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Illustration of possible resin flow patterns. Resin may originate from 3
the space between the fibers (dotted lines) and from the space
between adjacent plies (solid lines).

Illustration of possible resin flow patterns a) resin flow only normal 4
to the plics, b) rexin flow only parallel to the plies, ¢) resin flow normal

and parallel to the plies. Flow pattern depends on geometry (width to

thickness ratio), edge constraints (“dams”) and bleeder arrangements.

Ilustration of the resin flow and compaction processes a) resin flow only 6
normal to the plics, b) resin flow only parallel to the plies, c) resin
flow normal and parallel to the plies.

Pressure distribution inside the laminate (right) and the linear pressure 7
distribution assumed in the Loos-Springer model (left).

Fiber volumes at which load carried by the fibers is or is not significant. 8
Data from Ref. [6).

Schematic of the apparatus used for studying the compaction of rods 11
immersed in a viscous liquid [9).

Photographs showing the compaction of rods immersed in a liquid [9). 12

The thickness of each ply at the end of the cure of 60 ply AS/3501-6 13
laminates. Data extracted from the photomicrographs of Campbell [4].
n. is the number of compacted plies.

Resin flow (mass loss) in unidirectional composites parallel to the plies 16
and normal to the plies. Data from Ref. [2]. Comparisons between
the data and the results computed by the Loos-Springer model [2].

Resin flow (mass loss) in cross-ply composites parallel to the plies and )
normal to the plics. Data from Ref. [10]. Comparisons between the
data and the results computed by the Loos-Springer model [2].

The cure cycle used in preparing Fiberite 'T300/976 and 'T300/934 IN
laminates.

Resin flow in Fiberite T300/976 unidirectional composites normal to 19
the plies at the end of the cure. Comparisons between the data and

and the results computed by the Loos-Springer model 2], Cure eyele

given in Figure 11

Resin content i the bleeder for Fiberite T300/976 anidires tional 20
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composites at the end of the cure. Comparisons between the data
and the results computed by the Loos-Springer model [2]. Cure
cycle given in Figure 11.

Illustration of the effect of bleeder thickness. If the bleeder is too thin
(left), the bleeder becomes saturated before compaction is complete
and resin rich layers are present. For thick bleeder (right), all the
resin is squeezed out at the end of the cure.

Photomicrographs of eight-ply Fiberite T300/976 and T300/934
laminates cured at 0 (vacuum bag), 20, 55, and 80 psig pressure.
Magnification is 100 times. Temperature cure cycle is shown in
Figure 11.

Void contents as a function of cure pressure of Fiberite T300/976
and T300/934 eight-ply unidirectional laminates. Circles are data
deduced from the photomicrographs of Figure 15. Bars represent
spread in the data. Solid line is the result computed by the
Loos-Springer model [2].

Geometries of the compression and short-beam shear specimens.

The longitudinal compressive strengths of Fiberite T300/976 (16-plies)
and T300/934 (20-plies) unidirectional laminates as a function of

void content and cure pressure. Bars represent spread in the data.
Cure cycle given in Figure 11,

The short-beam shear strengths and moduli of Fiberite T300/976
(16-plies) and T300/931 (20-plies) unidirectional laminates as a
function of void content and cure pressure. Bars represent spread in
the data. Cure cycle given in Figure 11.

Resin flow in Fiberite 'T300/934 (20-plies) unidirectional composites
normal to the plies as a function of cure pressure (left) and bleeder
thickness (right) at the end of cure. Cure cycle given in Figure 11.
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Section I

INTRODUCTION

Curing of thermoset resin composites requires the application of heat and pressure.
Heat is used to facilitate and control the chemical reactions. Pressure is applied to squeeze
out cxcess resin, to consolidate plies, and to minimize void content. Thus, to ensure proper
cure, the magnitudes and durations of the heat and pressure (referred to as the “cure cycle”)

must be chosen carefully.

The cure cycle can be established either empirically or by the use of models. Empirical
methods require large number of tests with different heating rates and pressures. Such
empirical, “trial and error” procedures are expensive and time consuming, and are restricted

to small ranges of process variables.

Models which simulate the cure process provide a convenient means of establishing the
proper cure cycle. A model suitable for simulating the curing of thermoset resin composites
has been developed previously (c.g., see Refs. 1 and 2). This model is composed of submodels
among which are the “thermo-chermnical” sub-model (giving the temperature, viscosity, and
degree of cure), the “flow” submodel (yielding the pressure distribution, resin flow, and
compaction) and the “void” submodel (resulting in the void sizes). The therimo-chemical
submodel has been verified by numerous tests [2- 4] and its validity generally is unguestioned.
Fewer data are available pertaining to the flow and void submodels, and some of these data
are contradictory, having given rise to misunderstandings regarding the pressure. Therefore,
the objective of this investigation was to examine the role of pressure in the curing process,

and to cvaluate the effects of pressure on resin flow, compaction, void content, and mechanical

properties.
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Section II

DESCRIPTION OF RESIN FLOW AND PRESSURE DISTRIBUTION

In order to assess the role of pressure in the cure process, the pressure distribution
inside the composite must be known. In the following qualitative descriptions of the pressure
distribution and resin flow are given. Pertinent experimental data are presented in the next

section.

The discussion will address the resin flow and pressure distributions in laminates con-
sisting of layers (plies) of unidirectional “prepreg” tape. The same reasoning and conclusions
apply to composites made of layers of woven fabrics when resin flow is primarily in the di-

rection perpendicular to the laminate.
Resin Flow

Upon application of pressure resin may be “squeezed out” from the spaces between the
individual fibers and from the space between adjacent plies (Figure 1). In fact, owing to the
proximity of the fibers, relatively small amount of resin is removed from the space between
the fibers. The bulk of the resin originates from the space between adjacent plies. Depending
on the width to thickness ratio, edge constraints, and bleeder arrangements, resin may flow
in the direction normal to the plane of the laminate (Figure 2a), parallel to the laminate

(Igure 2b) or both normal and parallel to the laminate (Figure 2¢).

‘The motion and rearrangement of the plies due to the resin flow is illustrated in Figure
3. When the resin flow is only in the normal direction then first only the top layer moves,
while resin is being squeezed out from space between the first and second layers (Figure
3a). Whea the fibers reach the second layer, the first two layers move in unison towards
the third layer, squeezing resin out from the space between the second and third lavers,
This sequence is repeated for the subsequent layers. Thus, the layers are “compacted™ in a

wavelike, cascading manner. When resin flow is only in the direction parallel to the phes,
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Fig. 1. Illustration of possible resin flow patterns. Resin may orig-
inate from the space between the fibers (dotted lines) and e
from the space between adjacent plies (solid lines). e
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the plics compact nearly uniformly (Figure 3b). When resin flow is both in the normal and

parallel directions, the plics compact in the manner illustrated in Figure 3c.

Pressure Distribution

The pressure distribution inside the laminate is dictated by the physics of the problem.
A pressure differential exists only across regions where resin flow occurs. In the absence of
resin flow there is no pressure drop and, consequently, in the “no flow” regions the pressure

is constant. These considerations require the pressure distributions to be as follows.

When resin flows only in the direction normal to the plies there is a pressure drop
across the compacted plies and inside the bleeder as shown in Figure 4. When there is resin
flow in the direction parallel to the plies, therc is a pressure drop along the laminate from
the center of the laminate to the edge (Figure 4). A force balance requires that the pressure

at the center of the plate be eqnal to or higher than the applied pressure (Figure 4).

Recently, there have been some data reported which suggest that, as the cure progresses,
the pressure in the resin at the bottom center of the laminate becomes lower than the applied
pressure [4-5]. Such decrease in resin pressure could occur only if the fibers were to “touch”
and hence carry load. This situation does not arise as long as all the fibers are surrounded
by resin, i.e., until there is at lcast one thin resin layer in the prepreg across which there is
no fiber-to-fiber contact (Figure 5). Thus, (when resin flow is only in the direction normal to
the plies) pressure drop occurs across the compacted plies only, and (until full compaction

occurs) the pressure on the hottom of the prepreg is the same as the applied pressure

I)) O M
o= Shottom (no load carried by fibers) (1)

I)nppliv(l
Only when there is fiber contact do fibers carry some of the load. In this case there is a

pressure drop across the thickness of the prepreg

P
pr = “hottom (load carried by fibers) (2)

Puppli«-d

Recent tests by Gutowski et al. have shown that the load carried by the fibers (and

correspondingly the resin pressure drop) becomes appreciable only at fiber volume fractions
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normal and parallel to the plies.
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icant. Data from Ref. [6].




above 0.6 to 0.7 percent [6]. T'his situation was taken into account in a model proposed by

Gutowski [7, 8). It is worth noting that at fiber volume fractions below 0.6 to 0.7 percent

the Springer-Loos and Gutowski models provide nearly the same results,
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Section 111
EXPERIMENTAL VERIFICATION

The general descriptions of resin flow and pressure distribution presented in the pre-
vious section can be confirmed by experimental data. Some of the phenomenon, such as
compaction can be observed directly. Some of the data can be interpreted with the use of
models. A model simulating the cure process was described by Loos and Springer (1, 2].
Details of this model are not given here. Essentially, for specified material, geometry, cure
temperature and cure pressure, the model yields the following information: a) resin flow
normal and parallel to the plane of the plies, b) resin content of the bleeder, ¢) compaction,

and d) changes in void diameters.

Compaction

The compaction process has been demonstrated both with “model” systems and with
actual laminates made of prepreg tape. Compaction in a model system was demonstrated
by Springer (9], who studied the motion of rods suspended in a viscous fluid. Springer's
apparatus and photographs showing the compaction process are reproduced here in Figures

6 and 7. These photographs demonstrate clearly the wavelike nature of the compaction.

The compaction process was also demonstrated for thick graphite-epoxy laminates by
Campbell et al. [4] who took photomicrographs of composites cured at different pressures.
The thickness of cach ply was determined from Campbell's photomicrographs. (In Figure
10 of Ref. 1, the tool plate appears to be on the top of the photograph for 100 psig cure
pressure and on the bottom for the other cure pressures.) The results are plotted in Figure
8. As can be seen, the data follows the expected trend. Only the plies nearest to the bleeder
compacted. The plies at the bottom (next to the tool plate) did not compact. Furthermore.
the number of compacted plies increased with increasing pressure, as required by the physics

of the problem described in the previous section.
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Provided that the model and the presumed pressure distribution inside the resin are

correct, the number of compacted plies n. can be estimated by the expression (see Appendix
A)

nc=Cm (3)

where P, is the applied (cure) pressure and P, is the pressure in the bleeder. C is a constant

which depends on the geometry and the material properties.

For a cure pressure of P, = 25 psig and bleeder pressure of P, the data in Figure 8
show that the number of compacted plies is n, = 9. For these values of P,, Py, and n,
the constant C becomes C = 1.47 (psi)‘}. With this value of C the calculated number
of compacted plies is 11.6 and 15.6 for 50 psig and 100 psig cure pressures, respectively.
These calculated values compare favorably with the number of plies actually compacted (see

Figure 8 and Table 1), providing additional evidence of the validity of the model.
Pressure Distribution and Resin Flow

Measured resin flows were compared to resin flows computed by the Loos-Springer

model to assess the validities of the model and the assumed pressure distributions.

Resin flows in unidirectional and cross-ply AS/3501-6 laminates were measured by Loos
and Springer {2] and by Loos and Freeman [10]. Their data are reproduced in Figures 9 and
10. Resin flows in laminates made of Fiberite T300/976 unidirectional prepreg tape were
measured in the present investigation. The results are shown in Figures 12 and 13, and give
a) the resin flow normal to the plane of the plies as a function of pressure and b) the resin

content inside the bleeder.

The resin flow data given in Figures 9 through 13 were compared with the results of the
Loos-Springer model. The material properties used in the calculations are given in Tables 2
and 3. The comparisons between the data and the results of the model are included in
Figures 9, 10, 12, and 13. The model predicts quite accurately the resin flow, indicating that
the pressure distribution assumed in the calculations are adequate for calculating the resin

flow.
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TABLE 1 '
Number of compacted plies taken from Campbell’s Tests (Figure 8) .
and computed by the Loos-Springer Model (Eq. 1) R
]
3
Laminate: AS/3501-6 60-ply
‘
Number of Compacted Plies -
Cure Pressure, Py Measured Calculated
(peig) ,
25 8 9 p
50 12 11 h
25 16 15
.
’
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CURE TEMPERATURE (F)
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L
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a N
w R, = 2.4 psia 3
vd
=
O
] 1 | |
o 1 2 3 4
TIME (hr) N
Fig. 11. The cure cycle used in preparing Fiberite T300/976 and T300/934 lami- -\

nates.
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Fig. 12. Resin flow in Fiberite T300/976 unidirectional composites normal to the ¥
plies at the end of the cure. Comparisons between the data and the resuits N
computed by the Loos-Springer model [2]. Cure cycle given in Figure 11. N
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Fig. 13. Resin content in the bleeder for Fiberite T300/976 unidirectional compos- 4
ites at the end of the cure. Comparisons between the data and the results '
computed by the Loos-Springer model [2]. Cure cycle given in Figure 11.




TABLE 2

.......

Properites of Hercules AS/3501-6 Prepreg

Initial prepreg resin mass fraction
Initial thickness of prepreg

Resin content of one compacted ply
Thickness of one compacted ply

Apparent permeability of the prepreg
normal to the plane of the composite

Flow coefficient of the prepreg parallel
to the fibers

Resin density
Specific heat of the resin
Thermal conductivity of the resin

Heat of reaction of the resin

Fiber density
Specific heat of the fiber
Thermal conductivity of the fiber

Relationship between the cure rate,
temperature, and degree of cure

Relationship between the viscosity,
temperature, and degree of cure

42 %

1651 x 1074 m
4.79 x 102 kg/m?
1.194 x 10~4 m

5.8 x 10~16 2

1.7 x 102

1.26 x 10% kg/m®
1.26 kJ/kg/K

1.67 x 10°! W/m/K
See Ref. [10]

1.79 x 103 kg/m3
0.712 kJ/kg/K

26.0 W/m/K

See Ref. [12]

See Ref. [12]
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TABLE 3

Properties of Fiberite TS00/976 Prepreg

Initial prepreg resin mass fraction
Initial thickness of prepreg

Resin content of one compacted ply
Thickness of one compacted ply

Apparent permeability of the prepreg
normal to the plane of the composite

Flow coefficient of the prepreg parallel
to the fibers

Resin density
Specific heat of the resin
Thermal conductivity of the resin

Heat of reaction of the resin

Fiber density
Specific heat of the fiber
Thermal conductivity of the fiber

Relationship between the cure rate,
temperature, and degree of cure

Relationship between the viscosity,
temperature, and degree of cure

22
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33 %

161 x10~4m
5.08 x 10~2 kg/m?
1.35x 1074 m

2.4% 1017 2

1.7 x 102

1.26 x 10° kg/m?
1.26 kJ/kg/K

1.67 x 10! W/m/K
See Ref.(3]

1.79 x 10% kg/m3
0.712 kJ/kg/K

26.0 W/m/K

See Ref.[3]

See Ref.[3]
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Data relating the cure pressure to void content are presented below. First, however,

an observation is made regarding the thickness of the bleeder.

When the bleeder is too thin, the bleeder will saturate before all the resin is removed
from the laminate (Figures 13 and 14). It is important to note that the resin content of
the laminate cannot be controlled by adjusting the bleeder thickness. While a thinner than
necessary bleeder may result in the required “average” resin content, the resin in the laminate
will be distributed nonuniformly (Figure 14). The reason for this is that resin is removed
layer by layer as described previously (compaction process, Figure 3). Thus, unless the
compaction process is complete, some of the layers will have the final (desired) resin content,

while some will be resin rich.
Void Content

The effect of cure pressure on void content was examined by measuring the void contents
of laminates cured at different pressures. In performing these tests no effort was made to
minimize the void content, only to ensure reproducible data. The void contents of production

laminates would generally be less than those of the laminates used in this study.

The void contents of eight-ply Fiberite T300/936 and T300/934 unidirectional lam-
inates cured at different pressures were determined by examining optically the photomi-
crographs taken of compacted laminates after cure (Figure 15). The void contents thus
measured are shown in Figure 16. In this figure, the void contents calculated by the Loos-
Springer model is also included for the T300/976 laminates. The same calculations could
not be performed for the T300/934 composite, because for this material the thermochemical

data needed for the calculations were unavailable.

Three important observations can be made from the data in Figures 15 and 16. First,
the void sizes do not vary appreciably across the laminate. Second, there was no apparent
motion of the voids, implying that voids do not migrate through the resin. Third, there is

reasonable agreement between the measured and predicted void content.
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Section IV )

[}
MECHANICAL PROPERTIES .
The cure pressure has a significant effect on the mechanical properties of composites. .:,

As was shown in the previous section the cure pressure influences the void content. In '
turn, the void content affects the mechanical properties. The compressive and interlaminar
shear properties are especially affected by the cure pressure, since these properties are most
sensitive to void content. For this reason, the compressive strengths and the short-beam

shear strengths and moduli were measured as functions of cure pressure and void content. »

Unidirectional graphite-epoxy Fiberite T300/976 (16-plies) and T300/934 (20-plies)
laminates were tested. The geometries of the specimens are shown in Figure 17. A Celanese
fixture was used in the compression tests. The short-beam shear tests were performed v
according to the appropriate ASTM Standard {11]. The short-beam shear strengths and

moduli were calculated by the expressions

0.75 (P) "4

Ty = k) (4) 4

(P)(s)? :

= T (b () ) :

where 7, is the shear strength, E, is the shear (flexurc) modulus. P is the breaking load, ’_

b and h are width and thickness of specimen, respectively. d is the deflection at the center

L)

point, and s is the span between the supports. N
‘

The measured compressive and short-beam shear strengths and moduli are presented :

in Figures 18 and 19. Each point in these figures is the average of at least five data. These

data show the effects of void content (and cure pressure) on these mechanical properties. As ;
expected, both the strengths and the moduli increase with decreasing void content until the :
void content becomes about 3 to 4 percent. Below this void content neither the strengths :
nor the moduli change significantly. This suggests that it is not imperative to eliminate all :
the voids from the laminate. It is sufficient to keep the void content below a certain limit. ‘
27 S
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T300/934 (20-plies) unidirectional laminates as a function of void content
and cure pressure. Bars represent spread in the data. Cure cycle given in

Figure 11.
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Section V

CONCLUDING REMARKS

The experimental evidence presented in this technical report shows the important role
the applied pressure plays in the cure process of fiber reinforced, thermoset resin composites.
The pressure directly affects the compaction of the plies, the resin flow, and the void content

and, indirectly (through the void content), the compressive and interlaminar shear properties.

Owing to its significance, the proper pressure must be applied during the cure. The
appropriate cure pressure can best be established by models. One of the major objective
of cure models is to predict the values of the following three parameters: a) compaction,
b) resin flow, and c) void content. The exact knowledge of the pressure inside the laminate
is not needed, as long as the pressure distribution included in the model predicts within

acceptable accuracy the aforementioned three parameters.

The data also suggest that below a critical void content level, the void content does

not significantly affect either the compressive or the interlaminar shear properties.
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Appendix A

NUMBER OF COMPACTED PLIES

In time ¢ the amount of resin flow per unit area normal to the plies is [2]

Q= %%t (A-1)
where K is the permeability, and AP is the pressure drop across the distance AL. When
resin flow is only in the direction normal to the plies the pressure drop can be approximated
by

AP~ P,- P, (A-2)
where P, and P, are the applied and bleeder pressures, respectively. The distance AL

through which the pressure drop occurs is
AL =nch.+ hy (A-3)

where n. is the number of compacted plies, h, is the thickness of each compacted ply and
hy is the height of resin in the bleeder. The total amount of resin flow per unit area normal
to the plies is

Q =nc(ho — he) (A-4)
where h, is the thickness of each uncompacted ply. By combining Eqs. (A-1)-(A-4) we obtain

n. = (K)(t) VPo"Pb A-5
TV o bR iy (49

Ne e

The number of compacted plies n. is proportional to the resin depth in the bleeder h;. Hence

hy/(nch.) is constant and Eq. (5) may be written as

ne=C\P, - P, (A-6)

where C is a constant defined as

oo |_)® V=D
l‘(ho"'hc)hc 1+J5_

....
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Appendix B
RESIN FLOW IN FIBERITE T300/934 LAMINATES .

The resin flows in unidirectional Fiberite T300/934 laminates were also measured.
These data were not included in the main text because thermochemical data for the 934 resin 1
are lacking, preventing comparisons between the resin flow data and the model. Nevertheless,
the resin flow data is included here (Figure B-1). It is hoped that these data will be useful

to future investigators when thermochemical information on the Fiberite 934 resin becomes

available.
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