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ABSTRACT

Experiments were performed studying resin flow during the cure of fiber
reinforced, organic matrix composites using a system in which the resin was
simulated by viscous liquids and the fibers either by layers of thin rods or by
layers of porous plates. The flow pattern was observed and the flow rate was
measured for different applied pressures. The data were compared to the
results of the Springer-Loos model and excellent agreement was found bet-
ween the data and the model.

INTRODUCTION

Parts made of fiber reinforced, organic matrix composites are fabricated by
arranging the uncured fiber-resin mixture into the desired shape and then
applying heat and pressure to the material for predetermined lengths of time.
The elevated (cure) temperature applied during the cure provides the heat re-
quired for initiating and maintaining the chemical reactions inside the resin.
The applied pressure provides the force needed to squeeze excess resin out of
the material and to consolidate individual plies.

Since the cure temperature and cure pressure have a marked effect on the
quality of the finished product they must be selected carefully for each applica-
tion. Consequently, considerable efforts have been made in the past to deter-
mine the appropriate temperatures and pressures which must be applied during
cure. As a result of previous studies, the influence of the applied temperature
on the curing process is understood reasonably well {1-7]. Relatively little is
known, however, of the effects of the applied pressure on the resin flow. Only
recently has a model been presented for describing the resin flow during cure
{6,7). The validity of the hypotheses underlying the model and the accuracy of
the results could not yet be assessed because of a complete lack of suit-
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able data. In this paper experimental results are presented which illustrate
the mechanism of resin flow and provide means of evaluating the accuracy of
analytical models. The data obtained are compared to the results of the Spr-
inger and Loos model [6,7], which is the only model presently available for
calculating the resin flow. However, the data can also be used to evaluate the
accuracy of analytical models which might be proposed in the future.

THE PROBLEM

This investigation addresses the problem of curing fiber reinforced organic
matrix composites made of unidirectional prepreg tape or of woven fabric.
Photomicrographs of typical cross-sections of composites made of prepreg
tapes are shown in Fig. 1. A porous material (referred to as ‘‘bleeder”) is
placed on one or on both sides of the composite (Figure 2). Restraints are
mounted around the composite to prevent lateral motion and to minimize resin
flow through the edges.

Figure 1. Photomicrographs of unidirectional and crossply composites. Left: [0s];
Right: [0./90],
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Figure 2, Illustration of the composite-bleeder system.
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The cure process involves the application of heat and pressure. The applied
heat increases the temperature in the composite, resulting in changes in the
molecular structure of the resin and, correspondingly, in resin viscosity. When
the resin viscosity has become sufficiently low, a pressure is applied to the
system squeezing resin from the composite into the bleeder. This study is con-
cerned with the latter aspect of the cure process, namely with the relationship
between the applied pressure and the resin flow. Specifically, the investigation
had three major objectives: 1) to observe and examine the mechanism by
which resin flows through the composite, 2) to measure the flow rate, and 3) to
compare the data obtained with the results of the Springer-Loos model [6,7].

Resin may flow in the directions normal (z direction, Fig. 2) and parallel (x
direction) to the plane of the composite. In practice, the flow in the x direction
is often negligible because the width and length are large compared to the
thickness, and because of the restraints placed around the composite. Some
resin may flow through the edges but, in general, the region affected by this
lateral flow is small and is confined to the vicinity of the edges. Therefore, on-
ly those problems are considered here where the resin flow is restricted to the z
direction.

EXPERIMENTAL APPARATUS
During the cure of a composite the viscosity (and hence the resin flow)
changes with time due to changes in temperature. In order to eliminate the ef-

fects of temperature and to observe the flow pattern, tests were performed
with a system simulating composites. The schematic of the apparatus is shown

in Fig. 3.
& ZWEIGHT

K

>ROLLER BEARINGS
i

%/)DIAL INDICATOR
PERFORATED STEEL

N PLATE

L— PLEXIGLAS
CONTAINER
6in.x 3in. x 2in.

————HN _viSCcous LiQuiD

THIN RODS

LOAD SENSOR
Figure 3. Schematic of the apparatus.
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A liquid of known viscosity was placed in a 6 in. long, 3 in. wide, and 2 in.
deep Plexiglas container. Two types of liquids were used. One of the liquids
was an oil having a viscosity of 16000 cps, the other one was a viscosity stan-
dard having a viscosity of 1257600 cps. The characteristics of both liquids were
such that they exhibited Newtonian behavior under the shear rates applied in
the tests.

Either 3/32 in. diameter plastic rods or 0.068 in. thick perforated fiberboard
plates (referred to as ‘‘porous plates’’) were placed in the liquid. The rods were
arranged in six parallel layers, the layers being 0.09 in. apart. The horizontal
distance between two adjacent rods was approximately 0.1 in. The porous
plates (each containing one hundred 0.042 in. diameter holes per square inch)
were also arranged in six parallel layers, with a distance of 0.09 in. between
each plate. A 1/4 in. steel plate (containing twenty four 1/8 in. diameter holes
per square inch) was placed on top of the liquid. The plate was connected by a
1/2 in. diameter steel shaft to a platform on which weights could be placed.
The alignment and the motion of the steel plate were controlled by two low
friction roller bearings.

During each test a known weight was applied and the vertical displacement
of the steel plate as a function of time was monitored using a dial indicator and
a stop watch. In addition, the motion of the rods (or plates) was observed. In
selected tests the pressure was also measured with a small (0.156 in. diameter
and 0.03 in. thick) strain gauge load sensor mounted on the inside bottom sur-
face of the Plexiglas container.

FLOW PATTERN

The flow pattern was observed in the apparatus illustrated in Fig. 3. As
described in the previous section, a force (pressure) was applied to the viscous
liquid which contained layers of either thin rods or porous plates. Upon ap-
plication of the force the first (top) layer (n=1, Fig. 4) moved toward the se-
cond (n=2), while liquid was squeezed out from the space between the two
layers. This liquid seeped through the rods (or through the holes in the porous
plate) of the first layer. When the rods (or plates) in the first layer reached the
rods (or plates) in the second layer, the two layers moved together toward the
third layer, squeezing resin out of the space between the second and third
layers. This sequence was repeated for the subsequent layers. Thus the interac-
tion of the layers proceeded in a wavelike manner (Fig. 4).

The wavelike motion described above was observed clearly both with rods
and with porous plates in the liquid. A series of photographs illustrating the
motion is given in Fig. 5. Initially, the porous plates were separated by an
equal distance (Fig. 5a). After the load was applied the first plate near the top
moved downward. A plate further down started moving only when the plate
above reached it (Figs. 5b-5d).

403



George S. Springer

PRESSURE
PRESSURE

P Ll
—HR-
BAAMALLLLLS ETTTLIETII lzzzlzzlmlzzzl

PRESSURE

353233
W ononou
mbhouIinn—

7777777777 /1777777777

Figure 4. Hllustration of the flow during pressure application.
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Figure 5. Photographs showing the sequence in which porous plates immersed in a liquid
move.

The sequence described above would also occur during the cure of a fiber
reinforced composite. The fibers in each ply in the composite will move in
unison toward the adjacent ply in the same manner as the layers of rods or
porous plates moved in the present tests (Figs. 4,5). Some compacting of the
fibers may occur but, in general, this effect will be small.

The foregoing observation shows that during the curing process the resin
content in the composite does not vary with position continuously. Instead,
the resin is distributed in a nearly discrete manner, with the resin content hav-
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ing either a minimum or a maximum value. The resin content is a minimum in
those plies across which resin flow takes place. The resin content is maximum
(having the same value as in the uncured composite) in those plies across which
there is no resin flow. As a consequence, near the center of the composite the
plies will be resin rich, unless the appropriate pressure is applied for an ap-
propriate length of time.

The observations described above also imply that there is a pressure drop
only across those layers through which resin flow takes place. The pressure is
constant (and is equal to the applied pressure P,) across all the other layers.
This was confirmed by pressure measurements made on the bottom of the li-
quid containing layers of either rods or plates. As expected the pressure on the
bottom was always the same as the applied pressure. This result is illustrated
by the typical set of data given in Fig. 6.
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Figure 6. Comparison of the pressure measured by a sensor placed on
the bottom of the liquid and the applied pressure.

FLOW RATE

A model of the resin flow through composites was presented by Springer
and Loos [6,7] by taking into account the effects of both the applied
temperature and pressure. This model is based on the observation that both
the composite and the bleeder resemble porous media. In the case of the
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bleeder this resemblance is evident. There is also a strong resemblance between
the cross section of the composite and a porous medium, as illustrated in
Fig. 1. Accordingly, Springer and Loos applied the expressions developed
for quasi-steady, seeping flow through porous media to the composite-bleeder
system. Springer and Loos’ analysis is not repeated here in detail. In the Ap-
pendix the analysis is summarized briefly, and is adapted to the present tests in
which the composite consisted of layers of either thin rods or porous plates im-
mersed in a constant viscosity liquid. According to the Springer-Loos model
the liquid flow rate out of this composite is (see Appendix)

d(hA) _ -1 /SCF> W

dt ., Se by \uhy
Sb hl

where h is the height of the liquid surface at time t, A is the cross sectional area
of the composite perpendicular to the direction of the flow, S  is the
permeability of a single layer of rods or of a porous plate, S, and h, are the
permeability and the thickness of the perforated steel plate above the liquid, h,
is either the diameter of a rod or the thickness of a porous plate, u is the liquid
viscosity, and F is the applied force (Fig. 7). The parameter n is the number of
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Figure 7. Description of the symbols used in the analysis.

layers through which resin flow takes place. By integrating eq. (1) and by
dividing both sides of the resulting expression by h, the following expression is
obtained for the change in height of the liquid surface
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where h; and h) are, respectively, the height of the surface and the distance bet-
ween two adjacent layers of rods or porous plates before the load is applied
(time t =0). t* is a dimensionless time

t* = SCF

= 3
dhoA | @)

Equation (2) provides the relationship between the displacement of the liquid
surface (which is proportional to the volume of liquid squeezed out of the
composite, eq. 1) and the elapsed time. This expression is now in a form which
is suitable for comparison with the data obtained in this investigation. Note,
that the displacement Ah varies linearly with time. The slope of the line
changes, however, as subsequent layers come into contact and, consequently,
as the parameter n increases. For the geometry of the present tests n is given by

n=1 <1+—Ah——11> C))

where I means the integer of the number in the parentheses.

In order to apply eq. (2) the permeabilities Sy and S, must be known. These
permeabilities were determined experimentally as follows. First, using a
known weight (force) the perforated steel plate was forced through the liquid
with neither rods nor porous plates being present in the liquid, and the change
in height Ah was measured as a function of time. The results of these
measurements were substituted into eq. (2), providing the value of S, = 8.4 x
107* in®. The procedure was repeated with either a single layer of rods or a single
porous plate in the liquid resulting in an S; value of 1.6 x 10-* in? for each
layer of rods and 5.6 x 10-¢ in? for each porous plate.

The displacement Ah as a function of time was measured both with layers of
rods and with layers of porous plates in the liquid. The measurements were
repeated with different applied weights (forces). The results are shown in
Figs. 8 and 9. In these figures the results of the model (eq. 2) are also included.
As can be seen the agreement between the data and the analytical result is ex-
cellent. This agreement creates confidence in the model and shows that the
model can be used to calculate the flow rate within high accuracy.
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Figure 8. Comparison of the data with the model. Liquid containing layers
of thin rods.
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Figure 9. Comparison of the data with the model. Liquid containing layers of
porous plates.
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APPENDIX
CALCULATION OF THE FLOW RATE
In this appendix the Springer-Loos model is adapted to the conditions of the

present tests. At any instant of time the liquid velocity in the bleeder Vy and in
the composite V. are given by Darcy’s law

S dP
V== =
0z (A.D)
For a constant viscosity liquid eq. (A.1) may be integrated to yield
S. P, - P
vy, =%t-¢__u
¢ u h (A.2)
Sy Py - Py
Vo= — ——— A.3
T hy (A.3)
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where P, and Py, are the pressures at the composite-bleeder interface and in the
bleeder, respectively, hy is the instantaneous thickness of the liquid in the
bleeder, and h is the thickness of the resin starved layer, i.e., the thickness of
the layer through which resin flow takes place (Fig. 7)

h, = nh, A4

All other symbols were defined in the main text. In the apparatus employed in
this investigation Py, is equal to the atmospheric pressure (P, = P,), hy is the
thickness of the steel plate above the liquid, and h, is either the diameter of a
rod or the thickness of a single porous plate.

The equation of continuity gives the rate of change of volume of the com-
posite

=- AV = - AV, (A5)

The second equality expresses the fact that, at any instant of time, the flow out
of the composite is equal to the flow into the bleeder. The pressure P, is
related to the applied force by the expression:

F
Py = X +P, (A.6)

By combining egs. (A.2) to (A.6) the following expression is obtained for the flow
rate,

d(hA) _ -1/ SCF> A7

dt L Se by \uhy
Sy hy
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