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ABSTRACT

A numerical flow-compaction model is developed and implemented in a finite element code to simulate
the multiple physical phenomena involved during the autoclave processing of fibre-reinforced
composite laminates. The model is based on the effective stress formulation coupled with a Darcian
flow theory. A Galerkin approach is employed to discretize the weak form of the governing equations.
The current formulation successfully describes the compaction behaviour of complex shape laminates
caused by flow of the resin. A parametric study is performed to investigate the effect of the material
properties on the compaction of angle-shaped composite laminates. It is found that the fibre bed
shear modulus significantly affects the compaction behaviour in the corner sections of curved
laminates while the resin viscosity and fibre bed permeability affect the compaction rate of the laminate.
Copyright ( 1999 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Modelling the autoclave processing of composite materials has been the focus of an increasing
number of research articles over the last 20 years (for example, see the review article by Hubert
and Poursartip1). The ultimate goal of process modelling is to predict the curing behaviour of
large and complex structures. Because of the complexity and variety of mechanisms occurring
during processing (such as heat transfer, flow, compaction, resin cure and stress development), it is
a daunting task to model the processing of complex structures in a monolithic model. To
overcome this difficulty, a modular approach is typically employed for the overall process model
structure.2,3 As illustrated in Figure 1, the main body of such a process model consists of a series
of ‘modules’, each responsible for performing a single task such as calculating resin flow (the
‘flow-compaction’ module) or development of internal stresses (the ‘stress—deformation’ module).



Figure 1. Processing model flowchart showing the different modules (from Hubert et al.3)

The various modules are called as needed by a controlling routine as the solution marches
forward in time. At the beginning of each time step, an ‘autoclave controller’ module,
simulating automated autoclave control, updates all process variables including the autoclave air
temperature, the autoclave pressure and the vacuum bag pressure. A central database which
contains a description of the modelled components (such as composite, tool, inserts, etc.) is
updated by each solution module as they are called. A complete description of the implementa-
tion of this approach has been provided by Hubert et al.3 In this paper, we focus our attention on
the specifics of the development of the module dealing with the flow and compaction behaviour of
composites.

Resin flow is an important phenomenon since it affects the fibre volume fraction distribution,
the mechanical properties of the laminate and the final dimension of the part. The modelling of
resin flow during processing for thermoset matrix composites has been reviewed extensively in
Reference 1. Traditionally, the flow equations have been solved numerically by using the finite
difference technique.2,4—6 This method is convenient for simple geometries such as flat laminates.
However, the governing equations have to be solved using the finite element method when
dealing with complex structures. For soil consolidation problems, this method has been applied
successfully.7,8 In thermoset matrix composite manufacturing, the flow of resin has been pre-
viously modelled using finite elements in resin transfer moulding process9,10 and in autoclave
processing.11 Processing of thermoplastic matrix composites has also been modelled using the
finite element technique.12,13

A compaction-flow model for flow through a porous medium is available in the commercial
code ABAQUS14 to model consolidation of granular solids. Attempts were made to use this code
to solve the present problem. Unfortunately, special features such as variable viscosity and
a general fibre bed constitutive law are not implemented in ABAQUS. Therefore, a new special
purpose finite element code was developed for the purposes of this study. The process model
developed is incorporated in a finite element code called COMPRO.15 This paper presents the
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Figure 2. Laminate representative volume and plane strain composite element

formulation used for the flow-compaction module. A parametric study of the more important
parameters for the flow-compaction model will also be presented.

2. MODEL DEVELOPMENT

2.1. Assumptions

Performing the analysis on only a 2-D section (Figure 2) is believed to be adequate and
appropriate for many composite structures, as at least one dimension is usually much larger than
the other two. Gradients in this third direction are correspondingly small and can safely be
ignored. The following assumptions are made in the present model:

1. a plane strain condition is assumed to prevail and thus only a slice (cross-section) through the
part is discretized

2. the composite material is idealized as a void free fibre bed fully saturated with a curing
resin

3. an individual ply is composed of regular, unidirectional, very stiff and incompressible fibres
that can be arbitrarily oriented in the plane of the ply (Figure 2)

4. the resin is assumed to behave as an incompressible Newtonian fluid
5. the resin flows relative to the fibre bed
6. the effect of gravity is included
7. the resin viscosity changes with temperature and degree of cure
8. the temperature effects on the physical properties (e.g. density) of the resin and the fibre are not

included explicitly in the governing equations, but these properties are updated at the
beginning of every time step, based on the appropriate equations16,17

9. spatial variation of the composite porosity are assumed to be negligible.
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2.2. Governing equations

Figure 2 shows the representative element of a curved composite part defining the domain
where the governing equations must be satisfied. The governing equations of the system must
describe the behaviour of the composite constituents: the fibre bed and the resin. Firstly, the
equilibrium of forces on the representative element is considered. Secondly, the mass conservation
for the representative element must be satisfied. The following equations were obtained from
several references dealing with the consolidation of porous media.7,8 For a porous medium
saturated with a single phase fluid, the total stress tensor p

ij
is separated into two parts as (tensile

stresses are considered positive):

p
ij
"p6

ij
!d

ij
P (1)

where p6
ij

is the fibre bed effective stress, d
ij

is the Kronecker delta (d
ij
"1 for i"j and d

ij
"0 for

iOj) and P is the resin pressure. For the representative element, the equilibrium equation for
a differential element of the composite is
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The resin flows through the fibre bed according to Darcy’s law. Accordingly, the resin velocity
v
i
relative to the fibre bed is expressed as

v
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K
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where K
ij

is the fibre bed permeability tensor, k is the resin viscosity, o
R

is the resin density, g is
the acceleration due to gravity and h is the height above a reference point. For the composite
representative element, the conservation of mass is then applied to the fibres and the resin.
Considering the assumptions stated previously, the conservation of mass requires
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where uR
i
is the fibre bed velocity. Combining equations (3) and (4), we obtain the final resin flow

continuity equation for the curing composite:
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The continuity equation (5) implies that the volumetric deformations of the composite are caused
by the flow of the resin out of the representative element (Figure 2). This implies that the
dimensional reference for the composite is in fact the fibre bed dimensions.

2.3. Boundary and initial conditions

The solution to the problem of flow and compaction involves solving a set of transient
differential equations subjected to a set of initial conditions and boundary conditions that need to
be specified. The state variables that describe the evolution of the flow-compaction process are
the fibre bed displacements, u

i
and the resin pressure, P. All pertinent parameters can be derived

from these primary state variables. The initial and boundary conditions are summarized in
Table I.
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Table I. Summary of the initial and boundary conditions for the flow-compac-
tion model

Initial conditions, for t"0, in the domain )

»
&
"»0

&
, P"P

!5.
, p6 "0

Boundary conditions, for t'0, on the surface !

Displacement External pressure Flow

Free p"f (t) Impermeable: LP/Ln
i
"0

Fixed: u
i
"0 Permeable: P

"
"f (t)

Sliding*: u/"0

*u/ is defined as the displacement normal to the boundary

The initial fibre volume fraction of the composite, »0
f
, is specified and the initial resin pressure

is assumed to be atmospheric and the fibre bed is initially stress-free. Boundary conditions specify
the state of displacements, applied pressure and resin pressure at the edge of the laminate. The
displacement boundary conditions, which are held constant during the entire solution, are
separated into three types: free, fixed and sliding. The sliding condition is obtained by allowing
displacement in the direction tangent to the surface boundary. In the case of a surface oriented in
an arbitrary orientation, standard co-ordinate transformations are applied to the degrees of
freedom affected by the sliding condition.18 The external pressure can vary during the solution.
The flow boundary condition is either impermeable or permeable. A permeable boundary
condition is specified by imposing a prescribed resin pressure at that boundary (i.e. ‘free flow’
boundary condition). The boundary pressure is the pressure of the vacuum bag and can change
with time. The impermeability condition is equivalent to having a zero normal pressure gradient
at the boundary (i.e. LP/Ln

i
"0, where n

i
is the unit normal vector to the boundary). The

prescribed resin flow flux at the boundary is not considered in the present model. In autoclave
processing, the resin flux at the boundary is caused by the imposed resin pressure boundary
condition. For other processing methods like resin transfer moulding (RTM), the implementation
of prescribed resin flux at the boundary would be required.

2.4. Composite constitutive law

The fibre bed constitutive law relates the fibre bed stresses to the strains that a represent-
ative element of a unidirectional composite is subjected to (Figure 3). Cai and Gutowski19
proposed a constitutive law for a fibre bundle where the stresses were divided into normal
and deviatoric shear components. The normal stresses result in the elastic response of the
material while the shear stresses are responsible for the viscous flow. In their work, they ignored
the viscous shear response of the material claiming that for the case of autoclave processing the
shear deformations are negligible. Thus, for a plane strain problem their constitutive law can be
written as

G
p6
1

p6
3
H"C

E
1

E
31

E
13

E
3
DG

e
1

e
3
H (6)
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Figure 3. Stress state on a representative element of a unidirectional ply

where p6
1
, p6

3
and e

1
, e

3
are the stresses and strains (Figure 3), and E

1
, E

13
, E

31
and E

3
are the fibre

bundle elastic constants. For an element of a unidirectional fibre bundle, all elastic constants are
functions of both the fibre bed state and fibre volume fraction. In soil mechanics problems,7 the
porous medium is assumed to be isotropic. In this case, the shear response is taken to be elastic
and coupling is also included.

For the present model, a constitutive law that includes elements of both of these approaches is
adopted. A simplified model is employed because there is a lack of experimental evidence to
support a more complex constitutive law. Consequently, the present compaction model is based
on the following rate-independent elastic constitutive relation:

G
p6
1

p6
3

q6
13
H"C

E
1

0 0

0 E
3

0

0 0 G
13
D G

e
1

e
3

c
13
H (7)

where E
1
, E

3
and G

13
are the elastic constants describing the fibre bundle compaction behav-

iour. In equation (7), the coupling between the longitudinal and transverse response has
been neglected. Using equations (40) and (42) in Reference 19, it can be shown that for the
current application, E

13
and E

31
in equation (6) are very small, and therefore can be

neglected.
Since the fibres are oriented in the longitudinal direction, E

1
is assumed to be a function of the

fibre longitudinal elastic modulus and the fibre volume fraction. E
3

varies with the fibre bundle
transverse strain, and is calculated from the experimentally obtained fibre bed compaction curve.
G

13
, is a material property that has not been considered previously in composites process

modelling work, since the primary focus has been flat laminates. However, when considering
shaped parts, some measure of shear behaviour, namely G

13
needs to be included. It will be
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Figure 4. Bilinear quadrilateral element and degrees of freedom (i.e. displacements u
xn

, u
zn

and pressure P
n
where n is the

node number)

demonstrated later that the inclusion of the shear term is very important for shapes that are
not flat.

2.5. Finite element formulation

The governing equations (2) and (5) form a system of differential equations that have to be
discretized into a system of algebraic equations using the weighted residual method. The Galerkin
method, which is the most popular weighted residual method, is used to arrive at the finite
element equations for the present model. Most of the following developments are based on
standard finite element procedures that are well documented.18,20

The domain is discretized with bilinear quadrilateral isoparametric elements (Figure 4).
Most laminates can be meshed using quadrilateral elements. The choice of an isoparametric
element enables one to apply the equations to a domain of arbitrary shape in the x—z plane. For
coupled fluid flow-elasticity problems, it is recommended to use an eight-noded rectangular
element with quadratic shape functions for the displacements and linear shape functions for the
pressure.7,20 Although the problem has been successfully solved using four-noded bilinear
elements,21,22 the eight-noded elements reduce some numerical instabilities arising from
the coupling of the governing equations.23 For simplicity and computational efficiency, the
bilinear four-noded element with pressure and displacement degrees of freedom at each node is
adopted here.

Different options are available for solving the governing equations. One can uncouple
the system of equations by separately solving the stress equilibrium and then the continuity
(or fluid flow) equation. This technique has been used in the majority of flow-compaction
models for composites.6 Typically, for soil mechanics applications, the solution is applied
to the coupled system of equations,7 although an uncoupled solution scheme has been
developed by Zienkiewicz. et al.24 For the present model, the coupling approach is used
even though the problem can be assumed quasi-static and hence the uncoupled method would be
justified.
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The system of algebraic equations in this case can be written as:

C
S L

0 HD C
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apD#C
0 0

LT 0D C
a5 u

a5 pD"C
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FfD (8)

where

S"P)
BTD

T
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T

(14)

where au and ap are the vectors of displacement and pressure variables, DT is the tangent material
stiffness matrix for the fibre bed, F' is a vector of gravitational forces per unit volume, d is a row
vector defined as d"M1,1,0N, N is a column vector of the bilinear shape functions, B is the
standard strain—displacement matrix, H$ is a matrix containing the piezometric pressure term
and rn is a vector containing the boundary stresses.

The element domain integrals and the boundary integrals (equations (9)—(13)) are evaluated
numerically using the Gaussian quadrature technique. Applying the appropriate essential bound-
ary conditions (i.e. displacements and resin pressure), equation (8) is then solved for the unknown
nodal variables. Apart from the standard spatial integrations, the solution of the system of
equations requires two other fundamental solution strategies. The presence of a time derivative in
equation (8) implies that the governing equations have to be integrated in time. Finally, because
of the non-linear behaviour of the fibre bed elasticity and permeability, a non-linear iterative
technique is required.

The consolidation is a transient problem and the system of equations has to be integrated in
time. The system of ordinary differential equations (equation (8)) can be rewritten as follows:

CU0 #DU"F (15)

where U is the vector of unknown nodal variables, U0 is the vector of time derivatives of the
unknown nodal variables, C is the damping matrix, D is the stiffness matrix and F is the load
vector. The system of equations is of first order in time and a number of methods are available for
its integration with the direct Euler integration methods being the most popular. Among them,
the implicit Euler method is unconditionally stable but not unconditionally accurate. The
advantage of this method is that it is possible to use relatively large time steps. For our problem,
the total time scale is long (in the minutes range) and the process is quasi-static, therefore the time
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steps are necessarily long. The time integration solution has to be coupled with a non-linear
iterative technique since the problem contains material properties that are functions of the nodal
variables.

Several iterative solution strategies are available to solve the problem and the choice of
a method depends mainly on the type or the severity of the non-linearity. For our problem the
non-linearities arise from the resin viscosity, the fibre bed permeability and the fibre bed transverse
elasticity. The resin viscosity can be assumed constant during a time step provided that the rate of
change of the resin viscosity is small. After each time step, the resin viscosity will be updated based
on the actual element temperature and resin degree of cure. For the permeability, a substitution
method25 is used where the permeability is updated at every iteration until convergence is reached
according to a certain criterion. Finally, for the fibre bed elasticity, a Newton—Raphson technique26
is employed to take into account the severe hardening in the effective stress—strain relationship. The
internal load vector is calculated using the following relation:

F*/5"
P)

(BTp6 #La1) d)

P)
Ha1d)

(16)

where p6 is the actual updated effective stress vector obtained from the constitutive model.

2.6. Model verification

Before applying the flow-compaction model to study complex shapes, a number of verification
runs were performed. The purpose of the verification runs was to test the element formulation and
implementation. These runs consisted of testing the model at different levels of complexity
ranging from simple static cases to the full non-linear transient solution. Several comparison
sources were available to validate the present model predictions. In particular, the linear solution
for a 1-D consolidation coupled with 1-D flow can be compared with an analytical solution.
For the non-linear solution, either ABAQUS or a previously developed 1-D composite process-
ing model, LAMCURE,27 were used. The verification runs were also used to define the limita-
tions of the present model and the level of accuracy of the solution. In all cases, the present finite
element model was found to successfully predict the compaction behaviour of an elastic porous
medium. The transient non-linear solution algorithm is correctly implemented as shown by
comparison of simulation results with closed-form predictions or ABAQUS results (Figures 5 and
6). The present processing model is in good agreement with previously developed models for
composite materials (LAMCURE, Figure 7). The small disagreement in the final solution,
particularly for the high flow resin system, comes from the fact that the present model uses a small
strain formulation as opposed to LAMCURE, which updates the mesh in order to account for
geometric non-linearities. However, the present flow-compaction model is suitable for composites
that are made up of low flow resin systems. These types of resins are being used widely in the
current practical laminated structures that undergo autoclave processing.

3. PARAMETRIC STUDY

A parametric study can have two main goals: to investigate the effect of a parameter on the final
model predictions or to study the effect of variation in input parameters that are not defined (or
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Figure 5. Comparison between predictions by COMPRO versus ABAQUS for a 2-D flow consolidation: (a) boundary
conditions for the 100 elements mesh; (b) predicted vertical pressure profile evolution with time at x"0

measured) to a satisfactory level of confidence and accuracy. Parametric studies on flat panels
have been conducted by previous researchers with flow-compaction models2,4,28 but the model-
ling of curved shape laminates for autoclave processing has never been addressed.1 Therefore, the
present parametric study focuses on the effect of material properties on the compaction of an
L-shaped angle laminate. The following properties are investigated: resin viscosity, fibre
bed permeability (longitudinal and transverse) and fibre bed constitutive law (longitudinal,
transverse and shear moduli). The resin viscosity and fibre bed transverse modulus are generally
characterized to a good level of accuracy.1 Thus, the effect of only small variations in these
properties on the compaction of the laminate is studied. For the fibre bed permeability, the range
of the longitudinal and transverse permeabilities is obtained from the literature.16 Finally, the
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Figure 6. Comparison between predictions by COMPRO versus ABAQUS for a 2-D flow consolidation: (a) boundary
conditions for the 100 elements mesh; (b) predicted horizontal pressure profile evolution with time at z"0

fibre bed longitudinal and shear moduli have never been characterized nor has their effect on the
compaction behaviour of angle shaped laminates been addressed in the literature. Thus, the
parametric study for these parameters covers a wide range to assess their effect.

3.1. Finite element model and runs definition

The laminate geometry selected for the current parametric study is a 90° angle (L-shaped)
laminate with a carbon-epoxy material (AS4/3501-6) and unidirectional fibres [0°]. The laminate
is defined in Figure 8. Assuming symmetry and plane strain conditions (e

y
"0), the finite element

mesh represents one half of the laminate as illustrated in Figure 8. The model dimensions and
applied boundary conditions are also shown in Figure 8. The autoclave pressure acts on the top
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Figure 7. Comparison between predictions by COMPRO versus LAMCURE27 for a 1-D flow consolidation: (a)
boundary conditions for the 20 elements mesh; (b) predicted variation of vertical displacement at the top of the model

(z"h) for both low and high flow systems
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Figure 8. Angle laminate dimensions: (a) and finite element model boundary conditions; (b) and cure cycle input; (c) for
the nominal case of the parametric study (SANOM)
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Figure 9. Finite element mesh used for the parametric study. The location for the normal displacement (u
n
) outputs is

shown

surface and edges of the laminate. Flow of resin is allowed by imposing a boundary resin pressure
equal to the bag pressure. The presence of a rigid tool is accounted for by applying a sliding
displacement boundary condition at the bottom surface of the laminate. The symmetry boundary
condition is imposed at the right edge of the laminate. For the simulations, the laminate surface
temperature is assumed to be equal to the air temperature of the autoclave. The cure cycle shown
in Figure 8 is used for all the simulations. This is a standard cure cycle suggested by the
manufacturer of the composite.

Figure 9 shows the finite element mesh used. A total of 464 elements are used with a constant
time step of 1 min. The flow-compaction module activates when the resin viscosity drops under
1000 Pa.s. Figure 9 indicates the location of the nodes where the displacement normal to the
surface (u

/
) is extracted to obtain the laminate compaction behaviour.

The material properties of AS4/3501-6 for the nominal case (SANOM) are taken from the
literature and from characterization tests presented in Reference 16. For the resin viscosity (k), the
following relation is used:

k"k
=

exp(ia) expA
º

R¹B (17)

where k
=

, º, and i are constants determined from viscometer data, a and ¹ are the resin degree
of cure and temperature. For AS4/3501-6, the constants are k

=
"4)6]10~17 Pa s, º"

114 477 J/mol, and i"14)8. The longitudinal fibre bed permeability (K
1
) is defined by the

following relation:28

K
1
"

r2
&

4k

(1!»
&
)3

»2
&

(18)

where r
&
is the fibre radius, k is the Kozeny constant and »

&
is the fibre volume constant. For

AS4/3501-6, the constants are r
&
"4]10~6 m and k"0)7. The transverse fibre bed permeability

(K
3
) is defined by the following relation:29

K
3
"

r2
&

4k@
(J»@

!
/»

&
!1)3

(J»@
!
/»

&
#1)

(19)

where k@ and »@
!

are empirical parameters. For AS4/3501-6, the constants are r
&
"4]10~6m,

k@"0)2 and »@
!
"0)82. The fibre bed longitudinal modulus (E

1
) is based on the longitudinal

elastic modulus of the fibres. The fibre bed longitudinal modulus is estimated to be 100 GPa using
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Figure 10. Compaction curves used for the parametric study to investigate the effect of shifting the fibre bed effective
stress in the stiffening region (0)1(e

3
(0)25)

the rule of mixture for a fibre volume fraction of approximately 50 per cent (i.e. E
1
"0)5E where

E"200 GPa is the fibre longitudinal modulus). The fibre bed shear modulus (G
13

) is set at
1 MPa for the nominal case. This value is derived from the average fibre bed transverse modulus
calculated from the compaction curve for AS4/3501-6. In the pressure range of the analysis (i.e.
0-700 kPa), the average transverse modulus is approximately 2 MPa. Thus, the estimated shear
modulus is set to one-half of the transverse modulus. Finally, the instanteneous fibre bed
transverse modulus (E

3
) is calculated from the fibre bed stress-strain curve measured for

AS4/3501-6, presented in Figure 10.
The different resin viscosity profiles (SAVIS1, SAVIS2 and SAVIS3) were obtained by setting

a different resin initial degree of cure (a
0
) or by using different values of constants (k

=
and i) for

the viscosity relation (equation (17)). The range of variation in the fibre bed permeability was
obtained by changing the value of the permeability model constants or by using a different
permeability model. An increase in the longitudinal permeability (run SAPER1) is obtained by
setting k"0)35 in equation (18). A reduction in the longitudinal permeability (run SAPER2) is
obtained by using the following relation:30

K
1
"

8r2
&

c

(1!»
&
)3

»2
&

(20)

with r
&
"4]10~6m and c"57. An increase in the transverse permeability (run SAPER3) is

obtained by setting k"6 in equation (18). A reduction in the transverse permeability (run
SAPER4) is obtained by setting » @

!
"0)76 in equation (19).

The fibre bed longitudinal modulus is varied from a high value of 200 GPa (SAE11) to a low
value of 1 GPa (SAE12). The fibre bed shear modulus is varied from a high value of 10 MPa
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Table II. Run definition and results for the parametric study

Result

Run Parameter

Time to full
compaction

(min)

Thickness
change in flat
section (mm)

Thickness
change at

corner (mm)

Nominal case

SANOM See Figure 8 and text 135 !0)95 !0)52

Resin viscosity

SAVIS1 a
0
"0)1 (equation (17)) 140 (#5) !0)95 (0) !0)52 (0)

SAVIS2 k
=
"3.5]10~17 Pa s (equation (17)) 135 (0) !0)95 (0) !0)52 (0)

SAVIS3 i"18 (equation (17)) 150 (#15) !0)95 (0) !0)52 (0)

Fibre bed longitudinal permeability

SAPER1 k"0)35 (equation (18)) 135 (0) !0)95 (0) !0)52 (0)
SAPER2 c"57 (equation (20)) 140 (#5) !0)95 (0) !0)52 (0)

Fibre bed transverse permeability

SAPER3 k"6 (equation (18)) 125 (!10) !0)95 (0) !0)52 (0)
SAPER4 k@"0)2, » @

!
"0)76 (equation (19)) 145 (#10) !0)95 (0) !0)52 (0)

Fibre bed compaction curve shape

SACUR1 See Figure 10 135 (0) !0)99 (!0)04) !0)52 (0)
SACUR2 See Figure 10 135 (0) !0)91 (#0)04) !0)52 (0)

Fibre bed longitudinal modulus

SAE11 E
1
"200 GPa 135 (0) !0)95 (0) !0)52 (0)

SAE12 E
1
"1 GPa 135 (0) !0)95 (0) !0)70 (!0)18)

Fibre bed shear modulus

SAG131 G
13
"10 MPa 130 (!5) !0)95 (0) !0)05 (#0)47)

SAG132 G
13
"10 kPa 135 (0) !0)95 (0) !0)95 (!0)43)

Note: Value in parentheses represents the variation from the nominal case

(SAG131) to a low value of 10 kPa (SAG132). The change of E
3
is obtained by changing the shape

of the compaction curve in the transition region from a low fibre bed modulus to the final very
high modulus (0)1(e

3
(0)25). The lower curve (SACUR1) and higher curve (SACUR2) are

compared with the nominal case in Figure 10.

3.2. Results and discussion of the parametric study

Table II summarizes the results from the parametric study. The compaction time and the
thickness change in the flat section and at the corner of the laminate are shown. As expected,
a change of the resin viscosity or the fibre bed permeability affects the time to full compaction but
not the final thickness of the laminate. On the other hand, the variation of the parameters of the
constitutive law influences the final laminate thickness but not the time to full compaction.
Similar results were obtained by Smith and Poursartip.6
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Figure 11. Effect of the variation of the transverse permeability on the angle compaction behaviour. The viscosity profile
is also shown indicating the gelation time of the resin

Figure 11 illustrates this result with the effect of a change in K
2

on the laminate compaction.
As reported by Loos and Springer,2 the processing conditions must be selected such that
full compaction of the laminate is achieved before gelation of the resin. For the case studied
here, the laminate compacts before the onset of gelation of the resin, as shown in Figure 11.
However, under different circumstances, a change in the resin viscosity and the fibre bed
permeability could have a significant effect. These issues were discussed in detail in previous
work.2,6,28,31

The effect of the shape of the compaction curve on the laminate thickness is presented in Figure
12. The laminate final thickness is affected when the laminate strains normal to the tool are in the
range of the compaction curve variation (0)10(e

3
(0)25) in Figure 10. Therefore, the final

thickness of the flat section, where the strains are large (Points A, B and C, 0)16(e
3
(0)19), is

significantly affected while the final thickness at the corner, where the strains are low (Point D,
e
3
(0)10), is not affected. These results stress the importance of an accurate measurement of the

entire fibre bed compaction curve.
The effect of the fibre bed longitudinal modulus is presented in Figure 13. Increasing E

1
has no

effect, while decreasing E
1

allows more tangential deformation, which increases the ability of the
corner to compact (Point D deformation increases for SAE12). The effect of the fibre bed shear
modulus is presented in Figure 14. The variation of G

13
has a significant effect, particularly at the

corner (Point D) and in the transition area between the flat and the corner section (Point C). This
is best shown in Figure 15 where the final shapes predicted by the various simulations are
compared. A low value for G

13
(SAG132) leads to a laminate with a constant thickness allowing

the corner section to reach full compaction. A high value for G
13

(SAG131) decreases the ability of
the corner to compact.

SIMULATION OF COMPLEX SHAPE COMPOSITE LAMINATES 17
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Figure 12. Effect of the compaction curve shape on the angle compaction behaviour

Figure 13. Effect of the fibre bed longitudinal modulus (E
1
) on the angle compaction behaviour
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Figure 14. Effect of the fibre bed shear modulus (G
13

) on the angle compaction behaviour: (a) increase in G
13

; (b) decrease
in G

13
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Figure 15. Effect of the fibre bed shear modulus (G
13

) on the final shape of the angle. The deformation behaviour at the
corner is enlarged

A comparison of the fibre bed shear strain (c
13

) distributions for the different simulations is
shown in Figure 16. For all cases, the negative strains in the flat section are caused by the shearing
induced by the action of the fibre bed being pushed away from the corner. The positive shear
deformation at the corner (SANOM and SAG131) is caused by the difference in the normal
compaction between the flat section and the corner. A variation of G

13
directly influences the

magnitude of the shear deformation as shown in Figure 16. Decreasing G
13

(SAG132) increases
the ability of the fibre bed to shear as indicated by an increase in the maximum shear strain, while
increasing G

13
(SAG131) has the opposite effect. The actual value of G

13
is unknown, thus the

values for the parametric study were chosen to highlight the importance of the fibre bed shear
behaviour for curved laminates.

4. APPLICATIONS

In this section, the present flow-compaction model is used to predict the compaction of composite
laminates manufactured in a production autoclave. In the first case, the laminates were modelled
in a similar manner to that in the parametric study (see Figure 8), but a no-slip condition at
the tool interface was simulated by imposing displacement constraints at the boundary. Imperme-
able conditions were maintained at all surfaces except for the top surface of the laminate
where the resin pressure was set to the bag pressure. This surface represents the bleeder where
the resin is allowed to flow freely during cure. The predicted final shape of the two laminate
lay-ups are presented in Figure 17. The laminate lay-up has a significant effect on the
deformations at the edge of the laminate. The [0] laminates have small lateral deformations
and the tool geometry influences the sign of the shear deformation in the flat section. This
behaviour is not observed for the [90] lay-up where the deformation is more important and is
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Figure 16. Effect of the fibre bed shear modulus (G
13

) on the final shear deformation (c
13

) distribution in the laminate:
(a) SANOM; (b) SAG131; and (c) SAG132
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Figure 17. Predicted deformed shape at the end of the compaction for AS4/3501-6 unidirectional laminates [0] and [90].
The original shape of the laminate is shown by the solid line. Photograph of the edge profile of the laminates after cure is

also shown

always in the direction of the pressure at the edge. Similar deformation profiles were observed on
the actual test specimens as shown in Figure 17. It should be noted that the edges of the laminates
were cut square before cure.

In the second case, a specimen moulded on a fairly massive convex tool is considered and
therefore both the tool and the laminate were modelled (Figure 18(a)). The cure cycle definition
used in the experiment was applied to the model. The appropriate heat transfer coefficient for the
autoclave was used, and convection boundary conditions were applied. The temperature profiles
predicted by the model are in very good agreement with the measured temperature profiles as
shown in Figure 18(b). The compaction strain variation in the flat section (Point A) and at the
corner (Point B) are also shown in Figure 18(b). The predicted final compaction strains are in
good agreement with the measured final values shown in Figure 18(b).

5. SUMMARY AND CONCLUSIONS

A 2-D plane strain, flow-compaction finite element model has been developed and integrated in
a comprehensive model for the autoclave processing of laminated composite structures. A fibre
bed constitutive law which assumes a non-linear elastic material behaviour in the fibre transverse
direction to the fibre and a linear elastic behaviour in shear has been proposed. Despite its
simplicity, the implementation of this new constitutive law in a flow-compaction model shows
that:

(a) The fibre bed shear modulus has a significant influence on the compaction and final shape of
curved laminates.

(b) Accurate measurements of the fibre bed compaction curve and shear behaviour are critical for
accurate prediction of the laminate final thickness.
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Figure 18. (a) Finite element mesh including the tool and the laminate for a unidirectional AS4/3501-6 composite angle.
(b) Temperature profiles and laminate compaction strain predicted by COMPRO compared to the experiments
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APPENDIX

Nomenclature

au displacement degree of freedom
ap resin pressure degree of freedom
B shape function derivatives matrix
c constant for permeability model
C damping matrix
D stiffness matrix

DT tangent material stiffness matrix
E

1
fibre bed longitudinal modulus

E
3

fibre bed transverse modulus
F load vector

F*/5 vector of internal loads
F' gravity forces vector
F
*

internal body forces
g acceleration due to gravity

G
13

fibre bed shear modulus
G shape function derivatives matrix
h height above a reference point

H$ matrix containing pressure head term
k Kozeny constant
k@ modified Kozeny constant

K
ij

fibre bed permeability tensor
K fibre bed permeability matrix
N element shape function matrix
P resin pressure

P
!5.

atmospheric pressure
P

"
bag pressure

r
&

fibre radius
R universal gas constant
R vector of residual forces
t time

t
'%-

time at resin gelation
¹ temperature
uR
i

fibre bed velocity
u/ displacement normal to the boundary
U vector of unknown nodal variables
U0 vector of time derivatives of the unknown nodal variables
v
i

resin velocity
»@

!
maximum fibre volume fraction for permeability model

»
&

fibre volume fraction
»0

&
initial fibre volume fraction

a resin degree of cure
d
ij

Kronecher delta
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d vector from Kronecher delta
e
i

fibre bed strain
c
13

fibre bed shear strain
! boundary of the domain
i constant for viscosity model
k resin viscosity

k
=

constant for viscosity model
h fibre orientation angle

o
R

resin density
p autoclave pressure

p/ applied traction at the domain boundary
p
ij

total applied stress
p6
ij

effective stress
) domain volume
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