
  
Compaction Experiments on Different  E-glass Fabric 

Preforms in the Vacuum Infusion Process

  

by 

  

Tolga BAYRAK

  

A Thesis Submitted to the 

 

Graduate School of Engineering 

 

in Partial Fulfillment of the Requirements for 

 

the Degree of 

  

Master of Science

 

in 

Mechanical Engineering

  

Koc University

  

October 2008

     



ii   

 
Koc University 

 

Graduate School of Sciences and Engineering

    

This is to certify that I have examined this copy of a master s thesis by

   

Tolga BAYRAK

  

and have found that it is complete and satisfactory in all respects,

 

and that any and all revisions required by the final 

 

examining committee have been made.

   

Committee Members:

           

Date:

 

Assist. Prof. E. Murat Sözer 

Assist. Prof. Erdem Alaca 

Assist. Prof. Demircan Canadinç 



iii   

ABSTRACT   

An experimental procedure was designed to realistically characterize the 

compaction behavior of e-glass fabric preforms during all stages of Vacuum Infusion 

(VI). To mimic VI, the loading (compaction) was done on a dry preform, and the 

unloading (decompaction) was done after the preform was saturated with the resin. 

When fabrics were wetted at constant full compaction pressure, a significant decrease 

in thickness was observed for the random  type fabric, but not for  the woven and 

biaxial fabrics and polypropylene distribution medium. The rate of change of thickness 

th /

 

had different signs and order of magnitudes when various constant compaction 

pressures were applied during fiber relaxation stage. Thus, previous coupled 

compaction-mold filling models based on static relationship between thickness and 

compaction pressure do not appropriately simulate the compaction physics of VI. The 

time-dependent database output from this study is a useful and straightforward tool to 

model VI.        
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ÖZET  

Bu deneysel prosedür, Vakum nfüzyon (VI) usulünde kullan lan cam elyaf 

dokumalar n s k t rma davran lar n gerçekçi biçimde tan mlamak için tasarland . VI 

üretim usulündeki davran a tamamen benzetmek için, yükleme i lemi kuru elyaf 

dokuma üstünde, bo altma i lemi ise elyaf dokuma reçine ile doymu hale geldikten 

sonra yap lm t r. Elyaf dokuma sabit tam s k t rma bas nc alt nda slat ld nda, keçe 

elyaf tabakan n kal nl nda önemli ölçüde azalma gözlemlenirken, örgülü, çift-eksenli 

dokumalarda ve polipropilen dolgu katman n n kal nl nda belirgin bir de i im 

gözlemlenmemi tir. Bo altma sonunda uygulanan çe itli sabit s k t rma bas nçlar nda, 

kal nl ktaki de i im oran n n, th / , farkl i aret ve büyüklük de erlerine sahip 

oldu u belirlenmi tir. Bu nedenle, kal nl k ve s k t rma bas nc aras ndaki statik 

ili kiye ba l önceki etkile imli ve kal p dolum modelleri, VI imalat usulünü do ru 

ekilde temsil etmemektedir. Bu çal madan elde edilen zamana ba l veri taban , VI 

usulünün modellenmesinde faydal ve kullan m kolay bir araçt r.  
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NOMENCLATURE    

Ø   Porosity of the fabric  

th /  The rate of change of thickness [m/s] 

sup   Superficial (surface) density of fabric per layer [kg/m2] 

sup   Superficial (surface) density of glass fibers [kg/m2] 

   

Standard deviation of thickness in each configuration set [m] 

dP/dt  The rate of change of compaction pressure [Pa/s] 

Dcontact  Diameter of the contact surface [m] 

Dhole  Diameter of the resin hole [m] 

F   Compaction force on fabric [N] 

h   Thickness of the fabric perform [m] 

haverage  Average thickness of the fabric perform [m] 

hi   Initial thickness of the fabric perform [m] 

hsettled  Thickness at the end of the settling time [m] 

h   Change in the perform thickness until the gelation [m] 

hrelaxation  Change in thickness during relaxation stage [m] 

hunloading  Change in thickness during unloading stage [m] 

hwetting  Change in thickness during wetting stage [m] 

vf   Change in fiber volume fraction 

P   Resin pressure [Pa] 

P0   Initial compaction pressure [Pa] 

Patm  Atmospheric pressure [Pa] 

Pc   Compaction pressure on fabric [Pa] 

Pc,final  Final compaction pressure on fabric [Pa] 

Pc,relaxation  Relaxation pressure [Pa] 

N   Number of experiments 

t   Time [s] 

vf   Fiber volume fraction 

vf,fiberwet  Fiber volume fraction after the wetting stage 
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Chapter 1  

INTRODUCTION   

This study focuses of compaction/decompaction characterization of glass fabric 

preforms during Vacuum Infusion (VI) process. This characterization of reinforcing 

materials determines the dimensions and thus the mechanical properties of the final part.  

In this chapter; the introduction to composites, VI process, and previous studies in 

the literature are discussed.  

1.1. Composite Materials  

Composites are the heterogeneous combination of reinforcing fabric and polymer 

fabric. Recently, composite material usage has been increased because of their advance 

properties such as high specific strength and stiffness, high corrosion resistance and low 

electrical and thermal conductivities. Considering the properties mentioned above, 

composite materials are used in military applications, marine industry, energy, sporting 

goods and transportation vehicles.  
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Figure 1.1 Use of composite materials in different industries [1-6]  

1.2. Fabric  

In advance composite applications, fabric preforms are used for reinforcement 

purpose by weaving fibers (filaments) or similar processes. Major fraction of the structural 

loads are carried by the fabric. Depending on the application, different fabric types are 

used. Fabric type and its structure affect the mechanical properties of the material. Fabrics 

used in composite material manufacturing, are generally made of glass, carbon or aramid 

fibers. Some mechanical properties of different fabric types are given on  Table 1.1.  
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Table 1.1   Modulus of elasticity and ultimate tensile strength for different materials [7].              

Fiber volume fraction ( 1Vf , where 

 

is the porosity ) is the ratio of fiber 

volume to the total volume. As Vf of the part increases, the strength of the part increases. 

However, during resin injection, impregnation of the fabric with higher fiber volume 

fraction is more difficult due to its resistance to flow.  

In this study, different E-glass fabric structures are used in the experiments (see 

Figure 1.2.) 

Material

 

Modulus of Elasticity, 
E [GPa]

 

Ultimate Tensile 
Strength, UTS [MPa]

 

Aluminum

 

69 - 79

 

90 - 600

 

Steel

 

190 - 200

 

415 - 1750

 

Thermoplastic polymer

 

1.4 - 3.4

 

20 - 120

 

Thermoplastic polymer 
(reinforced with short 

fibers)

 

2 - 50

 

20 - 120

 

Thermoset polymer

 

3.5 - 17

 

35 - 170

 

Glass fiber 
(unidirectional)

 

73 - 85

 

3500 - 4600

 

Carbon fiber

 

275 - 415

 

2000 - 3000

 

Kevlar (Aramid)

 

62 - 117

 

2800
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(R)
Random (stitched) fabric
Fibroteks
500 g/m2

(W)
Woven (plain) fabric
Fibroteks F50
Warp/Weft ratio = 18/24
500 g/m2

(B)
Biaxial (stitched) fabric
90o/0o

Metyx LT850 E10D
860 g/m2

(C)
Distribution medium
Polypropylene core
Metyx Meticore 250 PP
250 g/m2

 

Figure 1.2. E-glass fabric types (R: random, W: woven, and B: biaxial) and distribution  

media (C: polypropylene core) used in this study.  

1.3. Resin  

Resin is a polymer with the cure agents added in it during injection stage. It 

saturates the fabric and keeps fibers in shape after it solidifies. Moreover, protection of 

fabric against the environmental conditions and transmitting the external load to the fabric 

are provided by resin.  

Two types of polymer are commonly used in the composite material manufacturing:  

thermosets and thermoplastics. Thermosets are liquid, and they have low viscosity at room 

temperature. By heating or adding cure agent chemicals, molecules structure three 

dimensional network by cross-linking. This phenomenon is known as curing. Thermosets 

are usually stronger than thermoplastics due to covalent bond. Since the curing process is 

irreversible, the product cannot be reshaped or melted. 
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Thermoplastics are generally in solid phase and have higher viscosity at room 

temperature.  To inject the thermoplastics into the mold cavity, external heating and heat 

induced by friction are necessary.  As thermoplastics are heated, weak secondary bonds are 

broken, and the fluid is injected in a mold, or extruded through a die. During cooling the 

thermoplastics, bonds are regenerated between the molecules. Therefore, polymerization of 

thermoplastics is reversible.  

In this study, Poliya PolipolTM 336-RTM Polyester [8] with curing agents Cobalt 

%1 and Butanox M60 solution is used. The density and the viscosity of the polyester are 

1.04 g / cm3 and 0.3 Pa.s, respectively. The effect of curing agent fractions on the resin 

gelation time of polyester is shown in the Table 1.2 [9].  

Table 1.2   Gellation time of the Poliya PolipolTM 336-RTM polyester [8] for two   

different fractions of curing agents at the room temperature ( C20  ).  

Polyester 1000 ml 1000 ml 

Butanox M 60 5 ml 5 ml 

Cobalt (% 1) 5 ml 3 ml 

Gellation time (min.)  20  35 
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1.4. Vacuum Infusion Process and Its Issues  

Vacuum Infusion (VI) is one of the Liquid Composite Molding (LCM) processes 

used to manufacture large composite parts, particularly in the automotive and marine 

industries. A reinforcing fabric preform, typically made of continuous glass or carbon 

fibers, is draped on a one-sided mold surface. A resin distribution medium, peel-ply and 

vacuum bag are stacked on the preform. The mold cavity is sealed using tacky tape 

between the mold wall and the vacuum bag. A vacuum is drawn for two reasons: first, to 

compact the preform; and, secondly to drive thermoset resin from the reservoir to the mold 

cavity to fill the empty spaces between the fibers of the preform. The resin system is 

usually designed so that the gelation time (pot life) is slightly longer than the mold filling 

time to ensure the complete mold filling. The part is demolded after green strength and 

rigidity are achieved in the part during the curing stage.  

Mold design (i.e., deciding the dimensions and locations of the distribution 

medium, resin inlets and exits) is critical to achieve complete mold filling and thus 

eliminating micro-level and macro-level voids (dry spots) in the part. A distribution 

medium has higher porosity and permeability than the preform used. The resin flows 

mainly through this medium in in-plane directions first, and then flows in the adjacent 

preform with a lag. The distribution medium can be either disposable (a.k.a. flow mesh) or 

embedded (a.k.a. core). The disposable distribution medium is placed between the peel-ply 
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and the vacuum bag; the embedded distribution medium is sandwiched between the fabric 

layers and thus it becomes a part of the finished part. The embedded distribution medium 

increases the thickness and moment of inertia of the part s cross-section, however it 

reduces the overall fiber volume fraction and mechanical strength.    

The major issues in the generic VI process are (1) low fiber content due to the 

limited compaction of the preform since the compaction pressure cannot be higher than 

atmospheric pressure; (2) high surface roughness of the part on the peel ply/vacuum bag 

side, and (3) variation in the part thickness due to (i) the change in the compaction pressure 

as resin pressure changes during the resin infusion, and (ii) fiber relaxation with time even 

at constant compaction pressure. In this study, the item (3) was investigated for commonly 

used e-glass fabric types, and a compaction/decompaction database was constructed to be 

used in the process models such as [10,11].  

1.5. Previous Compaction Experiments  

Chen and Ye [12,13] and Chen and Chou [14,15] studied compaction behavior of 

fabric preforms with their micromechanical analytic models based on the beam theory. 

These analytical studies were for single [12,14] and multi [13,15] layer plain woven fabric 

preforms. As the number of layers increased in a stack of fabrics, the thickness reduction 

per layer increased [13]. Chen et al. [16] conducted compaction experiments on multi layer 

preforms made of various fabric types, such as continuous strand mats, plain woven fabric 

and unidirectional knitted materials.  
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Considering the difficulty in the analytical study of a wide variety of fabric 

structures, some empirical models were used to represent the compaction behavior of the 

fabrics [17-20]. Robitaille and Gauvin [17-19] used empirical equations to relate the fiber 

volume fraction, fV to the compaction pressure, P

 

with a power law: B
f APV

 

where the 

coefficients A and B are determined from the experimental data by curve fitting. To model 

the time-varying compaction pressure at fixed fiber volume fraction due to fiber relaxation, 

they used another empirical relation, DCtPP /1
0 1

 

where 0P is the initial compaction 

pressure, C and D are determined from the experimental data. To investigate the effect of 

process parameters on their empirical model and compaction behavior, Robitaille and 

Gauvin varied the following parameters: the number of layers, compaction rate, maximum 

compaction pressure, holding time before the relaxation, the number of cycles, and 

saturation of the fabric. In Somashekar et al. s compaction/decompaction experiments [21] 

on dry continuous filament random mat, plain woven fabric and biaxial stitched fabric 

specimens, first the thickness is reduced until a particular value. It is kept at that thickness 

for a while, and then the compaction pressure is unloaded to a minor value (0.12 kPa) 

rapidly. The recovery after the unloading step was divided into the following two stages, 

which behaved differently: elastic and time-dependent . Elastic recovery was due to the 

spring-back which took place immediately after the unloading. Following the elastic 

recovery, nonlinear time-dependent recovery occurred. The part thickness did not reach the 
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original undisturbed value, and a permanent deformation, finaldundisturbe hh

 
remained. 

Somashekar et al. also investigated the effect of the following parameters on the 

compaction: cycling loading type (single and multiple cycles, and different hold times 

between the cycle steps), holding time, compaction speed, and the number of layers. As 

observed in their experiments, the major part of the time-dependent recovery occurred in 

25 minutes, and the complete recovery took a long time in the order of days. For example, 

the time-dependent recovery was 5.2 % at t = 25 minutes, and it increased to 6.2 % 

(corresponding to 0.29 mm change in h) at t = 68.5 hours for a continuous filament random 

mat. However, the dry loading/dry unloading experimental procedure does not resemble 

the compaction of preforms in the actual VI process due to the absence of the lubrication 

effect which takes place during both unloading and relaxation stages. For this reason, some 

experiments were designed to include the wetting process. However, the wetting procedure 

of these studies [18,19,22,23] was done at the beginning of the compaction experiments, 

not between the loading and unloading stages. However in the actual VI process, a dry 

preform is compacted during the initial vacuuming, and then decompaction takes place 

after being wetted with resin. Thus, it is much more appropriate to model the VI process by 

wetting the preform between the loading and unloading stages, as done for the experiments 

of this study. Robitaille and Gauvin saturated the specimens with either distilled water [18] 

or a mixture of distilled water and silicon oil [19] at the beginning of the experiments. 
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Grimsley et al. [22], and Buntain and Bickerton [23] used actual thermoset resin for 

saturation.  

             Some cycling loading studies were done to obtain higher fiber volume fractions 

[17-19,21]. Robitaille and Gauvin [19] indicated that, the organization of the fiber structure 

become nearly stable after ten cycles of compaction/decompaction. 

              In the most of the mentioned experimental studies, compaction pressure was 

measured (as the dependent variable) while controlling the thickness (as the independent 

variable). As it will be discussed in the following section, the opposite approach will be 

used in this study to mimic the actual VI process more accurately. Also, in the majority of 

these previous studies, the specimens were compacted up to high fiber volume fractions 

that could be achieved in the Resin Transfer Molding (RTM) process only, thus the 

measured maximum compaction pressures were in the order of MPa. The fiber relaxation 

was investigated afterwards in terms of measuring the decrease in the compaction pressure 

at fixed thicknesses. This approach is ideal to calculate the maximum compaction force 

that must be applied to close the mold initially, and then its variation with time, as it was 

done in [23]. However, this is applicable only in the RTM in which the part thickness is 

constant, but the compaction pressure is changing with time; whereas the VI process has 

different features due to the non-rigid upper mold part used, which is a vacuum bag.   
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1.6. Objectives  

In this study, the following were achieved: 

 

Compared to the previous characterization experimental approaches, a more 

realistic compaction experimental procedure was designed for the VI process. 

During all stages of the experiment, the compaction pressure, Pc is controlled as the 

independent variable; and the part thickness, h, which is the dependent variable of 

the actual VI process, is measured. Briefly, the stages of the experiment are shown 

on  Figure 1.3.   
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Figure 1.3. The stages of a compaction characterization experiment. Compaction pressure,     

Pc is the independent variable of the experiment, and the specimen thickness, 

h  is measured  which is dependent on Pc. 
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(i) dry loading (compaction) from a minor compaction pressure of Pc = 5 kPa to 100 

kPa; (ii) fiber settling at Pc = 100 kPa to resemble the pre-injection vacuuming 

condition; (iii) quick fiber wetting with actual resin; (iv) wet unloading (de-

compaction) up to Pc = 2 kPa; (v) fiber relaxation at Pc = 2 kPa to resemble the 

post-injection condition. 

 

The compaction experimental setup used in [24] was modified in this study, such 

that the fiber wetting could be done while the specimen stays inside the setup under 

constant compaction pressure.  

 

Three different types of e-glass fabric (random, woven and biaxial) were tested in 

different layup configurations.  

 

The fiber relaxation was investigated at different levels of compaction pressure 

besides 2 kPa by measuring h(t) and thus calculating the rate of change of thickness, 

th / . This part of the constructed database is important to realistically simulate 

the preform decompaction, particularly during the late stages of the process. This 

was demonstrated in [10] by comparing the results of actual VI experiments and the 

coupled compaction/flow model in which the database constructed in this study was 

used.  
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               To model the VI process appropriately, one needs to know how the fabric 

preform s thickness changes during the compaction and decompaction stages of the 

process. Thus, a carefully designed characterization test is proposed here to mimic 

the process step by step. (i) During the loading and fiber settling stages, the fabric 

should be dry and the compaction pressure should be increased up to a maximum 

value of one bar; (ii) the fabric must be wetted to resemble the resin arrival in VI; 

and (iii) the wetted fabric should be unloaded up to a compaction pressure reached 

at the end of the VI process at the interested location in the fabric.  In the previous 

studies, the compaction characterization of fabrics was done on either dry or wet 

specimens from the beginning to the end of the experiment except [Senan 

thesis,Yenilmez,Senan,Sozer] in which the fabric is wetted between the loading and 

unloading stages, as also done here. In the previous studies, the thickness was 

changed and the corresponding compaction pressure was measured (similar to the 

universal compaction test). However, this is not suitable to characterize the actual 

VI process, but valid for the RTM process only. Thus, in this study to mimic the VI 

process appropriately, the compaction pressure was controlled: (i) from a minor 

pressure of 5 kPa to a maximum pressure of 100 kPa during the compaction stage; 

and (ii) from 100 kPa to 2 kPa during the decompaction stage. Also, the fiber 

settling was investigated at Pc = 100 kPa for 15 minutes, and fiber relaxation was 

investigated at Pc = 80, 60, 40, 20, 10 and 2 kPa for 15 minutes. In each stage, the 
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part thickness was measured as the dependent variable. Each fabric configuration 

was tested using ten separate specimens; and each relaxation test was performed on 

ten separate specimens. The average and standard deviations were tabulated. 

                     In this study, the main contribution was to create a very realistic 

experimental procedure to characterize the compaction/decompaction behavior of 

different fabric types and configurations. The constructed database is going to be a 

useful tool for prospective researchers during modeling the VI process in which the 

compaction and flow modules are coupled.  
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Chapter 2   

EXPERIMENTAL SETUP AND PROCEDURE 

2.1. Experimental Setup  

The experimental setup is schematically shown in Figure 2.1. It stays on a horizontal 

table. The compaction cylinder and the base cup were machined so precisely that the 

compaction cylinder can slide in the base cup with no resistance, and yet no significant tilt 

occurs.  

Compaction cylinder

Fabric preform
with a central hole 
diameter of 20 mm

Compaction force, F(t)

Dcontact = 54 mm

Base cup
Gate diameter 

2 mm

Resin inlet

D = 76 mm

h

Digital dial gages (x4)
connected to DAQ

Stiff disk

Compaction cylinder

Fabric preform
with a central hole 
diameter of 20 mm

Compaction force, F(t)

Dcontact = 54 mm

Base cup
Gate diameter 

2 mm

Resin inlet

D = 76 mm

h

Digital dial gages (x4)
connected to DAQ

Stiff disk

 

Figure 2.1  Experimental setup for compaction characterization 
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2.2. Experimental Procedure 

      The experimental procedure is detailed below: 

(1) Preparation of specimens: Each circular fabric and core layer is cut with an outer 

diameter of 60 mm and an inner hole diameter of 20 mm. Sharp punches are used so 

that a minimum deformation occurs on the fabrics or core. The layers are stacked to 

construct the preform specimens. They are stored on a shelf for at least 24 hours so 

that complete (or almost complete) fiber relaxation is allowed, thus a permanent 

fiber structure and thickness of the specimen is restored.  

(2) Zeroing dial-gages: After the compaction cylinder is placed in the clean and empty 

base cup, the average of the four dial gages readings is recorded by the DAQ 

system to set the zero-thickness reference. 

(3) Placement of specimen: A specimen is centered in the base cup. 

(4) Loading (compaction): This step of the procedure mimics the early stage of 

vacuuming in the VI process. The compaction force, F(t) is increased by filling a 

light-weight water barrel on the compaction cylinder with a water pump. The 

compaction pressure, 4/)( 22
holecontactc DDtFP

 

is initially 5 kPa when the 

minor load (the weights of the compaction cylinder, the stiff disk and the barrel) is 

applied. The rate of change of the compaction pressure is set to a constant 
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approximate value of dtdPc = 0.8 kPa/s by keeping the w ater flow rate constant. 

Thus, the loading stage takes approximately two minutes for cP to reach 100 kPa.  

(5) Fiber settling: At this maximum compaction pressure, cP = 100 kPa, the change in 

the specimen thickness is recorded for 15 minutes to see the effect of fiber settling 

due to nesting. This step is conducted to mimic the last stages of vacuuming in the 

VI process before resin infusion is begun, in which the compaction pressure reaches 

a steady value, but the preform thickness may still decrease with time due to fiber 

nesting. 

(6) Fiber wetting: This step of the experiment resembles the arrival of the resin flow 

front to a specific location of the preform in VI where the compaction behavior is 

being studied. The specimen is saturated with thermoset polyester resin, Poliya 

PolipolTM 336-RTM. The resin is injected from the central hole (see Figure 2.1) at a 

low flow rate so that the maximum resin pressure is insignificant, relative to the 

compaction pressure of 100 kPa. The preliminary case studies revealed that this 

undisturbed condition is obtained if the flow rate is in the order of 1 cc/s or less for 

the fabric types used in this study. Thus, the wetting stage takes approximately 10 

seconds for thin specimens (four fabric layers plus one layer of embedded core), 

and approximately 20 seconds for thick specimens (eight fabric layers plus two 

layers of embedded core).  



  
Chapter 2: Experimental Setup and Procedure   18 

(7) Unloading (decompaction): This step of the procedure mimics the thickening of the 

preform during mold filling as the resin pressure, P builds up (and thus compaction 

pressure, PPP atmc , decreases) while the flow front continues to propagate away 

from the point of interest in the preform. In a similar (but reverse) way to the 

loading step, the compaction force, F(t) is decreased by emptying the water barrel 

using the water pump. The rate of change of the compaction pressure is set to 

dtdPc = - 0.8 kPa/s until cP becomes 5 kPa when the water barrel is empty. During 

this stage, the readings of the digital gages are recorded with a frequency of 10 Hz. 

The compaction pressure is further decreased from 5 to 2 kPa in one single step 

simply by removing the water barrel from the top of the compaction cylinder. This 

part of the experiment is done with care to ensure that the removal is done 4 

seconds after cP reaches 5 kPa so that dtdPc

 

is kept alm ost uniform during the 

entire experiment. 

(8) Fiber relaxation at 2 kPa: At a fixed compaction pressure of cP = 2 kPa, the change 

in the specimen thickness is recorded for 15 minutes to observe the fiber relaxation 

due to spring-back and time-dependent deformation

 

[21]. This step resembles 

the last stages of the mold filling and extra time until the gelation of the resin. Even 

though the resin pressure (and thus the compaction pressure) does not significantly 

change with time, the part thickness may change due to the fiber relaxation. 
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2.3. Fiber Relaxation Experiments at Different Compaction Pressures                

The experimental procedure mentioned above can be useful to study the 

decompaction    characterization of fabric preforms which undergoes an unloading 

up to cP = 2 kPa during the actual VI process. This is the only case when the resin 

pressure reaches P = 98 kPa for the preform sections near the resin inlets. Away 

from the inlets, P decreases hence cP increases. Thus, for a complete and more 

realistic model of the VI process, further experiments should be conducted in which 

the unloading stage ends at different levels; and the relaxation cycle is continued 

afterwards at that final compaction pressure value. As schematically illustrated in 

Figure 1, different sets of characterization experiments are done exactly the same 

way as described in the previous section, except that Step (7) is performed until cP 

is either 80, 60, 40, 20 or 10 kPa, and Step (8) is continued for 15 minutes at that 

particular compaction pressure. The constructed database is assumed to be enough 

to extend it to the entire compaction pressure range by interpolating the data in 2-80 

kPa range, and extrapolating it in 0-2 and 80-100 kPa ranges. Particularly, 

extrapolating the data in 0-2 kPa range should be done with caution as the 

unloading and fiber relaxation characteristics become very nonlinear at and near 

that range  
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2.4. Fabrics and Layup Configurations  

Three types of e-glass fabrics (random (R), woven (W) and biaxial (B)) and one type 

of embedded distribution medium (polypropylene core (C)) were tested in this study. The 

photographs, brand names, and superficial densities are shown in Figure 1.2. The 

compaction characterization experiments were conducted on the following configurations: 

C, C2, F4, F2CF2 and F2CF4CF2 (or in a different representation, 1C, 2C, 4F, 2F/1C/2F, and 

2F/1C/4F/1C/2F) where F stands for e-glass fabric layer (R, W or B) and C stands for the 

core material. In each configuration layup, the fabric orientations were kept the same; that 

is, the individual layers were all stacked in the roll direction.  
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Chapter 3   

RESULTS OF THE EXPERIMENTS  

Considering (i) the non-uniformity in the fiber structure of fabric rolls and (ii) 

inaccuracy in the specimen preparation (such as different nesting during fabric stacking), 

each set of the experiment was conducted on ten separate specimens. In this study, the 

results will be represented as averageh

 

where 

2/1

1

2

1
1

N

i

averagei hh
N

 

is the 

standard deviation of those ten experiments (N = 10) in each configuration set.   

Two typical experimental data are shown in Figures 3.1 and 3.2 for random 

preform, 2R/1C/4R/1C/2R and woven preform, 2W/1C/4W/1C/2W, respectively.        
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Figure 3.1. The change in specimen thickness during a typical compaction characterization 

experiment for 2R/1C/4R/1C/2R preform.   

During the short wetting stage (from the end of the fiber settling to the beginning of the 

unloading), the thickness decreases significantly. This phenomenon is not as significant for 

the other fabric types (woven and biaxial) as this random type. Note that the thickness 
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increases with very high rate when the compaction pressure is relatively low (2 kPa in this 

case) at the end of the unloading stage. This explains why the part thickness increases with 

time at sections near the injection port, even when the compaction pressure is not changing 

significantly with time at those sections.               

Figure 3.2. The change in specimen thickness during a typical compaction characterization 

experiment for 2W/1C/4W/1C/2W preform. 
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This woven preform, 2W/1C/4W/1C/2W has a different compaction characteristics than 

random preform (compare this figure with Figure 3.1 during their wetting stages). 

Some of the qualitative similarities are as follows: (1) at the end of the loading stage 

(i.e., at full compaction pressure of cP = 100kPa), h is reduced to approximately half of the 

initial thickness corresponding to the minor pressure of 5 kPa. (2) The thickness recovery 

during the 2-minute unloading stage (approximately 1.4 and 1.0 mm for the random and 

woven preforms, respectively) is less than the thickness reduction during the 2-minute 

loading stage (approximately 7 and 5 mm for the random and woven preforms, 

respectively). The average values of the ten experiments are tabulated in Table 3.1. (3) 

Both fabric types have very steep thickness recovery th /

 

in the early part of the fiber 

relaxation at cP = 2 kPa, and then the recovery becomes rather slow afterwards. (4) Both 

fiber settling at 100 kPa and fiber relaxation at 2 kPa do not converge to steady values in 15 

minutes. This is important from the view point of the control and/or modeling of the VI 

process, since the part thickness keeps changing with time, even if the compaction pressure 

is set to a constant value during the initial vacuuming and gelation stages of the VI process. 

The major difference between the random and woven fabrics compaction characteristics is 

their response upon being wetted. When the specimens are saturated with resin, the random 

preform has an average thickness reduction, wettingh

 

of 0.28 mm (minimum of 0.22 mm, 

maximum of 0.38 mm, and a standard deviation of 0.05 mm). On the other hand, the   



  
Chapter 3: Results of the Experiments  25 

          

 
PR

EF
O

RM

 
h i

ni
tia

l  

  
h l

oa
de

d

    
h s

et
tle

d 

 
h f

ib
er

w
et

 

 
h u

nl
oa

de
d

  
h f

in
al

  
h l

oa
di

ng

   
h s

et
tli

ng

   
h w

et
tin

g

   
h u

nl
oa

di
ng

   
h r

el
ax

at
io

n

          

CORE 

1C

 
4.

04

 
1.

72

 
1.

59

 
1.

58

 
2.

01

 
3.

07

 
-2

.3
3

 
-0

.1
3

 
0.

00

 
0.

42

 
1.

06

 
±

 0
.2

9

 
±

 0
.0

9

 
±

 0
.0

8

 
±

 0
.0

7

 
±

 0
.1

2

 
±

 0
.1

8

 
±

 0
.2

5

 
±

 0
.0

2

 
±

 0
.0

0

 
±

 0
.0

6

 
±

 0
.1

2

 
2C

 
7.

04

 
2.

95

 
2.

72

 
2.

71

 
3.

47

 
5.

30

 
-4

.0
9

 
-0

.2
3

 
-0

.0
1

 
0.

77

 
1.

83

 
±

 0
.5

3

 
±

 0
.1

8

 
±

 0
.1

6

 
±

 0
.1

6

 
±

 0
.3

2

 
±

 0
.3

6

 
±

 0
.4

7

 
±

 0
.0

4

 
±

 0
.0

1

 
±

 0
.2

4

 
±

 0
.1

8

              

RANDOM 

4R

 

3.
14

 

1.
94

 

1.
78

 

1.
61

 

1.
82

 

2.
25

 

-1
.2

0

 

-0
.1

7

 

-0
.1

6

 

0.
20

 

0.
43

 

±
 0

.1
8

 

±
 0

.1
0

 

±
 0

.1
0

 

±
 0

.0
9

 

±
 0

.0
8

 

±
 0

.1
6

 

±
 0

.1
8

 

±
 0

.0
2

 

±
 0

.0
5

 

±
 0

.0
6

 

±
 0

.1
0

 

2R
/1

C/
2R

 

6.
91

 

3.
53

 

3.
22

 

3.
04

 

3.
84

 

5.
40

 

-3
.3

8

 

-0
.3

1

 

-0
.1

8

 

0.
81

 

1.
55

 

±
 0

.3
9

 

±
 0

.3
0

 

±
 0

.2
7

 

±
 0

.2
5

 

±
 0

.2
9

 

±
 0

.3
4

 

±
 0

.2
1

 

±
 0

.0
4

 

±
 0

.0
3

 

±
 0

.0
8

 

±
 0

.1
0

 

2R
/1

C/
4R

/1
C/

2R

 

13
.1

8

 

6.
97

 

6.
40

 

6.
12

 

7.
61

 

10
.4

7

 

-6
.2

1

 

-0
.5

7

 

-0
.2

8

 

1.
48

 

2.
87

 

±
 1

.0
4

 

±

 

0.
63

 

±
 0

.6
1

 

±
 0

.5
8

 

±
 0

.7
8

 

±
 0

.9
6

 

±
 0

.7
5

 

±
 0

.0
5

 

±
 0

.0
5

 

±
 0

.2
4

 

±
 0

.2
7

              

WOVEN 

4W

 

1.
99

 

1.
54

 

1.
51

 

1.
49

 

1.
58

 

1.
79

 

-0
.4

4

 

-0
.0

4

 

-0
.0

2

 

0.
09

 

0.
21

 

±
 0

.0
6

 

±
 0

.0
5

 

±
 0

.0
5

 

±
 0

.0
5

 

±
 0

.0
4

 

±
 0

.1
0

 

±
 0

.0
5

 

±
 0

.0
1

 

±
 0

.0
2

 

±
 0

.0
4

 

±
 0

.0
7

 

2W
/1

C/
2W

 

5.
03

 

2.
74

 

2.
61

 

2.
60

 

3.
08

 

4.
31

 

-2
.2

9

 

-0
.1

3

 

-0
.0

1

 

0.
48

 

1.
23

 

±
 0

.2
5

 

±
 0

.1
1

 

±
 0

.1
1

 

±
 0

.1
1

 

±
 0

.1
1

 

±
 0

.1
6

 

±
 0

.1
7

 

±
 0

.0
2

 

±
 0

.0
0

 

±
 0

.0
5

 

±
 0

.1
0

 

2W
/1

C/
4W

/1
C/

2W

 

10
.3

7

 

5.
38

 

5.
12

 

5.
09

 

6.
03

 

8.
35

 

-4
.9

9

 

-0
.2

6

 

-0
.0

3

 

0.
95

 

2.
32

 

±
 0

.5
2

 

±
 0

.3
1

 

±
 0

.2
9

 

±
 0

.2
9

 

±
 0

.2
9

 

±
 0

.3
7

 

±
 0

.3
7

 

±
 0

.0
4

 

±
 0

.0
1

 

±
 0

.1
1

 

±
 0

.2
6

              

BIAXIAL 

4B

 

3.
68

 

2.
73

 

2.
65

 

2.
54

 

2.
80

 

3.
30

 

-0
.9

5

 

-0
.0

8

 

-0
.1

1

 

0.
27

 

0.
49

 

±
 0

.0
7

 

±
 0

.0
8

 

±
 0

.0
8

 

±
 0

.0
8

 

±
 0

.0
7

 

±
 0

.0
5

 

±
 0

.0
7

 

±
 0

.0
1

 

±
 0

.0
2

 

±
 0

.0
2

 

±
 0

.0
5

 

2B
/1

C/
2B

 

7.
11

 

4.
32

 

4.
12

 

4.
06

 

4.
73

 

6.
01

 

-2
.8

0

 

-0
.2

0

 

-0
.0

6

 

0.
67

 

1.
28

 

±
 0

.4
9

 

±
 0

.1
9

 

±
 0

.1
6

 

±
 0

.1
6

 

±
 0

.2
4

 

±
 0

.3
4

 

±
 0

.4
0

 

±
 0

.0
4

 

±
 0

.0
1

 

±
 0

.0
9

 

±
 0

.1
2

 

2B
/1

C/
4B

/1
C/

2B

 

14
.5

6

 

8.
71

 

8.
32

 

8.
18

 

9.
41

 

11
.8

8

 

-5
.8

5

 

-0
.3

8

 

-0
.1

5

 

1.
23

 

2.
47

 

±
 0

.5
0

 

±
 0

.2
7

 

±
 0

.2
6

 

±
 0

.2
8

 

±
 0

.3
7

 

±
 0

.7
8

 

±
 0

.4
7

 

±
 0

.0
6

 

±
 0

.0
4

 

±
 0

.3
1

 

±
 0

.5
3

 

T
ab

le
 3

.1
 P

ar
t t

hi
ck

ne
ss

, h
 a

nd
 it

s 
ch

an
ge

 d
ur

in
g 

di
ff

er
en

t s
ta

ge
s 

of
 c

om
pa

ct
io

n 
   

   
   

   
   

   
   

 
ch

ar
ac

te
ri

za
ti

on
 te

st
s 

fo
r 

di
ff

er
en

t f
ab

ri
cs

 a
nd

 c
on

fi
gu

ra
ti

on
s.

 I
n 

ea
ch

 s
et

, t
en

 

                              

ex
pe

ri
m

en
ts

 w
er

e 
co

nd
uc

te
d 

us
in

g 
te

n 
se

pa
ra

te
 s

pe
ci

m
en

s.
 A

ll
 th

e 
th

ic
kn

es
s 

va
lu

es
   

   
   

   
   

   
 

ar
e 

in
 [

m
m

].
  



  
Chapter 3: Results of the Experiments  26 

woven preform has an insignificant average thickness reduction, wettingh  of 0.03 mm only 

(minimum of 0.02 mm, maximum of 0.04 mm, and a standard deviation of 0.01 mm). As 

tabulated in Table 3.1, the biaxial preform, 2B/1C/4B/1C/2B has wettingh

 

= 0.15 mm in 

average (minimum of 0.10 mm, maximum of 0.20 mm, and a standard deviation of 0.04 

mm), which is not as insignificant as in the woven fabric, but smaller than the random 

fabric.   

The comparison of Figure 3.1 (for relaxationcP , = 2 kPa) and Figure 3.3 (for 

relaxationcP , = 40 kPa) indicates very different unloading and relaxation behaviors of the 

preforms. When the unloading stage is terminated at a compaction pressure of 40 kPa, not 

only unloadingh , but also relaxationh

 

are insignificant as shown in Figure 3.3 for the 

random preform, 2R/1C/4R/1C/2R. The two other types of the fabrics (woven and biaxial) 

also exhibited the same qualitative behaviors at relatively high compaction pressures (80, 

60 and 40 kPa).        
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Figure 3.3. A typical compaction characterization experiment in which the compaction 

pressure is Pc = 40 kPa during the relaxation stage (which takes place after the 

unloading stage).    

Experimental results are plotted in the following figures: 1C and 2C in Figure 3.4, 

4F in Figure 8, 2F/1C/2F in Figure 3.6, and 2F/1C/4F/1C/2F in Figure 3.7, where F 

represents fabric types (R, W and B) and C represents the core distribution medium. For 
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each case, the four characterization stages were plotted: h vs. Pc during loading; h vs. t 

during fiber settling at 100 kPa; h vs. Pc during unloading; and h vs. t during fiber 

relaxation at 2 kPa. Percentage fiber volume fraction, hnV fiberf /1/100 sup

 

was 

used on the right-hand vertical axis in each graph. Here, n is the number of fabric layers in 

the preform, sup

 

and fiber are the superficial (surface) density of the fabric per layer 

and density of glass fibers, respectively. sup

 

values are tabulated in Figure 1.2 and 

fiber is taken as 2540 kg/m3. h, fV , h

 

and fV

 

values corresponding to different stages 

of the compaction experiments are tabulated for each fabric configuration in Tables 3.1 and 

3.2.            
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Figure 3.4. Compaction characterization test results for CORE only: (a) one layer core, 1C, 

and (b) two layers of core, 2C. In each case, one experiment was done on each 

of the ten separate specimens. The averages are shown with solid lines and the 

standard deviations of the experiments are shown with error bars. 
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Figure 3.5. Compaction characterization test results for four layers of FABRICS only: (a) 

4R, (b) 4W, and (c) 4B. 
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Figure 3.6. Compaction characterization test results for  one layer of core embedded in four  

layers of FABRICS: (a) 2R/1C/2R, (b) 2W/1C/2W, and (c) 2B/1C/2B. 

0 20 40 60 80 100
2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

T
hi

ck
ne

ss
, h

 [m
m

]

C ompaction P ressure, P
c 

[kPa]
0 5 10 15

2.5

3

3.5

4

4.5

5

5.5

6

Time, t [min]
T

hi
ck

ne
ss

, h
 [m

m
]

(a
) P

re
fo

rm
: 2

R/
1C

/2
R

Loading and Unloading Data

Loading from Pc = 5 kPa 
to 100 kPa

Unloading from 
Pc = 100 kPa to 2 kPa

F
ib

er
 v

ol
um

e
 fr

ac
tio

n,
 V

f
[%

]

F
ib

er
 v

ol
um

e
 fr

ac
tio

n,
 V

f
[%

]

Fiber relaxation at Pc = 2 kPa

Fiber Settling and Relaxation Data

Fiber settling at Pc = 100 kPa

10.5

11.2

12.1

13.1

14.3

15.7

17.5

19.7

22.5

26.2

31.5

13.1

14.3

15.7

17.5

19.7

22.5

26.2

31.5
0 20 40 60 80 100

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

T
hi

ck
ne

ss
, h

 [m
m

]

C ompaction P ressure, P
c 

[kPa]
0 5 10 15

2.5

3

3.5

4

4.5

5

5.5

6

Time, t [min]
T

hi
ck

ne
ss

, h
 [m

m
]

(a
) P

re
fo

rm
: 2

R/
1C

/2
R

Loading and Unloading Data

Loading from Pc = 5 kPa 
to 100 kPa

Unloading from 
Pc = 100 kPa to 2 kPa

F
ib

er
 v

ol
um

e
 fr

ac
tio

n,
 V

f
[%

]

F
ib

er
 v

ol
um

e
 fr

ac
tio

n,
 V

f
[%

]

Fiber relaxation at Pc = 2 kPa

Fiber Settling and Relaxation Data

Fiber settling at Pc = 100 kPa

10.5

11.2

12.1

13.1

14.3

15.7

17.5

19.7

22.5

26.2

31.5

13.1

14.3

15.7

17.5

19.7

22.5

26.2

31.5

0 5 10 15

2.5

3

3.5

4

4.5

Time, t [min]

T
hi

ck
ne

ss
, h

 [m
m

]

0 20 40 60 80 100
2

2.5

3

3.5

4

4.5

5

5.5

T
hi

ck
ne

ss
, h

 [m
m

]

C ompaction P ressure, P
c 

[kPa]

(b
) P

re
fo

rm
: 2

W
/1

C/
2W

Loading and Unloading Data

Loading from Pc = 5 kPa 
to 100 kPa

Unloading from 
Pc = 100 kPa to 2 kPa

F
ib

er
 v

ol
um

e
 fr

ac
tio

n,
 V

f
[%

]

14.3

15.7

17.5

19.7

22.5

26.2

31.5

39.4

F
ib

er
 v

ol
um

e
 fr

ac
tio

n,
 V

f
[%

]

17.5

19.7

22.5

26.2

31.5

Fiber relaxation at Pc = 2 kPa

Fiber Settling and Relaxation Data

Fiber settling at Pc = 100 kPa

0 5 10 15

2.5

3

3.5

4

4.5

Time, t [min]

T
hi

ck
ne

ss
, h

 [m
m

]

0 20 40 60 80 100
2

2.5

3

3.5

4

4.5

5

5.5

T
hi

ck
ne

ss
, h

 [m
m

]

C ompaction P ressure, P
c 

[kPa]

(b
) P

re
fo

rm
: 2

W
/1

C/
2W

Loading and Unloading Data

Loading from Pc = 5 kPa 
to 100 kPa

Unloading from 
Pc = 100 kPa to 2 kPa

F
ib

er
 v

ol
um

e
 fr

ac
tio

n,
 V

f
[%

]

14.3

15.7

17.5

19.7

22.5

26.2

31.5

39.4

F
ib

er
 v

ol
um

e
 fr

ac
tio

n,
 V

f
[%

]

17.5

19.7

22.5

26.2

31.5

Fiber relaxation at Pc = 2 kPa

Fiber Settling and Relaxation Data

Fiber settling at Pc = 100 kPa

0 5 10 15
3.5

4

4.5

5

5.5

6

6.5

Time, t [min]

T
hi

ck
ne

ss
, h

 [m
m

]

0 20 40 60 80 100
3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

T
hi

ck
ne

ss
, h

 [m
m

]

C ompaction Pressure, P
c 

[kPa]

(c
) P

re
fo

rm
: 2

B/
1C

/2
B

Loading and Unloading Data

Loading from Pc = 5 kPa 
to 100 kPa

Unloading from 
Pc = 100 kPa to 2 kPa

F
ib

er
 v

ol
um

e
 fr

ac
tio

n,
 V

f
[%

]

16.9

18.1

19.3

20.8

22.6

24.6

27.1

30.1

33.9

38.7

F
ib

er
 v

ol
um

e
 fr

ac
tio

n,
 V

f
[%

]
20.8

22.6

24.6

27.1

30.1

33.9

38.7

Fiber relaxation at Pc = 2 kPa

Fiber Settling and Relaxation Data

Fiber settling at Pc = 100 kPa

0 5 10 15
3.5

4

4.5

5

5.5

6

6.5

Time, t [min]

T
hi

ck
ne

ss
, h

 [m
m

]

0 20 40 60 80 100
3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

T
hi

ck
ne

ss
, h

 [m
m

]

C ompaction Pressure, P
c 

[kPa]

(c
) P

re
fo

rm
: 2

B/
1C

/2
B

Loading and Unloading Data

Loading from Pc = 5 kPa 
to 100 kPa

Unloading from 
Pc = 100 kPa to 2 kPa

F
ib

er
 v

ol
um

e
 fr

ac
tio

n,
 V

f
[%

]

16.9

18.1

19.3

20.8

22.6

24.6

27.1

30.1

33.9

38.7

F
ib

er
 v

ol
um

e
 fr

ac
tio

n,
 V

f
[%

]
20.8

22.6

24.6

27.1

30.1

33.9

38.7

Fiber relaxation at Pc = 2 kPa

Fiber Settling and Relaxation Data

Fiber settling at Pc = 100 kPa



  
Chapter 3: Results of the Experiments  33 

                  

Figure 3.7. Compaction characterization test results for two layers of core embedded in 

eight layers of FABRICS: (a) 2R/1C/4R/1C/2R, (b) 2W/1C/4W/1C/2W,and 

(c) 2B/1C/4B/1C/2B. 
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Since the core polypropylene distribution medium does not contribute to the 

reinforcing of a composite part, fV is zero in 1C and 2C experiments as shown in Figure 

3.4; and this embedded core is the cause why 2F/1C/2F and 2F/1C/4F/1C/2F preforms have 

much lower fV than 4F preforms.  The maximum fV is fiberwetfV ,

 

which is achieved after 

the fiber wetting stage. The average fiberwetfV ,  is 48.9, 52.9 and 53.4 % for 4R, 4W and 4B 

preforms, respectively. When one layer of core is embedded in these four layers of fabrics 

(2F/1C/2F), fiberwetfV ,

 

can become only 26.1, 30.3 and 33.4 % for random, woven and 

biaxial preforms, respectively. When two layers of core are embedded in eight layers of 

fabrics (2F/1C/4F/1C/2F), fiberwetfV ,  can become 25.9, 31.5 and 33.2 % for random, woven 

and biaxial preforms, respectively, which are approximately equal to the corresponding 

values in the 2F/1C/2F cases.  

The following compaction characterization data of Table 3.1 essentially affect the 

results of a coupled compaction/flow modeling of the VI process such as [10,11]: (1) 

settledsettledh

 

which determines the thickness distribution in the dry preform just before 

the resin infusion is begun. (2) The change in the preform thickness until the gelation is 

h= wettingh + unloadingh + relaxationh . These values are applicable only if the pre-

infusion vacuuming is done for 15 minutes, and the pot life (gelation time) of the resin is 

adjusted to 17 minutes (corresponding to 2 minutes of the unloading + 15 minutes of the 

fiber relaxation of the characterization experiments).  If these stages last shorter than the 
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durations mentioned above, then the user of the database should refer to Figures 3.4-3.7 

instead of the values in Table 3.1.  

The relaxation experiments were conducted as explained earlier in Figure 1.3. The 

results at finalcP , = 80, 60, 40, 20, 10 and 2 kPa are shown in Figures 3.8-3.10 for the 

random, woven and biaxial fabric preforms with a configuration of 2F/1C/4F/1C/2F. 

Although the fabric types have different quantitative thickness and fiber volume fraction 

values during the relaxation stage, there are some qualitative similarities. At the high 

compaction pressure of cP = 80 kPa, no fiber relaxation is observed. Indeed, the fiber 

settling continues as shown in part (a) of Figures 3.7-3.10 where the part thickness 

decreases with time. At the other compaction pressures (60, 40, 20, 10 and 2 kPa), 

thickness increases with time, however with different rates of change of thickness, th / . 

At both cP = 60 and 40 kPa, there is an initial immediate increase in h , which was 

explained as spring-back in [21,22] for suddenly unloaded specimens, and th /

 

is 

insignificant afterwards. When the compaction pressure is 20 kPa or less, the immediate 

spring-back causes different order of magnitude in h , and h does not reach a steady 

value in 15 minutes. This slow response was also observed in the time-dependent 

deformation range in [23].    
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Chapter 4   

SUMMARY AND CONCLUSION   

An experimental procedure was designed to characterize the compaction of e-glass 

fabrics during the following stages: (1) loading (compaction from 5 kPa to 100 kPa), (2) 

fiber settling (for 15 minutes at constant compaction pressure of 100 kPa), (3) saturation of 

the preform (with actual thermoset polyester resin at 100 kPa), (4) unloading 

(decompaction from 100 kPa to finalcP , ), and (5) fiber relaxation at finalcP ,

 

for 15 minutes. 

These stages resemble different stages of the VI process: (1,2) vacuuming before the resin 

infusion, (3) arrival of the resin to a particular preform location of interest, (4) thickening 

of the preform due to the change in the local resin pressure, (5) thickening of the preform 

due to time-dependent fiber relaxation.  

Just upon being wetted at constant full compaction pressure, significant decrease in the 

thickness was observed for the random fabric; and this is in agreement with the 

observations in [24]. However this characteristic is not valid for the woven and biaxial 

fabrics and the polypropylene distribution medium. The early stage of the unloading 
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yielded a very insignificant change in the thicknesses of all fabric types used; the thickness 

increased notably only when the compaction pressure was half a bar or less.  

To cover the major domain of compaction pressures at which the preforms may undergo 

relaxation stages, the relaxation experiments were performed at finalcP , = 80, 60, 40, 20, 10 

and 2 kPa. Very different relaxation behaviors at different finalcP ,

 

indicate that coupled 

compaction-mold filling models based on a static relationship between thickness and 

compaction pressure do not appropriately simulate the actual compaction/decompaction 

physics of VI. Thus, a time-dependent relationship should be used to realistically model the 

process. 

The experimental procedure designed in this study enables to realistically 

characterize the compaction/decompaction of fabric preforms in the VI process. The 

approach is different from the previous studies due to the following items: (i) the 

compaction pressure is the independent variable, and the part thickness is the dependent 

variable which is measured during the test; (ii) the test has the following stages: loading, 

fiber settling, wetting, unloading and fiber relaxation. The first two stages are performed on 

a dry specimen, and then it is saturated with resin afterwards. The database constructed in 

this study shows that, different fabric types have different compaction and relaxation 

behavior, therefore the process model should have the database for the fabric type and 

configuration used in the actual VI process instead of a generic fabric type. The two 

sandwich configurations (2F/1C/2F and 2F/1C/4F/1C/2F) suggest that the thickness is 
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almost linearly proportional with the number of layers used (or, fiber volume fractions are 

almost the same). For the three fabric types used here, single sandwich configuration may 

be sufficient to estimate the behavior of multilayer configurations assuming that the fabric 

preform is manufactured symmetrically. Using core material significantly decreases the 

effective fiber volume fraction, thus the mechanical properties are expected to be 

influenced. Since the relaxation is not linearly dependent on the compaction pressure, the 

relaxation behavior at different relaxation pressures should be carefully investigated as 

done in this study, and used in the process model.                 
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APPENDIX A  

COMPACTION EXPERIMENTS:       

1C 1 layer core
2C 2 layer score

4R 4 layers random
4W 4 layers woven
4B 4 layers biaxial

2R/1C/2R 2 layers random, 1 layer core and 2 layers random 
2W/1C/2W 2 layers woven, 1 layer core and 2 layers woven 
2B/1C/2B 2 layers biaxial, 1 layer core and 2 layers biaxial 

2R/1C/4R/1C/2R 2 layers random, 1 layer core, 4 layers random, 1 layer core and 2 layers random
2W/1C/4W/1C/2W 2 layers woven, 1 layer core, 4 layers woven, 1 layer core and 2 layers woven
2B/1C/4B/1C/2B 2 layers biaxial, 1 layer core, 4 layers biaxial, 1 layer core and 2 layers biaxial

     

All h values are in [mm]. 
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APPENDIX C  

ANALYSIS OF SAMPLE EXPERIMENTS:                                 
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Exp #
tloading 

(sec)
tunloading 

(sec)
hinitial 

(mm)
hloaded 

(mm)
hsettled 

(mm)
hfiberwet 

(mm)
hunloaded 

(mm)
hfinal 

(mm)
hloading 

(mm)
hsettling 

(mm)
hfiberwet 

(mm)
hunloading 

(mm)
hrelaxation 

(mm)
324 136,06 106,93 3,60 1,71 1,59 1,59 1,95 2,94 -1,88 -0,12 0,00 0,36 0,99

                                     

Compaction experiment # 324  1 C 

Fabric type = 1 layers of Core Material 
(METYX, 250 g/m2)

Exp # = 324

Date = 09/07/08, 16:24

Done by = Bar

Fabric weight = 0.8 g

Note =  NA

hfiberwet = 1.59 mm

Modified hfiberwet = NA

hunloaded = 2.14 mm

Modified hunloaded = 1.95 mm

Fabric type = 1 layers of Core Material 
(METYX, 250 g/m2)

Exp # = 324

Date = 09/07/08, 16:24

Done by = Bar

Fabric weight = 0.8 g

Note =  NA

hfiberwet = 1.59 mm

Modified hfiberwet = NA

hunloaded = 2.14 mm

Modified hunloaded = 1.95 mm

hinitial

hloaded

hsettled

hunloaded

hrelaxed

hfiber wetting

hinitial

hloaded

hsettled

hunloaded

hrelaxed

hfiber wetting

Modified hunloadedModified hunloaded
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Exp #
tloading 

(sec)
tunloading 

(sec)
hinitial 

(mm)
hloaded 

(mm)
hsettled 

(mm)
hfiberwet 

(mm)
hunloaded 

(mm)
hfinal 

(mm)
hloading 

(mm)
hsettling 

(mm)
hfiberwet 

(mm)
hunloading 

(mm)
hrelaxation 

(mm)
144 135,97 105,30 7,29 2,95 2,72 2,71 3,45 5,60 -4,34 -0,23 -0,01 0,74 2,15

                                     

Compaction experiment # 144  2C 

Fabric type = 2 layers of Core Material
(METYX, 250 g/m2)

Exp # = 144

Date = 12/06/08, 11:56

Done by = Onur and Talha 

Fabric weight = 1.6 g

Note =  NA

hfiberwet = 2.71 mm

Modified hfiberwet = NA

hunloaded = 4.25 mm

Modified hunloaded = 3.45 mm

Fabric type = 2 layers of Core Material
(METYX, 250 g/m2)

Exp # = 144

Date = 12/06/08, 11:56

Done by = Onur and Talha 

Fabric weight = 1.6 g

Note =  NA

hfiberwet = 2.71 mm

Modified hfiberwet = NA

hunloaded = 4.25 mm

Modified hunloaded = 3.45 mm

hinitial

hloaded

hsettled

hunloaded

hrelaxed

hfiber wetting

hinitial

hloaded

hsettled

hunloaded

hrelaxed

hfiber wetting

Modified hunloadedModified hunloaded
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Exp #
tloading 

(sec)
tunloading 

(sec)
hinitial 

(mm)
hloaded 

(mm)
hsettled 

(mm)
hfiberwet 

(mm)
hunloaded 

(mm)
hfinal 

(mm)
hloading 

(mm)
hsettling 

(mm)
hfiberwet 

(mm)
hunloading 

(mm)
hrelaxation 

(mm)
155 134,67 105,29 3,02 1,81 1,64 1,48 1,71 2,07 -1,21 -0,17 -0,16 0,23 0,36

                                     

Compaction experiment # 155  4R 

Fabric type = 4 layers of Random Fabric
(Fibroteks, 500 g/m2)

Exp # = 155

Date = 16 /06 /08 , 14:42

Done by = Tolga and Talha

Fabric weight = NA

Note =  NA

hfiberwet = 1.48 mm

Modified hfiberwet = NA

hunloaded = 1.75 mm

Modified hunloaded = 1.71 mm

Fabric type = 4 layers of Random Fabric
(Fibroteks, 500 g/m2)

Exp # = 155

Date = 16 /06 /08 , 14:42

Done by = Tolga and Talha

Fabric weight = NA

Note =  NA

hfiberwet = 1.48 mm

Modified hfiberwet = NA

hunloaded = 1.75 mm

Modified hunloaded = 1.71 mm

hinitial

hloaded hsettled

hunloaded

hrelaxed

hfiber wetting

hinitial

hloaded hsettled

hunloaded

hrelaxed

hfiber wetting

Modified hunloadedModified hunloaded
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Exp #
tloading 

(sec)
tunloading 

(sec)
hinitial 

(mm)
hloaded 

(mm)
hsettled 

(mm)
hfiberwet 

(mm)
hunloaded 

(mm)
hfinal 

(mm)
hloading 

(mm)
hsettling 

(mm)
hfiberwet 

(mm)
hunloading 

(mm)
hrelaxation 

(mm)
399 137,28 109,45 6,97 3,35 3,04 2,88 3,66 5,19 -3,62 -0,31 -0,16 0,78 1,54

                                     

Compaction experiment # 399  2R/ 1C/ 2R 

Fabric type =[2R+1C+2R],Sandwich
R= Random Fabric, (Fibroteks, 500 g/m2)                  
C=Core Material,  (METYX, 250 g/m2)

Exp # = 399

Date = 29/07/08,10:43

Done by = Talha

Fabric weight = 10.2 g

Note = NA

hfiberwet = 2.88 mm

Modified hfiberwet = NA

hunloaded = 3.74 mm

Modified hunloaded = 3.66 mm

Fabric type =[2R+1C+2R],Sandwich
R= Random Fabric, (Fibroteks, 500 g/m2)                  
C=Core Material,  (METYX, 250 g/m2)

Exp # = 399

Date = 29/07/08,10:43

Done by = Talha

Fabric weight = 10.2 g

Note = NA

hfiberwet = 2.88 mm

Modified hfiberwet = NA

hunloaded = 3.74 mm

Modified hunloaded = 3.66 mm

hinitial

hloaded hsettled hunloaded

hrelaxed

hfiber wetting

hinitial

hloaded hsettled hunloaded

hrelaxed

hfiber wetting

Modified hunloadedModified hunloaded
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Exp #
tloading 

(sec)
tunloading 

(sec)
hinitial 

(mm)
hloaded 

(mm)
hsettled 

(mm)
hfiberwet 

(mm)
hunloaded 

(mm)
hfinal 

(mm)
hloading 

(mm)
hsettling 

(mm)
hfiberwet 

(mm)
hunloading 

(mm)
hrelaxation 

(mm)
230 134,22 101,82 13,13 6,20 5,61 5,34 6,68 9,01 -6,93 -0,59 -0,27 1,34 2,33

                                     

Compaction experiment # 230  2R/ 1C/ 4R/ 1C/ 2R 

Fabric type =[2R+1C+4R+1C+2R],Sandwich
R= Random Fabric, (Fibroteks, 500 g/m2)                  
C=Core Material,  (METYX, 250 g/m2)

Exp # = 230

Date = 26/06/08, 18:34

Done by = Onur and Bar

Fabric weight = 12.4 g

Note =  NA

hfiberwet = 5.34 mm

Modified hfiberwet = NA

hunloaded = 7.34 mm

Modified hunloaded = 6.68 mm

Fabric type =[2R+1C+4R+1C+2R],Sandwich
R= Random Fabric, (Fibroteks, 500 g/m2)                  
C=Core Material,  (METYX, 250 g/m2)

Exp # = 230

Date = 26/06/08, 18:34

Done by = Onur and Bar

Fabric weight = 12.4 g

Note =  NA

hfiberwet = 5.34 mm

Modified hfiberwet = NA

hunloaded = 7.34 mm

Modified hunloaded = 6.68 mm

hinitial

hloaded hsettled

hunloaded

hrelaxed

hfiber wetting

hinitial

hloaded hsettled

hunloaded

hrelaxed

hfiber wetting

Modified hunloadedModified hunloaded
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Exp #
tloading 

(sec)
tunloading 

(sec)
hinitial 

(mm)
hloaded 

(mm)
hsettled 

(mm)
hfiberwet 

(mm)
hunloaded 

(mm)
hfinal 

(mm)
hloading 

(mm)
hsettling 

(mm)
hfiberwet 

(mm)
hunloading 

(mm)
hrelaxation 

(mm)
254 138,06 110,01 7,34 4,52 4,30 4,22 4,94 6,30 -2,81 -0,23 -0,07 0,72 1,36

                                     

Compaction experiment # 254  2B/ 1C/ 2B  

Fabric type =[2S+1C+2S],Sandwich
S= Stitched Fabric, (METYX, 860 g/m2)                  
C=Core Material,  (METYX, 250 g/m2)

Exp # = 254

Date = 30/06/08, 21:38

Done by = Tolga

Fabric weight = 11.5 g

Note =  NA

hfiberwet = 4.22 mm

Modified hfiberwet = NA

hunloaded = 5.22  mm

Modified hunloaded = 4.94 mm

Fabric type =[2S+1C+2S],Sandwich
S= Stitched Fabric, (METYX, 860 g/m2)                  
C=Core Material,  (METYX, 250 g/m2)

Exp # = 254

Date = 30/06/08, 21:38

Done by = Tolga

Fabric weight = 11.5 g

Note =  NA

hfiberwet = 4.22 mm

Modified hfiberwet = NA

hunloaded = 5.22  mm

Modified hunloaded = 4.94 mm

hinitial

hloaded hsettled

hunloaded

hrelaxed

hfiber wetting

hinitial

hloaded hsettled

hunloaded

hrelaxed

hfiber wetting

Modified hunloadedModified hunloaded
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Exp #
tloading 

(sec)
tunloading 

(sec)
hinitial 

(mm)
hloaded 

(mm)
hsettled 

(mm)
hfiberwet 

(mm)
hunloaded 

(mm)
hfinal 

(mm)
hloading 

(mm)
hsettling 

(mm)
hfiberwet 

(mm)
hunloading 

(mm)
hrelaxation 

(mm)
247 133,18 103,63 3,74 2,83 2,75 2,60 2,88 3,34 -0,91 -0,07 -0,15 0,28 0,46

                                     

Compaction experiment # 247  4 B. 

Fabric type =[4 Stitched Fabric]
S=Stitched Fabric, (METYX, 860 g/m2)

Exp # = 247

Date = 30/06/08, 16:28

Done by = Onur and Bar

Fabric weight = 10.9 g

Note = NA

hfiberwet = 2.60 mm

Modified hfiberwet = NA

hunloaded = 2.88 mm

Modified hunloaded = NA

Fabric type =[4 Stitched Fabric]
S=Stitched Fabric, (METYX, 860 g/m2)

Exp # = 247

Date = 30/06/08, 16:28

Done by = Onur and Bar

Fabric weight = 10.9 g

Note = NA

hfiberwet = 2.60 mm

Modified hfiberwet = NA

hunloaded = 2.88 mm

Modified hunloaded = NA

hinitial

hloaded hsettled

hunloaded

hrelaxed

hfiber wetting

hinitial

hloaded hsettled

hunloaded

hrelaxed

hfiber wetting
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Exp #
tloading 

(sec)
tunloading 

(sec)
hinitial 

(mm)
hloaded 

(mm)
hsettled 

(mm)
hfiberwet 

(mm)
hunloaded 

(mm)
hfinal 

(mm)
hloading 

(mm)
hsettling 

(mm)
hfiberwet 

(mm)
hunloading 

(mm)
hrelaxation 

(mm)
287 134,46 94,95 14,69 8,61 8,24 8,06 9,52 12,42 -6,07 -0,38 -0,18 1,46 2,91

                                     

Compaction experiment # 287  2 1 4 1 2 Biaxial configuration 

Fabric type=[2S+1C+4S+1C+2S],Sandwich
S=Stitched Fabric, (METYX, 860 g/m2)
C=Core Material, (METYX, 250 g/m2)

Exp # = 287

Date = 07/06/08, 16:04

Done by = Bar

Fabric weight = 20.8 g

Note = NA

hfiberwet = 8.06 mm

Modified hfiberwet = NA

hunloaded = 9.94 mm

Modified hunloaded = 9.52 mm

Fabric type=[2S+1C+4S+1C+2S],Sandwich
S=Stitched Fabric, (METYX, 860 g/m2)
C=Core Material, (METYX, 250 g/m2)

Exp # = 287

Date = 07/06/08, 16:04

Done by = Bar

Fabric weight = 20.8 g

Note = NA

hfiberwet = 8.06 mm

Modified hfiberwet = NA

hunloaded = 9.94 mm

Modified hunloaded = 9.52 mm

hinitial

hloaded

hsettled hunloaded

hrelaxed

hfiber wetting

hinitial

hloaded

hsettled hunloaded

hrelaxed

hfiber wetting

Modified hunloadedModified hunloaded
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Exp #
tloading 

(sec)
tunloading 

(sec)
hinitial 

(mm)
hloaded 

(mm)
hsettled 

(mm)
hfiberwet 

(mm)
hunloaded 

(mm)
hfinal 

(mm)
hloading 

(mm)
hsettling 

(mm)
hfiberwet 

(mm)
hunloading 

(mm)
hrelaxation 

(mm)
305 136,38 100,39 5,43 2,87 2,73 2,72 3,25 4,48 -2,55 -0,14 -0,02 0,53 1,23

                                     

Compaction experiment # 305  2W/ 1C/ 2W. 

Fabric type =[2W + 1C +2W] Sandwich
W=Woven Fabric,(METYX, 500 g/m2)
C=Core Material,(METYX,250 g/m2)

Exp # = 305

Date = 08/06/08, 16:43

Done by = Bar

Fabric weight = 6.2 g

Note = NA

hfiberwet = 2.72 mm

Modified hfiberwet = NA

hunloaded = 3.38 mm

Modified hunloaded = 3.25 mm

Fabric type =[2W + 1C +2W] Sandwich
W=Woven Fabric,(METYX, 500 g/m2)
C=Core Material,(METYX,250 g/m2)

Exp # = 305

Date = 08/06/08, 16:43

Done by = Bar

Fabric weight = 6.2 g

Note = NA

hfiberwet = 2.72 mm

Modified hfiberwet = NA

hunloaded = 3.38 mm

Modified hunloaded = 3.25 mm

hinitial

hloaded hsettled

hunloaded

hrelaxed

hfiber wetting

hinitial

hloaded hsettled

hunloaded

hrelaxed

hfiber wetting

Modified hunloadedModified hunloaded
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Exp #
tloading 

(sec)
tunloading 

(sec)
hinitial 

(mm)
hloaded 

(mm)
hsettled 

(mm)
hfiberwet 

(mm)
hunloaded 

(mm)
hfinal 

(mm)
hloading 

(mm)
hsettling 

(mm)
hfiberwet 

(mm)
hunloading 

(mm)
hrelaxation 

(mm)
322 137,01 102,66 10,26 5,11 4,87 4,84 5,77 8,04 -5,15 -0,24 -0,02 0,93 2,27

                                     

Compaction experiment # 322  2W/ 1C/ 4W/ 1C/ 2W. 

Fabric type =[2W + 1C +4W+1C+2W], Sandwich
W=Woven Fabric,(METYX, 500 g/m2)
C=Core Material,(METYX,250 g/m2)

Exp # = 322

Date = 09/06/08,14:38

Done by = Talha

Fabric weight = 11.7 g

Note = NA

hfiberwet = 4.84 mm

Modified hfiberwet = NA

hunloaded = 6.23 mm

Modified hunloaded = 5.77 mm

Fabric type =[2W + 1C +4W+1C+2W], Sandwich
W=Woven Fabric,(METYX, 500 g/m2)
C=Core Material,(METYX,250 g/m2)

Exp # = 322

Date = 09/06/08,14:38

Done by = Talha

Fabric weight = 11.7 g

Note = NA

hfiberwet = 4.84 mm

Modified hfiberwet = NA

hunloaded = 6.23 mm

Modified hunloaded = 5.77 mm

hinitial

hloaded hsettled

hunloaded

hrelaxed

hfiber wetting

hinitial

hloaded hsettled

hunloaded

hrelaxed

hfiber wetting

Modified hunloadedModified hunloaded
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Exp #
tloading 

(sec)
tunloading 

(sec)
hinitial 

(mm)
hloaded 

(mm)
hsettled 

(mm)
hfiberwet 

(mm)
hunloaded 

(mm)
hfinal 

(mm)
hloading 

(mm)
hsettling 

(mm)
hfiberwet 

(mm)
hunloading 

(mm)
hrelaxation 

(mm)
293 137,78 100,48 1,98 1,51 1,48 1,48 1,64 1,87 -0,47 -0,03 0,00 0,16 0,24

                                     

Compaction experiment # 293  4 W. 

Fabric type =[4W] 
W=Woven Fabric,(METYX, 500 g/m2)

Exp # = 293

Date = 07/07/08,18:58

Done by = Bar

Fabric weight = 5.8 g

Note = NA

hfiberwet = 1.48 mm

Modified hfiberwet = NA

hunloaded = 1.64 mm

Modified hunloaded = NA

Fabric type =[4W] 
W=Woven Fabric,(METYX, 500 g/m2)

Exp # = 293

Date = 07/07/08,18:58

Done by = Bar

Fabric weight = 5.8 g

Note = NA

hfiberwet = 1.48 mm

Modified hfiberwet = NA

hunloaded = 1.64 mm

Modified hunloaded = NA

hinitial

hloaded hsettled hunloaded

hrelaxed

hfiber wetting

hinitial

hloaded hsettled hunloaded

hrelaxed

hfiber wetting
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APPENDIX D  

EXPERIMENTAL SETUP:       
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Appendix  D.3. Dial Gage used in Compaction Setup      
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Appendix  D.5. The Setup to Saturate Fabric Specimen      

        

Injector 

Compaction Base 
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Appendix  D.6. Water Pump for Loading the Water Barrel. 

Datasheet of the pump.[http://www.coastal-koi.com/index.php]  

  

MODEL VOLTAGE FREQUENCY POWER FLOW MAX. JET CALIBRE WEIGHT SIZE
HX-6520 220-240 V 50/60 Hz 35 W 1000 L/h 1.6 m Ø 14.5 mm 1.0 Kg 200x120x120 mm
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Appendix  D.7. Water Pump for Loading the Water Reservoir.  

  

Voltage (V) Current (A) FlowRate (l/h)
8 0.65 300

10 0.95 400
12 1.20 480
14 1.40 554
15 1.63 576
16 1.75 600
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Appendix  D.10. Samples used in the experiments     

  

Random and woven fabric     

  

Biaxial and core material  
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Appendix  D.11. Cutting Tools    

Cutter 
20 mm punch

 

(a) Cutter                                                           (b) 20 mm punch      

65 mm punch 65 mm punch

 

(c) 65 mm punch                                                     (d) 65 mm punch  
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Appendix  D.12. Resin 

Datasheet of the resin. [www.poliya.com.tr]    

Polipol 336-RTM  

 

http://www.poliya.com.tr]
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