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ABSTRACT

The first step in the manufacturing of long and high fibre volume fraction of

thermoplatic composite is the prepreg production with a melt impregnation
process. During this process a polymeric matrix is introduced into the fibre

tow. In this research an extruder equipped with a specially designed cross-

head die was used for producing long and high fibre volume fraction of

thermoplastic prepregs and to study the continuous melt impregnation of
glass fibre roving with a polypropylene melt . A suitable relation determined

from the cross-sectional area of the bundles and prepreg was selected as a

proper indication of the impregnation quality . Our study shows that process

and material parameters such as melt temperature and melt flow index have

positive effect on the impregnation and those like line speed and melt

pressure inside the cross-head die having a negative effect on fibre wetting.
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INTRODUCTION

Advanced thermoplastic composites represent a new

frontier for thermoplastic polymers . The main reason
is the possibility to enhance by an order of magnitude

the elastic modulus and impact strength of polymer
with the continuous fibre reinforcement . This great

advancement within the family of plastics makes
thermoplastics also competitive with thermosets, in

particular with respect to [I]:

—Cost-effective manufacturing

—Unlimited shelf life

—Better toughness/damage tolerance
— Rapid fabrication cycles .

Glass fibre-reinforced thermoplastics are

conventionally made by compounding, polymer and
chopped glass fibre, which result in short fibre-

reinforced composites . The shear stresses in the

molten polymer and the screw design of a
compounder largely reduce the original fibre length.

The modulus of the composite is greatly dependent on
the glass fibre volume fraction . Numerous criteria
determine tensile and impact strength of short fibre

composites, not least the adhesion in the polymer
glass fibre interface and the residual fibre length in a

composite [2] . In recent times [3], much work has
been done to study methods to produce high fibre

volume fraction and long or continuous fibre-
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reinforced thermoplastic composites, and to improve
the mechanical properties of these composites
compared to short fibre-reinforced plastics . Long or
continuous fibre-reinforced composites are produced
from thermoplastic prepregs . The matrix wets the
fibre surface during prepreg manufacturing . If the
surface of the fibre is wetted by the polymer,
interfacial contacts will build sites for adhesion . The
glass fibre surface is wetted by the polypropylene
because polypropylene has a lower surface tension
compared to the glass fibre, and thus the contact angle
of polypropylene on the glass fibre has proved to be
zero [4] . A good interfacial contact between the
matrix and the fibre is essential to transfer the stresses
from the matrix to the fibre and thus improve
mechanical strength of the composite.

However, due to the high matrix viscosity, it is
not easy to bring the thermoplastic polymer between
the fibres . High processing temperature is also requi-
red . Therefore, many approaches have been tried to
overcome the difficulty of impregnation . The most
popular are, melt impregnation, solution impregna-
tion, fibre commingling, powder impregnation and
film stacking [5] . Expensive presteps and/or addi-
tional investment of time and labour to remove the
solvent, to spin the matrix fibre or to produce the
matrix film are not necessary for the continuous melt
impregnation process [I].

In order to make parts out of these prepregs,
different techniques have been developed which
combine those advantages known from thermosetting
composites [3].

In the melt impregnation process glass fibre
roving was impregnated with molten polymer in a
cross-head die, then outcoming prepreg was cooled
and it was ready to be chopped in any desired length.
This prepreg granule can be used, as raw material in
order to make thermoplastic composite parts with
different techniques such as injection and blow
moulding, sheet and pipe extrusion [5] . Therefore
initial fibre length, fibre volume fraction, fibre/
polymer contact area and interface are more effective
parameters in physical and mechanical properties of
final composite parts.

The aims of impregnation process are to

achieve a high degree of fibre wetting, with a
controllable resin volume fraction in prepreg, along
with the fastest possible throughput, without undue
tension build-up in the fibres [5].

The aim of the present paper is to demonstrate
the influence of the main material parameters in the
quality of a continuous prepreg and granule, made of
continuous glass fibre roving impregnated, with a
polypropylene melt in a specially designed cross-
head die.

Melt Impregnation
The first step in the manufacturing of thermoplastic
composites is impregnation . During this step a poly-
meric matrix is introduced into the fibre tow.
Impregnation is accomplished by surrounding the tow
with the matrix and forcing it to penetrate into the
space between the fibres.

Impregnation can be considered as the flow of a
liquid through a porous structure . Consider a fibre bed
with an advancing flow front of polymer melt, driven
by constant pressure. The flow velocity of the resin in
the bed can be related to the pressure gradient by
Darcy's law [2] . In systems where there is good wet-
ting between the fibres and the matrix the capillary
pressure, which of course depends on fibre volume
fraction and geometric parameters, is usually positive,
although measurements on thermoplastic systems are
more difficult, but similar values are to be anticipated.

Darcy's equation can be integrated to give the
impregnation time for a particular process, so that [1]:

time = 1lx2 /2S(P,n + Pc)

	

(1)

Where : ty,up is impregnation time, rl is viscosity, x is
penetration depth, S is permeability coefficient, P,u is
mechanical pressure and Pr is capillary pressure.

This summarizes in a convenient form, the
main parameters influencing the impregnation
process . The importance of the impregnation length
can be seen from the squared term in x . The objective
of any process will be to manipulate the available
parameters in order to achieve a realistically viable
impregnation time . For most processes with polymer
melts the most straightforward method of achieving
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this is by minimizing x.
Permeability is clearly a key parameter in the

penetration of fibres by viscous thermoplastic poly-
mers and there has been much interest in the factors
influencing this quantity in recent years. Assuming
the fibre bed to consist of an array of aligned fibres,
the permeability can be estimated from the modified
Carman-Kozeny equation as discussed, for instance in
ref. [6):

5 rt
x (1 —vr)'

—	
4k

	

v.

Where: rr is fore radius, yr is fibre volume fraction
and k is Kozeny constant.

Values of the Kozeny constant are different for
flows parallel and perpendicular to the fibres . They
are also dependent to some extent on the system being
studied and on the experimental set-up used to
determine them. The surface tension of the penetrat-
ing fluid could have an effect on the observed
permeability . This effect was quite separate from the
capillary pressure effect, which was attributed to
variation in the distribution of porosities and to
difficulty of displacing trapped air bubbles initially
present in the bed.

Another important factor affecting the per-
meability of beds of composite reinforcement is
mechanical stress.

If eqn (I) is applied to the penetration of a melt
into a flat continuous roving with a certain thickness,
the degree of impregnation is given by [7]:

i
D ;,,, p = (r1 / H)(Ap(l – yr )' L/ 2rlUkiiv ) 2

	

(3)

Where : D„ .P is the degree of impregnation, H is
roving thickness, L is impregnation length and U is
impregnation line speed.

From eqn (3) the relevant processing and
material parameters for impregnation can be sufficient
for thermosets this will give unsatisfactory results
with thermoplastic melt due to their high viscosities.

The continuous nature of the reinforcement
requires that the flow is first directed perpendicular to

the main fibre direction (radial flow) . Flow parallel to
the fibres can only take place after some melt has
penetrated in the radial direction and the rate is twice
than that of the radial flow.

EXPERIMENTAL

Materials
The materials used were polypropylene (Daplen DSC
1011) and a 2400 Tex glass fibre roving which it
consists of approximately 4700 individual filament,
and the single filament diameter was 16-14% run.
Irganox 1076 antioxidant was added to the composites
in an amount of 0 .2% of the weight of the poly-
propylene matrix to prevent the oxidation of the
polymer during prepreg manufacturing.

Melt Impregnation Line
Continuous melt impregnation carried out in a cross-
head die, which was specially designed for this
project, was mounted on an extruder [8].

The die design principal known as the "coat-
hanger" manifolds are applied, as well as possessing
the preheating, impregnation and volume fraction
controller zones [9].

In the impregnation zone several pins are used.
The role of preheating zone is to increase the tow
temperature, in order to decrease the temperature
gradient between the fibre and the melt.

Finally, the resulting prepreg from the die is
pulled through a water-cooling bath and then it can be
chopped in any desired length (Figure 1) [9].

Impregnation Criterion
The degree of impregnation was determined from the
cross-section of the finished prepreg. Prepregs were
embedded in a resin and then they were ground and
polished to a smooth surface (Figure 2) . The degree of
impregnation is determined as: Din ,p = area impregnat-
ed/total tow area ; which in practice can be defined as:
Dimp = number of impregnated fibres/total number of
fibres .

Determining the degree of impregnation by
counting the number of wetted fibres in an impregnated

(2)
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Figure 1 . Melt impregnation line.

sample embedded in resin, after polishing, is rather a
complex route [2j . It would be easier to use the
impregnation criterion (1) that is determined from the
following equation [ I0]:

I0 = [(crass-section of bundles/cross-section of
prepreg)lfihre volume fraction].

RESULTS AND DISCUSSION

The melt impregnation process was carried out lender
the following general conditions:
Line speed = 875 cm/min

A• PP ; a' fibre glass ; C: well ;rnpre riatad area 0 unimpregnated area

Figure 2 . Prepeeg cross-section .

Die temperature = 240 'C
MI I = 2 .5 g/10 min
Pin number 2

To investigate the effect of material and
process parameters on the quality of impregnation the
following variables were studied.

To study the effect of each variable, the other
values are kept constant.

Line Speed
Impregnation process is ' started by surrounding the
tow with the melt matrix . The fibres in the tow are not
perfectly straight therefore the distance between
fibres varies along the fibre length . At a point where
two fibres are sufficiently close, the melt matrix
around one of the fibres collies into contact with the
adjacent fibre, bridging the gap between the tow
fibres . Driven by surface tension, the matrix then
moves lengthwise along the fibres until another
bridging point is reached . The lengthwise flow along
the fibres is accompanied by radial flow across the
fibres . Axial flow can result in the removal of
entrapped air bubbles . Frequently both axial and
radial flow will occur simultaneously . By increasing
the line speed, the contact time between the fibres and
matrix decreases, therefore, the matrix radial flow
around the fibres and matrix axial flow between fibres
is decreased . Also with increasing the line speed, the
shear stress between fibre surfaces and melt matrix
increases and it leads to an increase in the applied
axial force on the fibre, which will compress the fibre
strands in the radial direction . This makes the radial
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Screw speed : 26 rpm ; die temp. = 240 'C ; MFI = 2 .5 g11a ruin'. Pin no = 2;

Melt temp =220 ' C; Raving = 2400 lgs.

Figure 3. Impregnation criterion vs . line speed.

ris iTi►aavr Iri!/I~

A Hopper fpr receiving polymer granules

a Flare raving package

C Screw extruder

a Fibre-raving coating die head

E Neater OOPling bath

F Take up spool for created rovings
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penetration of melt more difficult and so reduces the
impregnation . Figure 3 shows the impregnation
criterion of the samples obtained versus the line
speed .

By increasing the line speed from 9 to 15 cm/s
the total decrease in the impregnation criterion is
about 11%.

Pressure
In the impregnation process pressure is applied to
accelerate the impregnation rate . in the ideal case,
where the individual fibres are perfectly straight and
parallel to each other, as pressure is applied, the fibre
bundle collapses inward leaving much less room for
the polymer melt to penetrate between the filaments
of the tow . In the real situation, however each of the
fibres is not perfectly straight but rather cross each
other in nature. Therefore as the fibre bundle
collapses inward by the applied pressure, physical
contacts between the fibres take place at some points.

Between these contact points there exists room
for the resin to pass through. The room between the
fibres is directly related to the permeability of the
fibre bundle that represents the resistance to the resin
flow . As the pressure increases, the room between the
fibres becomes smaller . Thus the permeability of the
fibre bundle becomes a function of the applied
pressure.

Our results show that by elevation of the melt
pressure inside the cross-head die, first an increase in
the degree of impregnation happens which can be
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510
Pressure drop (kglcm2 )

Same speed = 26 rpm; Die temp. = 240 b; MFt = 2 .5 gilt min: Pin no = 2;

Men temp. • 220 ' C ; Roving = 2400 tee,

Figure 4. Impregnation criterion vs. pressure .
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180

Line speed = 675 cm/min; Die temp . = 240 'C; MFI = 2.5 gil 0 min; Pin no = 2;

Screw speed = 26 rpm: Die R.1= 2 .45 s ; Preheat = 1 .4 s; Roving = 2400 tea.

Figure 5 . Impregnation criterion vs . melt temperature.

attributed to the better penetration of the melt into the
fibre bundle, but at some further stage any extra
increase in pressure seemed to compress individual
fibres together, so tightly that further penetration of
molten polymer through the fibre bundle was effect-
ively prevented (Figure 4).

Increase of pressure from 180 to 210 kg/cm2
resulted in a 10% increase, and increase from 210 to
260 kg/cm2 resulted in 18% decrease in the
impregnation criterion.

Melt Temperature
Figure 5 shows the influence of the melt temperature
and hence of the melt viscosity on impregnation.
Once more linear regression has been used to draw
lines through the data.

By elevation of the melt temperature, the
viscosity of polymer melt was decreased and, in
agreement with eqn (3) . The degree of impregnation
was increased . Also by elevation of the melt
temperature the shear stress between fibre surface and
polymer melt is decreased . An elevation in the matrix
temperature from 190 to 240 'C resulted in a 16%
increase in the impregnation criterion.

Melt Flow Index (MFI)
By selecting a polypropylene with a higher MFI value
the processability of the matrix increases, which
results in better penetration of polymer melt through
the fibre bundle and so improves the impregnation
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Melt temperature (C)
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Line speed = 875 onl nln; Die temp . = 240 C: YP1 2.5 QrtO min ; Pin no = 2;

Screw speed = 26 rpm ; Die R .t = 0.95 e ; Preheat = 0 .55.m; Roving = 2400 Mx.

Figure B . Impregnation criterion vs. MFI.

criterion as it is shown in Figure 6 . By selecting a
polypropylene with a MFI value, of 8 instead of 2 .5
the impregnation improved by more' than 15%.

CONCLUSION

In this work the influence of the material parameters

on impregnation is studied by applying the impreg-

nation criterion . The impregnation of glass fibre rov-

ing during impregnation process with polypropylene

melt is inversely proportional to the line speed . By

70% increase in the line speed the decrease in the

impregnation is about 11% . There is an optimum

pressure range influencing the impregnation of the

fibre bundles positively . Any pressure increases to
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Impregnation criterion (%)
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210 kg/cm2 result in a better impregnation and further

increases in the pressure above 210 kg/cm2 show a
negative effect on the fibre wetting . By increasing the

melt temperature up to 26%, resulted in a 16% increase

in the impregnation criterion, By selecting a

polypropylene with a 22% higher MFI value the results

show about 15% increasing, in the impregnation

criterion.
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