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Experimental characterization of permeability 
and fibre wetting for liquid moulding 
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Liquid moulding processes are unique in that resin is infused into a dry fibre preform. 
Appropriate wet-out of the reinforcing fibres is thus a necessity for the achievement of good 
composite properties. For this class of manufacturing methods, both macroscopic flow, as 
related to Darcy's Law and characterized by permeability, and microscopic flow, as related to 
fibre wet-out, are important. The current research investigates factors affecting permeability 
and fibre wet-out as related to liquid moulding. Specifically, it is shown that fabric 
permeability is dependent on the type of test fluid used. Surface tension and contact angle 
measurements indicate that interactions at the microscopic level between fibre and test fluid 
account for these differences in permeability. The investigation illustrates the competing 
nature of macroscopic and microscopic flow in liquid moulding. 

1. Introduction 
Liquid moulding (LM) processes, most notably resin 
transfer moulding and structural reaction injection 
moulding, have become increasingly popular during 
the past fifteen years for the production of complex 
composite parts. Once used primarily by the commod- 
ities industry to make parts ranging from bath tubs 
[1] to computer terminal housings [2], these pro- 
cesses have evolved and are currently being invest- 
igated for use in the fabrication of structural parts for 
automobiles [3] and commercial and military aircraft 
[4]. This LM evolution has come about, in part, due 
to the composites industry's desire to lessen part 
cost while still meeting prescribed performance 
requirements. 

In its most basic form, LM is a two-step process: 
fibre preforming followed by resin infusion and cure. 
In the first stage, reinforcing fibres are arranged and 
combined (possibly with cores and inserts) into a skel- 
eton of the actual part in order to satisfy microstruc- 
tural and geometric requirements. The preform is then 
loaded into the mould and the mould is closed. The 
second phase of the process involves the transfer of 
resin from holding tanks into the mould. During the 
infusion process, the resin flows through the preform, 
"wets-out" the individual fibre bundles, and polymer- 
izes. Once the composite develops sufficient dimen- 
sional stability, it may be removed from the mould 
and post-cured (if needed) to complete the crosslink- 
ing reaction. A schematic of this process is shown 
in Fig. 1. 

With this class of manufacturing techniques, the 
formation of a high-performance, low-void-content 
composite is dependent on both the infusion of resin 
into the preform and the development of good ad- 
hesion between the resin and the fibres. The infusion 
stage is complicated by the fact that resin flow actually 
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occurs at two distinct scales in the preform: the macro- 
scopic flow of resin through the preform and the 
microscopic wet-out of individual fibres that make up 
the preform [5]. Similarly, the mechanisms of ad- 
hesion are complex and synergistic in nature, depend- 
ing largely on the chemical composition of the resin 
and the fibre, including any sizing that may be used to 
enhance bonding. However, it is a well-established fact 
in polymer composites that wetting of the fibre surface 
by the resin is a prerequisite for good adhesion due to 
the short-range nature of intermolecular forces [6]. In 
this study, we investigate aspects of both permeability 
and fibre wetting as related to the fabrics and preforms 
used in RTM. 

2. Background 
Mould filling in LM I-7, 8] is typically described by the 
two-dimensional form of Darcy's Law 

rleff \Ky ~ Kyr ~/ (1) 

where ~7 and f are the gap-wise averaged velocities, 
qeff is the effective viscosity of the fluid, K u is the 
permeability tensor, and P is the pressure. Thus, the 
progression of the flow front depends on a number of 
factors such as the fluid characteristics (viscosity and 
reaction kinetics) and the processing conditions 
(mould temperature and injection pressure or flow 
rate), but it is also a function of the part geometry (size 
and shape) and the mould design (inlet and vent loca- 
tions). While these issues dictate how the resin is 
introduced into the mould cavity, the rheological be- 
havior of the resin, and the rate of resin infusion into 
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Figure 1 Schematic of liquid moulding process. 
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the preform, the flow of resin from the injection point 
is primarily dependent on the permeability of the 
preform. Here, permeability may be defined as 
a measure of the ease with which the resin flows 
through the reinforcement, and hence it reflects the 
influence of the preform's microstructure on the pro- 
cessing of RTM parts. 

In composites processing, a variety of theoretical 
models, both analytical [9-11] and numerical 
[12-14], have been proposed to predict permeability 
as a function of structure. While these models work 
well for predicting the resistance to flow through 
idealized particle and fibre (i.e. perfectly aligned cylin- 
ders) beds, there are considerable discrepancies be- 
tween the model predictions and experimental data 
for flow through real fibre beds (i.e. fabrics typically 
used in RTM). These discrepancies are due to the 
non-uniformities associated with fibre packing, bundle 
size, fibre alignment, and fibre volume fraction 
[15, 16]. Until more accurate models are developed 
that take into account the stochastic nature of these 
materials, fabric permeabilities must be determined 
experimentally. 

3. Previous work 
Previous experimental studies of fabric permeability 
have used idealized, Newtonian fluids such as corn 
syrup [17], silicone oil [18], corn oil [19], tap water 
[20], and DOP (diphenyloctylphthalate) oil [21]. 
Adams et al. [-22] were perhaps the first investigators 
to use an actual resin system (Epon VM828 epoxy) 
when they measured the in-plane permeabilities of 
woven fabrics with PET (polyethyleneterephthalate), 
polypropylene, and nylon fibres. However, these rein- 
forcing fibres are seldom, if ever, used in LM. For the 
fibres and resin systems used in LM, mere physical 
infusion of the preform by the injected resin does not 
ensure that sufficient wetting has been achieved. The 
resin must not only fill the gaps between the yarn 
bundles but also penetrate into the fibres that consti- 
tute the yarn bundles. The thermodynamics of wetting 
is largely dependent on the effect of the sizing/binder 
used on the reinforcement as well as on the inter- 
action between fibre and matrix systems during micro- 
scopic flow. It follows from thermodynamic criteria 
that the surface - and hence the interphase region 
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formed will seek the minimization of energy, causing 
the constituent systems with the lowest surface tension 
to concentrate in the interphasial region. Since 
sizings/binders are usually soluble in the resin, the 
chemical composition of the resin may also change 
during infusion, in addition to gel-induced changes. 
Thus, it is important that an investigation of permeab- 
ility be done using the actual fibre and resin systems 
used in LM in order to more closely approximate the 
actual LM processing conditions. 

4. Experimental technique 
To obtain the principal in-plane permeabilities of vari- 
ous fabrics, radial flow experiments were conducted 
by injecting the test fluid into a flat plaque mould and 
measuring the pressure at the inlet and in both prin- 
cipal directions of the fabric. The mould used consis- 
ted of two 25.4-mm thick acrylic face sheets separated 
by a 3.175-mm aluminum spacer plate with 254 x 254- 
mm cavity dimensions. Pressures opposite the inlet 
and in each of the principal directions were measured 
by transducers mounted in the bottom acrylic plate. 
A predetermined number of fabric layers, with a pre- 
cut hole in the centre that was aligned with the inlet, 
were placed within the spacer plates and between the 
acrylic face sheets. The pre-cut hole was employed to 
ensure an even pressure distribution and minimize the 
influence of the through-thickness permeability, K33, 
on the measurement of in-plane permeabilities. The 
entire setup was bolted together and inspected to 
ensure that the desired preform compaction was 
achieved. A hydraulic pump connected to a piston/ 
cylinder apparatus (constant flow rate injection) was 
employed to meter the fluid into the mould cavity at 
a rate of 16.2 cm3s -1. This flow rate is typical of 
industrial rates used to fill tools but is still within the 
range of creeping flows where Darcy's Law is valid. 
Pressures were sampled five times per second through 
the use of a Macintosh SE30 computer with an Analog 
Connection Quick Log data acquisition program. The 
test was stopped once the fluid touched a mould wall 
to ensure against the effects of channelling and pres- 
sure buildup. In addition, flow visualization allowed 
the principal directions of the fabrics to be identified. 
This is extremely valuable, as the principal in-plane 
permeability directions do not necessarily coincide 
with the fibre directions, as recently noted by Parnas 
[23]. The entire experimental setup is shown in Fig. 2. 

In the initial portion of this study, an actual LM 
resin (Derakane TM411-C50 vinyl ester) was used as the 
permeant. This fluid was characterized with a digital 
viscometer at room temperature over a range of shear 
rates from 1 to 20 s 1. The resin displayed Newtonian 
behaviour over this range of shear rates, and its viscos- 
ity was determined to be 135 mPas. 

A variety of E-glass fabrics representative of those 
commonly used in LM were selected for testing: con- 
tinuous strand mat, biaxial (00/90 ~ knitted fabric, 
biaxial knitted fabric plus a layer of chopped strand 
mat (0~176 bias biaxial ( _+ 45 ~ knitted fabric, and 
unidirectional woven fabric. The structural character- 
istics of these fabrics are provided in Table I [24, 25]. 



Each of the fabrics tested in this study could be 
compressed to various extents to alter the porosity. 
For instance, in these experiments the porosity of the 
continuous strand mat  ranged from 71.8% (28.2% 
fibre volume fraction or five layers of fabric within the 
3.175-mm thick mould cavity) to 83.1% (16.9% fibre 
volume fraction or three layers of fabric within the 
same mould cavity). The ranges chosen for each fabric 
are a function of the minimum fibre volume fraction 
that can be used while avoiding gross fibre movement  
(i.e. rearrangement of the fibres within the preform 
caused by the pressure of the infusing resin) and resin 
channelling (fluid flow between the layers of the pre- 
form due to insufficient compaction), and the max- 
imum fibre compaction that can be achieved prior to 
deflection of the acrylic mould. 

5. D a t a  r e d u c t i o n  
Permeabilities were determined using the data reduc- 
tion scheme proposed by Bruschke [26], wherein the 
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Figure 2 Schematic of the permeability apparatus. 

continuity equation for incompressible flow 

~u ~v 
- -  + - 0 (2) 
6x 6y 

is combined with the superficial velocities in the prin- 
cipal directions 

and 

K11 6P 
u = (3a) 

q 6x 

K22 8P 
v - (3b) 

r 1 8y 

to obtain 

K l l ~ x \ - ~ x ]  + K226y\r16y j = 0 (4) 

This equation was mapped into a circular domain by 
a simple co-ordinate transformation and then solved 
for the pressure as a function of the flow front location 
and time. By transforming this equation back to the 
original domain, an expression (Equation 5) 

P (x, y) = 4~h (K 11 K22) 1/2 ~3 In 

1 ( x  2 y2"] 

x (K**K2a),/2 t + \ g l l  q- K22,] 

• + (5) 

for the pressure, P, at any point (x, y) in the mould was 
determined. In this expression, Q is the volumetric 
flow rate, h is the mould thickness, t is the time, and Xo 
and Yo are the size of the pre-cut hole. This equation 
is valid only for Newtonian fluids, although Bruschke 
[-26] does derive a similar relation for power-law 
fluids. 

To calculate permeabilities, Equation 5 is applied at 
the locations of the pressure transducers and fit to the 

TABLE I Structural characteristics of the fabrics tested [-24, 25] 

Fabric Fabric Warp 
supplier architecture wt % 
and type 

EPP 
Weft Stitching Overall 
wt % EPP thread CPI b fabric wt. 

wt % (gm 2) 

Hexcel Biaxial 54 6.0 
CD180 0~ ~ 

knit 

Hexcel Biaxial knit 36 6.0 
CDM1808 plus mat 

(0~176 

Hexcel Biaxial 47 9.9 
DB170 _+ 45 ~ 

knit 

Hexcel Unidirectional 96 10.0 
A130 woven 

Certain T e e d  Continuous Not 
U816 strand mat applicable 

42 11.0 4 7 686 

35 10.9 1 7 912 

47 9.9 5 6 595 

4 1.0 Not 438 
applicable 

Not Not 450 
applicable applicable 

EPI = ends per inch. 
b CPI = courses per inch. 
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Figure 3 A typical set of pressure versus time curves from the radial 
flow permeability experiments. O inlet transducer; [] X transducer: 
S Y transducer. 

experimental pressure versus time curves using the 
permeabilities as fitting parameters. A typical pres- 
sure versus time curve is shown in Fig. 3. Finally, an 
iterative nonlinear curve fitting technique is used to 
obtain the best fit. 

TABLE II Permeability data for the continuous strand mat deter- 
mined with the vinyl ester resin 

Porosity (%) Kl l  ( x 10-9)(m 2) K22 ( x 10 -9) (m 2) 

71.8 4.63 • 0.71 5.20 _+ 0.98 
77.4 5.74 ,+ 0.62 6.37 _+ 0.22 
83.1 7.35 _+ 0.21 8.32 +_ 0.57 
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6. Fabric permeabi l i t ies  measured  
w i t h  a vinyl ester resin 

The principal in-plane permeabilities of the continu- 
ous strand mat are given in Table II and shown in 
Fig. 4 as a function of porosity. Although this material 
is generally considered to be isotropic in the plane of 
the fabric, the 2-direction permeability was consis- 
tently higher, on the order of 10%, than the 1-direc- 
tion permeability. Thus, the continuous strand mat 
does exhibit some anisotropy; however, with the stan- 
dard deviations given in Table II, no firm conclusions 
can be drawn with regard to this aspect. The scatter in 
this data may be attributed to local variations in the 
fibre architecture such as the fibre orientation, the 
fibre diameter, the number of fibres within a yarn 
bundle, etc. 

Fig. 5 demonstrates the influence of fabric com- 
pressibility on the in-plane permeabilities of the bi- 
axial (0~ ~ ) knitted fabric. As expected, this fabric 
exhibits a great deal of anisotropy (i.e. K l l  was m u c h  
greater than K22) over the range of porosities tested 
(Table III). This is a manifestation of the structural 
characteristics of this fabric, as 54% of the fabric 
weight comes from the 0 ~ fibres, while only 42% of the 
fabric weight comes from the 90 ~ fibres. As shown in 
Table I, the remainder, 4%, of the weight of the fabric 
represents the polyester stitching thread that holds the 
0 ~ and the 90 ~ yarn bundles together. 

The in-plane permeabilities of the biaxial bias 
( _+ 45 ~ knitted fabric determined with the vinyl ester 
resin are shown in Fig. 6. With this fabric, there was 
considerable scatter in the data (Table IV), especially 
at a porosity of 63.4%. This seems to be a manifesta- 
tion of the tendency of the biaxial bias knitted fabric to 
shear or alter its fibre orientation when load is applied 
in either of the principal directions such as during the 
loading of the preform into the mould cavity. Even 
with this scatter, a trend can be identified with regard 

Figure 4 In-plane permeabilities of continuous strand mat deter- 
mined with the vinyl ester resin. O Kl l ;  Q K22. 
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Figure 5 In-plane permeabilities of the biaxial (00/90 ~ knitted fab- 
ric determined with the vinyl ester resin. O KI~; �9 K2a. 

TABLE III  Permeability data for the biaxial (0~ ~ knitted 
fabric determined with the vinyl ester resin 

Porosity (%) Kl1( • 10-9)(mz) /~22( X 10 -9) (m 2) 

42.7 3.08 ,+ 0.43 1.04 _+ 0.05 
49.4 4.15 ,+ 0.12 1.54 ,+ 0.12 
57.8 5.50 +_ 0.21 2.26 + 0.06 

to the permeability of this fabric as a function of 
porosity. The 1-direction permeability was consis- 
tently higher than the 2-direction permeability. This 
may be attributed to the chain stitches that hold the 
+ 45 ~ and - 4 5  ~ fibres together and run down the 

length of the fabric in the 1-direction. In addition, 
increasing the porosity (or equivalently, decreasing the 
fibre volume fraction) led to an almost linear increase 
in both K l l  and K22. 
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Figure 6 In-plane permeabilities of the bias biaxial ( 4- 45 ~ knitted 
fabric determined with the vinyl ester resin. O KH;  �9 Ka2. 

T A B L E  IV Permeability data for the bias biaxial ( +_ 45 ~ knitted 
fabric determined with the vinyl ester resin 

Porosity (%) K l l ( x  t0 9)(m2) K22(x 10-9)(m z) 

41.4 1.25 _q_- 0.20 0.90 _+ 0.11 
48,8 1.35 q- 0.07 1.17 ,+ 0.04 
56.l 1.56 + 0.14 1.22 ,+ 0:15 
63.4 1.68 q: 0.29 1.52 _+ 0.18 

T A B L E  V Permeability data for the biaxial (0~176 knitted 
fabric plus a layer of chopped strand mat determined with the vinyl 
ester resin 

Porosity (%) K H ( x  10 9)(m2) K22(x 10 -9) (m 2) 

45.3 1.52 _+ 0.24 0.59 ,+ 0.12 
53.1 2.57 q_- 0.19 0.77 _+ 0.12 

The overall permeability data determined with the 
vinyl ester resin for the five fabrics as a function of 
porosity is provided in Tables II-VI. This data is also 
shown graphically in Fig. 7. Even though the fibres are 
oriented randomly in the continuous strand mat, its 
principal in-plane permeabilities are much greater 
than any of the other fabrics tested. This material's 
low resistance to flow may be explained by the porous 
nature (i.e. the low fibre volume fraction) relative to 
the more dense directional fabrics. While the direc- 
tional fabrics appear to be lumped together in terms of 
their permeability-porosity relationships, this is not 
entirely true. Although the 2-direction permeability of 
the biaxial (0~ ~ knit is similar to the bias biaxial 
( + 45 ~ knit, their 1-direction permeabilities differ by 
a minimum of 146%. Thus, a designer cannot simply 
substitute one material for another in order to meet 
performance requirements, unless due consideration is 
given to the effect of this substitution on the process- 
ing of the part. Fig. 7 is extremely valuable during 
preform design, as it is basically a structure-processing 
map that simultaneously allows the materials (and 
structural) designer to make trade-offs between the 
closely coupled structural and infusion criteria. Here, 
the influence of the fibre architecture (or the structure) 
on processing may be evaluated based on how the 

T A B L E  VI Permeability data for the unidirectional woven fabric 
determined with the vinyl ester resin 

Porosity (%) K11(x 10-9)(m 2) K2z ( • 10 -9) (m 2) 

56.8 4.83 + 0.31 0.61 ,+ 0.02 
62.1 5.39 ,+ 1.03 1.05 ,+ 0.12 
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Figure 7 In-plane permeabilities of a variety of fabrics that are 
typically used in liquid moulding. The permeabilities were deter- 
mined with a vinyl ester resin as the test fluid. O K 1 ~ (0/90); �9 K22 
(0/90); [] K l l  (CoSM); �9 K22 (CoSM); A Kl l  (_+45); A K22 
( _+ 45); + K ~  (Uni); x K22 (Uni). 

permeability changes with the material, fibre orienta- 
tion, fibre volume fraction, etc. 

7. Effect of test  f luid on permeab i l i t y  
In the previous section, the permeabilities of a variety 
of reinforcing fabrics were characterized with an ac- 
tual LM resin system (Derakane T M  411-C50 vinyl 
ester). However, most investigations of fabric per- 
meability have employed idealized test permeants 
rather than actual resin systems [17-22]. In order to 
better understand the role of the test fluid in permeab- 
ility measurement, the permeability experiments were 
repeated with two idealized test fluids (SAE 10W-30 
motor oil and diluted corn syrup) for both the con- 
tinuous strand mat and the bias biaxial ( +_ 45 ~ knit- 
ted fabric. As with the vinyl ester resin, the idealized 
test fluids were characterized with the digital vis- 
cometer at room temperature over a range of shear 
rates from 1 to 20 s-1. Both the motor oil and the 
diluted corn syrup displayed Newton• behaviour 
over this range of shear rates, with viscosities of 155 
and 190 MPa s, respectively. (The corn syrup was di- 
luted with deionized water to arrive at this viscosity). 
Using the experimental procedure and the data reduc- 
tion method outlined in the previous sections, the 
permeabilities of the continuous strand mat and the 
bias biaxial ( +  45 ~ knitted fabric were each deter- 
mined at two porosity levels. 

The principal in-plane permeabilities of the con- 
tinuous strand mat and the bias biaxial ( _+ 45 ~ knit- 
ted fabric are shown in Figs 8 and 9, respectively, as 
a function of the test fluid (vinyl ester, motor  oil, 
and diluted corn syrup). For  both fabric types, the 
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Figure 8 Comparison of the in-plane permeabilities of the continu- 
ous strand mat as a function of porosity and test fluid. [-Vinyl ester 
(VE), motor oil (MO) and corn syrup (CS)]. O Kll (VE); �9 K22 
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Figure 9 Comparison of the in-plane permeabilities of the bias 
biaxial ( 4- 45 ~ knitted fabric as a function of porosity and test fluid. 
[-Vinyl ester (VE), motor oil (MO) and corn syrup (CS)]. See Fig. 
8 for key. 

permeabilities show a strong dependence on the test 
fluid. The highest values of permeability, in both direc- 
tions, correspond to the use of motor oil and the 
lowest to the use of corn syrup. The significant scatter 
in permeability data for the _+ 45 ~ fabric may be 
related to the tendency of the bias knitted fabric to 
easily shear under an applied load. It should be men- 
tioned that although the viscosity of the test fluids is 
used in the determination of permeability (Equation 
5), the experimental trends in permeabili ty do not 
correspond with the trend in viscosity data, which 
showed an increase from vinyl ester (135 MPas) to 
motor oil (155 MPa s) to corn syrup (190 MPa s). Based 
on a visual inspection of the fabrics after each permeab- 
ility experiment, the variation in the principal in-plane 
permeabilities with test fluid seems to be related to fibre 
wetting (i.e. the affinity of the test fluid for the fibre). 

8. The role of fibre wetting in 
permeability measurements 

The wet-out of a reinforcement is a measure of how 
well the resin system impregnates the reinforcement. 
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This is of special importance in composites because 
good wet-out is a necessary (although not sufficient) 
condition for the formation of a good bond between 
the matrix and reinforcement phases, and hence the 
structural integrity and performance of the composite. 
In RTM, this assumes special importance because 
the fibres must have appropriate compatibility for the 
resin system (achieved through the use of sizings) in 
order to enable wet-out as the flow front progresses 
through the perform. The wetting of a fibre surface by 
a fluid may be described by the three-phase thermodyn- 
amic equilibrium between the solid, liquid, and vapour 
phases (Fig. 10), and the requisite interfacial forces can 
be related by the Young-Dupr6 [6, 27] equation 

~/sv ~ -  ~/s l  -}- 'Ylv c o s  0 (6) 

Here, Ysv, %1 and ?iv are the surface free energies (also 
known as the surface tensions) between the solid and 
the vapour, the solid and the liquid, and the liquid and 
the vapour, respectively. In addition, 0 is the equilib- 
rium contact angle the liquid forms with the solid, and 
it provides some information about the attraction of 
the liquid for the solid. When 0 > 0 ~ the liquid may 
be termed non-spreading, and it will not spontan- 
eously wet the solid. It should be emphasized that 
under this condition, it is still possible for the liquid 
wetting to occur; however, pressure must be applied to 
the liquid in order to spread it over the solid surface 
[27]. There is always some wetting when a liquid 
comes into contact  with a solid, except for the case 
- 1 ~< cos 0 < 0, where the attraction of the solid for 

the liquid is less than the liquid for itself [28]. On the 
other hand, when 0 = 0 ~ the liquid is said to spread 
over the solid surface, and the Young-Dupr6 equation 
(Equation 6) cannot be used to predict the relationship 
between the surface free energies. 

Despite the attractiveness of using contact angle as 
a direct indication of the degree of wetting, it is em- 
phasized that wetting is actually the consequence of 
three independent parameters (Ysv, Y~1 and Ylv), and 
thus the contact angle interpretation is complicated 
by the interaction terms. The most direct measure of 
wetting is the work of spreading, Ws, which is also 
known as the spreading coefficient [-29] and may be 
given as 

W s  = W s , -  W l l  ( 7 )  

where Wn is the work of cohesion of the fluid and 
W~I is the work of adhesion. Substitution of the surface 
free energies results in 

W s  = ~/sv - -  Y s l  - -  ~ / lv  ( 8 )  

Vapour ~ i v  

~ I ~  Liquid ~ Ys..~ 

g//////////- 

Figure 10 The three-phase thermodynamic equilibrium condition 
that exists for a drop of liquid resting at equilibrium on a solid 
surface (After Kinloch [-27]). 



Fowkes [30] proposed that the surface free energy of 
a pure phase was composed of a variety of inter- 
actions, including dispersive (or London) forces, polar 
(or Keesom) forces, acid-base interactions, hydrogen 
bonding, dipole-dipole interactions, and induced 
dipole-dipole interactions. Both dispersive (super- 
script D) and non-dispersive (or polar, superscript P) 
forces between the solid and the liquid can be ac- 
counted for through the use of a geometric mean to 
determine the solid-liquid surface free energy [3(>32] 
as 

O(~,D ~,D'~ 1/2 "J [~,P ~rP ~1/2 
~/sl = Ysv ~- "}/Iv --" " ~ r s v  J'lv) - -  , - , t r s , , r l v l  (9) 

The assumptions used in this approach are not with- 
out criticism. Most notably there has been some ob- 
jection to the use of the geometric mean to predict 
polar interactions. This approach assumes that all 
non-dispersive interactions are polar and ignores ad- 
ditional interracial interactions that may be important 
in some systems. However, despite the sound criticism, 
the approach outlined above does give insight into 
the thermodynamic aspects of surface interactions and 
wetting. 

9. Characterization of surface 
interactions 

A dynamic contact angle analyser, based on the 
micro-Wilhemy technique [28], was used to determine 
the polar and dispersive components as well as the 
total surface free energies of the fibres and test fluids 
under consideration. For the determination of surface 
tensions of the three test fluids (vinyl ester, motor oil, 
and diluted corn syrup), glass slides and Teflon | 
(PTFE) samples were used as the solid test surfaces. 
The solid samples were immersed at a rate of 
75 gm min-  ~ into the test fluids (the experiments were 
repeated eight times for each solid/liquid combina- 
tion). Since the fluids spread over the high energy 
surface of the glass slides (i.e. zero contact angle), the 
balance of forces 

7l~P cos 0 
F - (10) 

g 

was used to determine the surface tension 71v, of each 
of the fluids. Here, F is the force, P the perimeter of 
the solid and g the gravitational acceleration. Teflon, 
a highly dispersive solid (181.0~tNcm -~ dispersive 
and 9.3 gtN c m - t  polar), was used to determine the 
dispersive component of the fluid surface flee energy. 

Following Kaeble [32], the Young-Dupr~ equation 
(Equation 6) was combined with equation (15) such 
that 

D D 1/2 ")/~,P ~,P ~1/2 2(ysv71v) z- ~,rsv ~' Iv] 
1 + c o s O  = + (11) 

71v 71v 

Since the total surface tension of the fluids, the surface 
free energy of the dispersive solid, and the contact 
angles of the test fluids with the dispersive solid are 
known, simultaneous equations based on Equation 11 
can be solved for the polar and dispersive components 
of eac h liquid's surface free energy. The values in Table 

TABLE VII Polar, dispersive and total surface free ener- 
gies of the test fluids used in the permeability experiments 

T e s t  f luid ~/l P ~/i D ~/lv 
(gNcm -1) (gNcm -1) (gNcm -I)  

Diluted corn syrup 426 _+ 40 231 _+ 40 657 + 24 
Motor oil 29 + 20 293 _+ 20 322 • 12 
Vinyl ester 12 _+ 10 342 _+ 10 354 + 70 

TABLE VIII  Polar, dispersive and total surface free energies of 
the fibres that comprise the continuous strand mat based on contact 
angle measurements with deionized water, glycerol and formamide 

Single fibres 7sev 7s~ ~'sv 
from fabric type (BNcm -1) (~tN cm -1) (gNcm -1) 

Continuous strand 288 _+ 15 195 _+ 26 483 __ 41 
mat 

VII were determined based on the receding data, since 
this curve yields "the most wettable value and more 
closely approximates a zero contact angle" [33]. 

Table VII indicates that the total surface free energy 
increased as the test fluid changed from motor oil to 
vinyl ester to diluted corn syrup. In addition, both 
the motor oil and the vinyl ester resin were highly 
dispersive fluids, while the diluted corn syrup was 
a highly polar fluid. Since the corn syrup was diluted 
with deionized water, which was characterized as 
225.0 btN cm- 1 dispersive and 503 ~tN cm - 1 polar for 
a total surface free energy of 728.0 gN cm- 1 the polar 
nature of this test fluid was expected. 

10. Surface free energies of fibres 
Micro-Wilhemy measurements were performed on 
single fibres, which were extracted from the continu- 
ous strand mat, with several probe liquids of known 
polar and dispersive components. Deionized water, 
glycerol, and formamide were selected as probe liquids 
because the surface free energies of these fluids were 
large enough that the fluid would not spread over the 
fibre surface (i.e. the contact angle was greater than 
zero). Single fibres were immersed into these liquids at 
a rate of 10 btm min - 1. The diameter of the fibres that 
comprise the continuous strand mat was determined 
by optical microscopy to be 18 _+ 1 gm. The fibre 
diameter was used to calculate the perimeter of the 
solid in Equation 10. 

By measuring the contact angle that each of the 
probe liquids forms with the glass fibres, the polar 
and dispersive components of the surface free energies 
can be determined from Equation 11 by forming a set 
of simultaneous equations. The advancing contact 
angles were employed in these calculations, as the 
probe liquids may spread over the surface of the fibre 
during the receding portion of the experiment. 
The total surface free energy is then simply the sum of 
the polar and dispersive components (Table VIII). The 
results are seen to be consistent with the limited data 
reported in the literature [34, 35]. 
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11. F ibre - tes t  f luid interact ions 
From the polar, dispersive, and total surface free 
energies of the test fluids (Table VII) and the fibres 
(Table VIII), Equations 6, 8, and 9, the work of ad- 
hesion (W~1), the work of spreading (W~) and the 
contact angle (0) may be calculated for each of the 
fibre-test fluid interactions as shown in Table IX. In 
order to verify these results, the contact angles that the 
test fluids make with the single glass fibres were meas- 
ured following the procedure described previously and 
the results compared with calculated values in 
Table X. The advancing contact angle was used for 
these comparisons because the physics of this portion 
of the wetting experiment most closely resembles the 
radial flow permeability test, as both experiments in- 
volve the advancement of a fluid into a dry, non- 
saturated medium. There is a direct correlation be- 
tween the results of the surface characterization study 
and the permeability tests with the three test fluids. 
The measurements made with the motor oil yielded 
the highest principal in-plane permeabilities, and in 
the wetting experiments this fluid was shown to be 
attracted to the glass fibres from the continuous 

T A B L E  IX Calculated work of adhesion, work of spreading, and 
contact angles for glass fibres from the continuous strand mat and 
the test fluids 

Test fluid W I W, 0 
(gN cm-  a ) (gN cm-  1) (Degrees) 

Diluted corn syrup 1125 -- 189 44.6 
Motor  oil 658 16 Spreads 
Vinyl ester 634 - 74 37.7 

T A B L E  X Comparison of the measured and calculated contact 
angles for glass fibres from the continuous strand mat and the test 
fluids 

T e s t  f l u i d  O c a l c u l a t e d  O m  . . . . . .  d 

(Degrees) (Degrees) 

Diluted corn syrup 44.6 45.4 _+ 6.3 
Motor oil Spreads Spreads 
Vinyl ester 37.7 31.5 _+ 4.4 

A 
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Figure 11 The relationship between permeability (macroscopic 
flow) and fibre wetting (microscopic flow) for continuous strand mat 
at a porosity of 77.4%. 
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strand mat (i.e. the work of spreading was greater than 
zero). As the test fluid was changed from the motor oil 
to vinyl ester to diluted corn syrup, both the principal 
in-plane permeabilities and the work of spreading de- 
creased (Fig. 11). For both the vinyl ester and the 
diluted corn syrup, the work of spreading was negative. 
This indicates that pressure must be applied to these 
fluids in order to get them to wet the fibre surfaces. 

12. Conclusions 
Traditionally, fibre-resin wetting and adhesion have 
not been considered a major processing-related prob- 
lem in polymer composites because the fibre and resin 
are intimately coupled when obtained in the preim- 
pregnated tape form. However, in processes such as 
LM, fibres and resin are separate until the start of 
processing, and hence issues of permeability (or the 
macroscopic flow of resin through the preform) and 
fibre wet-out (or the microscopic flow of resin within 
a fibre bundle) and their interaction (the balance of 
macroscopic and microscopic aspects of flow) become 
much more important. Commercial glass fibres are 
coated with sizings and binders, which are combina- 
tions of silanes, organo-function silane coupling 
agents, film formers, lubricants, and anti-static agents 
ranging from 0.1 to 10 ~m in thickness [36]. The 
presence of these materials on the fibre surface affects 
not only performance attributes but also the process- 
ing of RTM composites. 

Recently, a few investigators have examined the 
influence of capillary pressure on the impregnation of 
fibrous reinforcements; however, mixed results have 
been obtained in these studies. Ahn et al. [34] deter- 
mined that the capillary pressure was sensitive to 
variations in porosity, especially when low porosity 
reinforcements were employed. They observed a max- 
imum capillary pressure of 37.0 kPa, which should be 
accounted for in permeability experiments. On the 
other hand, Skartsis et al. [35] suggested that during 
the transverse flow through aligned carbon fibre beds, 
no correction for capillary pressure was needed; 
however, a very limited number of experiments was 
conducted to verify their predictions. Thus, the contri- 
bution of capillary pressures to the overall driving 
force during the resin infusion/impregnation portion 
of the LM process is still unclear. The results of this 
investigation demonstrate that surface effects are im- 
portant, and capillary effects may explain the differ- 
ences in principal in-plane permeabilities measured 
with the vinyl ester resin, the motor oil, and the diluted 
corn syrup. Until a more complete understanding of 
test fluid-fibre interactions is developed, it appears 
that fabrics should be characterized with 'the actual 
LM resin selected for a given application, since per- 
meability measurements made with other idealized 
fluids yield only apparent permeabilities. 
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