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advantages, LCM has gained attention and competitiveness against other composite
manufacturing processes. The resin film infusion (RFl) belongs to the LCM family, but
unlike the other variants, such as resin transfer molding (RTM) and vacuum assisted resin
infusion (VARI), in which the liquid resin is injected or infused into the mold cavity, the
resin in the RFI process is placed into the mold cavity in the semi-cured state. Then, under
pressure and temperature, the resin film will be liquefied and impregnated the fibrous
reinforcement in the thickness direction. This particularity permits to RFI to fabricate
large complex composite structures and reduce significantly the equipment cost as
compared to the conventional resin transfer molding processes. However, as this variant
used only a vacuum bag as the upper half-mold, the fabricated part has non-uniformity
in the thickness, low dimensional tolerances and low fiber volume fraction. The main
objective of this paper is to propose a numerical algorithm allowing to study the influence

Keywords: of part thickness on the RFI’ filling time. Numerical simulation is based on the explicit
Liquid composite molding; resin film finite difference method. The results obtained show that the filling time increases
infusion; numerical algorithm; resin parabolically with the part thickness.

1. Introduction

Composite materials have gained attention and won competitiveness against other traditional
metals. Recently, they have been widely applied in many fields ranging from the heavy industries,
like as aeronautic, automotive and marine to the common consumer product such as sporting goods.
This new high status is given to the composite materials by the virtue of their superior mechanical
performance, lightweight and good resistance to corrosion and fatigue [1]. There are five major
families for manufacturing composite components: autoclave, hand lay-up, filament winding,
pultrusion, and liquid composite molding (LCM) [2]. Due to its capacity to significantly reduce the
release of volatile organic compounds (VOCs) to the atmosphere, the LCM manufacturing processes
have gained attractiveness and popularity compared with current methods of open molding

* Corresponding author.
E-mail address: ahmed.ouezgan@ensem.ac.ma

https://doi.org/10.37934/arfmts.90.2.2031

20



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 90, Issue 2 (2022) 20-31

processes. They have also been created to overcome the intrinsic weaknesses of autoclave draping
processes such as high tooling cost and long cycle time. The term LCM refers to composite
manufacturing processes in which a fibrous preform material is placed into a mold cavity and a
thermosetting resin with a relatively low viscosity is impregnated the preform until all empty spaces
between the fibers are filled, and finally cured to create a polymeric composite structure [3]. The
LCM family encompasses a growing list of mold filling process variants distinguishable from each
other by the nature of the mold used and the manner of the filling phase. The LCM mold is divided in
two parts, the lower part of the mold is always rigid but the upper part is possibly be rigid, like in
RTM, compression-RTM and flexible injection, semi flexible (RTM-light) or flexible such as in VARI and
Liquid resin infusion (LRI), while the resin can be introduced using a combination of a positive
injection pressure (use of an injection machine), vacuum infusion (use of a vacuum pump), and
possibly assisted by the compaction force.

The main and the most known used LCM variant is the resin transfer molding (RTM), it was
adopted for composite manufacturing in the mid-1980s [4]. RTM technique has remarkable
advantages, as the two rigid halves mold are used, the process can manufacture a composite
components with a good surface finish, high mechanical performance, possibility to automation and
tight dimensional tolerances [5]. Despite these potentials, the resin transfer molding suffers from
major weaknesses, it is unable to produce large-scale components having high fiber volume fraction.
Also, the use of high injection pressure to reduce the filling time is constrained by the injection
machine, mold stiffness and the fiber washing phenomenon. One approach to overcome these
challenges is to replace the upper rigid half mold by a flexible vacuum bag and using only the vacuum
to infuse the resin through the fabric preform. This technique is commonly known as vacuum assisted
resin infusion (VARI).

In the typical VARI process, a dry fibrous preform is placed into a mold cavity, and covers by a
flexible polymer film, then a sealant tape is used to adhere it to the mold in order to avoid air-resin
leakage. A vacuum pump is used to evacuate the air from the cavity, which leads to compact the
preform. The inlet gate is opened and resin impregnates the preform under atmospheric pressure
[6]. Figure 1 illustrates a typical VARI mold components. In this process, the resin impregnation is
driven by the difference between atmospheric pressure and vacuum pressure, since this pressure
gradient is limited to one atmospheric pressure, the resin infiltration is very slow and the filling time
increases proportional to the surface area of the manufacturing part. Moreover, as the upper rigid
half mold is replaced by a flexible vacuum bag, the fabricated part has low dimensional tolerances
due to the non-uniformity of part thickness, and low fiber volume fraction. Consequently, this
process is not fully used in aerospace applications.

Vacuum bag Fabric preform Sealant tape
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Inlet line Mold base Outlet line
Fig. 1. A schematic of VARI mold components

The low cost of VARI process, attracting several industrial sectors such as automotive, marine and
aerospace [7, 8], which constitutes the driven force for gaining popularity by academia. Researches
are conducted in the field to fully understand and model the physical phenomena describing this
process. The VARI’s literature is grouped into four categories: (i) analytical formulation and closed
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form solution (ii) numerical simulation and computer code (iii) experimental approach and (iv)
development of new process variants.

Compared to the existing LCM composite manufacturing techniques, the resin film infusion (RFI)
process offers a significant advantages. In other liquid composite molding techniques, the liquid resin
must impregnate a complex fiber part skeleton. In such cases, ensuring that the resin is evenly
distributed into the fabric preform, without leaving voids or dry areas, requires a careful attention in
process design, manufacturing and numerical modeling of these techniques. Also, the resin’s
constituents, hardener and catalyst, should properly mix in the right ratio [9]. These shortcomings
are overcome by using RFI process. Although several research programs on this process were
conducted by NASA, Boeing and Airbus [10] to fully describe the competing phenomena that govern
the RFI process. Few articles are available in the literature, and most of them, follow experimental
approaches to investigate and track the evolution of the parameters governing the resin film infusion
manufacturing steps [11-13]. This is due to the strong coupling and the dependence between the
four physical phenomena, rheological, thermal, chemical and mechanical that come into play in this
process. In the present work, a numerical algorithm is proposed and numerical investigation is
conducted to study the influence of the part thickness on the RFI’ filling time.

In the simplest form of the resin film infusion process, a pre-catalyzed resin film is laid in the rigid
mold base and then a dry fibrous reinforcement layers are arranged over it. The assembly is covered
by a vacuum bag and adhered to it through a sealant tape. A heat source, usually an oven, is used to
apply heat on the mold which melts the resin film. The melted resin impregnates the fabric preform
under vacuum. Figure 2 illustrates RFI mold components.

Sealant tape Perforated plate  Vacuum bag Eleeder

Fiber preform Resin film Lower mold

Fig. 2. RFI mold components

2. Governing Equations

In LCM manufacturing processes, the resin flow through a fabric preform is considered as flow
through porous medium, and it is described by Darcy’s law [14].

y=-Kpp (1)
u

where V is the volume averaged velocity, K is the permeability tensor of the fibrous preform, VP is
the resin pressure gradient, and u is the resin viscosity.

The modeling of the physical phenomena in the liquid composite manufacturing processes are
based on the concept of continuous medium [15]. The continuity equations of resin and
reinforcement phases are both based on the assumptions that the two phases are incompressible
and that the resin flow is saturated. In this case, the continuity equations of resin and fiber are
expressed respectively
Resin phase
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a(1-Vy)
Tf+ V((l—Vf)Vr)=0 (2)
Fiber phase

)

=L+ v( V) =0 (3)

where Vr is the fiber volume fraction, V. is the resin velocity and V; is the fiber reinforcement
velocity.
Combining Eq. (2) and (3) leads to the following global continuity equation.

_ iy
W= (SL+ v, v (4)

The term on the right hand side of Eq. (4) represents the volumetric change due to the relaxation
v
or compression of fabric preform. The term (Vi a_tf> represents the volumetric change of dry
f

. 1 . .
preform, while the term (V— Vs VVf> represents the relaxation or compression of wet preform.
f

These terms are cancelled out in RTM process, as the result of the fixed height of the mold cavity
defined by the use of the two rigid halves mold. However, the right hand side of equation should be
considered in flexible or semi-flexible upper half mold, since the resin pressure in the wetted zone
changes the compaction behavior of fabric preform in space and time. In the typical VARI process,
the resin impregnates the fibrous reinforcement layers in the in-plane direction, while the
compaction of fiber occurs in through thickness direction [16]. Accordingly, the relative velocity of
fiber to resin flow can be neglected, and the second term in the RHS of Eq. (4) can be ignored. In resin
film infusion process, the resin infiltration and fiber compression both occur in the transverse
direction. Hence, the both terms on the RHS of equation should be considered. However, due to the
slow infiltration and small fiber deformation, the second term can be ignored again.

Consequently, in one dimensional resin flow of resin film infusion process, Eq. (4) is simplified to
the following form
ov _ 1 ﬂ

E = Vf at (5)

The fiber volume faction is related to the preform thickness by the following equation

_ _Pa
h = pfVyr (6)

where p, is the area density of the fabric preform and pf is the density of the fiber filament
respectively.

Terzaghi’s law [17] is usually used to describe the relation between the external pressure a;
applied by the inflatable seals on the flexible membrane and the effective stress oy exerted by the
fiber reinforcement and the pressure P exerted by the resin. Terzaghi’s law is written as follows

o, =0r+P (7)
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The compressibility behavior of the fiber reinforcements has been described in the literature by
various mathematical models. In this paper, we use the power law model [18] to describe the
compaction behavior of the fabric preform.

Vf = VfO O'fB (8)

where V is the fiber volume fraction at 1 Pa and B is the stiffening index.
Kozeny-Carman Eq. [19] is usually utilized to describe the evolution of the permeability as
function of the fiber volume fraction.

o (v’
K =K, % (9)

where K, is the Kozeny-Carman constant.
3. Numerical Algorithm
In this work, a finite difference method (FDM) is employed to discretize the fabric preform into a

uniform grid. This discretization is based on a first order backward discretization in space and forward
Euler explicit scheme in time. The discrete difference form of Eq. (1) and (5) are written

Kk* (P —-pI*
ViTL - I; ( L+;. Azl 1) (10)
n+i_ . n
Vin_Viri1= 1 Yy Vri (11)
n
Az Vfi At

where the subscript i denotes the position in space and the index n indicates the time iteration step.
This numerical method is an explicit scheme which is easy to implemented and computationally fast.
However, Az and At should carefully be chosen to ensure the stability solution. The numerical
algorithm is explained in the Figure 3.

The material properties and the process parameters are listed in Table 1 [20,21]. The boundary
conditions are as follows

P = o, at the bottom of the preform.

P = P, at the flow front.

P
— = 0 at the mold walls.
on
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Table 1

The materials properties and the process parameters

Name of parameter

Acronym Value

Mold cavity length Ly 1m

Resin viscosity u 0.2 Pa.s

Area density of preform Da 1 Kg/m?
Density of fiber filament Pr 2540 Kg/m3
Kozeny-Carman constant K, 7.18 x 10711 m?
Inlet pressure Py, 95 KPa, 80 KPa
Vent pressure Pyent 0 KPa

External pressure Ot 101.3 KPa
Compaction model constant (6 layers of NCS81053) B 0.126
Compaction model constant (6 layers of NCS81053) Vg, 0.11
Convergence criterion € 5x107°

o
v

Read input data file

Time increment

tnew = told + At

[ Plot the graphs 1

No

v
Initialize the variables
v
Calculate the fiber volume fraction V¢
v
Compute the preform thickness h

v

Compute the permeability K
v

Compute effective stress o
v

Compute resin pressure P

v

Compute resin flow front position

Convergence in

thickness?

¢ Yes

-

Fig. 3. RFl numerical algorithm
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4. Results and Discussion

To verify the validity and the stability of the present numerical scheme. A series of simulation of
resin transfer molding (RTM) and traditional vacuum assisted resin infusion (VARI) process are
conducted. The material properties and the processing conditions used in these simulations are the
same as presented in Table 1. Then, the results obtained are compared with analytical solution for
RTM and with Correia [20] and Chang [22] for VARI process. In the resin transfer molding, unlike the
resin film infusion process, the part thickness is invariant during the whole manufacturing steps. In
this case, the continuity equation in x- direction is written as follows

220 (12)

By combining Eq. (12) with Darcy’s law, one can analytically obtain the distribution of resin pressure
along the part length direction, and the evolution of flow front position with time respectively.

_ Ppent—Pin .

P(x) = (—L )x + P, (13)
— 2K (Pin_Pvent)

L(t) = \/—u vy t (14)

As seen in Figure 4 and in accordance with Eq. (13) the resin pressure decreases linearly from the
inlet gate to the flow front position, where the resin is zero, while the flow front position is
proportional to the square root of filling time, as illustrated in Figure 5.

100
L\\\ P, =95 KPa
80 *\

50 \ \\-55:,“ —— 500sec
ao b4 By,
\ \ ——— 2500 sec
W 70t ll". \\ NN
< [ “1:-\ 7500 sec
~ L \ Y "o, "\_‘
o 800 SN —— 10000 sec
3 |II .".. i_\:‘\
% 50 A \\ —— 11540 sec
& | \ RN : :
c apl 1 \K NN, e Analytical solution
T \ o, .
g; Il'l \\ " H'\‘\‘.
30 A ', NN
- 1 \‘l , R
\ Y, N N“‘-\
20 lllI 1‘.-‘ ", .
! ‘\‘u e A
10 \ \ - “\.\
\ X B
§ u, "
0 1 1 1 1 B L 1 i LN" vad
0 01 02 03 04 05 06 07 08 09 1
X (m)

Fig. 4. Resin pressure distribution in RTM process
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Fig. 5. Resin flow front position at various time in RTM process

It found that the results obtained by the present numerical approach have a very good
agreements with those obtained from analytical formulation for RTM and the work conducted
respectively by Correia and Chang for VARI process, as shown in Figures 6-9.
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Fig. 6. Resin pressure distribution and resin progression at various injection pressure in RTM
process
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Fig. 9. Resin progression at various injection pressure in VARI process

Figure 10 illustrates the evolution of the resin pressure in the thickness direction. During resin
infusion, the external pressure applied on the vacuum bag is carried by the fiber layers and the resin
in the wetted zone. While in the dry zone, the external pressure is carried only by the fibers. At the
beginning of the infusion phase, the resin pressure at the interface resin film — fabric preform is equal
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to the external pressure applied on the vacuum bag. In this region, the fiber volume fraction is at
lowest value. Therefore the resin impregnates quickly this region as shown by the blue curve in the
Figure 10. The compaction of the fiber reinforcement changes the distribution behavior of the of
resin pressure through the thickness direction. In additon, it leads to decrease its permeability and
increase the fiber volume fraction of the fabric preform, as shown in the Figure 11. Therefore, the
resin impregnates slowly the fiber reinforcement layers (from blue to red curves). The resin fills
entirely the preform at 215 s.

After the preform is fully impregnated, the excess resin is absorbed by the bleeder, and the resin
pressure begins to drop. At this stage, the most external pressure is carried by the fibers, which
explain the increase in the fiber volume fraction and its uniform distribution in the thickness
direction, as illustrated in the Figure 11.
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Fig. 10. Resin pressure distribution in the thickness direction
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Fig. 11. Fiber volume fraction distribution in the thickness direction

Figure 12 presents the evolution of the filling time as function of the part thickness. The filling
time in resin film infusion process increases parabolically with thicker part.
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Fig. 12. Evolution of filling time as function of part thickness

5. Conclusions

In this paper, a numerical algorithm was proposed to study the influence of the part thickness on
the filling time in the resin film infusion process. The numerical scheme was based on the finite
difference method. The results obtained have shown that the part thickness has influence on the
filling time, and it increases parabolically with the thicker part. Since the melting process of resin film
is controlled by temperature, which also affect the resin viscosity and degree of cure, these
parameters govern the resin impregnation through fabric preform, a full study should be conducted
to better understand the RFI process.
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