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ABSTRACT

Vacuum Assisted Resin Transfer Molding (also known as Vacuum Bag Infusion) process
is used to manufacture large composite parts within a single-sided mold. The upper side of
the mold is made of a nylon vacuum bag which compacts the fabric preform underneath it to
the lower mold part due to the vacuum applied.

The initial thickness of the dry fabric preform is dependent on the static vacuum pressure;
however at a level of vacuum pressure, the thickness varies with time as fiber nesting occurs
for longer than 30 minutes as observed in our characterization experiments. As resin flows
through the fabric preform, the resin pressure inside the mold increases (and hence
compaction pressure decreases). Because of the non-rigid upper mold (nylon vacuum bag),
the decrease in the compaction pressure will increase the thickness distribution of the part.

In this study, it is aimed to construct general guidelines and a database so that the user
can automate the VARTM process and predict the part thickness before the infusion starts.
The thickness of the composite part and resin pressure in the system are monitored by using
an on-line data acquisition system. The thickness of the preform is measured by using digital
dial gages. To observe the effect of resin pressure on the thickness variation, multiple
pressure sensors are placed at the same longitudinal location of the dial gages. The
experimental results are compared with the results of thickness and flow models which are
developed by Correia. To model the process accurately, two databases are constructed based
on the process parameters: (i) compaction of fabric in dry and dry/wet form, and (ii)
permeability of the preform at different compaction pressures.

The results indicate that random fabric and woven fabrics’ compaction characteristics are
very much different: (1) random fibers are further compacted upon being wetted when resin

reaches there; (i1) this further nesting was not observed in woven fabrics significantly.
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OZET

Vakum Destekli Recine Transfer Kaliplama (VARTM) yontemi, tek tarafli kalip icinde,
biiylik boyutlarda kompozit malzeme {iiretimi icin kullanilir. Kalibin iist pargasi, vakum
olustugunda elyaf1 alt kaliba dogru sikistirmas: i¢in, naylondan yapilmis bir vakumlama
torbasindan olusur.

Kuru elyafin ilk kalinhigi, ilk basta uygulanan vakumlama basincina baghdir. Fakat,
malzeme Ozelliklerini belirleme deneylerinde de goriildiigii iizere, vakum basinci sabit
tutularak 30 dakikadan daha fazla siirece, parca kalinlig1 zamanla degismistir. Enjeksiyon
bagladiktan sonra, recine elyaf icinden aktik¢a, kalip icerisindeki recine basinci artar
(bununla birlikte sikistirma basinci azalir). Esnek iist kalip parcasindan (naylon vakumlama
torbasi) dolayi, sikistirma basincindaki azalma parcanin kalinlik dagiliminda artisa sebep
olur.

Bu calismada, VARTM yonteminin otomasyonunu yapmak ve recine basmaya
baglamadan once parcanin son kalinligini1 tahmin etmek icin, genel yonergeler ve veritabani
olusturulmasi amaglandi. Parca kalinligi ve recine basinci canli olarak, bir veri toplama
sistemi vasitasiyla gozlemlendi. Par¢a kalinligin1 6lgmek icin dijital komparator saatleri;
recine basincini 6lgmek icin kompatatdr saatlerinin altina basing algilayicilart konuldu.
Deney sonuglari, Correia’ nin gelistirdigi kalinlik ve akis modeli ile karsilastirildi. Sistemi
daha iyi modellemek i¢in iki ¢esit veritabani olusturuldu: (i) kuru ve kuru/islak halde elyaf
sikismasi ve (i) degisik sikistirma basing¢larinda elyaf gegirgenligi.

Sonug olarak, kece cam elyafi ve dokuma cam elyafi degisik ozellikler gosterdiler: (1)
kece cam elyafi 1slatildiginda daha da sikisti, fakat (ii) bu sitkisma durumu dokuma cam

elyafinda goriilmedi.
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NOMENCLATURE

1/ Porosity of the fabric

Psup,core Superficial density of the core [kg/mz]
Psup fabric Superficial density of the fabric [kg/m2]
Palass fiber Density of the glass fiber [kg/m3]
Ppolyester Density of the polyester [kg/m’]

u Viscosity [Pa.s]

Upolyester Viscosity of the polyester [Pa.s]

a Fabric numerical constant

b Fabric numerical constant

h Thickness of the fabric preform [m]
I Height of the mold cavity [m]

hi Height of the fabric at each sensor, i

i Index of sensors

Ah Change in thickness [mm]

L Length of the fabric preform [m]

k Kozeny constant [m2]

K Permeability of the preform [m?]

m Numbers of core fabric

M100 % fiber Total mass if the mold cavity could be fully with glass fibers [kg]

Meore Mass of the core [kg]

Miabric Mass of the fabric [kg]

Mpreform Mass of the preform [kg]

n Numbers of stitched-random fabric
P Resin pressure [Pa]

Pum Atmospheric pressure [Pa]

Xiil
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comp

<,

~ v

vacuum

Q

<

S|

Xi
Xf
Vr

Wm

Compaction pressure on fabric [Pa]

Injection pressure in the RTM mold [Pa]
Pressure of the each sensor, i [Pa]

Vacuum pressure [Pa]

Flow rate of the resin [m3/s]

1-D superficial velocity of the resin in x-direction [m/s]
Volume averaged resin velocity [m/s]
Velocity of the flow front [m/s]

Time [s]

Initial position of the flow front [m]

Position of the flow front at a certain time [m]
Fiber volume fraction

Width of the mold cavity [m]
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Chapter 1

INTRODUCTION

1.1 Composite Materials

Composites are heterogeneous materials which are basically formed by combining
fabric and polymer in a mold cavity.

Compared to the traditional materials, composites have higher specific strength, higher
specific stiffness ( = modulus of elasticity/density), higher resistance to corrosion and
higher energy absorption value which makes these materials very popular in the
manufacturing industries such as aerospace, military, marine, car and sports industry [1].

Some of the products with composite parts are shown in Figure 1.1.
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Figure 1.1 Use of composite materials in different industries [2, 3, 4, 5, 6 and 7].

1.1.1 Fabric

Fabric provides strength and stiffness of the composite material. It can be made of
glass, carbon, Aramid or Boron fibers. As the fabric material changes the characteristic
properties of the fabric changes and the area of usage changes. For example, compared to
the other fabrics, Aramid is much lighter and more resistive to impact and penetration [8].
Because of this, Aramid is used in bullet proof clothes and vehicles. In Table 1, material
properties of common fiber types are listed [8].

Fabric can be in different forms such as random, woven and stitched (see Figure 1.2).
The mechanical properties of the fabric depend on the fiber types used and the structure.
Random fabric shows isotropic behavior whereas woven fabric is anisotropic. Continuous
fibers are used in a woven fabric, whereas random fabric has short fiber compacted and

usually stitched together. Due to this continuous versus discontinuous difference, a typical
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woven fabric has a much higher strength than a typical random fabric. In our experiments

we are going to use random type of fabric due to its high permeability to resin flow.

Table 1.1 Density, tensile strength and stiffness of typical fibers and materials [1].

Matori | Doy | TenileStrngth | g Gt
[GPa]

E-Glass 2.54 2410 69
n S-Glass 2.49 2620 87
ﬁ Carbon 1.75 2410 241
i Aramid 1.44 3450 124
Boron 2.63 2760 379
0 Aluminum 3.30 3000 297
E Titanium 452 711 117
= Steel 7.85 413 207
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FABRIC CORE

Figure 1.2 Random and plain weave type of fabrics and core.

1.1.2 Polymer

The second fundamental component in composite materials is polymer. Polymer is a
chemical composed of repeating structural units, called mers or monomers [9]. These
structural units are connected with covalent bonding if the polymer is a thermoset type. By
adding catalyst, applying heat and/or pressure, monomers are linked into polymers in
repeating units. This process is called polymerization. In this study polyester was used.

In composite materials, polymer maintains the alignment of fabrics and increases the
structural stiffness and stability of the composite part. It transfers load to the fabrics. By
surrounding the fabrics, polyester protects the surface of fabrics from the mechanical
abrasion and provides a barrier against an adverse environment.

In composite material manufacturing, mainly, two types of polymer are used:
Thermoplastic and Thermoset.

In Thermoplastics, the molecules are connected to each other with weak secondary

bonds, such as Van Der Waals and Hydrogen bonds [8]. As thermoplastics are heated,
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these molecular bonds are broken, and molecules move to their new places. By cooling the
thermoplastics, the secondary bonds are formed between molecules in their new positions.
Thus, in thermoplastics reheating and reshaping processes can be done without changing
the properties of polymer. In other words, the polymerization of thermoplastic is reversible.

In Thermosets, the polymerization is done by using some catalyst (as known as curing
agents), heat and/or pressure. Once the polymerization is completed, permanent rigid and
strong covalent bonds are formed between the molecules. In thermosets, the polymerization
is irreversible, the chemical bonds can not be broken and reassembled by heating and
cooling. Compared to the thermoplastics, thermosets usually show better mechanical,
thermal and chemical properties, electrical and dimensional stability [10].

In our experiments, we are going to use Poliya Polipol™ 336-RTM Polyester [11] with
curing agents, Butanox M 60 and %1 Cobalt solution. The properties of the polyester are:

e density, =1.04 g/ cm’

p polyester

® viscosity , =0.3 Pa.s

lu polyester
The relation between the fractions of the curing agents (Butanox M 60 and cobalt [%1])

in the polyester and resin gellation time is shown in Table 1.2.
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Table 1.2 Gellation time of the Poliya Polipol 336-RTM™ polyester [11] for two different

fractions of curing agents at room temperature (=20° C).

Polyester 1000 ml 1000 ml
Butanox M 60 S ml S ml
Cobalt (%1) Sml 3 ml

Gellation time
~20 ~35
(min.)

1.2 Vacuum Assisted Resin Transfer Molding (VARTM) Process

One of the well-known techniques of the composite material manufacturing is VARTM
(also known as Vacuum Infusion (VI)) process. In this process, by using a vacuum pump,
flow is driven through the porous fabric preform and distribution media (see Figure 1.3).
After the cavity is filled with the resin, resin cures and the composite part is taken out.

Difference from the traditional resin transfer molding process, instead of an upper mold
plate, a deformable vacuum bag is placed on the preform.

The advantages of the VARTM process are:

e Mold has a lower cost since only female mold is required
e [Large structures can be manufactured

The disadvantages of the VARTM process are:

e Large dimensional tolerance

¢ Higher surface roughness

e Less fiber compaction (and hence less mechanical strength)
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A typical VARTM process can be decomposed into 3 major steps:

1. Preparing the preform:

The mold surface is cleaned and a release agent is sprayed onto the surface. Then,
fabric layers are cut in desired dimensions and placed in the mold cavity.

In order to prevent sticking of the fibers to the vacuum bag, peel ply is placed on the
fiber.

While manufacturing large structures, a removable layer of flow-enhancement
medium called flow mesh is used to provide resin propagating faster in the fibers.
As an alternative to the flow mesh, an embedded core layer is used for flow-
enhancement. Instead of placing on top of the fabric preform like flow mesh; core
can be placed in the fabric preform, and it becomes an internal part of the
manufactured composite material. In our experiments, for flow enhancement
medium, a core (METY X, Meticore 250 PP [11]) will be used.

To direct the resin flow, an omega tube or spiral tube can be used.

Infusion braid and spiral tubes are placed near the vacuum connectors to have a

uniformly distributed air ventilation.

Closing the mold: After preparing the preform, a vacuum bag is placed to create a

vacuum ambient in the mold cavity. Vacuum bag is bonded to the mold by using a

sealant tape.

Vacuuming and final processing: Resin is driven through the empty channels between

the fibers of fabric preform by using vacuum pump. After resin fills the entire mold

cavity and eventually exits from the ventilations, we still apply vacuuming to keep the

vacuum bag compacted. After curing, vacuum bag is taken off and manufactured part is

taken out.
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Vacuum Bag

Peel Ply
Core A

-

Fabric Layers
A

Vacuum Pump

X

Injection Gate

Fabric Layers
esin Feed Mold Reservoir
Tank

Ventilation Gate

Figure 1.3 Schematic view of a typical VARTM process [12].

1.3 Organization of the Thesis

In this study, we monitored the thickness variation and pressure distribution of a
composite part in VARTM process by using an on-line DAQ (data acquisition) system. The
organization of the thesis can be separated into six chapters. In Chapter 2, a literature
review is given about the (i) compaction of fabric preform, (ii) permeability measurement,
(111) modeling of VARTM process, (iv) part thickness monitoring during the resin infusion,
and (v) controlling of process parameters to minimize thickness variation. In Chapter 3,
two databases are constructed: (i) the compaction behavior of the preform in dry and
dry/wet form; and (ii) the preform permeability under different thicknesses (and hence fiber
volume fractions). VARTM experiments are performed and the results of these
experiments are shown in Chapter 4. For process modeling, we implement a model which
was developed by Correia et al. [13] and our database is used in the model in Chapter 5.

The conclusion of  this study is summarized in Chapter 6.
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Chapter 2

LITERATURE REVIEW ON DIMENSIONAL VARIATION OF A
COMPOSITE PART DURING VARTM

2.1 Introduction

Many researchers have investigated the physics of VARTM process with experiments
or models. By the help of these studies, researchers aimed to overcome some potential
problems encountered in the VARTM process, and tried to make this process fully
automated for achieving high composite part quality and high production rate.

In order to fully automate the process, and to manufacture desired part quality, the
process variables such as absolute pressure, saturation and part thickness should be
continuously measured and control actions should be taken if needed. The key factors to
achieve a fully automated VARTM process are (i) modeling of the mold filling, (ii)
monitoring process variables by using a data acquisition (DAQ), and (iii) controlling
process parameters. Related to these subjects, the literature review can be divided into five
sub-groups:

e Compaction of Fabric Preform

e Permeability Measurement

® Modeling of Resin Propagation and Pressure Distribution

e Thickness Monitoring

® Process Control
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2.2 Compaction of Fabric Preform

VARTM process is used to manufacture composite parts within a single-sided mold.
The other side of the mold is made of a nylon vacuum bag which compacts the fabric
preform to lower mold part due to the vacuum applied. Because of the non-rigid upper
mold (nylon vacuum bag), the change in the absolute pressure (due to the change in the
resin pressure) will change the compaction of the fabric preform affecting the thickness
distribution of the part. This dimensional variation may seriously alter the mechanical
properties of the composite part; and the thickness might not be within the allowed
tolerances. Thus, many studies were conducted to understand the effect of compaction on
fabric preform in thickness (and hence fiber volume fraction). Kelly et al. [14] and
Hammami et al. [15] experimented the compaction and relaxation of different kinds of
fabric preform under different compaction pressure values both in dry and wetted forms.
They concluded that each type of fabric has its own characteristic compression and
relaxation behavior, and these behaviors differ when fabric is dry or wetted.

Researchers modeled the relationship between fabric compaction and absolute pressure.
Saunders et al. [16] investigated the compression of dry and resin-impregnated fabric
preform under different vacuum pressure. Resin is modeled as (i) viscous, Newtonian fluid,
(i1) viscous, Non-Newtonian fluid, and (iii) fluid with a viscoelastic behavior. Fabric
preform compaction is modeled as (i) elastic compaction and (ii) viscoelastic compaction.
They concluded that in dry fabric compression, elastic effects are more dominant than
viscous effects; however in wet fabric compression, the elastic effects can be neglected.
Comas-Cardona et al. [17] proposed a non-linear elastic-plastic constitutive law for dry and
wet till-weave fabric preform compaction. Chen et al. [18] modeled the compaction of a
single layer orthogonal plain-weave fabric by using Beam Theory. The compaction force is

expressed by a function of thickness reduction and fiber volume fraction.
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Apart from these analytical approaches, some researchers used experimental data to
model the compaction behavior of a fabric preform. Luo et al. [19] used power law to fit
the experimental data to the compression curve of fabric preform. Also they modeled the
relaxation of the dry fabric by using dissipated energy. Different from [19], Hammami et
al. [20] proposed another curve fitting technique, dual kriging, for fabric compression

curve.

2.3 Permeability Measurement

In the VARTM process, permeability of the fabric preform and distribution media plays
a crucial role as it significantly affects the mold filling time of the process and flow pattern.
In composite industry, manufacturers design the followings by using their experience and a
trial-and-error approach: (i) location of injection gates, (ii) locations and sizes of
distribution media (flow mesh), (iii) gellation time of the thermoset resin. The aim is to fill
the mold cavity completely before the gellation starts. If the mold is filled much earlier
than the gellation starts, either (i) resin will be wasted from the ventilation since the
vacuuming needs to be continued for the required compaction; or (ii) a carefully designed
ventilation port should be closed even though the vacuum is continued. To overcome these
issues (time consuming trial-and-error design stage; incomplete mold filling due to
immature gellation; or waste of resin), many manufacturers are relying on mold filling
simulations. For an accurate simulation, the user needs to calculate or predict the
permeability of the fabric preform and distribution media.

Gokece et al. [21] calculated the permeability of fabric preform and distribution media
by taping the mold filling with two cameras, one from the top and one from the bottom of
the mold, to track the flow front (see Figure 2.1). The local permeability of the distribution

media and fabric are calculated by post-processing the data from the top camera. Also, the
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in-plane permeability value is calculated by correlating the images which are taken from

bottom and top.

Injection Line Top Camera

Vacuum Line

eform

Bottom Camera

Acrylic Table

Figure 2.1 Experimental setup and DAQ system used in [21].

Hammami et al. [22] proposed an experimental study about the permeability of
different types of fabrics with flow distribution media and modeled the flow front by using
RTM formulas. In the modeling, the fiber volume fraction is assumed to be constant. Flow
front is measured by post-processing the data from a camera, placed over the experiment
setup.

Grujicic et al. [23] modified and extended the model of Simacek and Advani [24] to
model the effect of shear on fabric permeability. For orthogonal plain-weave fibers, the
authors modeled the flow propagation such that the resin moves through the channels
which are placed between the fiber tows and also between the mold parts and fabric tows.
The flows within the channels are considered as creeping flow. For in-plane resin flow

(into the fabric), the Darcy Law is used. To model the sheared fabric, a correction factor is
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brought up for permeability. By using Chen and Chou [18] fiber compaction model, height
of the channels are computed to use them in the numerical modeling.

Kuetzer et al. [25] outlined the bulk and micro-scale permeability of different kinds of
fabrics in constant-flowrate-RTM process. For the simulation of the process, Liquid
Injection Molding Simulation (LIMS) [26] was used. In the LIMS, the bulk permeability
was assigned to 2D elements of a FEM (finite-element method) mesh. The micro-
permeability parameter was assigned to 1D element and then these elements were attached
to the 2D elements. In each experiment, the pressure data was taken. Their target was to get
similar pressure distribution with the simulated experiment. For this case, the tow
permeability was estimated and entered to the LIMS [26]. By iterating tow permeability,

the pressure distribution was fitted to the experimental pressure distribution.
2.4 Modeling of Resin Propagation and Pressure Distribution

As the resin flows through the preform, the process variables (such as resin pressure,
saturation rate and part thickness) continuously change. The quality of the composite part is
directly related to final values of saturation rate and part thickness. By modeling the
process, one can take required precautions to prevent unwanted results and can save the
part.

Hammami et al. [20] proposed a theoretical analysis of 1-D flow in VARTM process.
For infusion strategies, it is stated that instead of using a point source, a line source is
preferred to have a shorter process cycle time. To model the VARTM process, Hammami
et al. used the same approach which was suggested by Gutowski [27]. In this approach, the
governing equation of the control volume was defined by

Oh _ d(uh)

i 2.1
ot ox 1)
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where £ is the thickness of the part, u is the 1-D velocity of the resin in x-direction, and t is

time. Permeability of a fabric can be modeled as a function of fiber volume fraction v o
and it is calculated by using Carman-Kozeny equation

1<=/<(—1:—zf—)i 2.2)

Vy

where k is the Kozeny Constant for different fabric types. This model assumes a uniformly

placed fiber rows and columns. As it is stated above, the thickness of the preform is related

to the compaction pressure on preform, P, expressed by a power law [28]

h=aP’ (2.3)

comp
where a and b are fabric numerical constants to be calculated by using compression data.

While modeling the flow propagation, for simplicity, the flow is assumed to be quasi-
steady. With this assumption, % term in Equation 2.1 is neglected. But, Hammami et al.
t

claimed that simulation and experiment results do not agree accurately, and this modeling
needs to be improved.

Correia et al. [13] examined the 1-D flow, and proposed a new model for VARTM
process. The fiber compaction is modeled by dry compaction power law, Equation 2.3.
Carman-Kozeny Model (Equation 2.2) is used for permeability modeling. An analytical

formula is developed by coupling of continuity equation and Darcy Law and power law of

2 2
%=l (KﬁJrhd—Kj(d—Pj +hK P 2.4)
or u dP  dP )\ dx ox’

This formula is used to predict the part thickness /2, as a function of resin pressure P, as

dry fabric compaction:

a function of time ¢, and as a function of displacement x.
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Kang et al. [29] proposed a similar approach as in Hammami et al. [20] and Gutowski
et al. [27], except that in his governing 1-D flow modeling equation, he neglected the
change of preform thickness with respect to displacement:

o

—=0 2.5
™ (2.5)
The governing equation simplifies to:
oh = —ha—u (2.6)
ot ox

Different from other models, in addition to the resin flow modeling, they included the air
flow in front of the resin flow front, too. With this inclusion, they tried to predict the
formation of dry spots.

Acheson et al. [30] applied conservation of mass principle to a non-rigid control
volume to model fabric compaction and saturation. They show that, as the compaction load
increases, the change in the part thickness increases.

Mathur et al. [31] modeled the vacuum infusion process in which the flow distribution
media (flow mesh) is placed all over the preform. For 2-D flow modeling, the Darcy Law
and the conservation of mass law were applied to both the distribution media (flow mesh)
and the preform. In this model, the change in permeability due to the change in the
compaction was ignored, hence the permeability of the preform and distribution media
were assumed to be constant during the process. By using SMARTweave (Sensors
Mounted As Roving Threads [32]) layers (see Figure 2.2), the flow propagation at each

level of the preform, was monitored and compared with the analytic results.
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Figure 2.2 Schematic view of SMARTweave [32] layers in a preform made by stacking
15 fabric layers [31].

Hsiao et al. [33] investigated the air pressure distribution in the dry region of the fabric,
between the flow front and the ventilation ports. They placed two adjustable vacuuming
ports to control the shape of the flow front. They claimed that by adjusting the air pressure
gradient along the flow front, the resin propagation can be controlled during the VARTM
process.

Parnas et al. [34] modeled the fluid flow in two states, the saturated flow (Darcy flow),
and the unsaturated wicking flow. The wicking flow precedes the Darcy flow and it uses
the Darcy flow as a source such that wicking flow draws the fluid from saturated region for
filling the pores. The formation of dry spots in the fabric preform were modeled by based
on an unsaturated wicking flow. They claimed that the nesting of fibers just in front of the

flow front (because of lubrication effect) is caused due to this wicking flow.
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2.5 Thickness Monitoring

As previously mentioned, as resin flows through the mold cavity, the resin pressure
(and hence the compaction pressure) changes, and due to the non-rigid upper mold, the
thickness distribution changes related to the compaction pressure. To measure the thickness
gradient of a composite part, Tackitt et al [35] used linear variable differential transformers
(LVDTs). To monitor the flow front, two layers of SMARTweave [32] were placed in the
preform near the top and bottom layers. In these experiments felt preform (having isotropic
permeability) and S2 woven preform (having anisotropic permeability) were used. Four
different experimental configurations were investigated. In setup A, 25 LVDTSs were placed
in a 5 x 5 matrix form on the felt preform, and the flow was monitored manually
(measuring the flow front at fixed time intervals by using a ruler). It was observed that as
the resin propagates in the felt preform, the thickness of the part increases gradually and
finally, the thickness change became higher near to injection port than ventilation port. In
setup B, the mold was divided into 2 parts and to create injection pressure difference, resin
supplies were located at different altitude with respect to the felt lay-up. It was observed
that as the pressure difference increases with the increasing of altitude, the deformation of
the composite part increases because of having a higher driving pressure. In setup C, S2
glass woven was used with a configuration of 16 LVDTs in a 4x4 matrix form on the
preform. Flow monitoring was done with SMARTweave [32]. It was shown that as flow
propagates, fiber nesting occurs just in front of the flow front and fibers became more
compacted. As flow passes the nested part, thickness starts to increase. This phenomenon
was explained by lubrication effect (see Figure 2.3). In setup D, radial infusion was
inspected. Since a radial injection is obtained by a point source, the movement of resin in

the preform was much harder than in the line infusion process. This caused an insufficient
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compaction for lubrication effect. Also, they claimed that in radial infusion, fiber nesting

could not be seen because of this insufficient compaction.

Vacuum bag

Resin Flow front
inlet

(b)

Figure 2.3 Fabric thickness variation during VARTM.
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2.6 Flow Rate Controlling

During the VARTM process, gaps between fabric mats form small air channels. These
low resistant (high permeable) channels may significantly alter the flow velocity and the
position of the flow front. The non-uniform flow propagation might result in formation of
macro-size dry spots which will affect the part quality. In order to have optimum flow
propagation, some on-line control actions might be needed; and below, some studies will
be reviewed.

Modi et al. [36] controlled the VARTM process by using image processing and on/off
switches for opening and closing the injection and ventilation gates. To process the images
and to control the gates, a MATLAB code was written. For numerical mold filling
simulations, they used LIMS [26]. The flow front was monitored and controlled by control-
steps. At each step, first, pre-defined nodes were checked whether they were filled with
resin or not. Then, if the nodes were filled, for next controller step, by the help of
simulations, the distance between the centroids of the unfilled regions and the injection port
was calculated for each simulation. Among these simulations’ solutions, the optimum port
configuration was selected in which the distance between the centroid of unfilled region
and the injection gate is the smallest (see Figure 2.3). They concluded that this control
scheme is useful when the permeability of the preform is not known before the injection, or

the permeability distribution has a significant variation due to non-uniform preform.
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every fixed
time interval Control injection ports
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Pre-defined no. of
nodes are filled

Perform numerical simulations

All the nodes
are filled

Close all injection ports

Figure 2.4 The control strategy of vacuum infusion process [36].

Bender et al. [37] implemented a fuzzy logic controller for adjusting the pressure
difference between the injection and ventilation. At each controller step (see Figure 2.4),
the followings were done: (i) by using LIMS, expected flow front position was simulated,
(i1) the real-time flow position is monitored by the help of sensors embedded to the mold,
and (iii) resin weight in the bucket was measured. By using these data, fuzzy controller
decides a pressure difference and regulates the pressure at the ventilation tube. The aim of

this work is to have a constant flow rate in the vacuum infusion process.
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Calculation Controller Regulator Process

* Flow position via virual simulation (LIMS)
* Flow position via sensors
* Resin weight in infusion bucket

Figure 2.5 The control system [37].

Nalla et al. [38] proposed two closed-loop flow control strategies with the segmented
injection line to control the VARTM process. In the first strategy, virtual sensors were
created on the mold surface by using LabVIEW. At each segment, flow front was tracked
by using virtual sensors, and control action was determined. If in one segment, flow was
propagating faster than the others, the injection was cut off at that segment. The aim of this
work was to have a linear flow front through the mold filling process. In the second
strategy, the control action was same but this was a model-based real-time flow control.
LIMS [26] is embedded to the closed loop control. At each control, the desired flow front

was simulated, and according to the simulation results, control action was determined.
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Chapter 3

DATABASE CONSTRUCTION

3.1 Introduction

In order to model the VARTM process accurately, one should construct the database of
the process parameters:

® Change of the fiber volume fraction (v,) based on the compaction pressure
(Pop) s

vf = ﬁ(Pcomp)
3.1)

® Change of the fabric permeability (K) based on the fiber volume fraction (v,),

K=f,(v;) (3.2)

3.2 Fabric Compaction

In VARTM process, the upper mold is made of a deformable plastic bag. Thus, the
change in the compaction pressure will change the thickness of the fabric preform
significantly. In order to understand the fabric behavior under different compaction

pressure values, some material characterization experiments were done. In these
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experiments, a core fabric layer was placed between two upper and two lower layers of

stitched-random fabric layers (see Figure 3.1).

4 Layers of
Random
Fabric

Core

Figure 3.1 Schematic of fabric preform configuration.

3.2.1 Experimental Setup of Fabric Compaction

The experimental setup of the fabric compaction system is composed of four parts (see
Figure 3.2):

e Compaction Mold is the combination of a male and a female mold halves. Fabric
preform is placed between these two male and female molds (see Figure 3.3).

® Dial Gages are used to measure the thickness change of the preform.

® Dial Gage Interface provides the connection between the dial gages and DAQ
system. In these experiments, to have an accurate thickness measurement, four dial
gages are used, and the average reading is used.

e DAQ system is used to store the thickness data of the fabric preform. By using a
LabVIEW program, the thickness change of the fabric is monitored during the

experiment.



Chapter 3: Database Construction

24

Dial gage
interface

Figure 3.2 Experimental setup of the fabric compaction.

Figure 3.3 Fabric preform compaction mold.
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3.2.2 Dry Compaction Experiment

In this experiment, the behavior of the dry fabric is investigated under different
compaction pressure values. The procedure of the experiment is given below:

¢ Place the preform in the setup.

® Apply a minor load (in this experiment, minor load is the weight of the male part of

the compaction mold and the weight of the empty water barrel).

¢ Increase the load in equal steps until compaction pressure becomes 100 kPa (to have

the compaction force, we use a 20 liter-water barrel (see Figure 3.4). When the
water level reaches one of the thick lines on the bottle, the thickness of the fabric
preform and the compaction force are recorded by DAQ).

* Wait for 30 minutes for preform settling (to resemble the actual manufacturing

conditions).

¢ Unload the specimen in equal steps by discharging the barrel.

¢ Wait for 30 minutes for fabric relaxation.

It can be concluded from the result of the compaction experiment (see Figure 3.5) that,
in the loading step, decreasing rate of thickness is faster than increasing rate of thickness of
the fabric in unloading case. Although the load is constant in the fiber settling step, the
thickness of the preform decreases further and converges to a thickness value. After the
unloading, the thickness of the fabric starts to increase gradually because of the relaxation
of the fabric preform.

The result of a typical dry compaction experiment is shown in Figure 3.5. One can use

_ psup,fabric l
pglaxs fiber h

v (3.3)

!

to relate fiber volume fraction to part thickness. Fiber settling and fiber relaxation data are

shown in Figure 3.6a and 3.6b.
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Figure 3.4 Water barrel for compaction force simulation.

T T T T T T T T T T ~
I I I I I I I I I I
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | |
v [F—I N —
©
| | | | | | | | |
| | | | | | | | |
| | | | | | | | |
| | | | | | | | |
| | | | | | | | |
S S R [ S L-_—Jo
| | | | | | | I
| | | | | | | |
| | | | | | | |
| | | | | | | |
| | | | | | |
R T N B = » R R SR .. 2 I DR BN )
| | | , 0
| | |
| | | |
| | | | [
| | | o
| | | | =
R R Y N A < A [ R N EE \M\_b
| | | | | | >
mJ | | | | | <
£ T A
= | | | | | | s
— Q&= ----- L i el e e S e~ (il it <
] | | | | | | | |
S | | | | | |
] T T i | | | | | |
Q. | | O | | | | |
= | | [ = | | | | |
e e e B — S e B i I B it I
| | | | -M, | | | | |
| | | o | | | | |
| | | [ | | | | |
| | | [ = | | | | |
| | | o3 | | | | |
e S
©
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
1 1 1 1 1 1 1 1 1 1 ()
o o (=} o o o (=] o o o o
S & o 3 ° o ¥ & « -

110

(edM) ainssaid uonoedwor

Thickness (mm)

Figure 3.5 Result of the dry fabric compaction experiment.
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Figure 3.6 Thickness change during (a) fiber settling and (b) fiber relaxation.
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Figure 3.7 Dry compaction experiment results for three different samples.
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3.2.3 Dry/Wet Compaction Experiment

As flow propagates through the compacted fabric preform, the fabric becomes wetted.

Before the flow front reaches a location (such as location 2 in Figure 3.8), P, =P, . and
P.v2 = Puw = Procuun - However, after flow front gets away from that location, P increases

and P.omp2 decreases as schematically illustrated in Figure 3.8. Knowing that the fabric
wetting occurs “AFTER?” the settling step in the VARTM process, the following procedure
is applied for this experiment:
e Both the loading and fabric settling steps are performed using a dry fabric preform.
e After 30 minutes of settling, the preform is saturated with resin.

¢ Both the unloading and relaxation steps are performed by using the wetted fabric.

It can be seen from the experimental result that (see Figure 3.9):

e  When the preform is saturated at the end of the settling step (i.e. after waiting for 30
minutes under 100 kPa compaction pressure), the thickness further (and suddenly)
decreases due to being wetted. This affects the modeling results of VARTM process

significantly.

In order to be consistent, we preform several dry/wet compaction experiments, and the

experiment results can be seen in Figure 3.10
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att=1t
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Figure 3.8 Time change of P and P, at a fixed x-coordinate, such as at location 2 where

x=L,. P =P P for 0<t<t,,but P

comp,2 — © atm vacuum comp

decreases gradually for ¢ > ¢, since

resin pressure at x=L, increases gradually.
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Figure 3.9 Result of the dry/wet fabric compaction experiment.
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Figure 3.10 Dry/wet compaction experiment results for different samples.
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3.3 1-D Permeability Measurement Experiments

As flow front propagates, the pressure, P, inside the mold cavity increases locally.

Hence, compaction pressure decreases, since P, =P _— P. Because of the nylon bag,

comp = Lam
this change in the resin pressure will cause an increase in both (i) thickness and (ii) local
permeability of the preform to increase. For modeling the process, the permeability value
of the preform needs to be known under different mold thicknesses. To measure the
permeability of the preform, two well-known approaches, steady and unsteady approaches,

are followed.

3.3.1 Unsteady Measurement

In unsteady permeability measurement, the resin is injected through an RTM mold

under constant flow rate. While the flow is propagating in the mold cavity, a pressure

transducer that is mounted at the inlet of the mold is used to monitor the injection pressure
of the resin (see Figure 3.11) [10]. As flow propagates, the injection pressure increases

linearly with time (see Figure 3.12) [10].

By using Darcy Law, the 1-D permeability of the preform along the flow direction, x,
can be calculated as:
K dpP

u=——— and u= —> = 34
BT =g YT g d oY

where

u : volume averaged resin velocity, [m/s]
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: viscosity of resin, [Pa.s]

: permeability of preform along the flow direction, x, [m?]

: porosity of the fabric, [dimensionless]

~ S x X

: resin pressure at the inlet, [Pa]

=

: direction of flow front, [m]

u . velocity of flow front, [m/s]

u, is related to the flow rate by

Q = constant = A = (pu . )(w,h,) —> u, = o _ constant

where

QO flow rate, [m3/s]
w,, - width of the RTM mold cavity, [m]
h, : height of the RTM mold cavity, [m]

A': cross-sectional area of the RTM mold cavity, (i.e. A=wh), [m?]

Inserting Equation (3.5) in Equation (3.4), one can get:

ap __ op
dx Kw h

m m

= constant

. dP . .
Since . is constant, we can use end values to evaluate pressure gradient:
X

P _ P(x;)~ P(x)

dx X, —X,

f

where

(3.5)

(3.6)

(3.7)
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P(x,): pressure of the resin at the flow front, (in RTM, since the ventilation is

opened to atmosphere : P(x,) =0), [Pa]

P(x;) : pressure of the resin at the injection at a certain time ¢, [Pa]

X, : 1initial position of the flow front, (x; =0), [m]

X, position of the flow front at a certain time ¢, [m]

Then d—P can be written as:
dx

P _P(x))=PO) _0-P,1)
dx xf—O B

u,t

where x, =u . Then inserting Equation (3.5) in Equation (3.3):

dap __B,Ow,h,¢

dx Ot
Equating Equation (3.9) to Equation (3.7), then:
2
Kw, h, Ot h, ) K¢

Solving for K in Equation (3.10) gives us [39]:

2
0 | ul
K = = =—
unsteady (Wm hm j ¢ dP

dt

(3.8)

(3.9)

(3.10)

(3.11)
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Figure 3.11 Experimental setup for 1-D unsteady permeability measurement [10].
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Figure 3.12 Flow front position and injection pressure changing in unsteady approach [10].
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3.3.2 Steady Measurement

In the steady approach, the complete filling of the mold cavity is waited; and
afterwards, the resin injection is continued while the vent is kept open (see Figure 3.11)
[10]. By monitoring the injection pressure, the flow can be observed whether it becomes a
steady flow or not. When the injection pressure converges to a steady value, the
permeability of the preform can be found by using Darcy Law.

The pressure distribution along the mold cavity will be assumed to be linear (see Figure

3.13) [10]. The same steps will be followed, used in the unsteady approach, up to Equation

. . P . . .
3.7. Instead of inserting x, =u .t for the fl— in the Equation 3.8, one will have:
X

dP _PL-PO__L, (3.12)
dx L-0 L

Thus, equating the Equation 3.12 with the Equation 3.6, one can get:

L (3.13)
L Kw. h,
Solving for K in Equation 3.13 gives us:
(3.14)
Qu L
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Figure 3.13 Flow front position and injection pressure distribution, P(x), in steady approach

[10].
3.3.3 Fabric Preform Configuration
In the permeability measurements, the same fabric preform configuration will be used

as in the compaction experiments (see Figure 3.1). The dimensions of the fabric and core

material are 150mm x 30mm (see Figure 3.14).
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Figure 3.14 Preform dimensions of the permeability experiment.
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3.3.4 Experimental Setup of Permeability Measurement

The experimental setup of the permeability measurement system is composed of three
parts (see Figure 3.15):

® RTM Mold has a moveable upper mold plate in order to adjust the thickness of the
mold cavity during the injection process. The upper mold plate is made of
transparent lid to verify the flow front is linear or not. On the upper mold plate, two
clamps are used for adjusting the height of the mold cavity. A pressure sensor is
mounted at the inlet of the mold for monitoring the inlet pressure of the resin (see
Figure 3.16).

® RTM Injection Machine is used for injection of resin at constant flow rate, Q (see
Figure 3.15).

® DAQ system is composed of two parts: a computer and USB-DAQ card. The USB-
DAQ card is used as a computer interface for pressure sensor data. The computer is

used for monitoring and saving pressure sensor data (see Figure 3.15).

3.3.5 Experimental Procedure

e The rubber is placed in the mold cavity for sealing (see Figure 3.17).

e The preform is placed in the mold cavity (see Figure 3.18).

® The height of the mold cavity is adjusted to a desired value (i.e. h,, =5 mm).

e Resin is transferred from an injection machine to the RTM mold at constant flow
rate (Q =10 cc/min, was used in this study), and data of pressure sensor is taken.

e After filling the mold completely, the thickness of the mold cavity is adjusted to

another value, and the user waits for the flow to become steady.
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Figure 3.15 Experimental setup for permeability calculation.
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Figure 3.16 RTM mold.
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Figure 3.17 Rubber for RTM mold sealing.

Rubber
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Res

Resin inlet

Figure 3.18 Schematic of RTM mold.
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3.3.6 Results

The height of the mold cavity was set toh,, =0.005m, and characterization

experiment was performed. At this fabric thickness, the permeability of the fabric was
determined by two approaches: unsteady and steady. Then, the thickness of the mold cavity
was adjusted toh, , =0.0045m, h,,=0.004m, and h,, =0.0035m. In these preform

thicknesses, since the mold cavity was completely filled with resin, for permeability
calculation, only steady approach was used.

In Figure 3.19, P;,j(t) is shown for the entire continuous experiment. In the graph, five
stages of the contiuous experiment indicate the followings:

1U: Unsteady Experiment 1 forh=5mm . (v, =0.18)
1S: Steady Experiment 1 forh=5mm. (v, =0.18)
2S: Steady Experiment 2 forh =4.5 mm. (v, =0.20)
38S: Steady Experiment 3 forh =4 mm . (v, =0.22)
4S: Steady Experiment 4 forh =3.5mm . (v, =0.25)
The following process parameters were used in the experiment:
e constant flow rate, Q =10 cc/min =1.667x1077 m’ /sec
e viscosity of the resin, ¢ =0.3 Pa.s
¢ width of the mold cavity, w=0.03 m
¢ length of the fabric preform, L =0.15m

e density of fiber glass, p,, =2540kg/m’

glass

e fabric’s superficial density, p .. =0.500 kg/ m’

e core material’s superficial density, p_ = 0.250 kg/m’

core
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e numbers of stitched-random fabric, n = 4

e number of core fabric, m=1.

Pressure (kPa)

Figure 3.19 The inlet pressure sensor readings of the permeability experiment,

P =31.8kPa, P,=39.8 kPa, P, =69.0 kPa, and P, =192.1kPa .
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Permeability of the Preform at A, ;=0.005 m is done with both steady and unsteady

experimental approaches, and detailed below.

(i) Unsteady Approach

For unsteady permeability calculation, Equation (3.11) is used. First, one should get the

fiber volume fraction:

V. = mpreform _ (nlofabri(? + mlo(?ore )(me) _ (npfabric + mpcore) 1 (3 15)
f - - - - .
mlOO%ﬁber Iogluxs fiber (me hm) pglass fiber h
where m, ... =m,,.. +m,, and m;, . . is the total mass if the mold cavity could be

fully filled with glass fibers. Hence,

L @050+ mO250) 1 _ o0 e
! 2540 0.005 '

9=1-v, =0.823

where ¢ is the porosity of the preform.

The slope, Cji—P =172.7 Pa/s, is found by using a first order polynomial fit to P(z) of the
t

unsteady region (part 1U in Figure 3.19 and in a different time scale in Figure 3.20). Hence

by using the Equation (3.11), one can calculate the unsteady permeability as follows:

(o Y(u) L
K _[Whm,lj [¢j dl

dt

2 \2
_[_L67x10 (0.3 ]( 1 ]:26.3“0_10 o’
(0.03)(0.005) ) 1 0.82 \ 172.70
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(ii) Steady Approach

From 1S part of the same graph, P, =31.8 kPa is used in Equation (3.14) to calculate
K .

18

-7
_ (1.67x10 )(0.3)( 0.15 j=15.7><10-1° .
(0.03)(0.005) \ 31800

The unsteady permeability (K, ) and the steady permeability (K ) of the preform are

not equal to each other. It can be said that the difference of these two permeability value is

caused by the sink effect during unsteady flow, as studied by some researchers [40, 41].
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Figure 3.20 Injection pressure data of the unsteady region, 1U.
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By wusingh, ,=0.0045mm, h,,=0.004mm and h,,=0.0035mm for steady

measurements 2S, 3S and 4S, one can construct the permeability database for a fiber

volume fraction range between 18% and 25% as shown in Table 3.1.

Table 3.1 Permeability of the preform at different vy

Experiments h [mm] vy K [m2]
1U 5 0.18 26.3x107"°
1S 5 0.18 15.7x107"°
28 4.5 0.20 14.0x107"
3S 4 0.22 9.1x107"
48 3.5 0.25 3.7x107"°
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Chapter 4

VACUUM ASSISTED RESIN TRANSFER MOLDING (VARTM)
EXPERIMENTS

4.1 Introduction

After constructing the database of process parameters for modeling the VARTM
process, in this chapter, we are going to perform VARTM experiments. The results of the
VARTM experiments will be compared with the modeling results of the process in the

forthcoming chapter.

4.2 Fabric Preform Configuration

The fabric configuration in compaction tests and permeability measurements is kept in

the VARTM experiment (see Figures 4.1 and 4.2) The dimensions of the preform are
400mm x100 mm .
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Random Fabrics

v v

Random Fabrics

(b)
Figure 4.1 Preform used in the VARTM experiment: (a) view of the preform, (b) section A-

A, cross-sectional view of the preform.

Figure 4.2 Fabric preform and core material used in the VARTM experiments.
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4.3 VARTM Experimental Setup

The experimental setup of the VARTM process is composed of four parts (see Figure

4.3):

Lower Mold Plate is made of acrylic to monitor the flow propagation from the bottom
of the preform. However, in this study, this feature was not used.

Dial Gages are used to monitor the thickness, # of the composite part during the
experiment.

Pressure Sensors are mounted on the lower mold plate for monitoring the pressure, P
inside the mold cavity. The pressure sensors are located as shown in the Figure 4.4.
Dial Gage Interface is the connection between the DAQ system and the dial gages. It
converts the digital reading of the dial gage to a data cluster.

By using DAQ System and LabVIEW programming, we can monitor the pressure sensor
and dial gage readings from the data cluster. The frequency of the DAQ system is set to
3 Hz.
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Figure 4.3 Experimental setup of the VARTM process.

Figure 4.4 Locations of the pressure sensors on the lower mold plate.
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4.4 VARTM Setup Preparation

VARTM process can be decomposed into the following steps:

® Referencing the dial gages: Before starting the fabric lay-up, dial gages are reset
according to the lower mold plate surface, near the location of the pressure sensors (see
Figure 4.5). On the tip of the dial gages, 3cm by 3cm light weight plastic square plates
are mounted. The purpose of using these square plates is to prevent the local fabric
deformation caused by the settling of the tip of the dial gage into the fabric preform by
distributing the gage’s spring force to a relatively large area.

® Preparing the preform: The mold surface is cleaned, and a release agent is sprayed onto
the surface. Then, fabrics are cut in desired dimensions, and placed on the mold
surface. To prevent air leakage and to have a good vacuuming conditions between the
lower mold plate and nylon vacuum bag, sealing tape is placed (see Figure 4.6). Peel-
ply is placed on the preform, and it is used to prevent the preform sticking to the
vacuum bag during and after the VARTM process (see Figure 4.7). Spiral tubes are
used at the inlet and outlet of the mold to direct the resin through the mold cavity and
vacuum the air from the mold cavity (see Figure 4.7).

e (losing the mold: After preparing the preform, a deformable vacuum bag is placed to
create a vacuum ambient in the mold cavity (see Figure 4.8).

e (Connecting the interface and sensors to the DAQ system: Before starting the VARTM
experiment, the dial gage interface and pressure sensors are connected to the DAQ
system, and they are monitored from the computer screen by using a LabVIEW

program.
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After the mold is closed,

1. By using a vacuum pump entrapped air in the mold cavity is vacuumed for 30 minutes
which was resembled for preform settling in the preform compaction experiments.

2. Resin is vacuumed through the fabric preform in the mold cavity. The thickness change
of the part and pressure of the resin are monitored until the resin is cured (see Figure
4.9).

Figure 4.5 Resetting the dial gages referenced to the lower mold plate surface.
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y

Figure 4.6 Placing sealing tape and fabric preform.
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Figure 4.7 Placing peel-ply and spiral tubes for resin inlet and resin outlet.
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Figure 4.8 Closing the mold by using a vacuum bag.
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Figure 4.9 Resin propagation during the VARTM experiment.

4.5 Results of VARTM Experiment

Repeated experiments of the VARTM process were performed. The results of the

experiments are shown in Figures 4.10, 4.11, 4.12 and 4.13 for one of those experiments.
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4.5.1 Resin Pressure Variation

Figure 4.10 shows the pressure of the resin at each sensor locations. The resin arrival
time to each sensor locations are t;, 1, 13, t4, ts5; and t,,r1s the mold filling time. Before the
resin infusion, the pressure in the mold cavity is nearly uniform and very close to the 0
[kPa] (such as 0.02 or 0.01 [kPa]). Thus, one can conclude that the vacuuming is done
properly. After flow front of the resin arrives to a pressure sensor, the pressure starts to
increase at that location due to the resin propagation. When the mold cavity is filled with
the resin, pressure readings start to converge to their corresponding values at steady 1-D
flow case.

Figure 4.11 shows the pressure sensors readings in the entire VARTM experiment.
After the gellation of resin, the pressure of each sensor decreases and this decrease

continues until the curing of resin.
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Figure 4.10 Pressure of the resin, P at each pressure sensor during mold filling stage only.



Chapter 4: Vacuum Assisted Resin Transfer Molding (VARTM) Experiments 62

110 T T T T
| | | |
| | |
100 | =——1%'sensor --4---}-r------4-----—- b oo I
— 2" Sensor ! | |
OV ——3g9gensor | "Ml 7T e A Fl
80 —4"Sensor | _f LA | T . l ,,,,,,, L,
5" Sensor 1 ) :
o) I ¥ . [ | R P I .. ‘
a | | | ‘
5 | | | |
o S0 R ‘. SRR R S
S | | | |
2 o501l T — - —— ]
m | | |
m | | | |
S0 N S L -
| | | |
sof W  — .
l l l l
20 7777777 1 B - - e, | - - - - — _ _ 4 __ I
| | | |
l ‘ : ‘
10F------ e | B | - T =
: | |
[ | | |
-2000 -1000 3000 4000 5000 Time (s)

R

mold filling gellation

Figure 4.11 Pressure of the resin, P at each pressure sensor location during the entire

VARTM experiment.
4.5.2 Part Thickness Variation

Figure 4.12 shows the change in the part thickness at each sensor location during mold
filling stage. It is seen that as flow propagates, fiber nesting occurs just around the flow
front because of the lubrication effect. Fiber nesting causes the preform to become more
compacted, and it results a decrease in part thickness. Then, as flow passes the nested
section, the thickness starts to increase due to increasing resin pressure (or, decreasing

compaction pressure).
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Figure 4.13 shows Ah = h(t) — h(0) during VARTM process where h(0) is the initial

thickness of the part just at the beginning of the injection. It is also seen that after the

gellation of the resin, the thickness at each sensor location starts to decrease due to resin

shrinkage. This thickness decrease continues until  the  resin is
cured.
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Figure 4.12 Change in part thickness at each sensor location during mold filling.
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Figure 4.13 Change in part thickness at each sensor location during VARTM experiment.
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Chapter 5

MODELING OF FABRIC COMPACTION AND 1-D RESIN FLOW IN VARTM

5.1 Modeling of VARTM Process

In the VARTM process, a fabric preform is compacted between a solid mold and a
nylon vacuum bag by creating a compaction on the bag induced by vacuum. The

compaction pressure, P is the pressure difference between outside and inside of the

comp
mold cavity:

=P _—P 5.1)

comp atm

where P is constant, but P varies in

atm

and P are atmospheric and inner pressures. P,

tm
spatial coordinates and time due to resin flow. In the previous chapters, material
characterization tests were performed on different types and configurations of fabric
preforms. A database was constructed that tabulates the relationship between (i) the

thickness (4) and the compaction pressure (P.), and (ii) porous fabric preform’s
permeability tensor (K) and fiber volume fraction (v, ). In this study, we used a random

fabric, and hence in-plane permeability tensor is expected to be isotropic. Fiber volume

fraction is related to the fabric thickness:

_ n psup,fabric +m psup,core l

Vf =
pﬁber h

5.2)
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where n and m are the number of fabric layers and core (internal distribution media),

respectively; o, s @0d P, ., are the superficial densities of a single fabric layer and
the core, respectively; p,,, is the density of fibers; and A is the preform thickness.

The databases cover a range of compaction pressure between 8.32 kPa and 100 kPa,
and a range of fiber volume fraction between 25 and 37 %. The discrete characterization
test data will be numerically interpolated with cubic splines to calculate the compaction and

permeability values within the ranges mentioned.

The databases constructed in this study will be used in one-dimensional model

developed by Correria et al. [13]. The aim of the model is to predict & (and hence v, ) and P

as a function of longitudinal coordinate along the resin flow direction, x, and time #; and to
predict the mold filling time. One can use the model to design the process parameters such
as locations of injection and ventilation tubes, number of layers, and vacuum pressure so
that the final part thickness is within the desired tolerance values. After a review of
previous models’ similarities and dissimilarities, Correriea et al. developed a model based

on the continuity equation:

oh __ d(uh)
ot ox

where u is 1-D superficial resin velocity, and Darcy Law is used to relate u to pressure

(5.3)

gradient: u =—(K/u)(OP/0x). The governing differential equation takes the following

O°P _|(ha-1\oh 103K (G_PT 5.4)
oo’ h JoP K oP |\da '

final form:
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where the non-dimensional coordinate and thickness area =x/x, and h =h/ h(x,),
respectively, andx, is the flow front position. The boundary conditions for the resin

pressure are

P(0)=P, =P, Dbyneglecting the resistance of the inlet tube, (5.5a)

atm

P(@=)=P

vacuum *

(5.5b)

As seen, the independent variable of the governing differential equation is & only, and

time 7 does not appear. Thus, P is “scalable” between 0<a <1 (ie., 0<x<x,) [13].
Flow front velocity is written using Darcy law [13]:
1 dx, 1 KoP

1-v, dt 1-v, goal,, L

(5.6)

To calculate P(r) at a fixed spatial x coordinate, and also to calculate mold filling time,
the flow front is advanced in a time-marching scheme using Equation (5.6) with the initial
condition, x,(0)=0.

In [13], Kozeny permeability model (which was developed for aligned fibers) and

oh

empirical power law for the compaction model were used. However, in this study, K, P

oK .. .
and B_P were taken from the database constructed as a more realistic material data, and

also to enhance the accuracy of the results of the model.
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As also done in [13], a finite-difference method was applied to calculate P distribution.

The corresponding discretization yields:

. 2
P,-2P+P, |(Wa-1)oh 10K |(P,-P, (5.7)
(aa) h |

where P is the resin pressure at an internal nodal point i.

5.2 Results of the Model

The model was used twice: (i) using “Dry Compaction Data”, and (ii) using “Dry/Wet
Compaction Data” (that means dry loading and wet unloading compaction data). In each
case, the following distributions were plotted h(a), v,(@), K(a)and P(a) as well as
pressure, P, (t) and thickness &, (¢) at sensors i = 1,2,...,5. Figures 1-3 are for the case (1),

and Figures 4-6 are for the case (ii).
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Figure 5.1 h(@), v, (@), K(a)and P(@) using “Dry Compaction Data”.
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Figure 5.2 h(x), v,(x), K(x)and P(x) at the end of mold filling (at = 190 s) using “Dry

Compaction Data”.
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Compaction Data”.
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Figure 5.5 h(x), v,(x), K(x)and P(x) at the end of mold filling (at # = 185 s) using

“Dry/Wet Compaction Data”.
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Compaction Data”.
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By comparing the two h(¢) in Figures 3 and 6, one can conclude that the “Dry/Wet

Compaction Data” is more realistic than the “Dry Compaction Data” especially for the
random fabric used. Because the repeated actual VARTM experiments also indicated an

initial sharp decrease in A () upon resin arrival to sensor i . As discussed earlier, this is

expected to happen due to the enhanced compaction of the fabric preform due to further
nesting of wetted fibers (lubrication effect). As resin pressure builds up (and hence the
compaction pressure decreases), the nylon vacuum bag is pushed upward, and the fabric
thickness increases.

On the other hand, woven fabric preform did not show this behavior (initial decrease of
h upon resin arrival due to lubrication effect) significantly (see Figure 5.7). Our research
continues on a wide variety of fabric types and configurations to investigate compaction

behavior of fabrics, and its effect on the final part thickness.
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Time (S)

Figure 5.7 Experimental result of change in part thickness in each sensor location during

mold filling. In the configuration of the preform, instead of using stitched-random fabric,

woven fabric is used.
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Chapter 6

CONCLUSION

In this study, part dimensions and fiber content of a composite material is monitored
and modeled in the VARTM process. For modeling, two databases have been constructed:
(i) thickness (and hence fiber volume fraction) of the preform under different compaction
pressure, and (ii) 1-D permeability of the preform at different compaction pressure.

In the preform compaction database, (i) dry compaction and (ii) dry/wet compaction
tests are performed. It is observed that in the dry compaction test, under constant
compaction pressure, fabric thickness continuous to decrease and becomes more compacted
(i.e. fiber volume fraction increases due to the nesting of fibers). In the unloading and
relaxation steps, the thickness of the preform increases. When the load is removed, the
preform does not restore its initial thickness. In the dry/wet compaction test, it is seen that,
as the fabric gets wetted, the thickness of the preform suddenly decreases due to lubrication
effect. This behavior is very significant for the random fabric, and not so significant for the
woven fabric used. The reason of this is that movement is more restricted in plain weave
structure because bundled continues fibers are woven.

In the 1-D permeability measurement experiments, the permeability of the preform was
calculated by using steady and unsteady approaches at different fiber volume fractions.

We performed repeated VARTM experiments, to see the variation of (i) resin pressure
and (ii) preform thickness. As it seen from the experimental results, when the flow front
arrives to a pressure sensor, the resin pressure at that location starts to increase until the

mold filling. After the gellation of resin, pressure at each sensor decreases till the resin
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curing. The thickness change of the part is monitored by using dial gages. It can be
concluded that, as flow propagates, fiber nesting occurs just around the flow front due to
the lubrication effect. This causes the preform to become more compact and hence the part
thickness decreases. As the flow front passes the nested section, due to the increase in resin
pressure, the compaction on the preform decreases and the thickness starts to increase.

To model the VARTM mold filling process, we implement a model which was
developed by Correia et al. [13]. The governing differential equation is solved for resin
pressure, P, and preform thickness, /4, by using a finite-difference method and iterative
scheme. The variables are integrated with respect to time, ¢, as the flow front propagates
until the mold is filled. In the governing equation, the constructed databases are used for
preform thickness, A(Pcomp), and fabric permeability, K(h). The process is modeled with
two different compaction data: (i) dry loading / dry unloading and (ii) dry loading / wet
unloading. When the dry compaction data is used, the sudden decrease in thickness can not
be seen upon resin arrivial. However, if the process is modeled by using the dry loading /
wet unloading data, the initial decrease in thickness occurs due to lubrication effect. The
comparison of the experimental and simulated results shows that, although there exists
some quantitative differences, the general behavior of the thickness and pressure
distributions are similar.

We can conclude that for a successful on-line monitoring and control of VARTM
process, dry/wet compaction data is necessary especially for random fabric. Final thickness
of the part is dependent on: (i) compaction pressure, (ii) duration of dry compaction, (iii)
resin pressure, (iv) duration between resin arrival and gellation, and (v) resin shrinkage
during curing.

As a future work to this study, the following developments should be made:

e Designing a new mold with more sensors for more detailed experimental results.
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® Monitoring the inlet and outlet resin amount to calculate the saturation of the

part.
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