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Abstract

This paper presents a theoretical study of the impreg-
nation of continuous fiber or cloth with thermosetting
resin matrix materials. A model is developed to
describe the resin, the volatile content and the coated
resin thickness as functions of impregnation velocity
for a solvent-type, vertical impregnating process. A
power law is employed to account for the effect of shear
rate on the resin velocity in the model. Results are
obtained methodically through the separation of
variables. A dimensionless number, called the impreg-
nation number, is derived which expresses the relative
importance among the viscous, inertial and gravity
forces in the impregnation process. It is found that the
dimensionless number is important in characterizing
the maximum possible resin content for a given
condition, and that an increase in the resin viscosity is
much more effective than an increase in the
impregnation velocity in achieving higher resin content.
The volatile content is controlled by a combination of
the impregnation velocity and the oven length. The
predicted wvolatile contents agree well with the
experimental results for a 177°C prepreg. The model is
valid for predicting volatile content in the practical
impregnation process.

Keywords: impregnation velocity, solvent-type pre-
preg, resin content, volatile content

NOTATION

D,z Mass diffusivity (m?/s)

g Acceleration of gravity (m/s?)

k. ... Average mass transfer coefficient (m/s)

* To whom correspondence should be addressed.

Ky Mass transfer coefficient of film theory (m/s)

L Length of the oven or drying path (m)

n Flow index (dimensionless)

N Mass flux of volatile (kg/s m?)

N, Impregnation number (dimensionless)

T, Thickness of the reinforcement (m)

U, Velocity in y direction (m/s)

U Impregnation velocity (m/s)

Xa Normalized volatile content

Xa Normalized volatile content averaged in
y-direction

y Cartesian coordinate measured from oven
inlet (m)

z Cartesian coordinate measured from the
surface of the resin layer (m)

y Shear rate (s™')

Yo Reference shear rate state (taken as 1s™')

o Thickness of the resin layer (m)

No Viscosity of resin at reference state (Ns/m?)

u Apparent viscosity (Ns/m?)

pa  Density of the volatile (kg/m”’)

Pe Density of the reinforcement (kg/m?)

Pr Density of the resin (kg/m>)

Wa Weight fraction of volatile (volatile content)

wa;  Weight fraction of volatile (volatile content) at
interface between air and prepreg

wao Weight fraction of volatile (volatile content)
entering heating oven

Wgr Weight fraction of resin (resin content) of
prepreg

wsg Weight fraction of resin (solid content) of
varnish in dipping pan

Superscript
* Dimensionless quantities
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INTRODUCTION

In manufacturing fiber-reinforced-plastic composite
components, the use of prepregs reduces the work
involved and provides stronger, stiffer and more
reliable parts than equivalent components produced
by wet lay-up processes. But these advantages will
only be realized when prepregs with consistent
properties are used. Prepregs consist of a layer of fiber
or cloth impregnated with a partial mixture of
monomers or oligomers, either in a solvent (solvent-
type prepreg) or as a solvent-free medium (hot-melt
type). In the case of a solvent-type prepreg, the
impregnated reinforcement (prepreg) usually passes
through a heating oven to decrease the solvent
content. The mixture will continue to react and lose
solvent to a degree determined by the storage and
handling environments. Most of the available
literature and technical reports'” dealing with
prepregs emphasize either the formulation and quality
assurance of incoming resins or various applications of
prepregs. Those that discuss prepreg characterization
and processing will be reviewed in the following
paragraphs.

In the preparation of composites, two concepts
(tack and drape) have been used to characterize the
suitability of prepregs. Sanjana* identified prepreg
tack as the critical property after studying the aging of
prepregs under various conditions. Loss of tack can be
tolerated in the making of flat laminates but it is a
problem in the manufacturing of parts with complex
contours. It is suggested® that, to a certain degree,
tack can be adjusted by controlling the volatile
content of a prepreg. Cole et al.® discovered a
significant loss of tack when the volatile content in a
Narmco 5208 prepreg decreases from 1-5 to 0-8%. A
similar correlation between tack and volatile content
was observed in American Cynamid BP-927 prepreg.®
Though a higher volatile content can increase the
tackiness, it also affects the viscosity profile during
curing process and produces porosity in the laminates.
By means of differential scanning calorimetry (DSC),
Yue’ studied the effects of volatile content of prepregs
and concluded that prepregs which have a lower
volatile content would have a higher compressibility
and ability to flow during processing. Day and
Shepard® examined the advancement of epoxy resin
by monitoring its viscosity profile through dielectric
analysis. An initial difference was observed in the
viscosity profiles which could have been due to the
difference in volatile content. In addition to volatile
content, an inhomogeneity in the resin content of
prepregs could also be a problem in both the

processing and performance of the final parts. A

composite component may have different fiber/resin
ratios for different regions as a result of this
inhomogeneity of resin content. A difference in resin

content also makes the necessary characterizations of
prepreg more difficult. Unfortunately, ditferences of
5-10% in resin content were encountered in some of
the commercial prepregs.

Although the resin and volatile contents are very
important in determining the quality of prepregs from
one batch to another, very little has been said
regarding the factors that are crucial in controlling
quality during the impregnation process. The theory
of deposition of a viscous liquid onto a moving
substrate was first investigated in detail by Deryagin et
al.® 1t was shown that, depending upon the influence
of capillary effect, the maximum possible thickness of
a coating is proportional to a one-half or two-thirds
power of the impregnation velocity. Levy et al’
examined the combined effect of freeze coating, and
viscous coating, and concluded that at the higher
speeds and shallower baths, viscous coating is the
predominating factor, obtaining satisfactory agree-
ment of their theory and experiments. Rezaian and
Poulikakos'” studied the heat and fluid flow processes
of a moving isothermal surface by similarity analysis.
In addition to the Stefan number, the velocity ratio
between the liquid depositing and the moving surface
was found to be an important parameter in
determining the coating thickness. Using a perturba-
tion method, Cheung'' studied a case involving a
non-isothermal moving plate and showed that the
freeze-coat would only grow within a limited distance
from the inlet of liquid bath. Owing to the
assumptions made in these studies, the results are
more readily applied to hot-melt type impregnation
process than to solvent-type process.

Despite the importance of solvent-type prepregs in
composite manufacturing, several questions related to
the mass transfer and fluid flow during the
impregnation process remain unanswered. The objec-
tive of the present work was to model a vertical
impregnation process and to develop a relationship
between the impregnation velocity, resin content and
volatile content. The system will be modeled as a
viscous coating process with coordinate system held
stationary with respect to the moving reinforcement.
The resin is considered a non-Newtonian fluid and its
viscosity is represented through the power law. The
results improve understanding of the fundamental
aspects of the impregnation process, and assist in
maintaining the consistent quality of prepregs.

FORMULATION

The general layout for a vertical solvent-type
impregnator is illustrated in Fig. 1, while the system to
be analyzed is schematically defined in Fig. 2. The
continuous reinforcement leaves the dipping pan and
enters into a heating oven with a constant velocity U
and a volatile content of @, determined by the solid
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Fig. 1. A general layout of an impregnator.

content of the coated resin. The temperature inside
the oven is maintained constant. The concentration of
the volatile on the free surface (represent by the plane
of z=0) is in equilibrium with the volatile
concentration in heating air and is constant at w,;.
There is no velocity gradient on the free surface of the
coated resin and a no-slip boundary condition at the
interface between the resin and reinforcement. The

by

reinforcement

U o

dz
2=0

W A=0;

metering roll

Fig. 2. A coordinate system of prepreg leaving dipping pan
and entering heating oven.

following assumptions have been made to simplify the
problem: (1) the process is at steady state; (2) the
temperature of the prepreg is lumped and is equal to
the oven temperature; (3) the resin does not penetrate
far into the reinforcements; (4) the viscosity is a
function of temperature and shear rate only; (S) the
volatile concentration in the heating air is negligibly
small. Assumption (4) is adopted with the under-
standing that the present study is intended to
determine the phenomenon in the process.
The equation of motion gives

d / dy,
@(”m)‘p“_o (1)
where the viscosity of a B-stage resin, g, is assumed to

be expressed through power law

on—1

u=ny—
Y

EQY”

oru=m(a

0

when taking 7, = 1-0. The mass balance of the volatile
yields

Uydw, Pw,

DAB ay a 822

@)

Equations (1) and (2) are subject to the following
boundary conditions:

* at the free surface of the coated resin layer
(z=0):

de_
4 =0 (3)
WA = Wa; 4)

* at the interface between resin and reinforcement
(z=9):

Uu,=U (5)
Ow,s
Fy (6)

* at the entrance of the heating oven (y = 0):
WA= Wao (7)

Equation (3) neglects both the shear force on air and
the surface tension induced flow on the free surface.
Since surface tension induced flow is usually caused by
either the surface tension gradient or the curvature on
the free surface, the assumptions of isothermal
condition and zero curvature have precluded it from
happening. Equation (6) implies that no volatile
penetrates the reinforcement during impregnation
process. This is a reasonable approximation, as no
squeezing pressure is applied and mass transfer is
dominated by diffusion process.
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SOLUTION

Resin content
Equation (1) is solved subject to boundary conditions
eqns (3) and (5), yielding

_ n PRg)”"(S(,,H)/n[ <Z>(n+l)/n:|
=-—2_(ErS 1-(=
b=0-25 05 ) ) ®

Equation (8) can be rewritten in the dimensionless
form as

n p g6n+l /n ; .
Ur =1 (PE) - o)

where
.U z
Uy=-= d z*=-
y=p amd z'=%
The absence of dripping and backflow of coated resin
requires Uy =0 at z* =0. Substituting this condition
into egn (9), one obtains

N, < (n + 1)” (10)

n

Here, the impregnation number is defined as

6n+l
N]m = pRg )

n()Un

For a Newtonian fluid, eqn (10) reduces to n =1 and
eqn (10) reduces to

Nim =2 (11)

The maximum possible thickness of a coated layer for
a given velocity can be found by letting U, =0at z =0
in egn (8). This yields

ni(n+1)) n
Smax = (n + 1) o (0)n/(n+l)<_n_0.)l/( ) (12)
n PrE
The resin content of a prepreg is defined as

_ pRémux
wR T e —————

T,
pRamux + pggg

where (13)

Pr= wsps+ [OFNTUN

A relationship between resin content and impregna-
tion velocity is derived by combining eqns (12) and
(13). This yields

2 ( n )[(wsps + onPA)g]U"

- n+1 No

y [ Wr ](n+1)/n< pg )(n-H)In
ol — wg) WPs T WaoPa

T (n+1)n
X —g) 14
(3 (14)

Volatile content

Without dripping or backflow, a normal impregnation
process, the velocity U,. may be treated constant at U.
Equation (2) then becomes

Udw, Fwa
= 2 (15)
D g 9y oz

subject to the boundary conditions, eqns (4), (6) and
.

The nonhomogeneity in eqn (7) can be eliminated
through the definition of a new variable,

(UA_ wA‘
Xo=—2—2

Wap — Wa;

The governing eqn (2) is then reduced to

UdX, X
kv o (16)
D,pdy 9z
subject to the boundary conditions

X =1, y=0 (17)
XA=0, z=0 (18)

3

OXa_ , z=90 (19)
9z

The solution is obtained as

= —aiD :

XAy, 2)= 2 b, exp(—aULBy)sm a,Z (20)

n=1

where
b,,=——j—-—, a"=(2n—1)zr
(2n—-1)x 26

In order to develop a relationship between volatile
content at the exit of the oven and the impregnation

velocity, the concentration is integrated in the
z-direction yielding

— 1 (8& —n?
Xaly)= 5 J; 2 b, exp<ﬁ'-gﬁ—y)sin o,z dz
1

8 = 1 ""aiDABy>
=— = 2
D> (n — 1) e"p( 0 1)
Mass transfer coeflicient
The mass flux of the volatile at z =0 is
Jw
RaA= pRDAB(_a_;)Z_“
20rD i —a2D
= p_Ra_’E (Wa0 — Wa) 2 exp(——(]—éB—y) (22)
1

Hence, the average mass flux for an oven length of L
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is found to be

L
nad -
L A 206pg

RAave =" =L (a0 — Wai)
dy
o
4 had 1 [ (_a'iDABL):I
X—= > — —nABT
) -2l T\ g (23)

Subsequently, one obtains the average mass transfer
coefficient as
206 4 &
L %=

M

Ki o= :ﬂ"_l’)]

(2n @n—-17 [ e"p< 0
or in the dimensionless form as

kL.av_ kL,av _ 2062 -

DY

ks Das/d DapL =,

Splien( =25 o

RESULTS AND DISCUSSION

A dimensionless number, called the impregnation
number, is derived which controls the success or
failure of a viscous coating process. It signifies the
ratio of the gravity force to the product of the viscous
and inertial forces:

Prgd™"! gravity force
noU"  (viscous force) X (inertial force)

NIm

Equation (10) is the criterion for the occurrence of an
impregnation process without dripping. It requires the
product of viscous and inertial forces must be greater
than the gravitational force by a factor of ((n + 1)/n)".

Since impregnation velocity and viscosity can be
easily controlled during an impregnation process, it is
of importance to know the influence of these factors
on resin content and volatile content for prepregs.
Equation (12) is graphically presented in Figs 3 and 4.
Figure 3 is a plot of the maximum thickness versus the
impregnation velocity with the viscosities and flow
index as parameters. For a Newtonian fluid (n =1),
the coated thickness increase significantly with an
increase in the impregnation velocity compared with
that of a shear-thinning fluid (n = 1/2) with the same
viscosity. Under the same viscosity, the coated
thickness of a shear-thinning fluid approaches its
asymptotic value at a much lower impregnation
velocity than that of a Newtonian fluid due to a build
up of the shearing force induced by the velocity
gradient within the coated layer. In order to increase
the coated thickness under such circumstance, it is
more efficient to change the rheological properties
than to increase the impregnation velocity, as shown

5 (mm)

0 2 4 6 8 10

U (m/min)

Fig. 3. Effect of impregnation velocity on the maximum
possible thickness.

in Fig. 4. It is seen that the coated thickness increases
almost linearly with an increase in viscosity for both
Newtonian and shear-thinning materials.

Equation (14) is plotted in Fig. 5 for n=1-0 and
no="15 cps. It is seen that for U less than 0-5m/min,
an increase in solid content produces little effect on
the resin content. As U is increased, the solid content
plays an important role on resin content at a given
impregnation velocity. In other words, the impregna-
tion velocity may be adjusted to achieve a desired
resin content for prepreg, depending on the solid
content of the resin: Equation (14) is replotted in Fig.
6 to demonstrate the effect of shear-thinning on the
resin content, for 7,=75cps and a solid content of
0-9. Again, the shear-thinning fluid reaches an
asymptotic value much faster than a Newtonian fluid
at a higher impregnation velocity. It is seen in Figs 3
and 6 that, in order to obtain a higher resin content in
a prepreg, a change in the rheological properties of a

U=6.0 m/min

8 (mm)

0 T T T | p—

0 200 400 600 800 1000

viscosity(cps)

Fig. 4. Effect of viscosity and flow index on the maximum
possible thickness.
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Fig. 5. Effect of impregnation velocity on resin content with
various solid content.

resin, such as viscosity or flow index, is more effective
than to increase the impregnation velocity.

Figure 7 is another graphical illustration of eqn
(14). It depicts the operating condition necessary for
an impregnation process to achieve 45% resin content
of a prepreg for a shear-thinning resin. An increase in
the viscosity results in a reduction in the impregnation
velocity, beneficial in the removal of the volatile of a
prepreg, as will be explained in the following
paragraph. At a given viscosity, the impregnation
velocity can be decreased to meet the B-stage
conditioning simply by increasing the solid content of
the resin.

It is known that volatiles can increase both the
tackiness of prepreg and the potential sources of
porosity of the final parts. One important parameter
that determines the amount of volatile remaining after
the impregnation process is the diffusion coefficients
of volatiles in B-stage resins. The well known
Wilke—Chang correlation is only valid for dilute
solution,'? thus an estimated value of diffusivity will
be used in computation. Since the diffusion

80

o]
60 7
50 1 n=1/2
4°j
30“‘

Resin content (%)

20 1 i
viscosity = 75cps

10 ﬁ solid content= 90%

4] Y T T T T 1

0 2 4 6 8 10 12
1] (m/min)

Fig. 6. Effect of impregnation velocity on resin content with
various flow indices.

207
15 1
<
E
£ 101
'2 resin content = 45%
5 n=0.5
0 T Y
0 200 400 600 800

Viscosity(cps)

Fig. 7. Effect of viscosity on impregnation velocity to attain
a resin content of 45% for a shear-thining resin.

coefficients are about 10 °cm’s for liquids and
107 cm?/s for glasses and solid polymers,"® those for
volatiles in resin lie between these two limits. A value
of 107°cm’/s is used to compute the volatile content,
Xa(y)in eqn (21).

Results are illustrated in Figs 8~10. Note that the
ordinate is the normalized volatile content. One may
use Fig. 8 determine the magnitudes of the
impregnation velocity and heating length for a desired
volatile content. For example, to reach a 50%
(XA =50%) normalized volatile content for an
absolute volatile content of 5% (wa = 5%) one may
select either U =4-8 m/min and a heating distance of
4m, or U=2-4m/min and a heating length of 2 m.
For ovens with a fixed heating length, the
impregnation velocity is a key factor in controlling the
volatile content. Figure 9 is a plot of the normalized
volatile content versus the impregnation velocity in an
oven of 14 m length. It is seen that the volatile content
is linearly dependent on U for U exceeding 2.
Theoretical prediction is compared with experimental

100
80

60 1

407 TJ = 4.8 m/min

20 1

Y(m)

Fig. 8. Volatile content versus distance from the inlet of
heating oven with wg = 0-45.
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Fig. 9. Effect of impregnation velocity on volatile content
for various film thickness.

data in Fig. 10. The experimental results were
obtained by impregnating the reinforcements with
different velocities, and following the procedures of
ASTM D3530 for the determination of the volatile
content. Theory agrees quite well with the experimen-
tal data. The discrepancy between is attributed to the
assumption of an isothermal condition and the
diffusion coefficient used in the computation. Equa-
tion (24) is plotted in Fig. 11. The results of film
theory is superimposed for comparison. It is seen that
the volatiles are most efficiently removed or
transferred near the entrance region of a heating
oven. This implies that an increase in the oven length
beyond D, L/(U6%) =2 is not useful in enhancing the
mass transfer efficiency of the system.

An analysis is preformed to define the range of the
validity in replacing U, with U in eqn (15). A
substitution of z* =0 into eqn (9) yields

n 6n+1 1/n
- ) 2

n+1 noU"
n
=1_< )N ln
n+1 ( lm)
151
£
T
2 10
c
o
L4 ]
2
= 51
=
o
>
0+ ; . r . .
0 2 4 (-} 8 10 12 14
U (m/min)

Fig. 10. Comparison between (——) eqn (21) and (O)
experimental results.

101
8-
6-
kL.lve
ke |
27 film theory
\
0 T T T T 1
0 2 4 6 8 10
DapL
U8

Fig. 11. Average mass transfer coefficient versus length of
heating zone.

Figure 12 plots the dimensionless velocity, U;, at
z* =0, versus Ny, with the flow index as a parameter.
For a shear-thinning fluid, the velocity at z* =0 is
almost unity for M, less than 0-25. It is therefore
concluded that eqn (15) may approximate eqn (2) for
shear-thinning materials in the range of Ny, less than
0-25. For a shear-thickening material, this approxima-
tion will only be valid for a very small value of N,.
Since an actual impregnation process of a shear-
thinning fluid, with a coated thickness of 0-1-0-3 mm,
has an apparent viscosity in the range of 75-500 cps
and an impregnation velocity of 3-8 m/min, the
corresponding Ny, is about 1072-107". Therefore, eqn
(21) is a valid approximation.

CONCLUSION

A mathematical model has been developed to
describe the process of prepreg manufacture by

]
it
*
N
~~
>
*
=
A4
T 00 05 10 15 2.0
Nim
Fig. 12. Velocity on free surface versus Impregnation
number.
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viscous coating. A dimensionless number, the
impregnation number, has been derived which
expresses the relative importance of the gravity,
viscous and inertial forces in the process. It was found
that increasing the impregnation velocity is less
effective than increasing the viscosity in achieving a
higher resin content of prepregs for impregnation with
both Newtonian and shear-thinning resins. The
influence of solid content on the final resin content is
determined. The volatile content of prepregs is
obtained as a function of the impregnation velocity
and the heating length is also derived to give a
possible combination of impregnation velocity and
heating length to obtain a specific volatile content.
Theoretical prediction of volatile content agrees well
with experimental results. Results are found to be
applicable to the practical impregnation process.
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