
were analyzed under an optical microscope (Dino-Lite plus,
IDCP B.V.). The porosity of three samples for each condi-
tioning process was measured by density measurements
according to the ASTM D792 standard.* The adopted
experimental setup is represented in Figure 1A.

FlexPDE-8 Finite Element (FE) solver (PDE Solutions
Inc.) was used to solve the partial and ordinary differen-
tial equations for void growth, energy balance, mass
diffusion, and reaction kinetics.

3 | VOIDGROWTH MODELING

3.1 | Kardos' model

The need for a better understanding of porosity devel-
opment in high-performance composites dates back to
the ‘80s when Kardos et al.*>* developed a model for
void growth prediction in composite laminates based
on the assumption of spherical pure water voids in an
infinite isotropic medium with uniform temperature
and moisture concentration. Kardos's model assumed
that when the hydrostatic resin pressure is lower than
the water vapor pressure, water diffuses into preexist-
ing voids leading to void expansion. Void transport and
interaction, water desorption, and surface tension,
inertial, and viscous effects are neglected. It is possible
to determine the value of void radius r from the follow-
ing equation:

Ce—C
r=2x—>_"%y\/Dxt, (1)
Pg

where p, (kg/m?) is the water vapor density, D (m?/s) is
the diffusivity of water in the resin, ¢ (s) the time, C,, and
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Csat, both expressed in kg/ m?, are the water concentrations
in the bulk resin and at the void surface, respectively.

Co =1 X RH?, (2)

Cat=Cy X €T x P2, (3)

where ¢; (kg/m?) and c, (kg/m’) are two constants, RH
(%) is the relative humidity, T (K) is the absolute temper-
ature, and P (atm) is the hydrostatic resin pressure. The
dependence of D and p, on the temperature is expressed
by the following equations:

Ea

D =Dy x e &T, (4)
MH o) X P

Pg = RZ>< T ’ (5)

where D, (m?/s) is a pre-exponential constant, E, (J/mol)
is the activation energy for diffusion per mole,
R (J/(mol K)) is the universal gas constant, and Mpy,o
(kg/mol) is the water molecular weight.

The initial value of the void radius is assumed to be
zero by Kardos' model.** The condition for void growth
iS Cgat < Coo.

Since the study is focused on a resin undergoing to a
polymerization reaction, in this work, Kardos' model has
been coupled with the kinetic (Equations 6-8) and rheo-
logical models (Equation 9) of the curing resin and the
energy balance (Equation 10), to evaluate the change in
resin degree of reaction a (—) and viscosity # (Pa s) and
the temperature evolution during the exothermic reac-
tion of resin:

da
E:kl X (Amax — @)™ +ky X @™ X (Qmax — @)™, (6)
Omax =p+qx T, (7)
Epi
ki:koi Xe ’mT j=1,2, (8)
{7clx(rfrg0):| ><( s )A+B><a

=1y < e Gy +T—Tgo aga , (9)

JT T da
PrXCrXEZerW-FPrXAhrefXE, (10)

where m (—), n; (—), and n, (—) are reaction orders, k;
(s™Y) and k, (s 1) are kinetic constants, p (—) and g (K™ ")
are two fitting parameters, ko; (s~!) is a pre-exponential
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factor, Ey; (J/mol) is the apparent activation energy, 70
(Pas) is the viscosity of the unreacted resin at the
initial glass transition temperature Ty (K), ag (—) is
the degree of reaction at gel temperature, p, (kg/m>)
is the resin density, ¢, (J/(kg K)) is the resin specific
heat, k. (W/(m K)) is the resin thermal conductivity
in the through-the-thickness direction x (m), Ahyes
(J/kg) is the heat generated by the chemical reaction,
and A (-), B (-), G; (-), and G, (K) are other
parameters.

The model domain is sketched in Figure 1B. The
boundary and initial conditions refer to the curing condi-
tions of the samples, including forced air convection on
the upper side of the resin and the presence of the tool
on the bottom side.

3.2 | Ledru's model

After many attempts in the literature to improve Kardos'
model, as described above, Ledru et al.*® implemented a
void growth model that takes into account the effect of
gas expansion and water diffusion along with surface ten-
sion and viscosity change during resin curing. In this case,
water vapor partial pressure is considered (assumption of
air-water vapor mixture in the voids). The governing
equations of the model are as follows:

d[M
E[ ;:’asxpgas]3><R><Dx(cmcsat)xr
><(1+ d ) (11)
VaxDxt)’

axe®xp,

R 12
100 x wy ( )

Co =W X

axp; " (100 X Xi1,0 X Pgas

b
X , X X Pgas < P,
Coi e 4 100 x W, Psat ) H,0 gas sat
sat —

s

ax
Y X 100 Xp\;} X (IOO)b,tzo X Pgas ZPsat
T
(13)
4 y dr
Pos=P+—-X%x [ = xX— 1, 14
gas +V (2+’7 dl’) ( )
T ref % Ee o (;_L)
Py = Pef < ;’) xe' \'et 1) (15)

where My, (kg/mol) is the gas (air-water vapor mixture)
molecular weight, Pg,s (Pa) is the gas pressure, ¢ (%) is
the relative humidity, w, (—) is the resin weight fraction,
xm,0 (—) is the water mole fraction, y (N/m) is the surface

tension, Pg,, (Pa) is the saturated water vapor pressure,
Pl (Pa) is the saturated water vapor pressure at refer-
ence temperature Tyr (K), and v (=), a (=), b (—), p
(J/(molK)), and E. (J/mol) are other parameters. In this
case, as well the Ledru's model was associated with
Equations (6-10) to account for temperature gradients
and the effect of the degree of reaction and temperature
on viscosity. Surface tension was assumed constant. The
initial void radius for Ledru's model is assumed to be

10 pm.*’

4 | RESULTS AND DISCUSSION

The results of rheological and DSC analysis are shown in
Figure 2 for a heating rate of 2°C/min, the same indi-
cated in the technical datasheet and used in the FE
model. The fitting of experimental DSC and rheological
curves at four heating rates was performed according to
Equations (6-9),*>*” and the fitting parameters are also
reported in Figure 2.

In the adopted experimental set-up water desorption is
potentially allowed but it could be not sufficient to remove
completely the absorbed moisture. However, as discussed
below, the moisture concentration is high enough for the
development of voids. Moreover, although in an autoclave
curing cycle, the hydrostatic pressure in the resin is usually
lower than the gas pressure in the autoclave,” in this set-up
the hydrostatic resin pressure P is equal to the autoclave gas
pressure P, since there is no reinforcement or breather
and other auxiliary vacuum bagging materials. This assump-
tion was also adopted by some of the aforementioned
models, although applied to composite laminates,®***
while other models tried to account for the effect of rein-
forcement.”>**** Additionally, compared with neat resin, in
composite materials, the assumption of spherical voids is
unrealistic since the void nucleation is heterogeneous rather
than homogeneous being caused by the presence of
fibers.'>*! The possible nucleation effects of the fibers may
be ascribed to their lower surface energy compared with
the bulk matrix and their roughness and surface func-
tional groups. Therefore, fibers may provide favorable sites
for void formation and growth during the curing process
that can become trapped at the fiber-matrix interface.
Micro-computed tomography (micro-CT) has demon-
strated that porosities in composite laminates present elon-
gated shapes and are aligned to the fibers.”***° In the
present work, which is focused only on the neat resin in
the absence of the fibers, the assumption of homogenous
nucleation and spherical voids may still be acceptable.

The values of the input parameters of Kardos' and
Ledru’s models are listed in Table 1. The values for param-
eters ¢; and ¢, in Equations (2) and (3), respectively, were
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FIGURE 2
fitting parameters are reported below the experimental curve.

(A) Kinetic and (B) rheological modeling of differential scanning calorimetry and rheological analysis at 2°C/min. The

TABLE 1 Input parameters used in the void growth models.
¢ (kg/m?) c; (kg/m®) Dy** (m?/s) E,* (J/mol) My,o (kg/mol) w; (—)
2,03 x 1073 8.24 x 107! 4,61 x 1072 5.55 x 10* 1.80 x 1072 1.00
i (kg/m’) e (J/(kg K)) k>* (W/(m K)) Ahes” (J/kg) v () a” (-)
1.31 x 10° 1.10 x 10° 0.17 3.56 x 10° 0.90 2.00 x 107*
b* (-) 7’ (N/m) P (Pa) Trer (K) £ (3/(mol K)) E:* (J/mol)
1.70 0.05 3.17 x 10° 298 439 5.71 x 10*

determined through absorption tests on the resin.
Although water sorption in liquids should follow an ideal
behavior governed by Henry's law, Figure 3 shows an
upward curvature typical of a Flory-Huggins behavior.>
This could be the consequence of high chemical affinity to
the water of unreacted resin, which is rich in primary and
secondary amines and hydroxyls. This result is also consis-
tent with a power law fit as expected for pure resins.
Indeed, the exponent of the power law is 1.8, as reported
by Gillet et al.'*

The FE simulations were stopped at the gel point,
when resin becomes rubbery, and viscosity increases
enough to stop any possible resin flow and to prevent any
further void growth. As determined by rheological analy-
sis, the gel point for this resin heated at 2°C/min was
around 150 min, which was also the simulated time in
the FE model. The maximum values of void radius pre-
dicted by Kardos' (r¢) and Ledru's (r;) models, the actual
void radius, and the porosity measured by density mea-
surements are listed in Table 2. The values of the pre-
dicted void radius and measured porosity as a function of

moisture exposure level and applied pressure are repre-
sented in Figure 4A,B, respectively. As expected, the void
radius and the actual porosity decrease when a higher
pressure is applied, or the samples are exposed to a less
moist environment. The trend of porosity is the same
observed by Gu et al.,>” who studied the effects of pres-
sure on the porosity of cured epoxy and bismaleimide
resins after conditioning at 50 and 90 %RH. However, the
void growth models, when they are applied to neat resin,
produce very large pore sizes (except for Ledru's model at
RH =50% and P, =0.5MPa, which predicts no
growth), failing to predict the actual void dimension. The
micrographs of the cured resin samples are reported in
Figure 5. It is worth noting that the mean value of the
actual void size is of the same order of magnitude for all
conditions. This could be explained by void transport and
coalescence phenomena not considered in these models.
Voids coalescence is likely to occur when low pressure
and high RH exposure are used, as shown in Figure 5. It
must be noted that water vapor pressure upon heating at
2°C/min becomes higher than 0.1, 0.2, and 0.5 MPa at
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T =100, 120, and 150°C, respectively. Therefore, the
kinetic of void nucleation must play a role considering
the very low amount of porosity found when 0.5 MPa is

®  experimental data
power law fit

0.8

Solubility (%)

0.4 4

0.2 4
0.0 —7 71 T > T T T T " T 1
0 10 20 30 40 50 60 70 80 90 100
RH (%)
FIGURE 3 Moisture content as a function of relative humidity

with power law fit.

used. Furthermore, the available models assume that pre-
existing voids increase their size, a hypothesis not always
reasonable, such as in the neat resin samples here consid-
ered, but also in composite laminates after proper
debulking cycles. Note that even the highest pressure
used in an autoclave, that is, 0.8 MPa, is lower than water
vapor pressure when a curing temperature of 180°C is
required, confirming that low porosity composites can be
obtained even if the thermodynamic condition for void
nucleation and growth is satisfied.

Figure 6 shows the time dependence of the ratio r/r; of
void radius to the initial radius as predicted by the models
at the tool side of resin samples along with resin viscosity
and autoclave temperature. Both Kardos' and Ledru's
models overestimated the void growth, but the latter is
more effective since its results are of the same order of
magnitude as Roychowdhury et al.'s,**> who evaluated the
moisture or other volatile-induced void formation in ther-
moplastic polymers as a function of several parameters,
including applied pressure. Compared with Kardos'
model, Ledru's model is more complete because it
includes the effects of resin surface tension and viscosity.

RH (%) P, (MPa) o (iral) renm) o (o) Porosity (%) TABLE 2 Predicted void radius by
Kardos' (1) and Ledru's (r;) models,
50 0.1 205 24.0 0.29 +0.11 27.26 + 3.4 measured void radius (r,), and porosity.
0.2 99.9 14.0 0.27 £ 0.11 4.39 £ 0.70
0.5 6.46 741 x 1073 0.20 + 0.15 0.21 + 0.03
95 0.1 1010 68.1 0.62 + 0.23 32.11 + 4.0
0.2 491 38.7 0.36 + 0.08 11.37 + 1.9
0.5 154 15.5 0.29 + 0.13 0.29 + 0.04
Abbreviation: RH, relative humidity.
(A) B)
1.0 [ ] —m— Kardos' model, RH = 50% 354 —a—RH = 50%
\ —e— Ledru's model, RH = 50% 1 B _ 950;
= —m— Kardos' model, RH = 95% | —= 30 _——
0s N —e— Ledru's model, RH = 95% 1
| u
25+
E
;; 0.4 - ;\‘; 20 4
.2 1 =
5 z
& 03 g 154
= S
-
:g 024 = 10 H
4 [ | 1
\ .
.14
0 . I\\\ 1
1 o T T 01
S, e
0.0 T T T ? N T T T ! ’ T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
Pressure (MPa) Pressure (MPa)
FIGURE 4 (A) Predicted void radius and (B) measured porosity as a function of moisture exposure level and applied pressure. RH,

relative humidity.
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FIGURE 5 Micrographs of P,,=0.2MPa P,=0.5MPa

cured resin samples
(magnification 25x) at three
pressure levels (0.1, 0.2, and
0.5 MPa) after conditioning at
two relative humidity

(RH) levels (50% and 95%).
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Viscosity change, in particular, leads to a plateau in r/r, as
the resin approaches gelation, as expected.

The adopted conditions are likely to be the same in
autoclave curing cycles of composite laminates where the
hydrostatic resin pressure is lower than the autoclave
pressure because of the presence of the reinforcement
and vacuum bagging auxiliary materials.>* Therefore, the
actual hydrostatic resin pressure can be calculated based
on the consolidation behavior of the selected reinforce-
ment, as proved in previous work,? where a multiphysic
model able to predict the potential conditions for porosity
development in composite materials was developed.

The overestimation of void size and porosity can be
attributed to Kardos' and Ledru's assumption of constant
moisture concentration, neglecting water desorption
through the breather during the curing cycle. The pro-
posed model*® only predicts the conditions leading to a
resin pressure lower than water vapor pressure. However,
this model can be also applied to calculate the time inter-
vals At (s) in the curing cycle during which the condi-
tions leading to potential void growth are satisfied.
Figure 7A and Table 3 report these time intervals. Aty
and At, are the time intervals during which water vapor
pressure is higher than resin pressure until viscosity is
lower than 100 and 1000 Pa s, respectively, which are
commonly used for indicating the practical occurrence of

TABLE 3 Time intervals for the potential development of . . . o s
4 P P gelation, that is, the impossibility of any flow under the
voids.
used pressure.
Pyye (MPa) At (min) At, (min) The results of the proposed model clearly evidence
0.1 73.3 78.3 (45) that the time interval at which the liquid resin is in con-
02 62.5 67.5 (+5) ditions favorable to void growth decreases as resin pres-
0.5 161 511(+5) sure increases. This outcome agrees with the low porosity
contents achieved with increased resin pressure, as
0.8 29.4 344 (+5 . . . . .
(+5) shown in Table 2. However, void growth is still possible
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FIGURE 8 Time dependence of resin viscosity, gas temperature in autoclave, and water vapor pressure at the tool side of resin samples

with a Tgyen of (A) 150°C, (B) 160°C, and (C) 170°C.
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at high pressure due to the presence of residual moisture,
as determined by Fick's second law of diffusion® for a
sample conditioned at RH = 50% and 95% and cured
under vacuum (Figure 7B). However, the actual process
conditions in compressed moist air would restrict water
desorption. Even at 0.8 MPa, At; and Af, are around
30 min, so there is time for void growth until gelation.
Figure 7A shows that a resin pressure close to 1 MPa
would be required to completely prevent any potential
void growth when a curing temperature of 180°C is
required, but this is not feasible since 0.8 MPa is gener-
ally not exceeded in autoclaves. This confirms that the
proposed model of void growth needs to be combined
with a model of void nucleation, which is likely to be het-
erogeneous in composite laminates where fiber content is
between 50% and 65%.

The proposed model can be applied to modify the resin
cure cycle to limit the time intervals where there is a real
risk of void nucleation and growth. To this aim, a dwell
stage at different temperatures (T4wen) until resin gelation
has been simulated in the model (Equations 6-10) and its
effect on the water vapor pressure curve is reported in
Figure 8. Although the cure time is longer than in the
absence of the dwell stage, the water vapor pressure is
always less than 0.5, 0.6, and 0.8 MPa when adopting a
Tawen of 150, 160, and 170°C, respectively.

5 | CONCLUSION

In this study, the phenomenon of void formation in
curing epoxy resins was analyzed. Uncured epoxy resin
samples were conditioned at two moisture levels (50 %
RH and 95 %RH) and then cured under different pres-
sures (0.1, 0.2, and 0.5 MPa). Kardos' and Ledru's void
growth models were applied to estimate the void size at
the end of curing. The porosity, determined by density
measurements, and the predicted void radii decreased
when a higher pressure was applied. However, the
predicted radius values were higher than the actual void
sizes for both models. Ledru’'s model was more accurate
than Kardos' model as it considers the effects of resin
surface tension and viscosity. The overestimation of
void size was ascribed to Kardos' and Ledru's assumption
of constant moisture concentration, neglecting water
desorption during the curing cycle, and lacking a void
nucleation kinetic step, depending on an initial void size,
that is, an initial condition. A FE model including water
desorption was used to verify the conditions for void
formation, which could be applied to properly modify the
resin curing cycle to avoid or at least reduce porosity.
This study highlights the complexity of accurately
predicting void formation in epoxy resins and suggests

{
PROFESSIONALS  COMPOSITES

the need to further refine the existing models to account
for the dynamic interactions between resin chemistry,
processing conditions, and environmental factors. Addi-
tionally, compared with neat resin, in composite mate-
rials, the assumption of spherical voids is unrealistic due
to heterogeneous rather than homogeneous nucleation.
For these reasons, growth models and curing models
remain valid to define the minimum autoclave pressure
required to avoid the potential formation of porosity, on
the base of thermodynamic considerations.
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