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2.17.1 INTRODUCTION

Process modeling of composite materials has
rapidly advanced in the last 30 years, primarily
due to the relatively recent ability to efficiently
perform coupled fluid/reaction/solidification
modeling. Impregnation describes the flow of
resin into fiber tows. Consolidation describes
the seamless compaction of laminae through
interply flow of resin. Both are required in
processing. Tailoring of process cycles to
achieve adequate degree of cure (thermosets)
or degree of crystallinity (thermoplastics) is also
required. These steps enable materials selection
for manufacturing characteristics, with simul-
taneous meaningful, real-time, process moni-
toring and control. Poor impregnation of
composite materials results in unacceptably
high void content, resin-rich areas, or other
microstructural defects. Poor consolidation of
composites results in similarly unacceptable
mechanical properties, with the additional loss
of control of matrix properties if curing of
resins is not well-controlled with accurate
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models. This chapter discusses the underlying
concepts of models for impregnation and con-
solidation phenomena.

2.17.2 PROCESSES AND KEY
PHENOMENA

We concentrate on the manufacture of lami-
nated composites processed by autoclave and
compression molding; many of the concepts
(including modeling of percolation-type fluid
penetration problems) incorporate commonly
used techniques for molded materials (see
Chapters 2.20 and 2.22, this volume). A typical
processing cycle for a laminated composite is
shown schematically in Figure 1. The term “pre-
preg” refers to a preimpregnated lamina com-
prised of aligned fibers embedded in an uncured
or partially cured resin. Use of such materials
originated with a product called “scotchply,”
produced in the 1950s by Minnesota Mining
and Manufacturing, Scotchply was composed
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Figure 1 Basic processing of a laminated composite.

Table 1 General comparison of thermoset and thermoplastic composite processing.

Thermoplastic processing

Thermoset laminate processing

High viscosity at processing temperature
Shear thinning, extensional, viscoelastic flow
Significant effect of matrix shear on fibers
Short cycle times

Lower viscosity at processing temperature

Primarily Newtonian flow

Primary flow mechanism: percolation
longer cycle based on cure kinetics

of fibers embedded in a thermosetting resin
(Halpin et al., 1983). The majority of composite
materials still feature such a thermosetting
matrix or resin, although the use of thermoplas-
tics has been widely viewed as the more promis-
ing technology due to the high processing rate,
coupled with the possibility of simultaneous
improvement in toughness and environmental
resistance (e.g., Cogswell, 1992). Processing and
consolidation of thermoplastic composite mate-
rials similarly requires careful consideration of
changes in matrix viscosity over the cycle, but
the crystallinity, rather than the degree of cure,
is tracked, incorporating analysis of heat trans-
fer in the mold or autoclave.

During thermoset processing, pressurization
forces resin flow through the reinforcement,
filling voids. Application of heat results in ma-
trix cure. In thermoplastic processing, the mo-
lecular weight and degree of crystallinity are
controlled. The process objective is a physical,
rather than chemical, change in the matrix, un-
like thermosetting cure, though cross-linking is
a sometimes unintentional by-product of degra-
dation of the matrix. Table 1 gives a general
comparison of the two types of polymer pro-
cesses. The key differences stem from two fac-
tors: the need to align process cycles with resin
cure kinetics in the case of thermosets, and the
need to manage impregnation with relatively
larger processing viscosities encountered with
thermoplastics.

Generally, process models for impregnation
and consolidation of thermosets can be divided
into three distinct but interdependent compo-
nents, as shown in Figure 2. These divisions are
similar for thermoplastics, except that physical,
rather than kinetic, changes are tracked. In the
first element, the curing of polymeric resins, we
discuss the change in the resin response as it
affects fluid constitutive response. Analysis of
heat transfer is required to track resin cure
kinetics, but a detailed discussion of heat trans-
fer modeling is not given here. Some attention is
paid to the effect of heat transfer in the resin,
namely the influence of reaction on flow beha-
vior. The second element, analysis of compac-
tion of fibrous beds, involves modeling of fiber
deformation in the presence of the surrounding
fluid, which may impart significant shear stres-
ses to the fibers. The third element, analysis of
resin flow, comprises selection of an appropri-
ate rheological model and application of the
conservation equations to locate the flow path
during processing.

The procedural elements in analysis of fluid
flow are linked by material properties and
geometry. Pressurization of a composite dur-
ing processing, either by autoclave pressure on
a vacuum-bagged material or via direct com-
pression of a composite in a press, results in
flow of resin through fiber reinforcement. The
strategic application of temperature and pres-
sure in a process cycle relies upon accurate
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Figure 2 Three types of interdependent modeling inherent in impregnation and consolidation modeling of
thermoset-matrix composites.

models for resin penetration of the reinforce-
ment, alteration of the reinforcement micro-
structure due to compression, and changes in
the resin properties.

2.17.3 THERMOSETTING RESINS:
IMPORTANCE OF KINETICS,
CURE, AND VISCOSITY

At a sufficiently high temperature in thermo-
set processing, reaction “ignition” occurs, and
the resultant cross-linking causes a rapid in-
crease in viscosity (see Chapter 2.19, this vol-
ume). During cure, reacting branched polymer
molecules, spurred by a catalyzing agent, be-
come irreversibly cross-linked with respect to
temperature change below the decomposition
temperature (Rodriguez, 1984). Neither cure
nor viscosity can presently be directly measured
during thermoset processing (Ciriscioli et al.,
1989, 1991). Ionic conductivity, however, can
be measured and correlated with viscosity. Si-
milarly, modified ionic conductivity can be
measured and correlated with the degree of
cure. Understanding the basic kinetic and rheo-
logical behavior allows tuning of processes to
guarantee adequate resin flow in compacting
laminae and proper temperature distribution
for cure, while minimizing process cycles.
Figure 3, adapted from Ciriscioli et al. (1991),
illustrates an optimal strategy. This approach
has achieved excellent results in thermoset pro-
cess optimization (Ciriscioli and Springer 1992)
with incorporation of real-time process control.

Successful control thermoset processing
highlights the importance of the characteriza-
tion of kinetics and rheology in materials and
process design. Such analyses rely on accurate,
generally semiempirical models. Experimental
techniques to generate empirical parameters
exist for characterizing resin cure behavior for
both isothermal and nonisothermal conditions.
While differential scanning calorimetry (DSC)
and other methods accurately characterize cer-
tain parameters (e.g., the heat of reaction),
others, such as contributions to the reaction
rate from individual chemical reactions, cannot
be determined with DSC alone. Thus, some
simplification of kinetic models is generally
required. Three key interdependent parameters
are important in characterizing cure for process
design: the heat of reaction, the degree of cure,
and the resin viscosity. Most useful process
models employ semiempirical relations to de-
scribe their interaction (e.g., Loos and Springer,
1983).

A brief example follows. The temperature
dependence of a polymerization reaction rate
constant can be expressed by the Arrhenius
relation as

K:Vexp<;—§> (1)

where ¥ = reaction rate constant, v = fitted
constant, E = activation energy, 7' = tempera-
ture (absolute), and R = gas constant.

The approach taken in modeling kinetics in
early classic work employed pseudo first-order
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Figure 3 Control strategy for thermoset cure (adapted from Ciriscioli et al., 1991).

kinetics. A pseudo first-order model is based on
a single polymerization reaction

A— P (2)

wherein the reaction rate for species 4 may be
written

d4
Fr rd = —xA (3)

where x is the reaction rate constant per mole of
species 4 reacted. For the Narmco 5208 system
of Figure 4, the cure was shown (Halpin ez al.,
1983) to follow a pseudo first-order reaction for
epoxy-based systems. Polymer properties were
determined via fitting of the kinetic model to
experimental results using dynamic scanning
calorimetry. Though two reactions occur in
this system, one, the opening of an epoxide
ring, has a significantly higher rate constant
than the other, etherification of the epoxide
and hydroxyl groups. Thus, the pseudo first-
order model was based on the rate-limiting
etherification step

~U k(i )

where [A] = concentration of epoxide groups
and x = apparent reaction rate and

p=1—¢* (5)
where p = extent of reaction of epoxide groups,

with the rate constant at temperature T given
by

K(T) = ok (To) (6)

where

Ef1 1
oy == = — 7
o R(TO T> ™

DSC is the most widely used among experimen-
tal techniques for determination of reaction
rate (¢.g., Prime, 1973; Sourour and Kamal,
1976; Lee et al., 1982; Loos and Springer,
1982; Halpin et al., 1983). The approach in-
volves heating of an uncured resin, followed
by measurement of the heat evolved as it reacts.
Both isothermal and nonisothermal conditions
can be investigated using DSC. DSC is
described in ASTM D 4473-95a (ASTM,
1995); in practice, it is frequently coupled with
FTIR (Fourier transform infrared), GPC (gel
permeation chromatography), IR or near-IR
spectroscopy, and physical measurement of
mechanical properties via viscometry or TMA
(thermomechanical analysis).

Because DSC gives heat of reaction directly,
degree of cure o may be defined conveniently as
the heat evolved at a given time divided by the
total heat of reaction, though definitions based
on harder-to-measure properties such as mole-
cular weight are possible. Total heat of reaction
can be determined (e.g., Loos and Springer,
1983/1982) via

i

Hp = J ﬁi—?] dr (8)

0

where #; is the amount of time required for
completion of reaction. The cumulative amount
of heat released at time ¢ is given by
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Figure 4 Sample cure cycle of Narmco 5208 system composite (adapted from Halpin ez al., 1983).

t

He = j [i—ﬂdz 9)

0

whereupon degree of cure can be calculated as
the ratio

H

@:H—R

(10)

A relation for rate of cure dao/dz can be written
as an Arrhenius relation; integration gives de-
gree of cure as a function of time. Correlation
of degree of cure with viscosity can be made via
semiempirical models as that developed for
Hercules 3501-6 resin (ibid.) by first developing
assuming a form of relation for viscosity and
degree of cure, as

E
u—uwexp(ﬁﬁ—Ba) (11)

where p., and B are constants, and E is the
activation energy for viscosity.

Kinetic models involving multiple reactions
can also be derived (e.g., Kardos, 1997). Multi-
ple reactions have also been more recently ex-
amined in epoxy systems (e.g., Chabert et al.,
1995; Lachenal et al., 1997). For the widely
used TGDDM-DDS (tetraglycidyl-4,4'-dia-
minodiphenylmethane  4,4'-diaminodiphenyl-
sulfone) resin system, for example, improved
determination of individual reaction enthalpies
and reaction rates (using near-IR spectroscopy
with DSC) allows some mapping of the con-
centration profiles of different groups formed
over the whole range of cure (de Bakker er al.,
1993). Other recent work has produced more
specialized mappings for viscosity, including
parameters such as initial degree of cure (e.g.,
Theriault et al., 1999).

As improvements in fundamental polymers
experimentation and process control are
achieved, it is likely that greater real-time con-
trol of process (coupled with extensive under-
standing of kinetic and rheological changes
with process variables) will supplant empiricism
in thermoset processing. Correlation of all of
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Figure 5 Summary of kinetic modeling and experimentation to determine physical resin properties for
thermoset-matrix composites.
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Figure 6 Summary of morphological and rheological modeling for thermoplastic-matrix composites.

these properties are summarized for thermosets
in Figure 5.

2.17.4 THERMOPLASTIC MATRICES:
PHYSICAL PROPERTIES

Unlike thermosetting resins, thermoplastic
matrices do not generally form chemical
cross-links, making them reprocessable (see
Chapter 2.25, this volume). In this class of
materials, morphology and rheology are be
used to design process and material (Figure 6).
Because these materials exhibit higher process
viscosities than most thermosetting resins, con-
sideration of impregnation and deformation of
fiber reinforcement cannot be decoupled (e.g.,
Jones and Oakley, 1990). Instead, process mod-

els for thermoplastics must not only address
physical properties of the resin, such as crystal-
linity of the final resin upon cooling, but also
the deformation mechanics of the reinforce-
ment (see Section 2.17.5). Bonding of layers,
or autohesion, during which segments of long
polymer chains migrate across thermoplastic
lamina interfaces, is critical to assure good
interfacial properties. Movement of polymer
in the fibers was modeled by de Gennes
(1971), who proposed the now classic “repta-
tion” model for molecular movement, with
polymer molecules moving in snakelike fashion
inside of a strongly cross-linked gel.

Degree of autohesion has been defined (Dara
and Loos, 1985; Lee and Springer, 1987) as

S

Dp = — 12
- (12)
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where § = bond strength at time ¢ and S,
= ultimate bond strength (bond strength as
t > 0).

Degree of autohesion is generally assumed to
follow the relation (per Wool and Connor,
1981; Wool, 1982)

D, = )(t;/‘1 (13)
and
% = X, exp(—E/RT) (14)

where 7y (Arrhenius-type) temperature-depen-
dent constant, yo = fitted constant, and E and
R arc the activation energy and the universal
gas constant. A method for calculation for time
to completion of bonding using a contact
model, relating degree of contact with geo-
metric and material parameters for the lami-
nate, was developed by Lee and Springer
(1987). Another approach was provided by
Dara and Loos (1985), relating time to heal to
the Williams—Landel-Ferry relation for shift in
viscosity with time. Determination of an ade-
quate degree of contact can be made using
assessment of part quality at different degrees
of contact; determination of time heat applica-
tion is required. It has been found that autohe-
sion times are short even for relatively fast
processes such as nonisothermal fusion bond-
ing of thermoplastic sheet (e.g., Bastien and
Gillespie, 1991), so that autohesion is not of
primary concern in slower processes such as
compression molding (Kardos, 1997). Applica-
tion of pressure does not have a marked effect
on degree of autohesion, however, crystallinity
during cure may affect such bonding (Lee and
Springer, 1987).

Rate of crystallinity must be determined for
generally nonisothermal conditions, since con-
trol of cooling rate is a key element in tailoring
crystallinity to meet mechanical requirements.
The dependence of crystallinity on temperature
and cooling rate may be generally stated (per
Lee and Springer, 1987) as

de dT
a-g<avT) (15)

where ¢ = crystallinity in the polymer (wt.%),
g = experimentally determined material prop-
erty, and the temperature distribution in the
laminate is found by the conservation of energy
as

g 0 0 dc

where z = coordinate normal to the laminate

plane, p = density, C = specific heat, and
k = thermal conductivity of the composite.
The degree of crystallinity may be defined
conveniently in analogous fashion to degree of
cure (Ozawa, 1971; Lee et al., 1987), as
Hy

c =—c¢ 17
A8 T Hurr (17

where ¢ ogs = absolute crystallinity in the poly-
mer (wt.%), Ht = heat at temperature 7,
Hypt = theoretical ultimate heat of crystalli-
nity, and ¢, = relative crystallinity in the poly-
mer (wt.%).

Crystallinity drops with faster cooling rates;
these rates have been extensively measured and
compared (Corrigan et al., 1989). The crystal-
linity of practical thermoplastic matrices has
been shown to be relatively insensitive to
changes in hold times during processing, and
except for very thick parts, differences in crys-
tallinity in a laminate is not a major concern,
despite much work in characterization of crys-
tallinity over process cycles (Cogswell, 1991).

Several basic models have been proposed
to couple these morphological and physical
parameters with rheological phenomena, par-
ticularly for thermoplastic processing, as
described in the following two sections.

2.17.4.1 Reinforcement Compaction: Basic
Models

In reinforced materials, compression of the
composite does not translate directly to pres-
sure to the resin, since a portion of the load is
taken up by the fibers for technologically rele-
vant volume fractions (0.5-0.7). Also, laminae
must be sufficiently compacted before increas-
ing resin viscosity prevents adequate flow. The
presence of fiber—fiber contacts affords a high
degree of elastic behavior to the composite
during pressurization. Here we focus on the
fundamentals of compaction, with part of the
discussion of rheological models for combined
flow of fibers and fluid reserved for Section
2.17.2 (for an excellent review of this and
other compaction and flow phenomena, see
also Hubert and Poursartip, 1998). Two types
of behavior in compaction are important:

(1) Compaction of dry reinforcement to max-
imum fiber volume fraction. Volume fraction vs.
pressure for the reinforcement phase reveals the
nature of the fiber—fiber contacts and unifor-
mity of fiber packing. Maximum packing frac-
tions less than 0.785 reveal poor alignment in
fibers (Gutowski and Dillon, 1992).

(ii) Compaction of composite, with resin flow-
ing simultaneously into voids. Compaction
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Figure 7 Sequential compaction, as per models by Springer (1982) and Loos and Springer (1983).
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Figure 8 Load-bearing fibers and fiber intercon-
nects in the presence of percolation flow in the
assembly due to external pressure.

curves represent the combined effect of resin
movement (percolating flow) and fiber compac-
tion. Compaction and permeability are key
parameters determining composite response
(e.g., Smith and Poursartip, 1993). Effective
stress formulations have been derived for com-
posite compaction.

Studies of compaction for the reinforcement
phase in liquid molding applications are numer-
ous, and generally address the same phenomena
discussed here for laminated materials (e.g.
Han er al., 1993). These are generally focused
on flow in more irregular architectures, with an
eye toward processing with thermosetting resins
for SRIM (structural reaction injection mold-
ing) and RTM (resin transfer molding) (see
Chapter 2.23, this volume). Extensive collection
of data on compaction behavior of a large
number of textile reinforcements for liquid
molding applications in compaction was made
by Robitaille and Gauvin (1998). They fitted
these data with the semiempirical relation

v = APP (18)

where v ¢ = volume fraction, 4 = v for a pres-
sure of 1 MPa, and B = fitted stiffening index
with

P

—=1-C#P 19
F=1-C (19)
where P, = initial compaction pressure,

C = pressure decay after ls, D = relaxation
index, and ¢ = time.

This allowed comparison of a wide variety of
materials’ response, including effect of lubri-
cant, or resin, volume fraction, number of
layers, and pressure. These phenomena have
also been widely studied in textiles, soils, and
laminated reinforcements.

Work in the second area, coupled compac-
tion/flow modeling, was pioneered by Loos and
Springer (1983) and Springer (1982) who pro-
posed a sequential compaction model (SCM)
for laminates. Observation of rigid rods sur-
rounded by liquid undergoing compaction mo-
tivated the model assumptions. Resin pressure
at the surface of the laminate was assumed to be
equal to the vacuum pressure in the bagged
part. Pressure in the uncompacted portion of
the laminate was assumed to be equal to the
applied load. Thus, the model assumed that the
resin alone bore the applied pressure, with the
resin pressure gradient driving resin flow as
layers were forced sequentially into contact
via external pressure from one direction
(Figure 7).

Later, models wherein resin was assumed to
“squeeze” (percolate) through the fibers, pro-
ducing viscous/elastic load sharing, were devel-
oped (derived separately by Davé et al., 1987
and Gutowski et al., 1987). A general case is
shown in Figure 8, wherein contacting fibers
deform, and resin is simultancously squeezed
throughout the reinforcement during compac-
tion. These squeezed sponge models (SSM) thus
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Figure 9 Two extreme scales of flow modeling in laminated materials.

have the feature that the applied pressure was
shared by fibers and resin, and so relate fiber
compaction and fiber bed permeability. The
apparent inconsistency between the two models
was resolved by Hubert and Poursartip (1998)
who showed the SCM to be, broadly, a special
case of the SSM, by assuming that the fiber
layers in the compacted region of the SCM
interacted, using a pressure distribution argu-
ment. Each SCM and SSM has been implemen-
ted with success (for Springer—Loos SCM, see,
e.g., numerical/experimental process control
work of Ciriscioli et al., 1992; for Davé-
Gutowski SSM, see, e.g., numerical implemen-
tation by Tredoux and Van der Westhuizen,
1995). For their SSM, Gutowski ef al. (1987a,
1997b) defined an effective compaction stress as
a function of volume fraction

11—/
s(v,) = e (20)
S B4 7.
-1

where E; = fiber flexural modulus, B = fiber
waviness ratio, Vg, = initial volume fraction,
and V, = maximum achievable volume frac-
tion based on beam-bending in the fibers in
response to load; this expression had earlier
been verified for lubricated systems of graphite
fibers in viscous oils. Gutowski and Dillon
(1992) reviewed the literature on lubricated
carbon fiber bundles and compared their defor-
mation to a 3-D theory by Cai and Gutowski
(1992). They were able to collapse a wide range
of data using the concept of a bundle “state.”
This and similar solutions represent models for
the cumulative effects of resin flow and reinfor-
cement deformation in 1-D, using simplified
assumptions. To model anisotropic flow,

greater understanding of the underlying fluid
mechanics is involved.

2.17.5 FIBER AND RESIN FLOW,
1-D-3-D

Simplification of modeling the fluid me-
chanics of resin flowing through the interstices,
and between layers, of fiber beds is necessitated
by the present impracticality of numerical solu-
tion of the full Navier—Stokes equations in a
stochastically arranged array of inclusions in
the path of the flow front. Thus, modeling is
possible at the two extremes shown in Figure 9:
at the smallest scale, modeling flow between
fibers/fiber bundles, and at the largest scale,
treating the laminate as an anisotropic conti-
nuum, Selection of modeling scale depends on
materials properties and processing type. Four
underlying flow mechanisms have been identi-
fied by Cogswell (1987) in characterizing flow
in thermoplastic materials, though a subset of
these also characterizes the major thermoset-
ting flow mechanisms for slow processes. They
are (Figure 10): (i) percolation flow, or flow
through packed beds; (ii) transverse fiber flow,
or “squeezing flow,” wherein fluid is forced
through the layers via external compression;
(iii) intraply shearing between individual,
aligned fibers; and (iv) interply slip-cooperative
flow, between layers of different (fiber) orienta-
tions. These mechanisms stem from considera-
tion of the laminate as a combination of
inextensible fibers surrounded by a viscous
liquid. Corrections are possible for fiber elasti-
city, as outlined in the last section.

The first type of flow, percolation in porous
media, was described originally by Darcy
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Table 2 Commonly implemented creeping flow models with attendant “permeability” k in each case.

Velocity equation

Permeability constant

Darcy flow o —K dp K
p o dx
Plane Poiseuille flow (h?/3) dP b3
ave — — — " 1.
1! dx
Circular Poiseuille flow (#/32) dP /32
Vave = — e
n dx
Channel with varying thickness 4_djg 4  da}
ying o - (32245) ap Poaa
ave M dx (a() + al)
Source: Senoguz et al., (2000).
percolation intraply shear

Il

1

squeezing flow

interply shear

Figure 10 Four types of flow (thermoplastics) as defined by Cogswell (1987).

(1856), who developed the constitutive descrip-
tion by observing water flow through beds of
sand. Application to composite processes, from
laminates to molded materials, is widespread.
The percolation flow is generally applied to
thermosetting resins in autoclave (laminate) or
liquid molding processes. Though it can be

modified to account for differences in axial
and transverse flow, i.e., anisotropy in the re-
inforcement phases (resulting in an anisotropic
permeability tensor, described presently), it
cannot easily account for mesoscale phenom-
ena as classified by Cogswell (1987). These
phenomena are primarily due to shear of layers,
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and are key mechanisms in thermoplastic pro-
cessing because of the higher overall process
viscosities. Furthermore, use of thermoforming
techniques (e.g., Cogswell, 1991; O’Bradaigh
and Mallon, 1989) produces shear between
layers, as deformation of thermoplastic sheets
onto high curvature parts results in strain
gradients in the layers. For these processes,
interply slip and shear become very important,
and a large body of work exists to model
these phenomena. Most composite processes
entail a degree of percolation flow, however,
as resin must permeate all layers to form
well-consolidated laminates, and resin-rich
layers are undesirable.

The Darcy model states that pressure gradi-
ent is proportional to flow velocity, scaled by
the ratio of solid phase permeability to fluid
viscosity, as

-K
y=—VP 21
i 21

where ¥ = average velocity of fluid, p = viscos-
ity of fluid, K = permeability of porous med-
ium, and VP = pressure gradient.

The proportionality of velocity and pressure
gradient, in fact, is central to modeling classic
creeping flows, wherein the scaling parameter,
“permeability,” may be derived as in Table 2.
This relationship has been commonly used to
model polymeric flow in composite materials in
the last 20 years (sce, e.g., review by Coulter
and Guceri, 1988). Though a large fraction of
the effort has been devoted to liquid molding of
thermosets rather than autoclave processing,
the same mathematical formulations are com-
monly used.

Williams et al. (1974) considered the flow of
several fluids through aligned reinforcements,
both dry and presaturated with liquid. They
obtained higher permeabilities for saturated
than for unsaturated reinforcement, as did
Martin and Son (1986). Many authors since
the late 1980s have studied the permeability of
fibrous preforms for liquid molding, including
Parnas et al. (1997), Adams and Rebenfeld
(1991a, 1991b), Gauvin et al. (1996), Chan
et al. (1993), Gebart (1992), Rudd er al.
(1996), Skartsis et al. (1992a, 1992b, 1992c),
Young and Wu (1995) and Mogavero and Ad-
vani (1997). More recent work has focused on
complex geometries. Rudd et al. (1996) estab-
lished “permeability maps” for complex geome-
tries. Smith et al. (1997) related permeabilities
of sheared fabrics to ply angle. Lai and Young
(1997) related similar experimental data to a
geometry-based flow model. Various authors
have suggested that capillarity plays a role in
these processes; the effect in real liquid molding

processes has been computed to be small (Dun-
gan et al., 2000; Senoguz et al., 2000). Darcy’s
law implementations uniformly require deter-
mination of permeability (in the form of a
tensor in anisotropic preforms, where up to
three scalar permeabilities are required in the
plane case). In these complex geometries, a
common approach to handle reinforcement de-
formation has been to alter the permeabilities
obtained for the reinforcement in the unde-
formed configuration, generally via tensor
transformation.

The Darcy approach is, without exception,
modified in application to real processing to
account for flow “tortuosity” or circuitousness
of the path that must be traversed to penetrate
the material, the shape of the particles, material
anisotropy, and the overall volume fraction.
Various modifications to Darcy’s law have
been proposed in the polymer processing
arena and in other areas of fluid—structure
interaction; for example, Kozeny (1927) treated
a permeated porous medium as a bundle of
capillary tubes and obtained a relationship to
adapt Darcy’s law to include capillarity effects
with an empirical relation; Blake (1922) derived
a similar expression. Carman (1937) modified
Kozeny’s work by defining S, the specific sur-
face with respect to a unit volume of solid,
instead of a unit volume of porous medium.
The “Kozeny—Carmen relationship” arose
through these sequential contributions. Car-
man (1937) experimentally determined a
range of “Kozeny constants” for a variety of
packing schemes and geometries of reinforce-
ments. This constant is determined empirically
from

7 (1-vp)’
=L )
a7 (22)

wherein k is a constant based on the geometric
form of the fibrous bed, and r; is the fiber
diameter. Gutowski et al. (1987b) suggested a
modification of Equation (22) as

PR 0] -

T4k (%Jrl)

so that the transverse permeability (K,) would
be zero in the case of maximum volume frac-
tion, since tangency of the cylindrical fibers
would effectively block resin flow transverse
to the assembily.

Use of the percolation model can be proble-
matic under two commonly occurring condi-
tions in laminate processing (e.g., Astrom ef al.,
1992; Skartsis et al., 1992c):
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(i) The fluid is non-Newtonian.

(i1) Significant anisotropy in the reinforce-
ment phase is present.

Determination of the Deborah number (De)
allows assessment of viscoelastic effects; higher
values corresponded to greater viscoelastic
effects (Astrom et al, 1992; Chmielewski
et al., 1990). Anisotropy in the form of aligned
fibers can be handled to some extent by correc-
tions to Darcy’s law. Rewriting Equation (21)
to account for anisotropic permeabilities, one
can derive a permeability tensor. Assuming
transverse isotropy and scaling permeabilities
by the Kozeny—Carmen relation, Astrom et al.,
(1992) derived

P 0 0
2
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S=uw » (&K, (24)
f 0 0 1

in which an expression for transverse perme-
ability such as Equation (23) might be substi-
tuted for Kozeny—Carmen correction for the
transverse terms.

Percolation flow was assumed in the classic
compaction work of the SCM model by
Springer (1982), Loos and Springer 1983),
and the SSM-type models, by Davé et al
(1987) and Gutowski et al. (1987a, 1987b). In
a detailed comparison of the two models by
Hubert and Poursartip (1998), the resin velo-
cities in both models for the compacting lami-
nate were compared. In the SCM, they
calculated the uniform resin velocities in the
compacted zone following the original
author’s use of a Darcy relationship, i.e., pro-
portionality of resin velocity and pressure gra-
dient. Resin velocity in the uncompacted zone
was assumed to be zero, as in the original
model. An expression for pressure distribution
in the compacted zone due to the fibers was
derived for this model via static equilibrium.
Resin-fiber load sharing was assumed, with
linear resin pressure distribution producing
constant resin velocity in that zone, as given
in the original work. In the SSM, resin velocity
profiles were calculated in the entire laminate,
using the original authors’ fiber bed compac-
tion model to determine pressure gradients.
Using numerical sensitivity studies of a test
case (AS4/3501-6 resin), they verified the im-
portance of the fiber bed compaction curve
and the material permeability in modeling
compaction/consolidation. Permeability was
found to affect compaction time strongly,
but not to alter compaction behavior. The
time to compaction, probably the most impor-
tant manufacturing parameter, was fastest

when the compaction curve was nonlinearly
stiffening.

Flow behavior in thermoplastics particularly
must be analyzed at higher scales than for
percolation or squeezing phenomena alone,
due to higher process viscosities and thus
greater cohesion in laminae than in thermoset-
ting composites. These models are geared to-
ward understanding of shear flow, since fibers
and resin are assumed to move together and
thus are treated as a continuum at some scale
(as in Figures 9 and 10). The remaining discus-
sion divides description of work in the intraply
and interply mechanisms, and laminate scale
modeling.

Transverse flow was discussed by Barnes
and Cogswell (1989) who described fibers
slipping past one another due to compression,
in the plane of the part, but perpendicular to
fiber axes. Due to fiber twisting, this process
was described as self-limiting. Like autohe-
sion at the molecular scale, and percolation
flow at the microscale, this phenomenon is a
healing process which contributes to part
uniformity.

Intraply shear results from fibers slipping
axially past one another in a lamina. The first
constitutive description of this phenomenon
was provided by Rogers (1989a, 1989b) who
wrote the material stress tensor as comprised of
a sum of terms for composite viscosity matrix
and reaction stress due to kinematic con-
straints, as

oy = Dijkldkl + ry (25)

where o = stress, D = composite viscosity ma-
trix, d = deformation rate, and r = reaction
stress due to kinematic constraints.

Per this model, the key parameters to be
determined experimentally are A; and Ay, the
composite longitudinal and transverse shears,
respectively, which have been measured by a
number of workers; significant scatter in re-
ported values exists (e.g., Wheeler and Jones,
1991).

Interply shear is largely an effect seen in shape
forming of thermoplastics rather than laminate
processing (e.g., Jones and Oakley, 1990). With
an assumption of viscoelastic response of the
laminae (elastic plies separated by viscous
layers), they deduced that intraply shear pro-
duced non-Newtonian behavior in the laminate.

Modeling laminates at the scale of an aniso-
tropic continuum has also been performed,
with constitutive response described for the
matrix as both Newtonian and power-law
by Pipes et al. (1991a, 1991b, 1992a, 1992b)
and Beaussart et al. (1993). The constitutive
rule,
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where axial elongation viscosity, mi; = i1’
axial shear viscosity, 1, = Neg transverse
elongation viscosity N2, = B2, and transverse
shear ViSCOSity Noz = (4[322 — B]])_l =

(4n2' — ni') ! treats the composite as a vis-
cous material, with the fibers’ contribution aris-
ing from a micromechanical, shear-lag type
assumption of matrix shear on inextensible
fibers.

Combined analysis of these modes is of great-
est importance in the case of shape forming of
thermoplastics. For thermosets, and flat panels
of thermosets and thermoplastics, percolation
flows generally allow assignation of key process
variables.

2.17.6 SUMMARY AND FUTURE
DIRECTIONS

As computing speeds continually increase,
and demands for more complex geometries in
composites grows beyond the lower curvature
or flat parts of interest to the aerospace indus-
try, it is likely that greater microscale heat
transfer, fluid mechanics, and reinforcement
deformation mechanics will be undertaken nu-
merically. Investigations by polymer scientists
into the kinetics of thermoset reactions will
undoubtedly be implemented simultaneously
with these.

At the present time, state of the art in flow
simulations involves consideration of flow at
the scale of the composite, with flow around
fibers and tows not explicitly considered other
than in an average sense in practical manufac-
turing simulations. Related flow phenomena
have been investigated for thermoplastics, due
to the greater importance of shear and the
availability of shape forming through thermo-
forming of these materials.

In resin kinetics for thermosetting materials,
work continues on investigations of the contri-
butions of individual reactions in epoxy sys-
tems. The successful implementation of these
models will draw on existing, available heat
transfer simulations which currently can predict
temperature distributions in laminates with
high accuracy. Molecular motion in thermo-
plastics has been investigated (autohesion),
with the general finding that for slower pro-
cesses (autoclave processing and compression
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molding) the required diffusion times are mod-
est to assure good interlaminar distribution of
the matrix.

In fiber bed compaction, compressibility of
reinforcement will be of growing interest in the
coming years as more complex geometric
shapes for composites are realized. The inter-
play between fiber bed compaction and resin
flow has been studied in some detail, and at
present, semiempirical models have been imple-
mented in numerical codes which satisfactorily
predict combined compaction/flow behavior.

Overall, work on impregnation and consoli-
dation in thermoplastic and thermoset materi-
als has overlapped. With greater opportunity
for molecular and microscale modeling avail-
able in the coming years, it is likely that tech-
niques will diverge somewhat. At the present
time, however, suitable models for these phe-
nomena exist, and have been shown to be rea-
listic in a broad range of manufacturing
settings.
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