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Objective

e The principal objective in this phase is to build fundamental understanding of flow-compression coupling in
CRTM process and to identify the issues to be addressed in the subsequent analytic, experimental and
numerical work.

Approach

e We extended, streamlined and analyzed the existing approach to model compression resin-transfer molding
(CRTM). The scheme was utilized to analyze several parts with certain degree of success, but two drawbacks
were revealed: low computational performance and limited accuracy. To answer these concerns, extended
problem descriptions which include fiber-tow saturation and preform deformation were developed to be
implemented in future modeling efforts.

Accomplishments

e An existing RTM simulation package was utilized to model the CRTM process with limited success and some
parametric studies were performed. The approach was streamlined and most limitations (such as the
requirement that the compression is kinematically driven) were alleviated.

e New governing relations for the general liquid composite molding (LCM) and, in particular, for CRTM have
been developed and implemented in a simple numerical scheme. The scheme is currently being tested and, if
successful, will be implemented in a finite-element-based simulation and will overcome the limitations of the
current modeling approach.

Future Direction
The following tasks are planned:
e  Verify the current model by comparison with laboratory experiments.

e  Study the influence of processing and material parameters — including multiple constitutive relations — using the
current solution as well as the extended model which is currently being tested.

e Develop and experimentally validate the numerical simulation of CRTM based on the extended model to
address processing of complex, large-scale structures.
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Introduction

All liquid composite molding (LCM) processes
require one to place a fibrous preform inside the
mold. The mold is sealed and a liquid resin
(typically a thermosetting resin, due to its low
viscosity) is injected to saturate the preform. The
fibers in the preform and the preform itself are
usually stationary or may undergo slow and
infinitesimal deformations during the injection
process. Next, the resin is allowed to cure. During
the curing process, the resin cross-links and hardens.
Once the resin has sufficiently solidified, the mold is
opened and the part is removed. Two commonly
used techniques in this process are RTM and
vacuum-assisted resin-transfer molding (VARTM),
but there are several other processes of interest, such
as RTM “Light” and the subject of this report,
CRTM. Figure 1 schematically compares these
processes.

In all these variations, the flow of the resin through
the preform is important. If particular sections of the
preform remain dry after the injection is complete,
the resulting void will seriously compromise the
composite properties. This may, for example,
happen if the inlets or vents are poorly placed. As it
is not possible to visualize the resin flow inside a
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Figure 1. Comparison of several important LCM
variations which includes CRTM.
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closed mold, this created a need to simulate the
filling process using a science-based process model.
For conventional RTM process, many reliable
computer simulation tools have been established and
validated with experiments [1-14]. They have been
used to verify designs and, more recently, for the
purposes of process optimization and control
[15-20]. When other LCM variations in the process
are involved, the modeling tools are scarce and
RTM tools are usually adapted [21-22], though the
results are sometimes not quite satisfactory. In this
report, we analyze the adaptation of RTM modeling
package to CRTM modeling.

CRTM Process

Traditionally, LCM processes are considered for
small- to medium-production batches. The major
limit to adaptation of this process to large-scale
production is its cycle time. This may be overcome
with a new process variation, CRTM, in
combination with near-shape preform
manufacturing, particularly the programmable
powdered preform process (P4). This process
combines resin injection into a preform in a
partially-open mold, subsequently closing the mold
to squeeze the resin into the preform and
simultaneously compacting the preform to increase
the fiber volume content, which is necessary for
structural components. This process offers the
potential to manufacture moderately-sized structures
in a few minutes while preserving the advantages of
RTM, namely, net-shape manufacturing of complex
curvatures with class A surface finish.

Figure 2. Three stages of CRTM process.

The resin flow in the CRTM process is more
complex than any other LCM variations. It exhibits
three distinct stages which are shown in Figure 2.
All of the phases can be modeled as flow through
porous media under different boundary and initial
conditions.
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The three stages are:

1. resin injection into the narrow gap between the
mold platen and the fiber preform in the mold,

2. closing of the gap while squeezing the resin into
the preform without direct contact between the
movable tool part and the perform, and

3. compaction of the preform by the mold platen
along with continuing resin impregnation.

Note that individual stages may overlap in time
depending on tool geometry and kinematics. Also, a
single composite structure may be undergoing
different phases in different regions. For the sake of
simplicity, we assume that these three stages follow
each other. This assumption may be relaxed if
necessary.

Stage 1: Resin Injection into the Narrow Gap

In the first stage, the resin is injected into the gap
between the movable mold part and preform (Figure
2 (a)). It can readily spread through the gap, as its
permeability is much higher than that of the
preform. It also penetrates into the preform. This is
analogous to the flow in traditional VARTM. In
CRTM, the gap plays the role of the flow-
enhancement layer known as the distribution media.
As there is a pressure gradient across the preform
thickness, the preform will undergo stress
(compaction) to ensure equilibrium. However, the
injection pressure is usually not particularly high to
induce the resin to flow in the gap and hence one
can neglect this compaction.

Stage 2: Closing the Gap

In the second stage (Figure 2 (b)), the resin injection
is switched off and the mold platen moves to close
the gap. The gap filled with the resin serves as a
continuous resin source to impregnate the rest of the
dry preform. The gap between the preform and the
mold platen reduces as the mold closes and the resin
is displaced and forced into the preform and in the
unfilled regions of the gap. As the gap thickness
reduces, so does its permeability. However, pressure
increases, accelerating the resin flow into the
preform. In this phase, as the resin pressure is
higher, we expect higher deformation of the preform
due to the pressure gradients, even though there is
no mold-preform contact. For low-pressure
compression molding one could assume that this
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physical phenomenon does not influence the flow
significantly, but experimental verification of this
assumption is highly desirable.

Stage 3: Preform Compaction

In the final stage (Figure 2 (c)), the gap between the
preform and the mold platen vanishes, and the mold
wall comes in contact with the preform and
compresses the preform directly. Consequently, the
resin is forced from already-filled regions which
serve as a resin source to impregnate the unfilled
regions in the mold. The preform compaction can be
described reliably if the mold kinematics are known.
Then, the volume fraction, permeability, etc. of the
preform can be predicted at any time during this
stage. A notable exception to this rule is the case
when the force required for compression is known,
instead of the mold kinematics. The coupling
between the mold closure and the pressure field
would not significantly complicate the modeling if
one could predict the stresses in the preform. These
could be combined with known resin pressure using
the Terzaghi equation [23]. Unfortunately, the
stress/deformation relation of preforms is not well
mapped despite a fair amount of research in this
field [24-35].

Process Model

All three stages of the CRTM process described
above are similar to other RTM variations as they
represent a pressure-driven flow in porous medium.
This should allow one to create a modeling
algorithm utilizing the existing, well-developed
RTM modeling software. We will show below an
iterative scheme that is able to model the process
and undeniably useful for researching the process
but could be made efficient by modifying the
governing equations.

RTM Modeling

First, we should briefly examine the traditional RTM
modeling approach. The resin flow into a thin,
closed-mold cavity can be represented as flow
through porous media, usually with negligible
inertial effects due to the high viscosity of the resin
[3]. To describe the physics of such a flow one
usually uses the Darcy’s law
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(v)= =2V 1)

and the continuity equation
V(v)=0 )

to formulate the governing equation. Here <V> is the

volume-averaged flow velocity, Vp is the pressure
gradient in the impregnating fluid, and 7 is the
viscosity of the fluid. The positively-definite tensor
K describes the permeability of the fibrous porous
media. The continuity equation reflects the fact that
no preform deformation takes place.

Substitution of equation (1) in the continuity
equation (2), results in the following governing
equation:

V. (K-VpJ =0 (3)
n

This equation is usually solved to provide the
pressure field for a given configuration. Flow
velocity is then computed from equation (1) to
provide description of the flow. Modeling flow of
the viscous liquid into the mold involves a moving
boundary. There are several ways to numerically
simulate the filling process [1-14]. In our package,
LIMS (Liquid Injection Molding Simulation), we
utilize the common finite-element/control volume
(FE/CV) solution scheme described elsewhere [3, 9,
36].

Challenge of Deformable Preform

The conservation of mass, equation (2), assumes that
the porous medium does not deform. Once the
control volume associated with the porous medium
starts changing during the flow, a new source term
appears in this equation. For modest deformation,
one can use infinitesimal volumetric strain rate &
and a coordinate system fixed to the porous media:

V{v)=-¢ (4)

The infinitesimal strain can be replaced by other
strain measure as needed. The rigorous evaluation of
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the deformation field requires a known stress-strain
relation in the fibrous preform and evaluation of this
stress field. This is impossible to accomplish within
a RTM modeling package as one would need to
couple the flow computation with stress/strain
analysis (of poorly characterized material). One can,
however, make several acceptable assumptions to
simplify the solution:

1. The preform deforms through the thickness

only.

2. The preform deforms uniformly through the
thickness.

3. The preform does not deform without tool
contact.

The first assumption is true for most variations of
LCM which deform the preform. The second
assumption relies on use of similar material in all
layers of the preform and limited through-the-
thickness pressure gradient. The last assumption is
generally tied to the second one and depends on
pressure gradient through the thickness not
deforming the material (at least not significantly).
With these assumptions, we can replace the strain
rate by the rate of change of preform thickness
h(x,t). For linear strain it is:

V{v)=- (o) )

where /4 is the original preform thickness, before the
mold platen starts compressing it. Utilizing Darcy’s
law, we can obtain the governing elliptic partial
differential equation (PDE) for pressure as follows

SCORNT R

n h, (X)

This equation looks similar to those for
compressible preforms [21, 22]. However, the
thickness variation is generally known as a function
of time (and location) from the kinematics of the
tooling. Note that even if the compaction force is
prescribed in lieu of the closing speed, the closing
direction is known; but, we will return to this case
later. This means that neither the source term on the
right-hand side, nor the permeability value K on the
left-hand side is coupled with the unknown pressure
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field. The pressure field is related only to the fluid
pressure averaged over the pores. Thus, we still have
a linear partial differential equation (PDE) for
pressure, only its coefficients are transient. Note that
the compressive force cannot be evaluated unless an
additional constitutive model is introduced for
preform stress-strain relations.

Note that if the linearized deformation is not
acceptable, one can replace the right-side term in (6)
with a more appropriate one.

The usual, explicitly-integrated, quasi-static solution
of the RTM flow [3] may be modified to solve
equation (6) using the following steps:

1. At a particular time step, the filled region
represents the solution domain. Permeability and
the rate of deformation are known. The rate of
deformation allows one to compute the source
term on the right side of equation (6) and set
these as injection rates at filled nodes. Then, the
equation is solved to determine the pressure.
Flow rates are determined using Darcy’s law
and current permeability values. The flow is
advanced accordingly by explicit time
integration over a selected time step to include
more filled control volumes in the solution
domain just like in traditional RTM modeling

[3].

2. Thickness is changed accordingly to the
compaction rate and new permeability values are
computed.

At this point, we should return to the case of
prescribed compression force and unknown
compression rate. As equation (6) is linear in
pressure and closing rate, one can evaluate the
necessary strain rate as follows:

1. Estimate the closure rate and evaluate the
pressure field.

2. Compute the total force from resin pressure and
compare it to the prescribed force minus
whatever force is exerted by the compressed
preform.
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3. Multiply the closing rate by the ratio, recompute
pressures, and advance the flow as described
above.

This approach is restricted to linearized strain and
preform stress/strain behavior to elastoplastic.

Permeability and Deformation

Besides creating the “source” effect, preform
deformation also changes the preform properties
necessary to compute pressure field and flow, most
importantly, the permeability and porosity (fiber
volume fraction).

The dependence of permeability on the fiber volume
fraction K(vf) has been studied for various cases, but
there seems to be no generally accepted, physically
meaningful formula. The Karman-Kozeny equation

> (7
vy
is commonly being used for this purpose, often as a
curve-fitting tool, because of its simplicity. The
results are usually acceptable, though it may be
possible to achieve a better fit using other formulas
in individual cases [37].

K(v, )=k

Modeling CRTM with RTM Simulation
Package

A sensible approach to the solution of equation (6)
would require one to rewrite the solution package.
The conventional RTM modeling packages do not
allow one to change the part volume. Additionally,
the solution is optimized for constant permeability
and limited number of inlets [9]. Moreover, a brand
new approach would allow one to relax the
assumptions of uniform deformation through the
thickness of the preform.

While a new solution is desirable and quite feasible,
it is possible to simulate CRTM filling using the
existing RTM simulation code, assuming that:

1. Preform properties such as permeability and
porosity may be changed during the simulation

execution.

2. There is no limit for the number of inlets.
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It is not even necessary for the simulation code to
modify parameters and set inlets on its own; an
external program can be used to accomplish this.
Our simulation does have the capability to evaluate
and change material properties within the simulation
and to set/close inlets as needed due to the scripting
capability. This makes it possible for us to adopt this
package to address CRTM flow under the above
mentioned assumptions.

We decided to model the preform as a three-
dimensional, porous solid with fixed dimensions.
Three stages are modeled independently. A two-
dimensional model is inadequate as the gap on top
of the preform makes the flow three dimensional
[36]. Dynamically-changing dimensions are a fact of
the CRTM process, but cannot be implemented in
the package. Instead, the thickness is tracked
independently and porosity is adjusted to simulate
the actual part volume. This does not correspond to
either the original preform or to the compacted final
part. Note that the preform is being compressed only
in the third phase of the process, i.e., any
deformation caused by resin pressure in previous
phases is neglected. The permeability is modified
according to Karman-Kozeny equation (7).

In phases I and II, the channel on top is modeled
similarly as a standard distribution medium in
VARTM, using two-dimensional elements [36, 38].
The only change relative to the way this model is
used in VARTM for distribution media is that the
equivalent permeability of the gap is approximated
from the equations for creeping (lubrication) flow in
a narrow channel of given height (thickness) as

2
This is obviously acceptable only if the thickness of
the gap £ is much smaller than the in-plane
dimensions of the part. The thickness, 4, is constant
in the first stage, and then it continuously varies
during the stage 2 from its original value to zero.
The permeability of the gap must be modified
accordingly. In the last phase, the gap is non-
existent, which can be accomplished by setting its
thickness and permeability to zero.
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The mold is assumed to be rigid and its motion is
described by the vector of its velocity v, with the
displacement x(t). These values are known
throughout the process. If the compression load is
specified, it can be handled as described above. The
model for all three stages is summarized in Figure 3.

STAGE 1 STAGE 2 STAGE 3

Y

;,‘F

P: Fixed with permeability 2D GAP: Thickness and perme- 2D GAP: Eliminated by 0 thick-

obtained from | heory.  ability varies ness

3D PREFORM: Fixed porous 3D PREFORM: Fixed porous 3D PREFORM: Fiber volume

media media. fraction and permeability

RESIN SOURCE: Conventional ~ RESIN SOURCE: In all filled varies.

inlet like in RTM RESIN SOURCE in all filled
nodes.

gap nodes.

Figure 3. Modeling the three stages of CRTM process.

Modeling Algorithm: Stage 1

In the first stage, the mold is fixed. Resin is injected
into the channel on top of the preform and is
simulated as ordinary VARTM injection with
distribution medium of thickness h, fiber volume
fraction of 0 and permeability as described by
Equation (8).

The simulation at this stage can predict the time
required for injection of a required volume of resin,
which is known as the final part dimensions and
fiber volume fraction are known in advance. This is
trivial if the simulation uses flow-rate control, but
the simulation provides the flow rates at inlet(s) in
any case, such as constant pressure or even mixed
inlets. These can be integrated to provide the volume
of resin injected during a certain time period.

The only assumption made at this stage is that the
preform itself does not deform as the pressure
continues to build. Since the resin pressure will
cause some deformation, this may reduce the
modeling accuracy by a certain degree, though the
pressure build-up in the gap in this stage is likely to
be small.

Modeling Algorithm: Stage 2

In this stage, the upper mold platen moves with
speed v, while there is no resin injection into the
mold and the injection gate is closed. If force is
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prescribed, one might evaluate v simply, as no
forces in preform are involved at this stage. The
thickness of the gap changes with time. Every
saturated node in channel represents a control
volume. The change of thickness in this area results
in resin source that is applied at that node. This
value might change with each time step. Even if the
mold speed is constant, one still has to set new
“inlets” in newly-filled control volumes with every
time step. One also has to obtain the new thickness
before each step and update the permeability in the
channel whose gap is reducing due to the closure of
the mold platen (equation 8) and update each gap
element. The process is straightforward, but one
must be careful to prevent generating elements with
negative thickness of the channel due to the round-
off error.

The only assumption made here is that the preform
itself does not deform as the pressure builds. At this
stage, this assumption might be more questionable,
as higher resin pressure is expected and this could
deform the preform. One could eliminate this error if
we had the compaction data by following these
steps: (i) compute the through-the-thickness
deformation at each location, (ii) adjust the
dimensions of the gap accordingly, (iii) adjust the
properties of preform and (iv) create a flow source in
the filled preform that is being compressed. The last
two points are examined below in Stage 3.

Additionally, we neglected the partially-filled
volumes as sources. The fill-factor of these volumes
should be updated as they get compressed and, if it
reaches unity, the flow source should be introduced
for that element. This results in net loss of resin
volume during the simulation. This simplification
may be alleviated at a cost of implementation
complications. The accuracy is also affected by the
explicit time integration over finite time steps,
though this error should go to zero with mesh
refinement.

Modeling Algorithm: Stage 3

In this phase, there is no resin being injected and no
gap to provide a preferential flow path. The resin
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source is the preform itself that is being deformed by
compaction. We cannot easily change the
“thickness” of three-dimensional (3D) elements, but
we can modify their properties to reflect the correct
porosity and permeability [36].

The preform thickness and the normal (through-the-
thickness) direction in the preform is not
immediately obvious in three-dimensional meshes
and one needs to perform substantial book-keeping
to determine these values and to track them.

Then, we need to create the flow-rate gates in every
filled control volume of the domain (Figure 3). In
each time step, the closing speed v may change and
one must set new inlets in the volume(s) just filled
and modify the ones filled previously.

The deformation is “averaged” through the
thickness, assuming that the deformation is uniform
through the thickness. This assumption is fully
justifiable only if the preform is fully saturated
through the thickness. Otherwise, through-the-
thickness pressure and saturation gradients will
cause variations in deformation and deformation
rates. However, to alleviate this problem one would
need to solve a coupled elasto-visco-plastic
deformation problem in the three-dimensional
preform.

Also, the change of fill-factors in partially-saturated
volumes in the preform was not accounted for
during the previous stage. This introduces a small
inaccuracy in the mass conservation of resin.

The entire modeling approach is summarized in the
flowchart presented in Figure 4. The most important
difficulty encountered with this model lies in the fact
that the performance of the simulation is drastically
reduced compared to the conventional RTM
modeling. For realistic parts, it is formidable to
conduct a parametric study or to try to optimize the
injection.
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Figure 4. Simulating CRTM by RTM modeling
package: The Flowchart.

Results and Discussion

Figure 5 shows the mesh used for the simulation of
CRTM filling of a circular test part using LIMS. The
radius of the part is 75 mm, the original material
thickness is 10 mm and the original fiber volume
fraction is 25%. In-plane permeability of the
material at this fiber volume fraction is 7.40.10™"°
m?, the through-the-thickness permeability is
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2.50.10"" m®. The in-plane permeability varies with
the Kozeny-Karman equation (7). The material data
correspond to those measured for a P4 preform.
Only one quarter of the part is modeled because of
symmetry.

Figure 5. Mesh used for simulation of circular test
part manufactured using CRTM.

For this mesh, the simulation takes only several
minutes to execute, allowing one to conduct
parametric studies varying the material parameters.
The most obvious parameter to study is the original
thickness of the gap. If the gap thickness is too large,
the compression cycle will be extended as closing
the gap takes time. If the thickness is too small, the
injection cycle might get extended as the resin is
effectively injected (with limited pressure) into the
preform which has only limited permeability,
creating a process close to RTM. Figure 6 shows the
flow patterns during the injections with gradually
reduced gap thickness.

The filling time goes from almost a minute for 5 mm
gap to 35 s for 2.5 mm to 27 s for 1.25 mm gap.
However, once the gap size decreases further to
0.625 mm, the fill time jumps to 35 s and the flow
starts developing three-dimensional character.

Modeling complex, practical parts is quite feasible.
Unfortunately, the time required for a single
simulation run is increased to days, or at least many
hours. This complicates the use for optimization
purposes or even most parametric studies. We have
simulated the process for I beams and full-body
panels which involve thousands of nodes with this
methodology to demonstrate the capability of the
simulation. However, the simulation took over

52 hours and requires an expert to write the script to
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Figure 6. Filling of the test part with CRTM and varying
original thickness of gap. The same shade of grayscale
indicates regions filled at the same time.

Gap Size : 0.625 mm
Constant Compression Rate 0.1 mm/s

FY 2006 Progress Report

manage the three phases. Hence, our objectives will
be to develop efficient algorithms to speed up the
calculations as we can do for RTM (of the order of
minutes) and to develop a user-friendly interface to
make it truly useful for Industry

Discussions and Conclusions

It was demonstrated by adapting the existing RTM
simulation software that one can model and simulate
CRTM process with certain success, although
experimental comparisons are yet to be carried out.
This modeling capability is useful to provide some
insight into process parameters and, in absence of
better models, it may even be used to model
injection into complex structure.

However, there are two drawbacks of this
methodology that cannot be overcome by an
evolutionary approach based on the current
solutions. First, the assumption of uniform
deformation is uncertain, but it can be overcome
only by a different system of governing equations
that includes the preform deformation. Second, the
computational performance is not quite satisfactory
and it is certainly not adequate for the task of
process design and optimization in industrial
settings. A novel approach is needed to provide
industry-strength modeling capability for CRTM
process. Discretization of the governing equation
system and development of a solver rather than
adding many correctional steps to an existing RTM
solver will help overcome these shortcomings and
are planned for the future.
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