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ABSTRACT

High quality long fiber reinforced composites, such as those used in
aerospace and industrial applications are commonly processed in autoclaves.
An adequate resin flow model for the entire system (laminate/bleeder/
breather), which provides a description of the time-dependent laminate
consolidation process, is useful in predicting the loss of resin, heat
transfer charactefistics. fiber volume fraction and part dimension, etc.,
under & specified set of processing conditions. This could be accomplished by
properly analyzing the flow patteras and pressure profiles inside the laminate
during processing.

In this paper a newly formulated resin flow model for composite prepreg
lamination process is reported. This model considers viscous resin flows in
both directions perpendicular and paraliel to the composite plane. In the
horizontal direction, a sdueezing flow between two nonporous parallel plates
is analyzed, while in the vertical direction, a poiseuille type pressure flow
through porous media is assumed. Ppoper force and mass balances have been
mace and solved for the whcle system., The effects of fiber-fiber interactions
during lamination are included as well. The unique features of this analysis
are (1) the pressure gradient inside the laminate is assumed to be generated
from squeezing action between two adjacent approaching fiber layers, and ({i)
the behavior of fiber bundles is simulated by a Finitely Extendable Nonlinear
Elastic (FENE) spring. Favorable comparisons between model predictions and
experimental data available in literature are found,
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monitoring and controls of composite laminate fabrication procussing in
dutoclave. R. M. Baucom (PMB) was the Technical Monitor. This work also
represents an extended version of the work entitled “A Theoretical Study of
Resin Flows for Thermosetting Materials Ouring Prepreg Processing" previously
reported by NASA CR-172442, July, 1634. Thanks are due to James Shen ((iDU)
who helped to check numerical solutions of Eqs. (9) and (11) as plotted in
Tigure 5; to Dr. ). A, Hinkley (PMB) who reviewed the entire manuscript prior

to its publication,
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AUTOCLAVE PROCESSING FOR COMPOSITE MATERIAL FABRICATICN
I. AN ANALYSIS OF RESIN FLOWS AND FIBER COMPACTIONS FOR THIN LAMINATES

I. INTRODUCTION

High quality long fiber reinforced composites, such as those used in
aerospace and industrial applications, are commonly processed in autoclaves.
During processing, the composite materials are subjected to prescribed
elevated temperatures and pressures. Selection of a cure cycle (i.e.,
temperature profile) will dictate the kinetics of the reactive resin matrix,
and consequently the profile of chemoviscosity built-up. Increased molding
pressure during processing will result in resin flows both perpendicular and
parallel to the fibers., The applied pressure helps to consolidate the
composite laminates and to squeeze out excess resin and voids. An adequate
resin flow mode! for the entire system (1aminate/bleeder/breataer), which
provides a description of the time;dependent laminate consolidation process,
is useful in predicting the loss of resin, heat transfer characteristics,
fiber volume fraction and part dimension, etc., under a specified set of
processing conditions. This could he accomplished by properly analyzing the

flow patterns and pressure profiles inside the laminate during processing.

Considerable work has been conducted in the past by numerous researchers
in searching for a relatfonship between chemoviscosity and cure kinetics
(1,2]. However, the mechanics governing the flow of resin associated with the
composite lamination process has received little attention. Springer and Loos
[3-6) and Lindt [7] had presented pure viscous flow models. In their
analyses, the applied pressure during composite prepreg lamination process is
carried by the resin matrix only. The pressure gradients resulted inside the

1
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laminate create flows in both directions perpendicular and parallel to the
planes of the composite. Although favorable comparisons between model
predictions and experimental observations have been reported for some cases,
it is generally recognized that an adequate flow model for the composite
consolidation precess must include the effect of compacted fibers as well.
Recent measurements [8] indicated that resin pressure could be as low as 1/3
to 1/10 of the applied pressure, and the missing load must be carried by the
fibers. Bartlett [9] develnped a theoretical fiow model for glass-reinforced
resin during lamination of multilayef printed circuit boards in the electronic
industry. His analysis appeared to be the first attempt to take into account
the effects of layers of glass fabric coming into contact with one another as
the resin is squeezed nut. The model was later compared with experimental
results by Bloechle [10,11] using a parallel-plate plastometer, and was
successfully applied to quality control of incoming epoxy B-stage prepregs in

a manufacturing enviromment,

More recently Gutowski [12] reported a resin flow/Tiber deformation model
for composites. By assuming fibers possess small curvatures, an elastic fiber
model depicted by a rapidly stiffening spring was constructed. The model was

also shown to it experimental data favorably.

In this paper a newly formulated rasin flow model for composite prepreg

lamination process is reported. This model considers viscous resin flows in

_ both directions perpendicular and parallel to the composite plane., The

effects of fiber-fiber interactions during lamina“ion are included as well.
The unique features of this analysis are (i) the pressure aradient inside the

laminate is assumed to be generatad from squeezing action between two adjacent

2
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approaching fiber layers, and (fi) the behavior of fiber bundles is simulated
by a Finitely Extendable Nonlinear Elastic (FENE) spring., Comparisons between

model predictions and experimental results will also be made.
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List of Symbols

n(t)
"o

Ne

g dp/dz (psi/inch)

Viscous flow Activation Energy (Xcal/mole)
Viscosity cure Activation Energy (Kcal/mole)
External load (1bs)

Separation (inch) between parallel plates

Inftial separation (inch) between parallel plates
z dh/dt (inch/sec)

Permeability (inch?) of porous material

Viscosity rate constant

Material conctant {(min-1)

Pressure (psi) generated by squeezing action between two
approaching plates

Ambient pressure (psi)

Pressure (psi) absorbed by glass fabric or fiber bundles
Defined by Eqs. (12), (13)

Universal gas constant (kcal/mole °K)

Cylindrical coordinate system

Curing temperature (°k)

Curing time (sec)

Velocity (inch/sec) averaged over a small region of space
fn porous material

Velocity (inch/sec) in r and Z direction, respectively

Characteristic tnickness {(inch) of porous material where
resin flows

Chemaviscosity {poise)
Initial viscosity (puise) at t = 0
Material! constant (poise)

Vensity (1h/f13) averaged over a region in porous material
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IT. THEORY

Physical Model

A simplified idealized schematic diagram of multi-layer composite
laminates is shown in Fig. 1. A stack of five layers of prepreg tapes is
confined between two steel plates and layers of poraus materials. The porous
materials include those commonly called bleeder and breather materials. 1In
reality, the fibers are not perfect!y‘straight and aligned as shown. They are
rather curved and have indefinite number of points of contact in between,

When the laminate compacticrs occur due to the external load, the number of
points of contact among layers of fiber bundles increases rapidly, and so does
the fraction of external load carried by the fiber bundles. Such behavior can

he conveniently simulated by a non-Hookean elastic spring.

In order to develop a viscous flow model for the resin, a “low channel is
postulated and shown schematically in Figure 2(a), where resin is confined
between two parallel porous plates separated by a distance, 2n. Upon
application of a force, F, the resin is squeezed outward horizontally and also
vertically through the porous media. It is assumed that these two flow
directions can be decoupled conceptually as shown in Fig. 2(b) and 2(c).

Fig. 2(b) illustrates a squeezing flow between two non-porous plates separated
by a same distance, 2 h, A vertical pressure flow through porous materials is

illustrated in Fig., 2(c) {assuming no horizontal flow), and that the flow is

driven by a pressure drop {p-pa) across a characteristic distance zp where
p is the pressure generated by the sqieezing action between two approaching
piates, and Pa is the ambient pressurn, A mass balance between change of

plates separation and the flows in these two directions can be established.
5
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The externally applied force F must be balanced by the pressures and the

elastic force of fiber bundles as well.

Mathematical Formulation

A. Vertical Flow Through Porous Media

For the flow of a flyid through a porous medium, the equation of motion

can be replaced by Darcy's law [13]

y°=--§-(vp-og).- (1)

where the underlined quantities denote vectors, K is the permeability of the

porous medium, n is the viscosity, Vo is a superficial velocity averaged over

a small region of space, and p and p are density and pressure, respectivity.

averaged over a region available to flow that is large with respect to the
pore size,

For an incompressible liquid and constant X angd n, Eq. (1) together with

the equation of continuity can be reduced to

v = 0

(2)

As a first order approximation, we assume that Eq. (2) is applicatle to our

system (Fig. 2(c)) in a unidirectional flow,

Egs. (1) and (2} can then be

combined to give




where ¢, = dp/dz is a constant. Eq. (3) has also been adopted by Springer

and Loos [3-6] in their analysis.,

8. Horizontal Squeezing Flow

We now consider the squeezing flow between two non-porous plates, as
shown in Fig. 2(b). A cylindrical coordinate system (r,0,z) is chosen for
convenience. The velocity and pressure fields are assumed Vo = Vp(r,2),

Vz = V2(z} and p = p(r) only. The equation of continuity becomes
2 2

h
2 [V dz+r (h+Vg) =0, (4)
0
where h = dh/dt is a measire ¢f the speed of approach of the two parallel

plates upon the application of force F, and V; = h at z = h,

For the velocity field ascumed, Bird et al. [14] have shown that the

Fecompeonent equation of motion can be integrated to give
. 1 z,2
Ver b - (@) (5)
Substituting Eq. (5) into Eq. (4), we have

d 3 nr ;e
a*?*.‘z;;‘“*"o’- (6)

~9
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which can then be integrated to obtain the pressure distribution as

2 2
P)py = = g0 (R e v) 1= (B)] (7)

€q. (7) represents the squeezing generated pressure drop between two parallel
plates approaching with a speed h(t). The pressure distribution is shown to
be parabolic, and is dependent upon distance of separation between plates,

h{t), and plates approaching speed ﬁ(t).

Substituting Eq. (6) into Eq. (5), we have
. . 2 )
nuJ>=-§§m+vn[;-%)L (8)

which describes the velocity profile of flow in the horizontal direction

between paralle! plates.

C. Elastic Forces from Fiber Bundles

It i35 receognized that in practice the prepreg tapes are not perfectly
straight and aligned within the cemposite laminate. The fiber bundles are
assumed to be curved initially and to behave as an elastic spring. As the
force is applied, the number of points of contact in between increases
rapidly, and the elastic spring becomes stiffer, Such behavior can be
simulated by a Finitely Extendable Nonlinear Elastic (FENE) spring which has a

force law of the following form:
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hg-n (9)

in which n(t) is the distance of separation between plates, and h

{0) = hy is
the initial distance.

m and Rs are number and radius of prepreg ply (fiber

bundle) respectively, (hg-mR¢) then represents the maximum compressible

A distance achieveable, A is the sample area, k is the elastic constant and n

¥s a constant. A spring (fiber bundles) with this force law wili be linear

(Hookean) for small compression, but will get stiffer and stiffer as the

spring (fiber bundles) is compressed; furthermore, the

spring (fiber hundles)

cannot be compressed beyond (hg-mR¢), because infinitely large compression

force is then required according to Eq. (9).

: New we can equate a balance in forces using Eqs. (2), (7), and (9) as
o
; : follows:
|
|
|
| R
| F=[[p(r) - Pa €20 +pel 2 wrdr
| 0
2 3 R
=z nR (CZZOfp:')-B-!h—athQ'KCZ] (10)

where F is the applied external force to the plates, Zg is a characteristic

length in vertical direction across porous media, and P¢ is tne pressure

absorbed by the fabric or fiber bundies, Prysically it is noted that when
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layers of fibers come into contact with one another as the resin is squeezed
outward, they begin to carry a portion of the applied load. The average
pressure applied to the resin is therefore the difference between the average

applied pressure and the pressure P¢ carried by the fiper bunales.

Eq. (10) can be rearranged as:

R sttt o
with

01 = =2 (c,z0 + py) | (12)
and '

0, = % R4 (13)

The time-dependent laminate thickness h{t) under a constant load F can

therefore he calculated by solving Eq. (11).




IIl. Resvlts and Discussion

For a given multi-layer composite laminate, we have

Ve(t) hy .
7o RTEr (14)
Ve

where Ve(t), h{t) are the fiber volume fraction and laminate thickness at
time ¢t réspectively. Similarly hy = h(0) and V? = Vf(O) are the initial
laminate thickness an¢ fiber volume fraction respectively. Substituting Eq.

(14) into Eq. (9), we have

(V. (t)-v2)/v ()
g P, =k AL A Aot (15)
f f ) -Vl-(t)-vf)/vf\t) n

~

NP rvem
(Ve-ve)rve

with kf = k hy/A, and V; denuces maximum fibe~ volume fraction obtainable,
Experimenta’ data shown in Figure 3 were taken by Gutowski [12]. They were
cbtained by compressing 6 inch long graphite fiber bundles impregnated in
Tight mineral oil which has a viscosity of 0,05 Pas., The elastic behavior
shown is a nonHookear rapidly stiffening spring,. - 8y selecting V% = 0.5,

V: = 0.8, kf = 50, and n = 1,475, prediztions of FENE spring model, Eq. {15),

for the fiber bundles represented by the solid line, are shown to compare

favorably with the experimental data in the Figure. During the selection of

11
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values for model parameters, it is noted that Vg and V: are obtained from

experimental observations, while k¢ and n are two adjustable variables.

Bloechle [10] and B8-rtlett [9] had investigated load/deformation
characteristics of a commercial B-stage 1080 glass fabric with a thickness of
0.0036 inch using a paralliel-plate plastometer., Measurements of pressure
carried by the glass cloth as a function of thickness h are reproduced in
Figure 4, By selecting hy = 0.0036 in., (hg-mR¢)/hg = 0,99, n = 6, and
k¢ = 370, the FENE model Eq. (9), represented by the solid line, is shown to

compare reasonably well with the data points within the experimental range.
The chemoviscosity profile for B-stage 1080 resin under isothermal curing
at temperature T had been measured by Bloechle [10], and can be represented by
a dual Arrhenius expression as follows:
n(t) = ng exp [kt] (16)
with
ng = n_ exp [AEn/R,T]

k = k_ exp [-AEk/R,T]

where n denotes curing viscosity; ng denotes zero time viscosity; k is

viscosity rate constant. Values of parameters are tabulated in Table 1.

12
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Table 1. values of parameters for B-stage 1080 epoxy resin and glass fabric

n, = 3.78 x 10~13 poises

k=55 x 109 min~!

& = 28 kcal/mole
AEk = 20 kcal/mole

Ry = 1.982 x 10-3 kcal/(mole °k)
K =9,0 x 10-13 jnch?
Zg = 0.0004 inch

R = 2.93 inch

The flow data obtained by plastumeter were performed'on 6 x 4.5 inch
B-stage specimens under three isothermal cyre temperatures of 140, 160, and
180°C. Each of the flow test specimens was comprised of 18 stacked pties. In
order to maintain a P/A ratio of 1.16 psi/(sq. inch) which corresponds to a
typical MLB lamination procedure utilizing 500 psi on an 18 x 24 inch panel, the
applied force F acting on the test specimen was maintained at 845 1bs. The
average B-stage thickness per Ply h(t) measured for three isothermal flow tesss
are reproduced in Figure 5., The solid lines are model predictions using Eq.
(11) incorporating the FENE spring, Eq. (9), for fibers bundies as discussed

above., Values of parameters usec in calculations are also included in Table 1.

For a given force F, the model sgems to over-estimate the ccmpactinn level
of the laminate, Czz, denotes the pressure drog for flow in vertical
direction across a porous medium with a characteristic length z,. Values of

€224 increase with increasing temperature, As the top and bottom bleeders
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are filled with the resirs during processing as a result of vertical flows, it
is conceivable that the flow characteristic would change. Uses of viriable
values of c,z, could therefore give better fits between model and '
experimental data., It is also noted that the range of measured FENI: forces
pf.>shown in Figure 4, does not cover the experimental values of h(t), shown
in Figure 5, wrere a reduction of only 10-20% of the original laminate
thickness heen accomplished. The final laminate thickness can, however, be

predicted accurately to within 8% at all three curing temperatures,

Fractions of applied load carried by fiber bundles and the reactive resin
chemoviscosity as a function of curing time are plotted in Figure 6 and 7
respectively. 1t is seen that a lower initial viscosity can be obtained for
higher isothermal curing condition. A lower viscosity gives rise to a
faster plate approach rate ﬁ(:) at the early stage of laminate compaction, and
consequently a higher rate of incréase in fractions of applied load carried by
the fiber bundles as shcwn in Figure 6. For small deformation where (PgA/F)
< 1.5%, the force response of FENE spring appears to be Hookean. As the
deformation becomes larger, functions of P¢A/F vs. t plotted in Figure 6
should exhibit rapidly increasing slopes corresponding to 2 rapidly stiffening
spring as discussed before. The fact that opposite characteristics for each
curve {i.e, decreasing slopes as a function of time in Figure 6) are obtained
indicates that the majority of the applied load is carried by the resin matrix

which possesses high chemoviscosities for this particular case under

discussion,
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The increases in fiber volume fractions Vf(()/vg during processing as
shown in Figure 8 are calculated from Eq. (14) for three temperatures. By
knowing the initial volume fraction of resin, Vﬁ. the residual resin volume

fraction V. (t) can be calculated directly from h(t) by the following

equation:

v.(t) 1 ho h,
o et TRl e (17)

The pressure distributions p(r) - Pa for the resin matrix inside the
laminate calculated from Eq. (7) are plotted in Figure 9. The distributions
are parabolic as a functicn of radius r. Lower pressure levels as seen for
180°C are consistent with the results shown in Fig. 6, due to the fact that
higher portions of the appiied !oaq are carried by the fiber bundles, The
change in pressure during the lamination process appears to be smnall for all

processing temperatures because of the same reasons discussed before,
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IV. CONCLUSIONS

A resin flow model for the long fiter reinforced composite prepreg
lamination process has been formulated. The model considers viscous resin
flows in both directions perpendicular and parallel to the composite plane.
The effects of fiber-fiher interactions are included as well, Proper force
and mass balances have been made and solved for the entire system which is
composed of laminates, bleeders, ang breathers., Loss of resin, fiber volume
fraction, preseure distribution .inside the laminate, part dimensions and
temperature effects, etc., as a function of processing time can all be
simulated, By assuming proper velocity fields for the squeezing flows between
parallel plates, a parabolic pressure distribution within the resin i
obtained. Tne effacts of fiber-fiber interactions during laminate compaction
are simylated by a Finitely Extendable Nonlinear Elastic (FENE) force, which
behaves as a rapidly stiffening spring, and correctly depicts the
experimentally observed behaviors of fiber responses during the lamination
process. Comparisons of model predictions and one set of experimental data
found in the Yiterature show that the final laminate thickness can be

predicted accurately to within 8% under various isothermal curing conditions,
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Figure 1, An idealized schamatic diagram of multi-layer composite laminates
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