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Abstract—The filling process of resin injection/compression molding (I/CM) can be divided into
injection and compression phases. During the resin injection the mold is kept only partially closed and
thus a gap is present between the reinforcements and the upper mold. The gap results in preferential
flow path. After the gap is filled with the resin, the compression action initiates and forces the resin to
penetrate into the fiber preform. In the present study, the resin flow in the gap is simplified by using the
Stokes approximation, while Darcy’s law is used to calculate the flow field in the fiber mats. Results
show that most of the injected resins enter into the gap during the injection phase. The resin injection
time is extremely short so the duration of the filling process is determined by the final closing action
of the mold cavity. Compared with resin transfer molding (RTM), I/CM process can reduce the mold
filling time or injection pressure significantly.
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NOMENCLATURE [UNIT]

h gap size [m]
h¢ height of fibrous reinforcement [m]
K. z-directional permeability of the fibrous reinforcement [m?]
P pressure [Pa]
Peomp compression pressure [Pa]
Py injection pressure [Pal]
P pressure of flow front in the fibrous reinforcement [Pa]
Re Reynolds number in the gap
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Rex Reynolds number in the fibrous reinforcement
u, v, w velocity components in x, y, z direction [m/s]
V-1, V. velocity of the front in the (n — 1)th and nth time step [m/s]
X, y, z coordinate components in the physical domain [m]
X.—1, X, position of the front in the (n — 1)th and nth time step [m]
Zfront Z-directional flow front [m]
At time interval [s]
Greek symbols
&, n coordinate components in the computational domain
@ shape function
Q, ¥ control functions in the body-fitted method
W resin viscosity [Pa s]
p tesin density [kg/m?]

1. INTRODUCTION

In the processes of resin transfer molding (RTM), preformed fiber mats are pre-
placed in the mold cavity and resin is then injected into a closed mold filled with
dry fiber reinforcement. This procedure provides the advantages of low resin injec-
tion pressure, fast cyclic periods and the ability to mold parts with highly complex
shapes. However, one of the filling problems with RTM is the relatively high fiber
volume content or large dimension of product. For these cases, it would take a long
time to fill the mold cavity.

Resin injection/compression molding (I/CM) is a new variant of RTM process to
enhance the fiber volume fraction and reduce the mold filling time. It incorporates
the method of compression into the RTM. The combined injection and compression
is performed in two steps as illustrated in Fig. 1. When the preform is placed in
the mold cavity, the cavity remains partially closed. As a result, a gap is formed
between the fibrous reinforcements and the mold. Resin can quickly fill up the
gap during injection. Once the necessary amount of resin is injected, the mold
platens are brought together, driving the resin through the preform and compacting
the laminate to the final cavity thickness.

Brockmann and Michaeli [1] reported that the I/CM process showed a strong
reduction of pressure compared to conventional injection molding. With same
stress times it was possible to improve the parts quality using injection compression
molding. Han ef al. [2] proposed a numerical code that can be used to simulate the
flow and heat transfer in injection/compression liquid composite molding (LCM).
They reported that injection/compression LCM process could lead to more regular
filling pattern and reduce the molding pressure significantly. Wirth and Gauvin
[3] performed the experiments of compression resin transfer molding (CRTM). An
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Figure 1. Schematic diagrams for the process of I/CM.

open gap was present on the top of the preform in the experiment. They reported
that the resin injection time was extremely short and most filling and wetting time
was elevated to the final closing of the cavity. Chang et al. [4] conducted the
flow visualization experiment of compression transfer molding. They reported that
the gap resulted in a preferential flow. Thus most resins entered into the gap and
merely few resins penetrated through the fibrous reinforcements during injection.
Chang [5] reported that using small gap size and high compression speed could
achieve the minimum mold filling time for the simultaneous injection/compression
molding process. However, the improper process parameters would cause the
incomplete filling or reversed flow at the gate. Pham and Trochu [6] developed
a two-dimensional finite element model for the CRTM process. The model allowed
the study of the effect of compression on the filling of a composite part for different
compression speeds and injection pressures. Kang and Lee [7] also proposed a
numerical code to predict the resin flow, temperature, pressure and degree of cure
distribution during resin transfer/compression molding (RT/CM). The compression
force required for squeezing the impregnated preform can be calculated. Bickerton
and Abdullah [8] utilized analytical solutions of simple flow geometries to explore
the potential benefits of I/CM relative to RTM. Their model, based on elastic
preform deformation, was used to explore the effect of process design parameters
on resulting filling times, and clamping force requirements. Shojaei [9] developed
a full three-dimensional numerical model by using control volume/finite element
method for the resin I/CM process. The computer code could be conducted for
the preform containing two and three layers of different reinforcements in various
stacking sequences. Riche et al. [10] presented a methodology to study the effects
of taking into account the resin transfer molding and compression (RTCM) process
at early design stages. The model provided a clear description of how maximum
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mold pressure, injection times and final structures properties are trade-off. Chang
et al. [11] investigated the effects of process variables, including injection pressure,
mold opening distance, resin temperature, compression pressure, pre-heated mold
temperature and cure temperature, on the quality of CRTM products by using
applying Taguchi’s method.

For the aforementioned numerical works, the gap and the fibrous reinforcement
are generally considered as a bulk porous medium. Resin flows through the
fiber reinforcement in the planar direction. Thus a two-dimensional Darcy law is
applicable during the filling process. The flows in the gap and in fiber mats are
treated separately in the present study. During injection resin can quickly fill out
the gap in the planar direction and a simplified penetrating velocity is proposed to
understand the resin penetration into fiber mats. After that, the mold is closed and
the resin is compressed and forced to penetrate the fibrous reinforcements in the
thickness direction. In the present study, a numerical technique, body-fitted finite
element method (FEM), is used to generate grids inside the physical domain and
to calculate the flow behavior and other relative properties in the I/CM mold filling
process. Simulations are also applied in RTM for comparison purposes.

2. THEORY

The I/CM mold filling process can be divided into injection and compression phases.
Before the injection phase, a small gap is created between the reinforcements and
the upper mold by pre-pressing fiber mats with the mobile mold. The gap results
in preferential flow path because the flow resistance offered by the gap is much
less than that offered by the fibrous preform. In order to clearly describe the flow
phenomena, the x—y plane is set along the interface between the gap and the fibrous
reinforcements and the z axis is upward. For the fluid flow in the small channel,
several assumptions are made as follows.

1. The resin is a Newtonian fluid.
2. The filling process is quasi-steady state.

3. The inertial force is negligible compared to the viscous force due to Reynolds
number less than unity.

4. The viscous shear term in z direction is larger than other directions according to
the order of magnitude analysis.

Under the above assumptions, the continuity equation is
du + i + dw =0. (1)
ox Jdy 0z

A simplified linear z-directional flow velocity in the gap is assumed and it satisfies

the non-slip boundary condition at the upper mold and the penetrability along the
interface between the gap and the fibrous reinforcements. We postulate that it may
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be written as a product.

M&%@=W&LWO—2) 2)

where wy denotes the penetrating velocity along the interface between the gap and
the fibrous reinforcements and # is the height of the gap. The penetrating velocity
can be governed by Darcy’s law as follows.

K, (0P K. (P—-P
wo(x, y) = ——Z<—> N —— (7"”“) 3)
m\9z /) _o- 22 Z

where Py is the pressure of the flow front in the fibrous reinforcements. Here,
the gauge pressure is adopted so Pp, is null; w is resin viscosity and K, is the
z-directional permeability of the fiber mats. The physical meaning of permeability
is the characteristic pore area in the fibrous preform. Since the flow area offered by
the gap is much greater than that offered by the fibrous preform, the assumption of
simplified penetrating velocity along the interface between the gap and the fibrous
reinforcements is reasonable. Equation (2) is therefore generally valid.

The momentum equations for the resin flow in the gap are written as

oP 0 ou (4a)
— = —(u—1, a
0x 0z Maz
oP 0 ov
—=—(nz-). (4b)
ay az\' 0z
oP 0 ow (40)
— =—pu—). C
0z 0z H 0z

Substituting equation (2) into (4c), the pressure gradient in the z direction is null.
Therefore, the pressure equation can be obtained by differentiating equation (4a)
with respect to x, differentiating equation (4b) with respect to y and adding the
results.

3*P 9P

0x? + ay?
Solving equations (1) and (5) and applying boundary conditions, the velocity field
and pressure distribution in the gap can be calculated numerically. The physical
domain and corresponding boundary conditions applicable to equation (5) are
shown in Fig. 2.

For an infinitesimal time interval of the injection phase, the flow-induced penetra-
tion depth in the fibrous reinforcements can be obtained by substituting the velocity
definition wy = ¢(dz/dr) into equation (3); ¢ denotes the porosity of the fibrous
reinforcements. The definition of the porosity in a porous media is

0. (&)

pore volume pore volume

¢_

= = . (6
total volume of porous media  pore volume + fiber filament volume ©
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Figure 2. Boundary conditions.

Thus, we can sum up all the small time intervals and obtain the penetration depth
at the given time.

z(x, y) = Z

where At is the time interval.

After the gap is fully filled with resin, the inlet gate is closed. The compression
initiates and drives the resin through the preform. Since the fibrous preform is
pre-pressed, the preform is assumed to undergo no further deformation during the
mold filling. The penetrating process is assumed to be one-dimensional, since the
mold thickness is much smaller than that in the plane direction. Thus, combination
of continuity equation and Darcy’s law gives us a governing equation that may be

written as

d K,.dP

— (——Z—) =0. (8)
dz w dz

mat)Ati (7)

The boundary conditions are

P(x,y,0) = Peomp along the interface between gap and fiber mats,  (9a)
P(x, ¥, Ztront) = Pmac along the flow front within the fiber mats, (9b)

where Peoyp is the compression pressure. Boundary condition (9a) interprets that
the flow friction in the gap is negligible as compared with that in fibrous preform
when the mobile upper mold forces the resin into the preform. Solving equation (8)
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with boundary conditions (9), the pressure distribution can be obtained as follows.

P,
P:Pcomp( LT +1>. (10)
P comp Zfront Zfront

3. NUMERICAL PROCEDURE

One of the difficulties of simulating the I/CM injection phase is the numerical
treatment of the moving, irregular front surface of the resin. The body-fitted FEM
(the combination of body-fitted grid generation with the finite element method)
provides numerous advantages such as uniformly spaced grids, easily application
of surface boundary conditions and modular technique, etc. It is well suited to solve
the free moving boundary problem.

3.1. Galerkin’s method

In the present FEM model, the method of weight residual adopts Galerkin’s method.
The Galerkin residual equation for governing equation (5) can be derived from

f/(az )CID drdy=0, j=1,2,...,6, (11)
X

where @ is the shape function or trial function [12]. The element type applied in the
present simulation is a 2-D, 6-nodal quadratic isoparametrical triangular element.
The corresponding shape functions are

@1, n) =0—=E+mUA =2 +n),
P28, ) =828 = 1),

O3, m) =nC2n—1), (12)
Dy(&, ) =460 — (& +n)),
®s(&, ) = 4én,

Q6 (§, ) =4n(l — (& +n),

where & and 7 are the local coordinates for each element. Integrating equation
(11) by parts once and applying boundary conditions into the equation, the pressure
distribution can be calculated numerically.

3.2. Nodal coordinates

The nodal coordinates of the present FEM scheme are generated by the body-fitted
method. A set of elliptic partial differential equations is used as follows [13]:

E + £y =QE NE +E), (13a)
Nex + Ny = W(E M7, + 1), (13b)
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where 2 and W are the control functions. Interchanging the dependent variables
(&, n) with the independent variables (x, y) in the above equations yields

a(xge + Qxg) — 2bxe, + c(x,, + Wx,) =0, (14a)
a(yse + Q) — 2bye, + c(yyy + WYy,) =0, (14b)
where a = xi—i— yi. b = Xexy + Yeyy and ¢ = Xz + i & and n are taken
as coordinates in the computational domain. The control functions, based on the
assumptions that the curvature along the geometric boundaries is locally zero and

the grid lines are orthogonal to each other in the vicinity of geometric boundaries,
are determined by

Q = —(xeexe + yeeve) /(X7 + 7). (15a)
v = _(xnnxn + ynnyn)/(-x;? + y;?) (ISb)

along the geometric boundaries. For the interior points, the control function is
interpolated from that on the geometric boundaries.

The nodal coordinates are updated for each time step. For the purpose of saving
computational space and time, the number of elements is proportional to the volume
of filled liquid. An auto-transformation of numbering of nodes between the body-
fitted finite difference method (FDM) and FEM is necessary in the pre-process of
the FEM. Thus the body-fitted FEM is an auto-meshed scheme.

3.3. Numerical procedure

During the filling process, the resin progression can be calculated as follows.
1. Guess the position of the flow front in the nth time step by the formula of

X, =X,_1+ V1 X AL,
X,—1 and X,, denote the position of the front in the (n — 1)th and nth time step,
respectively. V,_; is the velocity of the front in the (n — 1)th time step.

2. Calculate the velocity and pressure fields.

3. Update the position of the flow front by the formula of X, _; + Ar x (V,—1 +
V.)/2, where V,, is the velocity of the front in the nth time step. Repeat steps
1-3 until the flow front converges to the correct position.

4. Calculate the flow-induced penetration depth in the fibrous reinforcements.

hd

Repeat step 1 to step 5 until the injection finishes.

6. Calculate the penetration depth in the fibrous reinforcements in the compression
phase.

4. EXPERIMENTAL

The random fiber mat (TGFM-300P/E) adopted in this study is made of 12 um
diameter strands chopped into 0.05 m length. The surface density of the fiber mat is
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Figure 3. Experimental setup.

0.3 kg/m? and the density of the fiber filament is 2560 kg/m>. The permeability
is measured by flow visualization experiment [14]. The planar permeability is
1.03 x 107!9 m? and z-directional permeability is 5.8 x 10~!! m? at the porosity of
0.7, respectively. The density and viscosity of the engine oil (SAE 30) is 890 kg/m?
and 0.29 Pa s in room temperature.

Figure 3 is a diagram of the experimental setup used to conduct the flow
visualization experiments. The air-bag assisted compressible mold is designed to
fit the requirement for the I/CM process. The mold consists of moving upper mold,
spacer and lower mold. The upper mold and spacer are made of transparent acrylic
to observe the flow behavior. To reduce friction and avoid leakage on the side of
the mold, the upper mold is carefully cut, and a thin layer of grease is distributed on
the mold wall as a lubricant. The lower mold is made of steel S45C. An inlet gate
is constructed by cutting a hole about 16 mm in diameter on the center of the lower
mold. At the same time, a hole is punched near the inlet gate into the fiber mats
preplaced in the cavity so that there would be no flow resistance at the entrance.
Before running the experiment, the fibrous preform is pre-pressed to the desired
porosity by moving the upper mold down in order to create a small gap between the
mold and fiber mats.

Resin is injected into the mold by using a pressure pot connected to a compressed
air source. The injection pressure could be changed by pressure regulator adjusting
the pressure of the air reservoir. An air bag is set above the upper mold. After the
desired amount of resin is injected into the mold cavity, the air bag starts to inflate
and then the upper mold moves downward. The closing action of the mold cavity
forces the resin in the gap to penetrate into the fiber preform. Finally, the residual
resin is squeezed out of the cavity from the vents.
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The advancing flow front is recorded on the videotape by the CCD camera. The
camera fixed above the upper mold is used to take a picture of the flow front in
the plane direction during the injection phase. The primary picture of the desired
flow front position is transformed from the videotape by the multimedia packaged
software and the Multi-video interface.

5. RESULTS AND DISCUSSION

During the filling process of the I/CM, the injection and compression condition
can be either a constant velocity/flow rate or a constant pressure. Here, a constant
applied pressure is taken as the injection and compression conditions.

Figure 4 shows the flow front of the resin at various times during the injection
phase. As the mold is partially closed, a gap is formed between the fiber mats
and mold. This gap results in a preferential flow. Figure 4(a) shows the flow
front progression in the gap. The plot is a diagram of top view. Before the flow
front contacts the side wall, the fluid expands radially in the gap. After the flow
front contacts the side wall, the fluid is gradually transformed from a radial flow to
a uniform flow since the fluid flow is restricted by the side walls. The experimental
flow front is also denoted by a dashed line as shown in Fig. 4(a). Apparently
the flow fronts obtained by the numerical prediction are close to the experimental
data. While most resins enter into the gap in the injection phase, few resins can
penetrate into the fibrous reinforcements as shown in Fig. 4(b). For the sake of clear
explanation, the plot is a diagram of the side view along the plane of the x—z axis.
Obviously, the high resistances of the fibrous reinforcements make it difficult for the
resin to penetrate into the fiber mats. The results validate the previous assumption.
The Reynolds number in the gap is defined as Re = pvh/u. Calculation of the Re
during the injection phase gives a value of Re ~ 107! at the injection pressure of
0.345 kPa. The flow is creeping motion due to low Re.

The velocity distribution at the time of 3.88 s, as shown in Fig. 5, illustrates the
tendency of flow transformation from a radial flow to a uniform flow as mentioned
above. It is found that the velocity decreases gradually from the inlet gate to the
flow front. This is because that the friction between the fluid and the fibrous preform
increases gradually as the contacting area increases.

After the injection ends, the mold is closed and then resin is forced to penetrate
through fiber networks. Figure 6 shows the resin impregnation position at various
times during the compression phase. In the plot, the scale ratio of x-axis to z-axis
is 1 to 5. As a result of the high pressure gradient in the thickness direction,
the resin flow is almost uniform in the compression phase even though there are
few resins penetrating into the fibrous reinforcements in the injection phase. It is
worth noting that the flow is much slower in the compression phase than that in the
injection phase even if the compression pressure is twenty times the magnitude of
the injection pressure in the case. The reason is that the low permeability of the
fibrous reinforcements results in high flow resistance. This implies that the total
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Figure 4. Flow front of the resin at various times during the injection stage. (a) Flow front in the gap.
(b) Flow front in the fibrous reinforcements.

mold filling time mainly depends on the duration of the compression phase. That is
to say, most filling time is determined by the final closing action of the mold cavity.
The results imply that adopting the high compression pressure may be an effective
method for reducing the I/CM filling time. For a porous medium, the Reynolds
number is defined as Rex = pvK!/?/u. During the compression phase, the Rex is
about 10721073, Since Reg is much less than 1, the viscous force is significant
and Darcy’s law is valid.

Figure 7 shows the simulated history of the clamping force. The force exerted on
the mold platens due to fluid pressure is found by integrating across the wetted
portion of the mold. Apparently, the clamping force is increasing gradually
in the injection phase due to the fact that the wetted portion increases. After
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Figure 5. The velocity distribution at the time of 3.88 seconds in the injection phase.
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Figure 6. Resin impregnation position along the plane of x—z axis at various times during the
compression phase.

the compression phase proceeds, the wetted portion increases no more and thus
clamping force is constant.

A relationship between the total filling time and the applied pressure is shown
in Fig. 8. The injection pressure is equal to the compression one in the I/CM
processes. The RTM process can be regarded as a special /CM case in which
the mold opening gap is null. The resin injection time decreases with the large gap
and applied pressure during injection since the high applied pressure can speed up
the resin velocity and the large gap can reduce the flow resistance offered by the
gap. However, the overlarge gap can cause too much injected resin. It takes much
time to squeeze the residual resin out of the cavity during compression due to the
high flow resistance of the fibrous reinforcements. Therefore, there is a maximum
reduction of the mold filling time in the I/CM process with a small gap. Note that
an incomplete filling process will occur for the case of using too small a gap since
the volume of the resin in the gap is less than the pore volume of fiber mats. That is
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to say, an admissible gap size can be expressed by
h = ¢h;, (16)

where Ay is the height of the fibrous reinforcements. Moreover, the data concerning
RTM can be exactly fitted by hyperbolic curves due to the similarities of the
governing equation and boundary conditions [15]. Compared with RTM, the I/CM
process can reduce significantly the mold filling time or injection pressure by
extending RTM data in the pressure axis to the same filling time.

6. CONCLUSIONS

A numerical technique, body-fitted finite element method, is used to calculate the
flow behavior and other relative properties in the I/CM mold filling process. In the
present study, the fiber mats are pre-pressed and thus a gap is present on the top of
the preform. Results show that most of the injected resins enter into the gap during
injection. The fluid is gradually transformed from a radial flow to a uniform flow for
the case of rectangular mold with center gate. The resin injection time is extremely
short and most filling time is determined by the final closing action of the mold
cavity. This infers that adopting a high compression pressure is an effective method
for reducing the filling time. There is a maximum reduction of the mold filling time
in the I/CM process with small gap. Note that there is a minimum admissible gap
below which an incomplete filling process will occur. Compared with RTM, the
I/CM process can reduce the mold filling time or injection pressure significantly.
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