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ABSTRACT

In the Vacuum Infusion (VI) process, the thickness of a composite part changes as the
resin pressure, and thus the compaction pressure changes as a function of spatial
coordinates and time since the upper mold part is a non-rigid vacuum bag. To manufacture
composite parts with small tolerances in thickness, one must know the coupled effect

between the resin flow and fabric compaction.

For 1D experiments, pressure and thickness were monitored along resin flow using
pressure transducers and non-contact laser displacement sensors. For 2D experiments,
thickness was monitored at multiple points using a scanning non-contact laser displacement
sensor. To decrease the thickness variation in the controlled version of the repeated VI
experiments, some control actions were taken by adjusting the injection boundary
conditions such as opening/closing injection gates and ventilation ports and changing their
pressures in the post-mold filling stage. The control actions were taken based on an available
decompaction database for the fabric type used in this study. For 1D experiments, of a
conventional VI process, maximum percentage thickness variation was measured as 5.44%.
By applying control actions in post filling stage, the maximum percentage variation was
decreased to 0.34%. For 2D experiments, uncontrolled experiments yielded 34.3% maximum
thickness variation. Controlled experiments had 7.3% maximum thickness variation. This
study concludes that by applying control actions at post filling stage, composite parts with
considerably reduced thickness variation can be manufactured. Control Actions must be
taken based on compaction and permeability databases constructed in material

characterization experiments.



OZET

Vakum inflizyon (Vi) ydnteminde, kompozit parcanin kalinhigi recine basinci ile degisir,
boylece Ust kalip parcasi kati olmayan bir vakum torbasi oldugu icin sikistirma basinci uzaysal
kordinatlarin ve zamanin fonksiyonu olarak degisir. DUsuk kalinlik toleransh kompozit parga

uretebilmek igin regine akisi ve elyaf sikistirlimasi arasindaki bilesik etki bilinmelidir.

Bir boyutlu deneyler icin, recine akisi yoniinde basing transdisorleri ve temassiz lazer
deplasman sensorleri kullanilarak basing ve kalinlik takip edildi. iki boyutlu deneyler igin,
kalinlik, haraket eden temassiz lazer deplasman sensoéri kullanilarak pek ¢ok notkada kontrol
edildi. Kalinlik varyasyonunu dustrmek icin kapilari agmak/kapamak, dolum sonrasi
asamada kapi basinglarini degistirmek, ve fazla recineyi disari akitmak gibi enjeksiyon
parametreleriyle oynayarak kontrol aksiyonlari alindi. Kontrol aksiyonlari segimi i¢in 6énceki
calismalardan elde edilmis sikistirma/rahatlatma veritabani kullanildi.  Bir boyutlu
deneylerde, normal bir vakum inflizyon islemi icin maksimum kalinlik varyasyonu deneysel
olarak %5.44 olarak bulundu. Benzer bir pargaya dolum sonrasinda kontrol aksiyonlari
uygulandiginda kalinlik varyasyonunun %0.34’e distiigi gézlemlendi. iki boyutlu deneylerde
kontrol aksiyonu uygulanmamis bir parca %34.3 maksimum kalinlik varyasyonu gosterdi.
Kontrol aksiyonu uygulanan durumlarda en dulstuk kalinhk varyasyonu %7.3 olarak
gozlemlendi.. Bu ¢alismanin sonucu, kontrol aksiyonu uygulanarak elde edilen pargalarin
daha disik kalinlik varyasyonuna sahip oldugunu gostermektedir. Kontrol aksiyonlari,
karakterizasyon deneylerinden elde edilmis sikistirma ve gecirgenlik veritabanlari kullanilarak

secilmelidir.
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CHAPTER 1

INTRODUCTION

1.1 Vacuum Infusion (VI) Process

Vacuum Infusion (VI, a.k.a. Vacuum Assisted Resin Transfer Molding, VARTM), is a
type of Liquid Composite Molding (LCM) process, which is used to manufacture large fiber-
reinforced thermoset matrix composite parts. The reinforcing preform, which is usually
made by stacking fabric layers of continuous (or sometimes short random) glass or carbon
fibers, is compacted in between a single-sided rigid mold part and a vacuum bag. A vacuum
pump evacuates the air from the sealed mold cavity; and thus the difference between the

outer pressure (= atmospheric pressure, P, ) and the inner pressure of the mold cavity ( =

vacuum pressure, P

vacuum

) acts as the compaction pressure, P

compaction ON the vacuum bag and
the fabric preform:

compaction = Patm _Pvacuum' (1)

A distribution medium (a.k.a. flow mesh or core material) is also placed in the mold cavity

either between the fabric preform and the vacuum bag, or embedded in between fabric
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layers; the former use allows one to dispose the distribution medium after demolding,
however in the latter version, the distribution medium becomes a permanent part of the
composite part. Vacuuming does not only allows the compaction of the fabric preform, but
also drives the liquid thermoset resin from a reservoir into the mold cavity due to the
pressure gradient created. During the mold filling, the inner pressure becomes the resin
pressure in the resin-filled regions, and it is a function of spatial coordinates and time:
P=P(x,y,z,t) (however, z-dependence is usually neglected for thin parts). Thus, as the
resin pressure increases with time at a fixed spatial coordinate, the compaction pressure at

that location decreases with time:

I:)compaction(x’ y’t) = Patm - P(Xv y’t) . (2)

This is the major cause of the thickness variation in the VI process as previously studied in
[1,2]. The thickness will not only vary as a function of time, but it will also vary in spatial
coordinates since the resin pressure is maximum at the inlet and minimum at the ventilation
ports, and varying in between them spatially. It will be a difficult task to manufacture a
composite part with tight dimensional tolerances in thickness if the manufacturing engineer
relies only on experience and trial-and-error approach, as usually done on the manufacturing
floor. In this study, control actions were taken by opening and closing gates/vents and
changing the pressure values at the boundary to influence the compaction of the fabric
preform and thus trying to minimize the thickness variation in the composite part. The
control actions were based on the compaction/decompaction database [2] of the fabric

preform used in this study.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The simplest action to reduce the variation in thickness is the application of
bleeding. After the mold filling is completed, the inlet gates are closed while keeping the
ventilation port(s) open at the vacuum pressure. At the steady state, the resin pressure in
the mold becomes constant and equal to the vacuum pressure, which causes the overall
thickness to decrease relative to the pre-bleeding values. In the conventional resin-bleeding
application, the bleeder material will absorb the excess resin while the resin is being
squeezed out of the compacted fabric preform. As experimentally observed in [3], there will
still be 4 to 8 % variation in the thickness after the bleeding, which could not be eliminated
unless an extra control action is taken. Yenilmez and Sozer [2,4] showed that the compaction
of a fabric preform is time-dependent under a constant load. Even under static loading for
15 minutes, the steady state in the thickness could not be achieved for three types of fabrics
used in that study. Thus, the thickness variation cannot be totally eliminated by resin
bleeding even if the final compaction pressure is constant everywhere. The reason behind

this is that, each region has different loading history, resulting in different final thicknesses.
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This is also supported by Simacek et al. [18]. In their first scenario, after mold filling, injection
is kept open while vent is closed. Additional resin is allowed to enter the system. The system
is kept slightly below atmospheric pressure. Settling time for pressure and thickness is
simulated to be 4000 seconds. In their second scenario a bleeding action is observed. The
initial pressure that is affecting the settling time is much greater in this second scenario than
the previous one. As a result the settling time for pressure and thickness is simulated to be
100 seconds, forty times faster than the previous case. This 4000 seconds settling time in
[18] supports time dependence of fabric compaction. As it is not straightforward to control
the thickness of especially large parts, various experimental monitoring schemes,
characterization models and simulations have been studied in the literature, and they will be

summarized below.

2.2 Sensors

Commonly used methods for thickness monitoring include using (i) dial gages, (ii)
linear variable differential transducers (LVDT), (iii) laser displacement sensors, (iv) digital
speckle photography (DSP), and (v) 3D scanners. Dial gages and LVDTs are very similar in
principle; and also their accuracy is comparable (dial gages have 10 Bm [1] and LVDTs have
12.5 Bm [5] accuracy in some published VI applications). They both measure thickness by
mechanical contact, thus they apply a local force at the measurement point and this may
change the actual compaction pressure there especially, when the actual compaction
pressure is low. To reduce the effect of this force, small plates (feet) are used [1,5,6] at the

measurement point to distribute the load applied by the tip of the dial gage/LVDT, keeping
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the contact pressure at negligible levels. The downside of using these plates is that the
sensor measures an average thickness of the part under the feet, which may lead to miss the
lubrication effect during rapid flow progression near that location. As studied in [1,2], the
lubrication effect explains the transient decrease in thickness even when the compaction
pressure starts decreasing upon resin arrival. Thus, one would mistakenly expect the
thickness to increase, (i.e., not to decrease) upon resin arrival if the lubrication effect is not
taken into account. Laser displacement sensors measure the thickness at a single location
similar to dial gages and LVDTs, however, they do not make mechanical contact; rather they
measure the distance with the sensor using a laser beam. Since they do not disturb the
preform, true local measurements can be done with higher resolution (typically 1.5 Em)
compared to LVDTs and dial gages. On the other hand, laser sensors require diffusive surface
on the part being measured, so either opaque tape as in this study or spray paint [7] must be
applied at measurement points on the vacuum bag. Kessels et al. [7] mounted a laser sensor
on a rail and measured the thickness of a part along a line rather than at a single point by
sliding the sensor on the rail. Govignon et al. [8] and Andersson et al. [9] used DSP for the
thickness measurement within an area. DSP uses two cameras, separated with a distance,
directed to the speckle pattern formed on vacuum bag. With the help of this stereo vision
and image processing, the thickness profile of a 2D area can be obtained. The resolution of
this type of system depends on the size of the scanned area, and it is found to be +0.05 mm
[8] and £0.01 mm [9] for the experimented flat panels. To achieve a higher resolution, DSP is
not practical, and 3D scanners should be used. Li et al. [3] used a 3D laser digitizer to

monitor the thickness of both a flat and 3D composite parts. In this study, laser displacement



Chapter 2: Literature Review

sensors will be used. As stated before, the main cause of the thickness variation is the time-
varying compaction pressure in the part which is dependent on the resin pressure, P as given
in Equation (2). Unlike RTM, the thickness of the mold cavity varies and thus, the porosity of
the fabric preform varies with time and spatial coordinates in the VI process. This causes
non-uniform permeability of the fabric, which in turn affects the pressure distribution. Modi
et al. [10] studied pressure distribution in VI for both linear and radial injections. They
observed that, initially, the resin pressure is lower than the corresponding RTM distribution,
in which P decreases linearly from the injection gate to the flow front. At later times, the P
distribution increased above the RTM distribution. It is stated that, this time-dependent
pressure distribution is due to the transient compaction response of the fabric. Moreover,
experimental study of Williams et al. [6] presented that compaction of preform consists of (i)
an initial and (ii) a time-varying thickness reduction under static loading. These studies
support the necessity to include the time-dependent compaction behavior of the preform in
the process models. In addition to monitoring of the thickness distribution, Yenilmez et al.
[1] and Govignon et al. [8] integrated pressure sensors in their setup to see the coupling
effect between pressure and thickness. In this study, a configuration similar to [1] will be
used with laser displacement sensors instead of dial gages to eliminate the mechanical

contact pressure of sensors.

2.3 Characterization Models

Many preform characterization models are available in the literature and

summarized in Yenilmez and Sozer [2,4]. Based on the previous studies, it is shown that wet
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and dry compaction/decompaction data and also time-dependent response of fabric

compaction must be considered for a realistic and accurate model of the VI process.

Simulations available in the literature use process models based on Darcy law for the
resin flow. The permeability, K in Darcy law is dependent on the fiber volume fraction, Vs,
hence K is not constant in VI since thickness, h and thus V¢ change during resin flow. Most of
the models [3,7,11-14] use well accepted Kozeny-Carman equation, K= A (1 —V;)? / V¢ to fit
the experimental data for permeability. Some of the researchers [15,16] preferred power-
law fit, K = a (Vf)b. There are also analytical models [17] for an approximated unit cell of
geometrically well-defined preforms like woven fabrics. By using Darcy law and the relation
between compaction pressure and permeability in the continuity equation, a process model
for VI can be obtained. Hammami et al. [11], Park et al. [15] and Joubaud et al. [16] used
power-law fit to relate the thickness to the compaction pressure, h = ¢ P.". Their model for
1D flow accounts for the nonlinearity of the pressure distribution caused by thickness
variation. However, they used a single compaction behavior for both dry and wet regions of
the preform, meaning no lubrication effect could be captured. Andersson et al. [12] added a
softening term to compaction model to account for the effect of wetting on the compaction.
This term decreases the stiffness as the fabric gets saturated, and thus, it gives a more
realistic result during the local impregnation. Instead of adding terms to the compaction
model, the same effect could be studied by using separate compaction models for dry and
wet fabrics. Yenilmez et al. [1] used experimentally collected compaction database for dry
and wet fabrics. Their simulation results were compared and verified with experiments. In

their following study, Yenilmez et al. [4] included the time-dependent relaxation
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characteristics to their compaction model. Govignon et al. [13] used separate power-fit
models for dry and wet fabrics. They also included the effect of the compaction history by
using interpolations on the data obtained at different relaxation pressures as in [2]. Results
of [1], [12] and [13] showed that the lubrication effect upon resin arrival is significant for

some types of fabrics, and it should be accounted for a realistic process simulation.

Song and Youn [11] modeled the resin infusion in VI. Resin races through the
distribution medium because of its much higher permeability than the bulk preform; and
then it saturates bulk preform as it flows in the thickness direction. Utilization of resin
distribution media is a cause for the development of the through thickness pressure
gradient. Through thickness (transverse) flow, proceeds with in-plane direction flow. As the
in-plane direction flow propagates dominantly through the distribution media, transverse
flow impregnates preforms simultaneously. Model (both numerical and analytical) and
experimental results show variations. Variations are usually because of n models’ lack of

entirely predicting the effect of the transverse flow.

In their later work, Song and Youn [12] developed a model for the post-infusion stage
in VI. Their model examined the resin bleeding. The resin infusion process was modeled with
constitutive laws that related permeability of the material and fibre volume fraction, and use
a non-linear elastic material equation for compaction; and input data by Correia et al. [10] is
used. Three different VI experiments with different settings for bleeding were
experimented for the final thickness distribution. In the first experiment, the inlet was closed

and the outlet is kept at very low vacuum pressure. The second experiment was a
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modification of the first one. The conditions were the same except the outlet was kept at 70
kPa. In the second experiment, the reduced vacuum pressure resulted in an increased part
thickness. With the reduced pressure, the equilibrium of the preform pressure and the intra
part thickness was reached faster in the first experiment case than in the third experiment,in
which “Controlled Atmospheric Pressure Resin Infusion (CAPRI)” procedure was utilized. The
inlet was kept at 50 kPa and the outlet at vacuum pressure. With CAPRI process, the initial
thickness distribution and thickness variation were reduced. Also the resin waste was
minimized (the maximum waste occurs in experiment 1, and the minimum in experiment 2).
Experiment 3 had the optimum resin waste while having the highest possible fiber volume

fraction after the resin bleeding.

Coupled process models of compaction and resin flow were extended from 1D to 2D
in [3,7,14]. Li et al. [3] added compaction and permeability models to an existing RTM
process simulation to account for the permeability change due to thickness variation.
However, only wet fabric data was used for the compaction model, hence, the thickness
values are correct only after the mold filling. Kang et al. [14] used a similar approach, but
used modified exponential fit to the compaction data. Kessels et al. [7] used separate power
fit for dry and wet fabric. Thus, their model was able to mimic the lubrication effect which

significantly changes the thickness values during impregnation.

Heider et al. [16] investigated the effect of the CAPRI process . As stated previously,
CAPRI is the abbreviation for Controlled Atmospheric Pressure Resin Infusion. A handful of

process steps added to the VI process to achieve a part with reduced thickness variation.
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These steps were included in three stages of the VI process which were Material
preparation, Infusion step, and Post-Infusion steps. In material preparation step, the resin
was subjected to vacuum pressure. As a result, the resin was dried off moisture and other
additives which may form voids in the part structure. Another important step for the
material preparation was pre-infusion debulking. Pre-infusion debulking is the repeated
compression-relaxation cycles applied on of the preform. Using debulking,they could have
reduced the 0.4mm part thickness variation to 0.25mm. 5% decrease in total thickness with
a 5% increase in fiber volume fraction was also noted to appear as a result of debulking. In
the injection stage, full vacuum was applied to the ventilation gate. Apart from an ordinary
VI process, the injection gate was subjected to a half vacuum. The half vacuum applied to
the injection gate decreased the absolute pressure difference within the system, and thus
decreased the pressure gradient as well. Four experiments were conducted for comparison.
These were full vacuum, full vacuum with debulking, half vacuum, and half vacuum with
debulking. Debulking decreased the overall thickness of the part as well as thickness
gradient. After the injection stage, full vacuum experiment had the highest thickness
difference of the four experiments. For the full vacuum experiment, the thickness was
between 8.5 mm and 8.2 mm. Using half vacuum decreased the thickness gradient
significantly compared to full vacuum (the thickness of the intra part was between 8.3 mm
and 8.2 mm for half vacuum case). Use of debulking in full vacuum and half vacuum
experiments decreased overall part thickness and thickness variation. The debulking is the
major factor affecting the thickness gradient. As a result, experiments conducted with

debulking had similar thickness varying around 7.8 mm for both half vacuum and full vacuum

10
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cases. Experimental results by Heider et al. showed that debulking reduced the spring back
effect of the preform as much as 40%. As a result, reduced thickness variation was observed

after full injection.

2.4 Objective

The objective of this study is to achieve the reduction of the part thickness variation
hence, to obtain a uniform thickness along the part by developing an injection control
procedure in the VI process. The compaction and decompaction databases formed in [2],
and pressure distribution model for a particular mold cavity were used to control the

process. Various control actions include:

e opening additional ports for ventilation or injection,
e varying ports’ pressures,

e bleeding excess resin at the end.

The main purpose of these actions and experiments is to create a methodology of

minimization of thickness variation for VI applications.

11
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CHAPTER 3

1D EXPERIMENTS

3.1 Experimental Setup

The vacuum infusion setup is shown in Figure 1. The rigid mold plate consists of three
multifunctional ports, seven piezoelectric pressure transducers (shown as P, Pi, P,,..., Ps,
Peit), five thickness sensors (H1,H,,...,Hs) and three reservoirs/traps with internal scales. The
pressure transducers’ (Microsensor MPM280) range is 0-100 kPa with an accuracy of +0.3
kPa. There are three multifunctional ports; any one of them can be used as either an

injection gate (resin inlet) or a ventilation port (air and resin exit).

12
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Laser Displacement Sensors

o H, m“: @"b m"h @Hs

Pressure Sensors (x7)
(under the preform)

Pinl Pll b PSI Pexit

Flow front Electronic pressure
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p— Vacuum Pump
E E
Scales e I
- J -
mj, My, M; / ¥d
K /
Resin Reservoirs (x2) ResinTrap
(Pressure controlled) (Pressure controlled)

Figure 1 Experimental setup. The displacement sensors H;, H,..., Hs and the pressure
sensors Py, P,,..., Ps are located at x = 20, 80, 140, 200, 260 mm; the fabric preform has a

length of 280 mm in the x direction.

The experimental setup configuration shown in Figure 1 has the two ports being
used as injection gates and the right port is used as a ventilation port. Each of these ports is
connected to a separate pressure controlled resin reservoir/trap. The scales inside the
reservoirs and the trap are used to measure the resin mass. An injection gate can be closed
at a particular time, it may be converted to a ventilation port on-line; or just the opposite
control action can be done (i.e., a ventilation port can be converted to an injection gate)

according to the control action schedule which can be determined by each experiment’s

13
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data acquisition and evaluation. The vacuum is obtained using a vacuum pump (Alcatel
Pascal 2010 SD). To draw different levels of vacuum at different locations of the mold and
adjust the inlet resin pressure, the vacuum pump is connected to resin reservoir/trap(s)
through SMC ITV2090 electronic vacuum regulators. Above the mold, there are five Omron
ZAM-WA40 laser displacement sensors (shown as H;, H,,..., Hs) which have a resolution of 1.5
pum, and they are used to measure the thickness of the preform at the same x locations of
the pressure sensors, P;, P,,..., Ps. The scales, vacuum regulators, pressure sensors and laser
displacement sensors are all connected to an NI PCI-6035E data acquisition card, which

allows monitoring and recording of all the pressure, thickness and mass data.

The preparation of the experiment begins with coating a very thin film of release wax
and then placing the reinforcing fabric preform on the mold. The preform consists of eight
layers of Fibroteks e-glass random fabric (500 g/m2 per layer), and one layer of Metyx
Meticore 250PP core material (made of polypropylene; 250 g/mz) placed in the middle of
the random fabric layers like a sandwich. The in-plane dimensions of the preform are 280
mm x 100 mm. The fabric preform is covered with a peel-ply for easy removal of the
disposable materials after the mold filling and resin cure. To create a linear injection, omega
tubes and flow meshes (a.k.a. distribution medium) are placed at the injection and
ventilation ports. The vacuum bag is placed over the peel-ply and secured to the mold with a
tacky tape to seal the mold cavity. The vacuum is started and the system is checked for
possible air leaks. After the desired level of vacuum is achieved, the computer starts
recording pressure, thickness and mass data. After 15 minutes of initial vacuuming, the resin
is prepared by adding 0.007% cobalt and 1.0% MEK peroxide (by weight) to Poliya™ Polipol

337 polyester in order to start curing (cross-linking) reaction. The gelation time (a.k.a. pot

14
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life) can be set by adjusting the additive ratios, and at the mentioned ratio, it is
approximately 35 minutes at room temperature. When the resin is ready, the injection is
started. The data acquisition continues until the demolding of the composite part. Labview
control panel allows the user to monitor and adjust the process parameters for on-line

control actions.

Repetitive experiments have been done to show the effect of control actions [19].
Results of one of the experiments will be presented together with an uncontrolled
experiment for comparison. The uncontrolled experiment will be called Case A, and the

controlled experiment will be called Case B.

3.2. Case A: VI Experiment with No Control Action but Only Bleeding of Resin During Post-
Mold Filling

In Case A, a VI experiment will be conducted without any control action to show the
typical thickness variation in a composite part. It is expected to have a thickness distribution
which is maximum at the inlet due to low compaction pressure, and minimum at the outlet

due to high compaction pressure.

Since it is known that the pressure variation is the main cause of the thickness
variation, bleeding of the excess resin can be done to reduce this, as also studied in [14].
After the complete mold filling, the inlet gate is closed, thus the pressure inside the mold
starts to equalize. As a result, the overall thickness variation decreases. However, as
explained before, the fabric may, and usually will, have a time dependent compaction

behavior based on the compaction/decompaction history [2]. In that case, even if the final

15



Chapter 3: 1D Experiments

pressure is constant everywhere in the fabric preform, the thickness distribution may have a
variation with time due to different compaction/decompaction histories of different
locations. For example, the points closer to the inlet remains under a very low compaction
pressure during mold filling; on the other hand, the points closer to the outlet remains under
the maximum level of compaction since the resin pressure is the lowest there. Hence, the
thickness variation cannot be completely eliminated with only bleeding, but can be kept

within a tolerance if appropriate control actions are taken, as will be illustrated in Case B.

The results of Case A are shown in Figures 2 and 3. Horizontal axis is the non-

dimensional time, , where tyr is the mold filling time. In these figures, black vertical lines

denote the resin arrival times to the sensor locations 1 to 5 (t,, to t,,) as well as the mold

filling time (t,;F ). Figure 2 shows the resin pressures measured by Pj,, P4,..., Ps and Pe.. The
inlet pressure was 8 kPa lower than the atmospheric pressure. It is due to the elevation
difference of 75 cm between the resin reservoir and the mold, thus AP = Pyt — Pin = Presin g h
= (1.096 kg/m>)(9.81 m/s%)(0.75 m) = 8 kPa. At an instant, say at the time of mold filling (
t" =1.00), the resin pressure decreases almost linearly along the x direction. P would be a
perfect linear function of x (with a constant slope) if the mold cavity had a constant thickness
as in the RTM application, however here in the VI process the thickness is not constant and
thus the deviation from the linearity is not surprising (see Figure 4). Att =1.40, the inlet
was closed and the excess resin in the thicker regions of the fabric was forced to bleed out.
The pressure inside the mold started to decrease down to the vacuum pressure during the
bleeding stage. Notice that the conventional bleeding application uses a bleeder material

above the peel-ply and the resin flow occurs mainly in the thickness direction. However, in
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this study, bleeding was applied simply by letting the excess resin flow in the x direction and

exit from the vent due to the unconventional placement of the distribution medium.
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Figure 2 Experimental resin pressure for Case A. ts; is the resin arrival time to sensor i, and t¢

is the time of the control action.

The change in thickness AH can be seen in Figure 3 at the five sensor locations as a
function of time. AH is defined as AH =H(x,t)—H(x,0)where H(x,t) and H(x,0) are the
instantaneous and initial thicknesses, respectively. The lubrication effect can be clearly seen
in this random type of fabric, which was previously observed in [1,2]. As the resin reaches a
sensor location, the fabric preform compacts even more before it expands in spite of the

decrease in the compaction pressure decreases. At the sensor locations near the inlet,
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increase in the thickness is higher than the sensors away from the inlet due to the lower
compaction pressure near the inlet than the exit. After the complete mold filling, sensor
pressure values stayed almost constant but the thicknesses continued to change, which
supported the fabric’s time-dependent behavior as also seen in [2] for this particular
preform. This increase in thickness continued until the injection gate was closed for bleeding
and thus the compaction pressure started increasing. After the injection gate was closed, the
thicknesses started decreasing with a decreasing rate. The thickness variation was

decreased, but not eliminated completely.
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Figure 3 Change in thickness, AH=H(x,t)—H(x,0) for Case A. ts; is the resin arrival time to

sensor i, and t¢is the time of the control action.
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The maximum percentage of thickness variation at a particular time t, is calculated
as:

[H(x,t)—h(x,0)]. .. —[H(x,t)—H(x,0)] ...
[H(X' t)]average

AH . (t)= (3)

var

It was calculated that the thickness variations are AH,, (t,.q00.) = ([~ 0.22]-[-0.47])/5.04

=0.0496 =4.96% at gelation, and AH_ (t

var \" gelation

+30min)=([-0.29]-[-0.56])/4.96 =0.0544 =5.44%

30 minutes after the gelation.
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Figure 4 Experimental resin pressure distribution at the time of complete mold filling (t* = 1)

for Case A. P(x,tyr) deviates slightly from the linear pressure distribution corresponding to h

= constant case in RTM.
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3.3. CASE B: Experiment with Control Actions

In Case B, control actions were applied after the mold was filled completely to
decrease the thickness variation. During the mold filling, the same inlet and outlet gates
were used as in Case A, but an additional gate was introduced to the system after the mold
filling. The additional gate, Gate B was located at x = 170 mm (in the middle of Sensors 3 and
4). Control actions were decided before the experiment based on the results obtained from
Case A and knowing the compaction/decompaction characteristics of the fabric and core
types used in this study as previously studied in [2]. The infusion parameters of Case B are
the same as in Case A during the mold filling. The control actions are tabulated in Table 1

and detailed below.
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e Control Action 1: It took place 1 minute after the complete mold filling (t" =1.20).
Gate B was opened and its reservoir pressure was set to 60 kPa, which kept the pressure
distribution between Gate B and the outlet unaffected (by knowing the resin pressure at
that location from Case A). At the same instant, Gate A pressure, P;, was decreased to 20
kPa. This is expected to change the direction of resin flow: from Gate B to Gate A, whereas
the resin flow was from Gate A toward left initially. More importantly, as the resin pressure
was decreased and thus, the compaction pressure was increased near Gate A, the thickness

was expected to start decreasing in this previously relaxed region.

100
% A \ AP 0.4 B —B—H ||
=) I"\ =h B 0.35 \ Ha)|
0 : P2 E \ —o—+,
— T . \\‘\ —Q— P % 03 ta \ H4:
I+ %, ° & \‘\‘ \ P, e 025 €1 \ —o—H,
g o 60 |T“\ ——P; || g 0.2 ey \ \
] ' S . O——H— N\
©° ﬂ 40 v /& =2 —% E 0.05 AN \\
*E * AN\ 08)’ O ———+ N
8 30 t,, Y \ —a & 005 ——-—-e——'—}:_e,_“_'_%\&::__h ==
20 R SN © . Ty
NN N |
Wi 12 1.25 13 1.35 115 12 125 L e 135
Non-dimensional time, t =t/ tye Non-dimensional time, t =t/t,

Figure 5 Post filling result of Case B for control action 1: pressure variations, P(t) (left)

and thickness variations, h(t) (right), tCl* =t., /tye =1.20
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e Control Action 2: It took place 4 minutes after the mold filling (¢ =1-80). This control

action reversed the resin flow once again between Gates A and B, and this way, an excess

compaction of the fabric preform near Gate A was avoided by increasing the resin pressure

and thus, decreasing the compaction pressure there compared to the rest of the preform.
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Figure 6 Post filling result of Case B for control action 2: pressure variations, P(t) (left)

and thickness variations, h(t) (right), tc1* =t [ tye

=180

e Control Action 3: It was done at t* =2.20 to bleed the excess resin out of the thicker

regions of the preform, as also done in Case A. The difference from Case A was that, more

uniform compaction history was expected to be achieved due to Control Action 1, thus, it

was expected to result in much less thickness variation in this Case B than Case A.
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Figure 7 Post filling result of Case B for control action 3: pressure variations, P(t) (left)

and thickness variations, h(t) (right), tc1* =t /Ity =2.20

The experimental results of Case B are shown in Figures 5 - 9. Similar to the results of
Case A (shown in Figures 2 and 3), the vertical black lines indicate the resin arrival times to

the sensors locations, the time of complete mold filling and time of control actions (

t,,te,,te,) in Figures 8 and 9. Overall pressure and thickness changes can be seen in Figures

8 and 9, respectively.
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Figure 8 Experimental resin pressure for Case B. t;;

is the time of the control actionj.
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Figure 9 Change in thickness, AH=H(x,t)—H(x,0) for Case A. ts;j is the resin arrival time to

sensor i, and t¢ is the time of the control action j.

Mold filling was observed at t = ty;s = 300 s approximately (t" =1.00). The effects of

the first control action, which was executed at t = 360 s (t;, =1.20), can be seen in Figures 4

and 5. The fabric preform responded to the change in pressure rapidly by being further
compacted at the first three sensor locations. The variation in thickness continued
decreasing for the next 3 minutes. The second control action was executed at t = 540 s (

t., =1.80); and it caused the fabric to relax near Gate A. The thickness increased at the first

two sensor locations; and the maximum thickness variation decreased as clearly seen from

Figure 7. The bleeding was applied as the last control action at t = 660 s (¢, =2.20). Both

26



Chapter 3: 1D Experiments

Gates A and B were closed by bending and clamping the injection tubes. During this action,
small pressure fluctuation was observed which also affected the thickness for a while. At this
final stage, the pressure was equalized inside the mold cavity, and the fabric continued to
compact at a slow pace until the resin gelation due to time-dependent fiber

settling/relaxation characteristics of the preform.

At t = tgelation + 30 minutes, AH;(t) was measured as -0.12 mm by the first sensor, and
the rest of the sensors measured AH,,...,AHs as -0.14 mm each. This indicated the maximum

variation in the composite part as Ah,, (t_ ., +30min)=([-0.12]-[-0.14])/5.10 =0.0039 = 0.39%

var \"gelation
Compared to Case A, where no control action was taken other than bleeding; a better job

has been done here by decreasing the maximum thickness variation from 5.44 % to 0.39 %.

Experiments with a flow mesh are also conducted. These experiments are explained

in Appendix B.
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CHAPTER 4

2D EXPERIMENTS

In a conventional VI process,no action is taken after mold filling, and the part is de-molded
after partial or complete resin cure. A usually common practice is the bleeding process, which is the
closure of the inlet tubing so that the excess resin will be bled through the outlet. Bleeding is used
to increase fiber volume fraction (V) and also to decrease the part’s thickness variation. However,
as studied in [2] even after 15 minutes of bleeding, a VI part cannot reach an insignificant thickness
variation. In this paper, in addition to bleeding, a set of pre-defined control actions (based on
compaction database of the fabric preform used) will be used to further decrease thickness
variation. The term “control action” is used for activities (adjustment of process parameters)
performed on the setup after mold fill. These activities encompass (1) introducing multi-purpose
ports (which can be used either as an injection gate or as a ventilation port) to the system, (2)
changing the pressure of the existing gates and ports, (3) closing existing gates and ports, and (4)

bleeding of excess resin through vent.
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4.1 Process Modeling

As previously mentioned, a relatively crude shape (resembling a crude F) is selected as a case
study here. Four different multi-purpose port locations are selected along the edges of this shape.
The locations of multi-purpose ports have been chosen, by considering the results of a compaction
model. Using finite differences, the pressure distribution inside the mold cavity is calculated. Figure
12 shows the discretized domain for the F shaped part, the governing differential equation for P,
and boundary conditions. Using Darcy’s law for flow through a porous medium substituted in the

conservation of mass, one can obtain the governing equation for inner points:

2 2
2Pk, 2P
X

=0 (4)

where Ky and Kyy are permeability components along x-, and y-axes, and P is liquid resin pressure.

Discretization of Equation (4) results in

o°P 1

PYE :h_z[Pw —-2P; + PE]+O(hf) (5)

o°P 1

ayz :h_z[PN —2P. + Ps]+o(h$) (6)
y

where P.is the central pressure at point (i,j), Py is the North pressure at point (i,j+1), Ps is the South
pressure at point (i,j-1), Pw is the West pressure at point (i-1,j), Pe is the East pressure point (i+1,j).

Central finite difference is used for Equations (5) and (6) as shown in Figure 13
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Figure 10 Central finite differences stencil used for Equations (5) and (6)
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where hy ang hy are the increment lengths along x, and y-axes. The stencil used for left edge of the

mold is shown in Figure 14:
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Figure 11 Stencil of one-sided finite differences used for the left edge of the mold. Due to the

absence of West point, forward finite difference will be applied instead of a central difference.
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After calculating pressure field, compaction database obtained from [3] is used to calculate
thickness of the preform. From compaction database, a point’s thickness value can be estimated for
the calculated pressure affecting it considering an elastic compaction model. As a validation check
case, total inflow and outflow are calculated to check if the model correctly calculates the pressure
field. If the calculated inflow is equal to the calculated outflow (within the accuracy of numerical
method), then the global conservation of mass is satisfied; and the model is assumed to work

correctly.
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Figure 12 The discretized domain, governing differential equation for P, and boundary conditions.
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4.2 Selection of Control Actions

The effect of boundary conditions (pressure magnitude on multi-purpose port locations) is
investigated here. In the experimental setup, pressures at multi-purpose ports are controlled via
regulators. By changing the pressure, the multi-purpose ports can be used as either (i) an injection
gate or (ii) a ventilation port. Different multi-purpose gate locations selected for this case study are

shown in Figure 16.

Multipurpose
Port D

Multipurpose
Port C

Multipurpose
Port A

Multipurpose
Port B

Figure 13 Locations of multi-purpose ports

For these four port locations, three different pressure values (100 kPa (an inlet open to
atmosphere), 40kPa, 20kPa) have been investigated using the FDM method. Mean thickness values
hmean, Maximum thickness values hna, Mminimum thickness values hnin, percent thickness variation
Ahyar, and standard deviation o, are calculated for each combination and are tabulated on Table 1.

Ahy,,is calculated using:
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(©)
an,, = 0060 =h(x,¥,0 L =[x ¥,1) ~N(x,y.0) ]
i [h(X, y’t)averageJ

whereis the maximum change in thickness, is the minimum change in thickness and is the average

thickness and standard deviation o is calculated using:

1

o= [ili(h(x, ), -h(x y)} (10

i=1

where n is the total number of points, h(x,y); is the thickness of a random point and h(x,y)average IS

the average thickness.

For experiments, control actions providing the lowest standard deviation is selected. It
should be noted that the code assumes an elastic compaction model, i.e., it does not take into
account viscous behavior of the composites. Case 9 in Table 2 presents 25.5 % thickness variation
and it is the lowest among other investigated cases. The second and third lowest thickness
variations, Ahvar, with values of 26.1% and 27.2%, occurred in Cases are 10 and 4, respectively.
However, one may object to this conclusion saying that Cases 9 and 10 are basically alost equivalent
since thay use the same port combination (except that PA = 20 kPa in Case 10 whereas it was 40 kPa

in Case 9), therefore one may not consider Case 10 as a separate case study.
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Table 2: Pressure values for multi-purpose ports and their effects on mean thickness hmean,
maximum thickness hpnax, minimum thickness hin, percent thickness variation Ah,,,, and standard
deviation o.

The
Case Pa Pg Pc Po hmean hmax hmn Ahwr o  Orderof
# (kPa) (kPa) (kPa) (kPa) (mm) (mm) (mm) (%) (mm) 'Aeha“
1 100 X 40 X 3.82 4.73 3.67 27.7 0.109 4
2 100 X 20 X 3.77 4.73 3.66 28.3 0.119 7
3 100 X X 40 3.72 4.73 3.67 285 0.126 8
4 100 100 100 40 390 4.73 3.67 27.2 0.140 3
5 100 100 100 20 3.85 4.73 3.66 27.8 0.137 5
6 100 X X 20 3.70 4.73 3.66 28.8 0.123 9
7 100 40 40 X 3.78 4.73 3.67 28.1 0.117 6
8 100 20 20 X 3.74 4.73 3.66 28.5 0.124 8
9 40 100 X 100 415 4.73 3.67 25.5 0.103 1
10 20 100 X 100 4.09 4.73 3.66 26.1 0.120 2

4.3. Experimental Setup

4.3.1 Measurement Hardware

The experimental setup is shown in Figure 18. A galvanized iron of 3 mm thickness with the
dimensions of 1200 mm to 760 mm is used as the lower mold. A thickness scanning setup was built
for this study to monitor the thickness distribution in the fabric preform. Two LSK 25-RAY rails, (one
1200 mm, and the other is 1000 mm; this difference is due to the necessity of a space for the motor

used), are mounted to the lower mold. On each rail, two LSK GL 25 CA tracks are placed. Since the
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driving force will be applied only from one of the rails, two tracks on each rails is used to increase
the stability. A Leadshine 57HS22 hybrid stepping motor is used for the motion along the x-axis
direction. A platform is mounted on the four tracks. On the platform, a similar mechanical system is
mounted for the motion along the y-axis. One Omron Z4M-W40 laser displacement sensor, with a
resolution of 1.5 um, is assembled to this platform. The motor has 400 steps per revolution at a
half-step and the pitch length of the timing belt is 5 mm. The timing belt is connected to a pulley
with 30 teeth. The motor was connected in a bipolar configuration. The maximum torque that can

be obtained by the stepper motor is 1.5 Nm. The precision of the system is calculated as follows:
Pitch length of timing bolt x Pulley’s teeth number 5x30

Precision = = =0.375mm (11)
Number of step per revolution 400

This means that the precision of x in h(x,t) is 0.375 mm when the scanner reads h at a

particular x location.

In the experiments, the laser sensor collects data along x-axis. Once the moving tray reaches
the limit x-axis, it moves in y-axis in a small increment without collecting data. After the laser
sensor is in the desired position along y-axis, it starts moving (and collecting data) along x-axis until
the other end. The complete scanning of the mold takes 29 seconds; and the path of the sensor

during a full cycle is given in Figure 17:
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An Alcatel Pascal 2010 SD vacuum pump is used to apply vacuum. The vacuum pump is
connected to a SMC ITV2090 regulator for pressure control. Another regulator of the same type is
connected to the injection gate and it allows controling the pressure at the inlet. Vacuum pressure

can be varied between 0 kPa and 80 kPa using regulators.

An NI PCI-6035E data acquisition card with 200kS/s, 16-bit, and 16 analog inputs is used for
the thickness measurement of the laser displacement sensor. A Matlab GUI is used as the computer

interface.

4.3.2 Material: Fabrics, Distribution Medium and Resin

In all experiments, 8 layers of random Fibroteks F50 e-glass fabrics with 450 g/m? superficial
density per layer are used., Polypropylene core Metyx Meticore 180 PP with 150 g/m? superficial
density is used as the embedded distribution media. The distribution media is placed in between
glass fiber layers. Four layers of fabric are situated below the distribution media and the other four
layers are situated above. Instead of actual resin, corn syrup is used. The syrup’s viscosity is

adjusted to 190 mPa-s by diluting it with water.

4.4, Experiments

Experiments with control actions have been conducted by Yenilmez et al. [1] for VI
applications with one dimensional flow. In their paper, the thickness variation for a conventional VI

with bleeding, experimentally found to be 5.44 %. After the control actions (by adjusting the
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boundary conditions at the two ends, and also introducing an inner gate as explained in [1]) the
thickness variation was decreased to 0.34 %.
2D experiments. To create a 2D flow, a complex shape, vaguely similar to letter F was chosen. The
outer in-plane dimensions of the fabric preform were 500 x 250 mm, and it was located on the mold
as shown in Figure 18. Irregularity of the part shape combined with line injection from a single edge
resulted in a 2D flow. Part’s dimensions and locations of ventilation and injection ports are shown in
figure 19. Two ventilation ports were selected considering a complete mold filling (i.e.,no
macroscale void remaining in the mold when the resin reaches the ports). The experiment without

any control action will be called Case A; and the experiment with control actions will be called Case

In this paper, control actions were implemented for

B and Case C. Results of these three cases will be used in the next section for comparison.

0.1m Ventilation #
0.1m
Ventilation
0.05m
Injection
0.1m 0.1m 0.2m

Figure 16 Preform dimensions and locations of injection and ventilation ports for Case A in which no

control action will be taken. Multi-purpose Gate D, shown in Figure 2, is not active for Case A and

hence is not presented here.

40
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4.4.1 Case A: 2D Experiments Without Control Actions

In Case A, an experiment without any control action was used to demonstrate the thickness
variation that occurs in a conventional VI process. The thickness was expected to be maximum at
the inlet and minimum at the vent because the resin pressure is maximum at the inlet and
minimum at the vent. Thus, the compaction pressure is the minimum at the inlet and maximum at

the vent. This causes a spatial thickness variation such that it decreases from the inlet to the vent.

To demonstrate the plain effect of control actions of Cases B and C, bleeding was used in all
cases (including Case A). Since the effect of the bleeding on final thickness variation is present in all
experiments, the thickness variation difference between controlled and uncontrolled experiments

can be attributed to control actions alone.

Bleeding was used to bleed excess resin by closing the injection while running the vacuum pump at
the vent side. After closing the injection gate, the pressure gradient inside mold cavity started to
decrease and given enough time the pressure will equalize. It is known that the pressure variation is
the major reason for thickness variation, however with bleeding alone eliminating thickness
variation is not possible as shown in [1,12,13]. Another important factor is fabric’s behavior under
compression. Not only the magnitude of the compaction pressure, but also the duration of the
loading would dictate its final thickness because of the viscoelastic behavior of typical fabrics used
in VI. A constant thickness distribution may not be obtained after closing the injection gate and
waiting for a while during the bleeding stage if different locations have different loading histories.
To achieve a more uniform thickness distribution, the method proposed in this study uses a set of

control actions after mold fill.
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The thickness variation of Case A at t=tpjeeding,0 +300, Where tpjeeding0 is the instant of the start
of bleeding, is shown in Figure 6. Change in thickness, AH is formulized as AH = H(x,y,t) — H(x,y,0)
where H(x,y,t) is the instantaneous thickness and H(x,y,0) is the initial thickness distribution. As
mentioned previously, the setup has the capability of scanning the mold in 29 seconds. As a result,

change in thickness for a point is measured with intervals of 29 seconds.

For Case A, the maximum thickness variation percentage is calculated using the following

formula:

[H(x' YV t) - H(x' 82 0)]max - [H(x, Bz t) - H(X, Bz 0)]min
[H(xJ y' t)]average (12)

AHya, () =

For Case A, maximum thickness variation percentage calculated at tyoq rin + 300 seconds,is
AH, 0 (tyota Fitie300) = ([—0,17] — [—1,53])/3.96 = 0,3434 = 34.3%. The standard deviation for

thickness in Case A is 0.98.
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4.4.2 Case B: 2D Experiments With First Set of Control Actions

In case B, in addition to bleeding, control actions were used to decrease the thickness
variation. Control actions based on the FDM results of Case 4 were applied after the mold was filled
completely. The same inlet and outlets were used as in Case A until the mold filling. Gate D was
introduced to the system after mold filling, and it was located on the upper edge of the preform as
shown in Figure 4. Before the experiment, FDM results were investigated for different scenarios and
the most promising cases were selected considering the compaction/decompaction characteristics
of the fabric and core types as previously studied in [2]. Same infusion parameters were used for

Case B as in Case A. Control actions of Case B are tabulated in Table 2 and detailed below:

e Control Action 1: 120 seconds after the complete mold filling (t* = tca: / tme= (600+180)/600
= 1.2, where tca; is the time of Control Action 1 and tyr is the mold filling time), Gate D
located on the upper edge of the F-shaped preform (see Figure 2), was opened and its
vacuum trap pressure was set to 60 kPa. The location of Gate D was closer to the injection
port (Gate A) than the other ventilation gates (Gates B and C). As a result, compaction
pressure of the injection area will increase and excess resin located around the injection port
will be relocated towards Gate D. The thickness is expected to decrease in the injection area
and increase towards Gate D, evening previously non-homogeneous thickness distribution.

e Control Action 2: It took place 240 seconds after the mold filling (t* = tca / twe=
(600+240)/600 = 1.4). In this control action, ports B and C, which were previously used for
ventilation, were reverted to injection ports. Vacuum connections of ports were
disconnected and they were connected to a resin reservoir which was open to atmosphere.

Before reverting these ports from ventilation to injection, areas near ventilation Ports B and
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C were the locations where the thickness was lowest. This is because of the high vacuum
pressure in these areas. By reverting Gates B and C from ventilation to injection, resin will be
introduced to the system. Additional resin will increase the thickness of locations near Gates
B and C. This will decrease thickness variation between regions near Gates B and C and
regions near Gate A.

e Control Action 3: It took place 390 seconds after the mold filling (t* = tcas / twe=
(600+390)/600 = 1.65). Excess resin around Gate A was expected to move towards Gate D as
a result of Control Action 1. However, since Gate A was still open, excess resin that moved
towards Gate D was replaced by resin entering the mold. By closing Gate A, thickness around
Gate A was decreased even further.

e Control Action 4: It took place 540 seconds after mold filling (t* = tcas / tme= (600+540)/600 =
1.9). Bleeding was applied by closing Gates B and C (Gate A was already closed in Control
Action 3 and Gate D is used as ventilation). It is expected that, as a result of Control Actions
used in this Case B, a more uniform compaction history will be achieved which will result in

much less thickness variation in this Case B than Case A.

Experimental results of Case B are shown in Figures 9-13. Mold filling was observed at t = tys =600
seconds approximately (t* =1). Figure 9 shows the thickness variation distribution at the mold filling
time. 180 seconds after the mold filling (t*=1.3), the first control action (Control Action 1) is applied
by opening Gate D at 40kPa. Figure 10 shows the thickness distribution of the mold 60 seconds after
Control Action 1, to allow the effects of the control action to settle. As expected thickness
decreased around Gate D and excess resin around Gate A moves towards Gate D. Control Action 2
took place near t*=1.4. Figure 11 shows thickness variation distribution 150 seconds after Control

Action 2. As expected by reverting Gates B and C from ventilation to injection thickness around

46



Chapter 4: 2D Experiments

these gates increased as resin enters the mold. Figure 12 shows thickness variation distribution 150
seconds after Control Action 3. As predicted, the thickness near Gate A decreased substantially.
Bleeding is applied as the fourth Control Action. Figure 13 shows the final thickness of the part
scanned 840 seconds after the mold filling time (t* = 2.4). The preform is allowed to settle for 300
seconds after the bleeding. The preform’s maximum percent thickness variation 300 seconds after
bleeding wasAH, 4 (tyoid Fiti+300) = ([—0,056] — [-0,377])/4,39= 0,073 = 7,3%. Standard

deviation, o of thickness variation was 0.23mm for this Case B as calculated by Equation (10).
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4.4.3 Case C: 2D Experiments With Second Set of Control Actions

Same inlet and outlets were used as in Case A until the mold filling. Gate D was introduced
to the system after mold filling (Gate D was located on the upper edge of the preform as shown in
Figure 4). The same infusion parameters were used Cases C and A. Similar to previous Cases A and
B, bleeding was applied at the end of control actions. Control actions of Case C are tabulated in

Table 3 and detailed below:

e Control Action 1: 120 seconds after the complete mold filling (t* = tca: / tme = (600+120)/600
= 1.2). Gate D is activated at 40 kPa. Excess resin located around the Gate A will be relocated
towards Gate D. The thickness is expected to decrease towards Gate A and increase towards
Gate D, resulting in a more homogenous thickness distribution.

e Control Action 2: It took place 240 seconds after the mold filling (t* = tcay / twr =
(600+240)/600 = 1.4). Gates B and C were switched from ventilation to injection. Before
changing these ports from ventilation to injection, areas near ventilation Ports B and C were
the locations where the thickness was lowest as a result of high vacuum pressure in these
areas. By reverting Gates B and C from ventilation to injection, resin will be introduced to
the system. Thickness is expected to increase around Gates B and C as a result of additional
resin.

e Control Action 3: It took place 390 seconds (t* = tcas / tmr = (600+390)/600 = 1.65). Gate D
was closed. At the same time, Gate A which was used for injection previously, was converted
to ventilation by changing its pressure from 100 kPa to 40 kPa. Since Gate A was used for
injection during the mold filling, locations closer to the Gate A were subjected to lower

compaction pressure than locations closer to ventilation gates. As a result, thickness around
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Gate A is expected to be thicker than other sections. By changing it to ventilation, higher
compaction pressure was applied. Excess resin, which cannot be relocated completely due
to low compaction pressure, will be sucked from this new ventilation gate. Thickness around
Gate A will decrease substantially, equalizing it to the thickness around Gate B and C.

e Control Action 4: It took place 540 seconds after the mold filling (t* = tcas / twr =
(600+540)/600 = 1.9). Gate B and Gate C were closed for bleeding. It is expected that, as a
result of Control Actions used in Case C, a more uniform compaction history will be achieved

which will result in much less thickness variation in this Case C then Case A.

The mold filling time for Case C was recorded as 600 seconds (t*=1.0). Control Actions 1 and 2 were
similar to Case B. Figure 11 shows the change in thickness distribution for Control Action 3 at t*=
1.9. By changing Gate A from injection to ventilation compaction pressure increased drastically. As
expected, the thickness variation around Gate A decreased with increasing compaction pressure.
Figure 12 shows the change in thickness distribution after bleeding. It was waited 300 seconds for
the settling after bleeding. The preform percent thickness variation after 300 seconds of bleeding
was A, (tmotd Fitie300) = ([0,63] — [—0,28])/4,67 = 0,1948 = 19,48% (calculated using Equation

(9). Standard deviation of thickness variation, o was 0.53mm for this Case C.
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CHAPTER 5

DISCUSSION AND CONCLUSION

The control actions considered in this study influenced the pressure distribution by
introducing an additional injection gate and changing the inlet and exit pressures. The
experiments shown here concluded that, introducing a gate to the system had the following
effects: (i) Adding a new injection gate (i.e., an active gate with resin inflow due to a higher
resin pressure value compared to the already existing gates) results in an increase in the rate
of thickness change with time. (ii) Adding a new ventilation gate (a port with lower resin
pressure value than already existing gates) decreases the overall thickness and rate of
thickness variation with time. After the initial decrease in thickness, further compaction
takes place at a slower pace. (iii) By switching a port from ventilation (exit) to injection gate
(inlet) by adjusting its pressure, it is observed that the fabric relaxes slowly after a sudden
drop in the compaction pressure, and it takes a long time to settle. On the other hand, it
reacts much faster to an increase in the compaction pressure, caused by switching a gate

from injection to ventilation, and settles down much quicker.
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The previous studies showed that the thickness response of a
compacted/uncompacted glass fabric is time-dependent [1,2,5]. The duration of the loading
affects the thickness. For example, consider two sections in the same preform: (i) loaded
under 100 kPa of compaction pressure for 15 minutes, and (ii) loaded under 50 kPa for 10
minutes and then under 100 kPa of compaction pressure for 5 minutes. Even though these
initially identical sections have the same values, the corresponding thicknesses are expected
to vary significantly. This explains why perfectly uniform part cannot be obtained just by
bleeding the resin off; and that is why we illustrated the advantage of taking planned control

actions to reduce the thickness variation.

When investigating the effect of control actions(such as changing the gate/vent
pressures or closing them as in Case B) during post-filling stage, the experimental results
indicate that the resin pressure and part thickness change gradually rather than settling
instantaneously. The resin pressure P (and thus compaction pressure, P;) changes with time
as the fluid particles diffuse with time in the mold, instead of an instantaneous equalization
of the pressure and thickness distributions just after the control action. The magnitude of
the time dependency is minimized in the debulked fiber preforms (loaded/unloaded in
multiple cycles). Thus, debulking prior to resin injection not only increases the fiber volume

fraction, but it also helps reducing the overall variation in part thickness.

In the first part of this study (for 1D flow experiments), the thickness variation in a
composite part manufactured in the VI process was inspected. An experimental setup was
prepared with embedded pressure and thickness sensors to monitor the resin pressure and

part thickness along a 1D flow. Two cases were presented and compared. In the first case ( =
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Case A), a typical infusion was made and the excess resin in the thicker regions was
squeezed out by unconventional bleeding after the complete mold filling. In the second case
( = Case B), control actions were proposed to reduce the thickness variation. The control
actions included opening/closing injection/ventilation gates and changing the pressure of
the gates. Based on the database constructed in our previous study [2], a set of control
actions was planned before the experiment. As these control actions were executed, it was
seen that the thickness variation was reduced compared to the uncontrolled case. For Cases
A and B, the maximum thickness variations were found as 5.44 % and 0.34 %, respectively,

30 minutes after the resin gelation.

In the second part of this study (2D flow experiments), thickness variation in a
complex shaped composite part manufactured by VI process was inspected. A novel
experimental setup with a scanner laser thickness sensor moving in x and y axes was used to
map the thickness distribution of the preform. In Case A, a typical VI experiment without
control action was conducted. Bleeding was applied after the complete mold filling to
squeeze out excess resin. In Cases B and C, control actions based on FDM results, were
applied in the post filling stage. The control actions included opening/closing
injection/ventilation gates and changing gates’ pressures. By comparing uncontrolled
experiments of Case A with controlled experiments of Cases B and C, it was seen that a much
lower thickness variation can be obtained by applying control actions. Maximum thickness
variation for Case A was found as 34.3% and standard deviation was found out as 0.98 mm.
For Case B, maximum thickness variation was 7,3% and standard deviation was 0.23 mm. For

Case C, maximum thickness variation was 19,5% and standard deviation was 0.53 mm. These
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results suggest that, using a compaction/decompaction database and a set of control actions

can be used to reduce the thickness variation.
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Appendix A.1 Experiments with flow mesh as the distribution Medium

Case C: VI Experiment using flow mesh, with No Control Action but Only Bleeding of Resin
during Post-Mold Filling

In experiments using flow mesh due to low pressure deviation over the flow mesh,
thickness variation over this region is also low. Covering the manufactured part completely
with flow mesh is not a practical approach due to saturation problems. In such a case, the
flow mesh reacts as a race tracking channel and the lower layers of perform cannot be
saturated effectively. As a result of saturation problem, covering the manufactured part
partially with flow mesh is a common practice. The region without the flow mesh has a lower
permeability than the part with flow mesh. As a result the flow is slower in the region
without flow mesh and blocks the incoming flow. Since the flow is blocked in the flow
direction, in-depth flow takes place in the region with flow mesh, which results in a better
saturation.

In this study, for Case C, the flow mesh is placed from 0 mm to 80 mm. A shorter
length for flow mesh is adapted for the simplicity of reading thickness variation because
thickness change during control actions is greater without flow mesh. Similar to a regular
VARTM application, Case C differs from standard applications by its practice of bleeding.
After closing the inlet, thickness reading is increased momentarily at sensor positions 1 and
2. However after a short amount of time, the thickness starts to decrease as expected. The
initial increase in the thickness is due to the injection effect created by the pressure which is
induced by the inlet closing action. As a result, resin is forced to the mold, increasing the

thickness momentarily in the sections close to the inlet (which are sensor positions 1 and 2).
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However as the pressure gradient present inside the mold cavity decrease as a result of the

bleeding action the thickness eventually decreases as expected.

CASE D: VI Experiment using flow mesh, with Control Actions

Similar to Case B, in Case D, control actions are applied to decrease the thickness
variation within the manufactured part. Control actions are different from case B to adjust to
the different characteristic of the flow mesh but infusion parameters are similar. In case D
additional gate B is introduced to the system. Gate B is located between sensors 3 and 4 ( at
X = 170 mm). Control actions performed in Case D are pre-defined using compactions-
decompaction characteristics of preform and data obtained from Case C. Control actions are
tabulated in table 2.

Control Action 1: It took place 1 minute after the complete mold filling. Gate B is
activated with a pressure of 100 kPa (opened to atmosphere). By opening Gate B additional
resin is introduced to the system. The additional resin will be effective in the section closer
to the vent, increasing the thickness in that region. Sections closer to the ventilation were
thinner than section closer to the injection gate so the increase in the thickness in the
projected region is decreasing the thickness variation.

Control Action 2: It took place 3 minute after the complete mold filling. Gate A’s
pressure was decreased to 20 kPa, and Gate B’s pressure was decreased to 40 kPa. The
direction of the flow between injection gate and vent is reversed meaning the flow is from
the initial vent to the initial injection gate. The part is subjected to increased compaction

pressure, decreasing the thickness.
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Control Action 3: It took place 5 minute after the complete mold filling. It was done
to bleed out the excess resin. Similar to case B, a more even compaction history is expected

due to previous control actions performed.
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Appendix 1.2 Table 2:

Control actions taken in case D,

Injection is started with Gate A and the 1D resin injection (from left to right).
0 100 X 40

vent are open and Gate B is closed.

Gate B is activated with a pressure of 80 Resin entrance to the system will increase
tme + 60 100 100 40 kPa (just before Action #1, the pressure at | the thickness closer to the Gate C.

that location was interpolated as ~80kPa)

Gate A’s pressure was decreased to 20 kPa | Gate A and Gate C become ventilations and
tyr + 240 20 100 40

Gate B is the sole inlet.

Gate A and B are closed. The excess resin is forced to bleed out.

tmre + 360 X X 40

“X” means the gate is closed.

tyr denotes the time of complete mold filling, and it is 1430 seconds in this experiment.
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Appendix B.1 Experimental setup for flow mesh experiments

Flow

Mesh Gate A Flow Mesh Gate B Fiber

+ Fiber \ \

\ )

o
0 36 cm 42 cm 60 cm
7
L

With this configuration the system has two different permeability regions. The region where
flow mesh and fiber is used together (between 0 and 42 cm) has a smaller permeability

value than the region consisting only fiber preform (between 48 cm and 60 cm).
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Appendix B.2 Mold 3D Visualization

75



Appendices

Appendix B.3 Mold Photos
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Appendix B.4 New mold 2D drawings
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Appendix C.1 Datasheet of the resin [www.poliya.com.tr]
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Appendix C.2 Fabric preform material.

Fibroteks Stitched Random 500 gram/m2

Appendix C.3 Distribution medium material.

Metyx Meticore 250PP Polypropylene core 250 gram/m2
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Appendix C.4 MPM280 Piezoresistive OEM Pressure Sensor

Features

-Pressuwre range 0 - 20kPa... 35MPa; ‘
-Gawge, absclute and sealed gauge;
-Cionstant cumrent power supply;

-Isolated construction to measwre vanous media

-2 18mm OEM pressure element
-Full 316L stainless steel material
-Tantalum diaphragm optional;

¢ fﬁl &_3_

-Different male thread connection optonal

Application
-Industrial process conirol level measurs -(zas, liguid pressure measure
-Pressuwre meter -Pressure calibrator -Liquid pressure system and switch
-Refrigeration equipment and air conditioner -Awiation and navigation inspection
Introduction

The outline, installation dimension and sealng method of the general MPM2ED is strongly
mterchange, it is widely used for measuring pressure which is compatibde with stainkess st=el and Viton;
Assembled MPRMZE0 Piezoresistive Pressure Sensor

Put general MPM2ED pressure sensor into the housing with standard or special thread; use face type

seal or watedine seal; with flexible construction and seripus inspecting and screening; the assembled
MPM2ED sensor has similar application with general type sensor, it can be used for mounting and
production of different pressure instruments;

Put gensral MPM2B0 presswre sensor into the housing with standard or special thread; and weld
sensor with housing together, no O-ring for sealing. The whaole product has flexible construction, it has

wider application fields than general pressure sensor, can be used for mounting and production of
different pressure instruments;

Flush Diaphragrm MPRZE0 Piezoresistive Pressure Sensor
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Flush diaphragm pressure sensor is a full-welded pressure sensor, it has pressure port G1/2 male,
sealing by Viton O-ring at the end of thread. The isolated diaphragm is welded in front of thread port. the
whole measwre range is 0 100kPa.. 35MPa. It can be used for food. medicine, sanitation fields which
the media is easily dirty.

Anti-cormosive MPM280 Piezoresistive Pressure Sensor

The anti-cornosive MPM2B0 presswre sensor has similar cutline, installation dimension and sealing
methods as general MPM2ZE80 pressure sensor. For construction material, anti-comosive pressune sensor
use Tantalum diaghragm and Hastelloy C housing, and sensor type is TH (Tantalum diaphragm +
Hastelloy C howsing). The sensor is sealed by Viton O-ring. It can be used for strong comosive media
measurement. TH type pressure sensor's range is 0 100kPa...TMPa.

Gauge MPM280 Pressure Sensor with Vacuum Measurement
We can use general type, assembled type as well as flash diaphragm type gauge pressure sensor to

measure pressure below air pressure, the min. pressure can be arownd -100kPa.

Electric Performance
Poweer supply: <2 OrmADC
Blectric conmection: Kovar pin or 100mem siicon rubber flexible wires
Cormimon rmode voltage output: S0% of ingut {typ.)
Input impedance: 3k - Bkl
Crutput irmpedance: 3.5k0 - Gk
Response (1006 - BIL): <Ims
Insulation resisbor: 100ML, 1000VDC
Orerpressure; 1.5 times FS
Construction
Diaphragm: stainkess steed 3161
Housing: stainless steel 3161
Pin: Kovar
O-ring: Viton
et weight: ~23g | peneral type
~100g  flush diaphragm
~125g | assemblad type
Environment Condition
Position: deviate B0° from any chentation. zero change <005%FS
Shock- no change at 10gRMS, (20 - 2000)Hz
Impact 100g, 11ms
Media compatibility: the gas or hguid which is compatible with construction maberia and WViton

Basic Condition
Media temperaure: | 2521
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Erwircnmment temperature; | 2541
Shock: 0L 1g | imdsfs) Max

Hurmidity: (50%%£10% 1 RH
Local air pressure; | 83 - 1061 kPa
Poweer supply: | 1.520.0015 1 mADC

Bagic Specification

ftem® Min. Typ. M. Linits
Lineanity H1.15 HZ5 F5 BFSL
Repeatability H1.05 H1.075 WFS
Hysteress H1.05 H1.075 WFS
Lero oudput = 7. mvDC
F5 output™ 70 mvDC
Leno thermal emor H17T5 +1.10 WFS. @257
F5 thermal emor H1.75 +1.0 WS, @25
Compensated temp.
range 0--50
Wiorking temp. range -40--125
Ctorape temp. range -40--125 I
Saability #0 2 H1.3 "eF Siyear
“tesfing at basic condition
"*0A range, FS oufput 250m\
0B range. F5 output 45m\

0z, 03, 07, 08 absolute sersor, FS oubput 250my
For gauge sensor which can measure vacuum, FS output 250m

Dutline Construction

[(Umits: mim) Th{Pa TikPa-3 SMPa 35kPa
=L 55 52
10 4 = u; 174 = .
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. . . . . . s
For option 0, we suggest the installation dimension is @197, mm.
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Option 182 Option P2

Electric Connection

Range code: 08,0402, 03,07 08,09,10,12.13 Range code: 14,15,17.18
3N
o7.8 gangs wemted tubs 7.8 maege vanted mbe
G
-l | 2 cal | ,-, ~ . \
0¥
12.7 197
Fin Eleciric connection Wire color Fin Blecinc cormection Wire color
4 {+OUT) Red 2 {+0UT) Red
5 {+IM) Black 5 ] vedlow (white)
i (-1} “Wiellow (while) a [#IM) Black
i0 {-0OUT) Blue g (-OLT) Blue
Cither pins are useless Ciher pins are usdess

MHote: The actual elechnic connection method, please check the parameter labed enclosed with products.
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Order Guide
MPMZ0{TH)" Piezoresistive OEM Pressure Sensor
Hmaue Pressure rangs Rief. Range code  Pressure rangs Ref.
0B 0--20kFa G 0 0 1MPa G.A
0A 0--35kFa G 12 0--24Fa G.A
o 0--TOkFa GA 13 0--3.5MPa G.SA
a3 0-- 100kPa GA 14 0--TWPa 5
ar 0-- 200kPa GA 15 0-- 10MPa 5
04 0--350kPa GA 17 0--20MPa 5
i 0-- T00kPa GA 14 0--35MPa 5
Code Presszure type
G Gauge
A Absobube
5 Sedled gauge
Code Pressure connection Instaliation
0 or .
il Cring
M2 1.5 male, .
1 T— Top: M24x1 male (P Fa)
M2 1.5 male, .
2 — Top: MITx2 male
G112 male, :
P2 Waterline seal Top: M24x1 male  female
Ciodie Compensation
L Laser trimming
M Cuter compensated resishor (proveding resstor vakee)
Code Blectric conneciion
1 &) 45%mm (0. 5mm) Kovar pin
3 4-color flesdble wire, default length: 100mm
Code Special measurement
¥ (Gauge sensor to MessUns YacUIum
(O -100kFa)
MPKZ30 o4 G ] L 1 Y The wihole spec

*: when you select Tantaum diaphragm and Hastellioy C housing, pressure sensar's type is MPM230TH;

Order Mote

1. The real measured pressure should be less than 80% full scale;
2. We recommend that please do not shoren pressure range too much when the user uses the

pressure sensor. That will make output signal too small to uss;
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