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ABSTRACT 

Defects, such as voids and bubbles, are detrimental to mechanical properties of 

composite materials. Theory predicts and experiments show that mechanical properties 

deteriorate in the presence of voids, hence void management is critical to high quality 

composite parts. 

Eliminating common defects such as voids, bubbles, and poor adhesion at interfaces 

will increase the quality of laminated sandwich composite structure. There is evidence from 

previous research that mechanical vibrations applied during curing of a laminated 

composite can reduce the number of bubbles. Previous experiments provide guidelines for 

the exploration of vibrations as void eliminator in composites. 

This thesis reports experimental research results and analysis of the effect of 

mechanical vibrations applied to the curing system of composite materials production, 

particularly for minimizing void content. Range of frequency of vibrations covered was 

from 0 Hz to 40 kHz, for different period of vibrations (10-30 min), at different operating 

temperatures (20-55°C), along with vacuum assistance. The composite laminates were 

made by hand lay-up using glass fibers and either vinyl-ester or epoxy resin, and examined 

under microscope to determine types and quantity of defects. The results showed 

remarkable reduction in void content when low frequency vibrations were applied (5-50 

Hz). Void content was determined by optical microscopy. Details of internal structure were 

examined by scanning electron microscopy and computed tomography. Mechanical testing 

(flexural, tensile and shear) also supported these observations. 

Ill 



Abstract cont. 

After initial stage where electromagnetic shaker was introduced to the curing 

system, special apparatus (based on the Quickstep method) was built to explore suitable 

frequency range of vibrations for curing at elevated temperatures, supported with vacuum 

pump. Numerous tests were performed and conclusions are leading towards better 

mechanical properties of laminates cured with vibration assistance. 

Theoretical background is described taking into account various factors, such as 

temperature and viscosity, pressure variations, mass diffusion, and vibration itself as a 

complex process. Although there are still some unknown areas in the understanding of the 

process, some hypotheses made are supported and corroborated with experimental results. 



NOMENCLATURE 

The following is the list of most commonly used acronyms and symbols in this work. 

ANUQSM Australian National University QuickStep Machine 

ASTM American Society for Testing and Materials 

CFRP Carbon Fibre Reinforced Polymers 

CSIRO Commonwealth Scientific and Industrial Research Organisation 

CT Computed Tomography 

GFRP Glass Fibre Reinforced Plastics 

EM Electromagnetic 

HTF Heat Transfer Fluid 

ILSS InterLaminar Shear Strength 

RTM Resin Transfer Moulding 

SBC Stokes Bubble Cell 

SEM Scanning Electron Microscope 

StDev Standard Deviation 

VAVCP Vibration Assisted Vacuum Composite Processing 

VIARTM Vibration Assisted Resin Transfer Moulding 



a Dimension of a plate 
a c Critical crack size 
b Damping coefficient 
C e Equilibrium concentration 
CrB Concentration of the gas dissolved in the liquid adjacent to a bubble 
Cp Heat capacity of a fluid 
c s Saturation concentration 
D Diffusion coefficient 
Df Flexural rigidity 
E Modulus of elasticity 
EA Activation energy 
f Frequency 
fo Resonance frequency of a bubble 
fu Resonance frequency of simple supported plate 
fd Damped resonance frequency 
F Bjerkness force 
Fb Buoyancy force 
Fa Drag force 
FE Flexural modulus 
FS Flexural strength 
g Gravitational acceleration, 9.81 m/s 2 

G Weight gain 
h Liquid depth 
hp Thickness of a plate 



k Boltzmann constant, 

ke Elastic rigidity 

kH Henry's constant 

K Bulk modulus 

Kic Fracture toughness 

K(T) Temperature dependant constant 

m Mass 

N Number of moles 

Po Atmospheric pressure 

pA Pressure amplitude 

P B Pressure inside the bubble 

ph Hydrostatic pressure 

P L Pressure in the liquid at depth h 

pp Partial pressure 

Q Damping 

TB Radius of a bubble 

R Gas constant, 8.314 J/mol.K 

ShS Shear strength 

t Time 

T Temperature 

TE Tensile modulus 

TS Tensile strength 

v Velocity of the bubble 

V Volume 



V m Molar volume 
W j Dissipated work 

y Surface tension 
yi„t Interfacial surface tension 
8 Phase lag 
sinS Internal friction 
Ap Pressure difference 
AP Pressure gradient 
Ar Change in radius 
ASB Difference in surface area between the expansion and contraction 

intervals 
r| Dynamic viscosity 
v Poisson's ratio 
Pf Density of a liquid 
a Stress 
a c Applied stress 
0) Angular frequency 
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Chapter 1 INTRODUCTION 

Composite materials, considered the materials of the future, are widely used by industries 

all around the world and have significant effects on our everyday lives. Life without 

airplanes, high-performance cars, sporting goods, even replaceable human parts, for all are 

or incorporate composites, would not be the same. Improving the quality of composite 

materials will improve our everyday lives. 

The most common of the man-made composites can be divided into three groups: Metal 

Matrix Composites (MMC), Ceramic Matrix Composites (CMC), and Polymer Matrix 

Composites (PMC), of which the latter is the focus of this thesis. The most common type of 

Polymer Matrix Composites is usually known as Glass Fibre Reinforced Plastics (GFRP). 

A polymer-based resin can be used as a matrix and a variety of fibres, such as glass, carbon 

and aramid, as reinforcement. When resin systems are combined with reinforcing fibres 

exceptional properties can be obtained, with those properties depending not only on the 

properties of each constituent and their ratios - the fibre-volume fraction, but also on the 

manufacturing process. 

The aspect common to all composite processes is the use of heat and pressure to shape and 

cure the mixture of resin and fibres. The processes used by the composite industry vary 
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widely in the type of equipment used and can be either automated or manual. The 

Quickstep process is the foundation of research in this thesis. 

The Quickstep process is a method for the fast curing of composites that was invented by 

an Australian company, Quickstep Technology Pty Ltd, which involves rapid heat transfer 

and balanced pressure, combined with vibration, to remove entrapped air and compact 

laminates. This thesis investigates and reports on the use of vibrations to improve the 

quality of composite laminates, particularly in void-content reduction. 

1.1. Background and Motivation 

Manufacturing processes used in composite-materials production have a critical part to play 

in determining the performance of the resultant structure. 

Composites can display up to approximately ten times the strength-to-weight ratio of most 

metals, but have been traditionally out of reach of most manufacturers because of the cost 

of their production where conventional autoclave processes and lengthy production times 

are necessary. While there is an abundance of fibres, resins, sandwich-core materials and 

manufacturing processes, not all produce excellent results. 

The Quickstep process is an inexpensive, out-of-autoclave manufacturing system for the 

production of advanced composite materials. It is a unique fluid-filled, balanced-pressure, 

heated floating-mould technology for the curing, partial curing and joining of composite 

materials. Its technology delivers top-quality performance on larger parts with significantly 
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quicker cycle times at significantly lower pressures and lower labor costs than those 

associated with alternative autoclave-based production systems. The Quickstep process can 

produce cheaper, lightweight products that have both high strength and improved 

appearance as well as reduced cure times. 

It is well known and reported that the properties of composite materials can be adversely 

affected by entrapped air, fibre distortion, and poor fibre wetting, and that these either alone 

or in combination will cause premature failure of products in which they are found. 

I propose that the inclusion of vibrations at appropriate points during the composite-

material production cycle may affect composite porosity levels with the effects of 

vibrations being governed by its parameters, i.e., frequency, amplitude and vibrational 

energy input. There is compelling evidence in the literature that void content in composite 

laminates can be reduced with the use of low frequency vibrations applied to the curing 

system. 

1.2. Aims and Methods 

The aim of this project was to investigate the effect of mechanical (acoustic) vibrations on 

void reduction in laminated fibre reinforced composite materials. The vibrations were 

applied during the curing stage of laminated composite materials, prior to the gelation of 

the resin. 
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Voids are defined as gas bubbles in the resin resulting mainly from two processes: 

Coalescence of gases dissolved in the resin, 

Introduction of gas bubbles into the laminated system during the lay-up stage. 

The main focus of this work was to physical pressure and sinusoidal pressure variations, 

and the effect that these may had on the behaviour of the gas bubbles in the system. 

In view of the composition of the studied materials, namely layers of woven glass fibres 

impregnated with resin in the weight ratio of approximately 50:50, it was only the 

behaviour of the gas bubbles in the liquid phase that was considered. The solid fibre phase 

was assumed to present a hindrance to bubble flow, but not to affect the mechanism of 

bubble flow and its escape to the surface. 

It was assumed that the reduction of voids is achieved mainly through the flow of the gas 

bubbles to the surface of the liquid (surface of the laminate). The dissolution of gas in the 

liquid, and thus reduction of gas bubbles by these means, was assumed to have a small 

effect in comparison of the removal of bubbles by the process of flow and exit. 

Experiments on and analyses of the effect of vibrations on composite-materials production 

conducted within this PhD study, were particularly targeting the minimisation of void 

content. Each stage of the experiments produced information relating to the process as a 

whole, such as frequency ranges and duration time of vibration, the position of different 

vibrations means, temperature dependence and vacuum assistance. All laminates were 

subjected to micrograph analysis for void-content determination, as well as to mechanical 

testing. 
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Special attention has been paid to theoretical development of the entire process. Hypotheses 

were proposed, and agreement between theory and experimental results was established. 

This thesis brings insight into many physical phenomenon, such as temperature-viscosity 

relationships, buoyancy and Stokes law, cavitation dynamics, mass diffusion, pressure 

variations, resonance frequency, energy-amplitude relationships, dissipated work, the 

chemistry of fibre-resin systems, and the influence of porosity on the properties of 

composite laminates. 

Results presented in this thesis give insight into a range of parameters during vibration-

assisted curing, with the frequency range 0 Hz - 40 kHz, different resin systems, and 

differing time duration of vibrations and operating temperatures as the most important 

shifting parameters. They reveal that composite laminates cured at elevated temperatures, 

along with vacuum assistance and low-frequency vibrations in the range 5 Hz to 50 Hz, 

produced the best laminates in terms of low void content and mechanical properties. 

Results were achieved using specially designed and manufactured testing apparatus which 

incorporates vibration sources, based on the Quickstep process, the Australian National 

University Quickstep Machine, ANUQSM. The design parameters of this apparatus 

conform to the requirements of the basic principles of the Quickstep process. 

A special low curing temperature epoxy resin was chosen to reduce the curing cycle time 

and thus to facilitate experimentation. A vinyl-ester resin was also studied to represent a 

system with a different curing mechanism and also being of industrial significance. 
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Void -content calculation was performed through optical micrograph analysis, while 

mechanical testing included flexural, tensile and shear tests. Water absorption by samples 

was also part of the investigation, with laminates being mechanically tested after being 

submerged in tap water for 7 days. Computed tomography provided insight into composite 

materials internal structure. 

Other researchers in this field have proposed the use of vibration as a means by which 

composites' properties might be improved. Here it was hypothesized that introducing 

vibrations to the Quickstep curing system could help reduce defects in laminates and 

therefore produce better mechanical properties. 

Four areas were chosen for investigation: 

• The determination of frequencies suitable for the generation of vibrations 

necessary to minimize void content in a composite lay-up using the Quickstep 

process. 

• The investigation of the mode of vibration to achieve maximum benefit (for 

example, whether the up-stroke should be faster than the down-stroke). 

• Selection of the means by which vibration is transmitted to composite 

materials during curing in the achievement of maximum impact on the system. 

• The determination of the position of vibration source on the apparatus most 

appropriate for the delivery of vibrations to the system. 
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1.3. The Quickstep Technologies and Process 

The Quickstep Process enables the high-speed production of composite materials in 

volumes and cost structures not previously achievable using conventional autoclave 

processes. Quickstep Technologies Pty Ltd has a proprietary process based on fluid-based 

curing that significantly cuts the cost and time involved in producing composite 

components, compared with conventional processes. The plant consists of three tanks, a 

control unit and a curing chamber, as shown in Figure 1.1. 

Figure 1.1: Quickstep plant with three fluid tanks (rear), control unit (mid) 
and curing chamber (front). 

The initial process was developed by Quickstep Technologies Pty Ltd in conjunction with 

CSIRO. The Quickstep Holdings Company was founded in 2001 to commercialize the 

Quickstep Process. It has six pilot plants around the world and global alliances with major 
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international advanced-materials suppliers, with research and development and 

Applications Development Agreements with groups such as VCAMM (Victorian Centre 

for Advanced Materials Manufacturing) and the Australian National University. 

Using balanced pressure and liquid heating and cooling, the Quickstep Process has 

applications in the aerospace and automotive industries where strength and weight are 

critical, as well as in many other industries seeking to replace metals with composites. 

With reduced cure-cycle times and product weight, as well as increased strength and 

improved appearance, the process provides product properties comparable to conventional 

atmospheric-cure techniques and which are generally equal to or better than high-pressure 

autoclave techniques. 

(JtAAAAAJ 

PRESSURE C H A M B E R , T O O L A N D PART C R O S S S E C T I O N 

. Vibration Source 

Flexible Bladder Diaphragm 

Flexible bladder Vacuum bag and Iweaffier Mould floating & 
as in standard processing P a r 1 to be moulded supported in H T F 

Figure 1.2: Quickstep Universal. 

Quickstep Universal, depicted in Figure 1.2, works by rapidly applying heat to the laminate 

which is contained between a free floating rigid or semi-rigid mould that itself floats in a 

Heat Transfer Fluid (HTF). The mould and laminate are separated from the circulating HTF 
8 
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by a flexible membrane or bladder. The Quickstep process uses balanced pressure, 

combined with vibration within the HTF, and vacuum applied to the laminate, to remove 

entrained air and then compact and heat the laminate to cure. 

The HTF is stored in three separate tanks, a hot tank, medium tank and cold tank. The heat 

transfer liquid, stored in three vessels of user-defined temperature, are typically one each at 

ambient, dwell and full temperature. During processing, the fluid is continuously pumped 

behind two flexible bladders that enclose the part in a clamshell arrangement. The HTF has 

a significantly higher coefficient of heat transfer than any form of gas, having up to twenty-

five times the heat transfer rate, and which is an efficient means of transmitting heat to the 

part to cure the polymer matrix. Simultaneously, the continuous flow eliminates the 

possible effects of exothermic reactions caused by a build-up of heat in the curing resin. 

The Quickstep Process uses very low external pressures, typically 10 kPa (2 psi). The good 

consolidation and low porosity (<2%) of Quickstep-cured composites is achieved via the 

remarkable temperature gradients, which provide rapid reduction of viscosity in the 

reinforcing polymer matrix, permitting easy extraction of void-producing bubbles. The 

Quickstep process is capable of employing temperature gradients of more than 10° C/min, 

depending upon the latent heat of the tool or mould in use. This process enables very 

accurate temperature control in the curing process and significantly reduces cure-cycle 

times, as well as delivering important environmental benefits in the form of reduced 

emissions and energy use during the manufacture, of more energy-efficient end products. 
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The Quickstep process can easily be compared to Autoclave which is one of the most used 

traditional manufacturing processes. Significantly higher ramp rates can be achieved using 

the Quickstep method instead of the conventional autoclave cycle, as illustrated in Figure 

1.3 [Campbell et al. 2005]. 

More details can be found on the internet [Quickstep]. 
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This thesis investigates and reports the implementation of mechanical vibrations into 
composite materials production and subsequently improving laminates quality, particularly 
by void-content reduction. 

To be able to grasp all aspects of vibration-assisted composite materials production it is 
important to understand: mechanism of defects formation in composite laminates; effects of 
void content on laminates properties; process of mechanical vibrations itself; and 
employment of vibrations into laminates production. 

This chapter provides a general background on these issues individually, as well as an 
insight on behavior and interaction of laminates constituents. It presents an overview of 
mechanical properties affected by voids; vibrations application in various types of materials 
manufacturing; and physical chemistry of laminates themselves. 

The results of various mechanical characterization studies of composite materials are 
explored. A range of methods to determine and analyse void content are presented. 
Published work on establishing vibration-assisted composite manufacturing is also 
reviewed. 
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2.1. Defects and Properties of Composite Materials 

Hancox (1977, 1981) studied shear properties of solid CFRP rods and tubes containing 

flaws and voids, and conclude that voids have a serious degrading effect on shear modulus 

and strength, reducing properties to 30% of their void free value at 5 vol% voids. He also 

reported how the shear modulus, strength and strain at failure of carbon fibre reinforced 

plastics respond when exposed to the effects of temperature and temperature plus water. 

The effect of low (<1%) and high (>5%) void contents on the torsional properties of CFRP 

exposed to both dry and wet environments was studied, showing that that specimens with 

high voiding absorbed considerably more water than those with low-void content. 

Mechanical testing revealed that excessive voiding reduced the interlaminar shear strength 

of the composite by approximately 30%. 

Judd and Wright (1978) reported a brief summary of void types and their causes, methods 

of measurement of void contents, and the influence of voids on the mechanical properties 

of composites. They concluded that voids in composites are caused by a) volatiles arising 

from the resin or its components during cure, b) from residual solvents, c) or from trapped 

air. The first two can be obviated by choosing a resin system, which does not evolve 

volatiles during cure and which does not need a solvent, especially of a high boiling point 

and polar nature. The last also depends upon resin characteristics, e.g. flow, viscosity, gel 

time, and also upon the care exercised in processing the material. Their research shows that 

there are decreases in mechanical properties in the presence of voids. The properties 

affected include interlaminar shear strength, longitudinal and transverse strength and 

modulus, fatigue resistance and high-temperature oxidation resistance. The authors 

reviewed 47 papers and conclude that there was considerable scatter in results, that the 

12 
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ILSS of composites decreases by about 7% for each 1% voids up to at least 4% void 

content level, beyond which the rate of decrease diminishes, they add that other mechanical 

properties may be affected to a similar extent, that this is true for all composites regardless 

of the resin, fibre or fibre-surface treatment used in their fabrication. 

Cantwell and Morton (1992) state that voids are arguably the greatest problem because they 

are difficult to avoid, particularly at the corners of composite components, and are 

detrimental to mechanical properties. Voids are inadvertently created in a number of ways, 

including by the formation of bubbles from volatile by-products produced during the cure 

reaction of the polymer matrix, by the use of a high-viscosity resin, by closely packed 

fibres which are not completely wetted by the resin, by entrapment of air, and by 

fabrication mishaps such as a leaking vacuum bag or poor vacuum source. They report that 

fibre-reinforced composites fail in a large number of modes involving the fibres, matrix and 

interphase region. In general, failure modes that involve fracture of the matrix offer low 

fracture energies, whereas fibre-dominated modes of fracture involve greater dissipation of 

energy. The tensile strength of long-fibre composites is sensitive to fibre damage, but the 

compressive properties are influenced by matrix fracture, most particularly delamination. 

Studies of the detrimental effect of void content on the mechanical properties of 

carbon/epoxy laminates by Ghiorse (1993) indicate that in a manufacturing setting, a 2% 

void-content increase will cause an approximately 20% decrease in both interlaminar shear 

strength and flexural strength, accompanied by an approximate 10% drop in flexural 

modulus. He concluded that void content has been shown to be a major consideration in 

composite materials' quality control, regardless of the loading mode. 
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Lundstrom and Gebart (1994) studied the effects of process parameters on void formation 
in RTM, with vinylester resin and glass fibre reinforcement in focus. They found that void 
content increased with increasing flow lengths but that void content could be reduced by 
continuing resin flow after initial mould fill, thus 'washing' voids out of the mould. In this 
way, the resin advects out voids and more time is allowed for dissolving any binder or 
excessive sizing on the fiber surface. In industrial practice this procedure has commonly 
been referred to as bleeding. Void content increased with increasing temperature, despite 
decreasing resin viscosity, but the bubbly region at the flow front was relatively constant. 
They suggested that the mechanism for this might be thermal expansion of the voids but 
this was deemed unlikely as both mould and fibres were allowed to reach thermal 
equilibrium. An alternative explanation might lie in the evolution of volatile components. 
They also indicated that surface-tension effects were found to be negligible as temperature 
increased. 
Surface treatments were found to significantly affect void content: fibres with the sizing 
removed became softer and easier to spread, which could possibly lead to better filling. 
Increasing pore-space complexity was found to produce higher void contents due to an 
increase in complex flow paths as would be expected. Probably the most important 
conclusion reported is that void content is strongly reduced by an applied vacuum and can 
be almost completely eliminated. Using vacuum assistance during mould filling was 
efficient for both the magnitude of the void content and for the extent of the void region. 
The lowering of the void content with vacuum assistance can be interpreted as a result of 
compression of voids when the vacuum is released and higher mobility of voids created at a 
lower pressure. The investigation of the influence of different lay-ups and different micro-
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geometry indicates that a more complex flow path will give a higher void content. This 

could be a result of an increased number of bubble traps. 

In summarising the variables that are known to contribute to voids and porosity in 

composite parts, Campbell et al. (1995) present a simple theory for void formation in 

addition curing thermoset composite materials that ties void formation to volatile vapor 

pressure. If the volatile vapor pressure in the curing laminate exceeds the actual pressure on 

the liquid resin (i.e. the hydrostatic resin pressure) prior to gelation, than void formation 

and growth will occur. Variables that are known to influence void formation and growth are 

chemical composition of the resin system, resin mixing and prepregging operations, lay-up 

variables, pressure operations, tooling variables, and finally, cure-cycle variables. 

Olivier et al. (1995) examined the effects of various curing pressures (resulting in different 

void contents) on mechanical properties of carbon/epoxy laminates. They demonstrate that 

even if two laminates show the same void content, their respective response to an identical 

mechanical loading can be different, this being mainly due to void sizes and locations. The 

voids are principally located between the plies of the laminates where strength is lowest. 

No voids developed in a direction perpendicular to the plies. For any theoretical prediction 

of mechanical properties as a function of void content, it is absolutely necessary to consider 

voids as a volume variable. Plots of void-sensitive mechanical properties, ILSS and 

bending modulus, as a function of the time at which pressure was increased, enable them to 

suggest an optimal curing-pressure route, which minimizes void content and maximizes the 

mechanical properties of unidirectional laminates. 
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Varna et al. (1995) investigated the effect of void content and geometry on the transverse 

mechanical behavior of unidirectional glass-fibre-fabric/vinyl-ester laminates. Those 

laminates with the highest average content of voids had a transverse strain to failure as high 

as 2%, whereas low-void content laminates failed at 0.3%. Only a few large and well-

defined transverse cracks formed in low-void content laminates before final failure. 

Multiple transverse cracks with irregular shape, as well as numerous smaller cracks, formed 

in the high-void content laminates. The irregularity of these cracks resulted in lower stress 

concentration and stress levels in the small amount of weft bundles orientated in the loading 

direction. Higher vacuum (lower pressure) resulted in lower void content. The highest void 

content was obtained at the edge of the laminate, and the void content then decreased away 

from the edge. 

Ranganathan et al. (1995) propose a novel approach to model the consolidation process of 

thermoplastic composite plies, consolidation that incorporates relevant void growth and 

transport phenomena. The model is capable of predicting the final void fraction and the 

final thickness of a composite part as a function of the processing speed and the 

consolidation pressure under non-isothermal conditions. This work was based on the 

assumption that the composite can be modeled as a compressible continuum. Figure 2.1 

depicts possible void mechanisms explored by the authors. 
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Figure 2.1: Void mechanisms in in-situ consolidation [Ranganathan et al. (1995)]. 

Ye et al. (1995) investigated consolidation quality and corresponding mechanical properties 

of GF/PP thermoplastic composites manufactured from a commingled yarn system. This 

model predicts the current void content as a function of bundle geometry and processing 

variables, i.e., temperature, applied pressure and holding time. 

Studies by Davies et al. (1996) report the influences of water absorption on interlaminar 

shear strength and shear-fracture toughness of glass/epoxy. The composites were immersed 

in water for up to eight months at temperatures up to 70°C. Unreinforced matrix resin 

samples were also immersed for periods up to 2 years, with sea water absorbed less rapidly 

than distilled water. The interlaminar shear strength of the composite was reduced by 

prolonged immersion in water. Below 1% weight gains the shear strength was unaffected 

by water exposure. The mode II delamination toughness also decreased after immersion of 

the composite in water. 

Lundstrom (1996, 1997) studied the advection of the bubbles by a model theory and 

experiment. He simulated void transport through fiber reinforcements in RTM by studying 
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bubble transport through capillary tubes. What he found is that the pressure required to 

deform bubbles through a constriction is set by the ratio of the constriction radius and the 

tube radius, the length scale of the geometry, liquid-surface energy and, in certain cases, the 

contact angle of gas-liquid-solid interfaces. Lundstrom concluded that bubbles are carried 

if: i) the pressure gradient is high enough, ii) the surface tension of the liquid is low 

enough, iii) the cross-sectional area of the channels in the reinforcement is sufficiently 

uniform. The theory reveals that the bubbles are more likely to be trapped on a small scale, 

i.e. within fiber bundles rather than on a large scale, i.e. between the bundles. 

In a later paper Lundstrom considers the dissolution of cylindrical voids trapped between 

fibres during the resin transfer moulding process. It was found that in RTM not only 

pressure but also flow contributes to the dissolution of the trapped bubbles. The length of 

the voids decreases and voids disappear in minutes due to molecular diffusion. From the 

experiments it was found that high pressure, high flow rate and low initial gas 

concentration in resin (properly degassed resin) are favorable parameters for the dissolution 

of the voids. Further, from the experiments with pure resin it was found that air dissolves 

much faster in the vinyl-ester resin tested than in the epoxy at the evaluated conditions, as 

shown in Figure 2.2 where the square of dimensionless radius as a function of normalized 

time is plotted. 
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Figure 2.2: The dissolution rate is much slower for bubbles in epoxy (squares) than 
for bubbles in vinyl-ester resin (circles and triangles) [Lundstrom (1996)]. 

Compston and Jar (1998) investigated the effect of fibre lay-up and matrix toughness on 

mode I and mode II interlaminar fracture toughness (GIc and GIIc) of marine composites. 

Results from both modes showed toughness variation that is consistent with matrix 

toughness. They also concluded that composites with woven roving fibres showed similar 

mode I delamination characteristics to the unidirectional composites, but their mode II 

delamination characteristics, after crack initiation, were quite different. 

In another paper Compston and Jar (1999) investigate the influence of the fibre-volume 

fraction on the mode I interlaminar fracture toughness, GIc, of a glass-fibre/vinyl ester 

composite. Composite laminates were made by hand lay-up in an open mould, then 

evacuated using the vacuum-bag technique. Their results showed that GIc values for crack 

initiation are independent of the fibre-volume fraction and similar to matrix resin GIc. 
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Cantwell et al. (1999) developed test geometry for characterising adhesion between the 

composite skin and the balsa core in a sandwich structure. Finite-element analysis of the 

geometry has shown that the predominant mode of loading is mode I. It has also been 

shown that prolonged water immersion does not have a dramatic effect on the fracture 

properties of these glass-fibre-reinforced polyester/balsa sandwich materials. Continuous 

monitoring of the moisture uptake indicates that all materials tested were fully saturated at 

the end of the conditioning period having absorbed between 4 and 5% of water by weight. 

The edgewise compression, flexure and shear properties of small GFRP/PVC foam 

sandwich composite specimens was investigated by Mouritz and Thomson (1999) to gain 

insight into the damage tolerance of a large minehunter ship. Compression strength 

decreases rapidly with increasing gauge length, and the failure mechanism changes 

suddenly from compressive fracture of the skins to shear crimping of the core when 

specimen length reaches ~100 mm. Interfacial cracks only affect the strength of the 

sandwich composite when they cause a change in the failure mechanism. The stiffness and 

strength of the sandwich composite decrease with increasing impact energy and impact-

damage area except when the composite is loaded in bending-tension. The properties are 

most severely degraded when the depression in the impacted surface causes the composite 

to fail by skin wrinkling, which occurs in edgewise compression and bending-compression. 

In another study Mouritz (2000) investigated the effect of increasing void content (up to 

30%) on the ultrasound attenuation coefficient, interlaminar shear strength (ILSS) and 

Mode I interlaminar fracture-toughness properties of a glass fibre-reinforced polymer 

(GFRP) composite, and came to the conclusion that all properties degrade with increasing 
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void content. He has found that interlaminar shear strength and interlaminar fracture 

toughness decreased rapidly with increasing void content; see Figures 2.3 and 2.4. 

VOID CONTENT (%) 

Figure 2.3: Variation in ILSS with void content [Mouritz (2000)]. 

—•— 9.0% VoM Content 
—•—11.8% Void Content 
—A— M.1% void Content 

CRACK LENGTH, Aa' (mm) 

Figure 2.4: Curves for composites with various void content [Mouritz (2000)]. 
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While previous studies showed that the attenuation coefficient of aerospace composites 

increases rapidly with void content up to -12%, Mouritz showed that the attenuation 

coefficient continues to rise rapidly with void content up to -30%. This study has also 

shows that ultrasound attenuation increases linearly up to extremely high thickness 

(~150mm). 

Kang et al. (2000) developed a mathematical model to analyze void formation during RTM 

processes. The model shows that for a given fiber preform, the effects of resin velocity and 

capillary pressure can be described by the capillary number. Possible mechanisms of void 

formation are depicted in Figure 2.5. With proper calibration it can predict the size and 

content of voids within fiber tows as well as between them. 

(a) High resin velocity (b) Low resin velocity 

Figure 2.5: Void formation within and between fibre tows [Kang et al. (2000)]. 

Santulli et al. (2001) investigated the relation between void content and mechanical and 

impact properties of E-glass polypropylene composites. Results from void-content 

measurement using optical microscopy were put in relation to interlaminar shear strength 

and impact tests results. Different moulding parameters are critical for the attainment of 

sufficient impact properties on E-glass polypropylene composites. The application of 
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higher transfer time or inappropriate tool temperature may also affect material 

microstructures, resulting in a higher void content. 

Fundamental mechanisms of matrix shrinkage and evolution of viscoelastic properties 

under given processing conditions were investigated by Eom et al. (2001). They 

constructed a process window for the manufacture of void-free thermoset composite parts, 

taking into account the dynamics of resin curing, including its shrinkage, and the 

mechanical-property evolution of the resin, as well as the structural resistance of the fiber 

network. 

Costa, Almeida and Rezende (2001, 2005, 2006) performed a series of experimental 

programs to characterize the effect of voids on the strength of composite laminates. They 

report that the rate of water uptake and the maximum level of moisture absorption in 

carbon/epoxy composites depend upon void content and specimen geometry. Laminates 

with high void-content levels absorbed more moisture, leading to deterioration of laminate 

properties. They also investigated the effect of matrix, type of reinforcement and type of 

loading on the critical-void content, and showed that laminate properties depreciate with 

increasing void content. The influence of porosity was also studied, showing that the resin 

system affects the shape and size of voids in composite laminates and the associated 

fracture parameters. 

Santulli et al. (2002) performed measurements in E-glass/polypropylene commingled 

laminates by analyzing images from optical micrographs. They analyzed the morphology of 

voids present, classified voids based on their size and orientation, and discussed the 
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difficulties in carrying out void content measurements in laminates. A statistical analysis of 

the relation between the representative number of photomicrographs to be analyzed and the 

consequent accuracy of the obtained measurement was also provided. 

Scudamore and Cantwell (2002) investigated the combined effect of prolonged seawater 

exposure and high loading rates on the fracture properties of a range of sandwich structures 

used in marine and offshore applications. Their examination showed that the balsa system 

absorbed the greatest amount of water, which is a reflection of the hydrophilic nature of the 

balsa core. The linear PVC foam absorbed significantly more moisture than its crosslinked 

counterpart, suggesting that the three-dimensional network structure in the latter has 

inhibited moisture ingress. The aluminum honeycomb structure absorbed less than 2% by 

weight of moisture, reaching saturation in a relatively short timescale. 

Hamidi and Altan's (2003) work indicates significant spatial variation in void content and 

morphology for resin transfer moulded E-glass/epoxy composites. These variations seem to 

correlate well with the local velocity of the fluid front during filling, which can be analyzed 

through the capillary number. More than 40% reduction in capillary number leads to more 

than 60% reduction in the void content. The slower moving fluid front traps less and more 

circular voids, whereas the voids might be sheared into more elliptical and irregular shapes 

near the parts' surface and inlet gate. 

Barraza et al. (2004) applied various postfill pressure levels to glass/epoxy parts moulded at 

high volumetric flow rates as a method to reduce their void content. Overall void area 

fractions were found to be a function of the modified capillary numbers and flow front 
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velocities. The postfill pressure also seemed to have a strong influence on the shape and 

size of the voids. Basically, the overall content of irregular voids is substantially reduced 

with increasing levels of pressure. The same holds true for both the elliptical and circular 

voids, which are almost completely eliminated as the packing pressure increases. It is worth 

noting that void morphology also changed as a function of radial position, with increasing 

proportions of circular voids being located towards the vent openings. 

A mathematical model developed by Jinlian et al. (2004) describes the mechanism of void 

formation during the RTM process, and the location of the void predicted by this model 

agrees quite well with experimental results. The model also shows that the ratio of weft's 

axial permeability and warp's transverse permeability is a determinant for the formation 

and size of voids. 

Hagstrand et al. (2005) point out that voids may actually have positive effects on the 

properties of a structure, bearing in mind that for a given mass of material, voids will 

increase the dimensions and as a result, for example, the moment of inertia. This hypothesis 

has been evaluated by studying the influence of void content on the flexural properties of 

beams manufactured by compression-moulding multiple unidirectional commingled 

glass/polypropylene fibre tows. They conclude that there is a certain negative effect on the 

flexural modulus and strength, but a clear positive effect on beam stiffness. 

Hamidi et al. (2005) investigated three-dimensional features of void morphology in resin 

transfer moulded composites. Relatively large cylindrical voids are observed in cigar 

shapes in the planar surfaces, whereas these voids only appear as small irregular or 
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elliptical voids on through-the-thickness surfaces. Along the radial direction, combined 

effects of void formation by mechanical entrapment and void mobility are shown to yield a 

complex radial void distribution. It is shown that fewer voids are trapped mechanically with 

increasing distance from the inlet and most of the medium and small voids that are mobile 

migrate towards the exit during resin injection. Void content contribution of voids located 

at different locations of the composite is presented in Figure 2.6. 

• Planar • Through-the-thickness 

1 

Whole composite Matrix voids Transition voids Preform voids 

Figure 2.6: Planar and through-the thickness void content contribution of voids 
located at different locations of the composite [Hamidi et al. (2005)]. 

Hamidi et al. (2005) also investigated effects of applying packing pressure on void content, 

void morphology, and void spatial distribution for resin-transfer moulded E-glass/epoxy 

composites. The packed composite was found to contain almost 92% less void content than 

the unpacked composite. In addition, the average void size was observed to decrease from 

approximately 60 |im in the unpacked composite to approximately 32 |xm in the packed 

composite, a decrease by a factor of 2. Furthermore, reduction rates of voids appear to be 

affected by their shapes. While circular voids experienced the highest removal rate, 99%, 
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cylindrical and elliptical voids registered lower but still significant reduction rates of 83% 
and 81%, respectively. Irregular voids, on the other hand, showed a slightly lower void-
removal rate of 67%. The proximity of voids to fiber bundles was also observed to affect 
their removal rates, as voids located inside fiber tows sustained slightly lower reduction 
rates. Along the radial direction, removal of voids with different proximities to fibers seems 
to depend on their arrangement at the end of the filling stage. 

In their examination of the effects of void microstructures, i.e. geometry and distribution, 
on the elastic response of composite laminates, Huang and Talreja (2005) used a finite 
element model. A parametric study reveals that the void content has a severe impact on the 
out-of-plane modulus, while in-plane properties are less significantly affected. For a given 
void content, the shape of the voids has different effects on different moduli. Flat voids are 
benign for in-plane moduli, but undesirable for out-of-plane stiffness. Long voids 
significantly reduce the out-of-plane shear modulus, but have little effect on in-plane 
properties. In Figure 2.7 they illustrated how voids push aside surrounding fibers and resin 
as they expand. 

Void 

Fibers 
(a) A section parallel to the fiber direction 

I1y l 

Ply: 

{ ( Void ) ) 

Fibers 
(b) A section perpendicular to the fiber direction 

Figure 2.7: Schematic illustration of voids in composite laminates 
[Huang & Talreja (2005)]. 
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Marriati and Chum (2005) concluded that lower resin/fiber ratios produce glass-fibre 

reinforced plastic plaques with higher fiber-volume fraction, fiber-weight fraction and void 

content. Furthermore, higher fiber volume content results in higher flexural strength and 

modulus in GFRP composites; see Figure 2.8. Additionally, higher void content resulted in 

higher weight gain and higher water-saturated levels, therefore water absorption decreased 

the flexural strength and modulus of GFRP composite laminates. 

Figure 2.8: Flexural strength and void content vs. resin:fiber ratio 
[Mariatti & Chum (2005)]. 

Mariatti and Chum (2005) examined the effect of water absorption on the flexural 

properties of GFRP composites. They compared the flexural strength and modulus of 

composites before and after water absorption, that is after the samples reached saturation 

point (22 days). As expected, the flexural strength and modulus decreased with moisture 

absorption. It was also noted that severe debonding may occur at the fiber-interface and, as 

a result, the flexural strength and modulus of the composite reduced. The flexural modulus 

of all samples decreased by 5-27% after exposure. 
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Costa et al. (2005) presented experimental results on the combined effect of voids and 

moisture in polymer composites. Two types of reinforcement (eight harness satin fabric and 

unidirectional tape), two types of resin systems (epoxy and bismaleimide), and two types of 

loading (interlaminar shear and compression) were considered. Both temperature and 

humidity affect the interlaminar shear and compressive strength of composite laminates. 

The results for interlaminar shear strength showed that hygrothermal conditioning does not 

significantly affect the fracture parameters of the carbon-tape epoxy and carbon-fabric BMI 

laminates in the presence of voids. On the other hand, the carbon fabric-epoxy laminates 

subjected to environmental conditions were more sensitive to the effects of voids than the 

non-conditioned specimens. The compression test results demonstrated that the carbon 

fabric-BMI laminates with voids were affected by environmental conditioning, presenting 

higher sensitivity to the presence of voids. The effect of the environmental conditioning on 

the toughness of the carbon fabric-epoxy and carbon tape-epoxy laminates was negligible. 

An experimental program described by Guo et al. (2006) describes aims at establishing 

acceptance levels for an attenuation level in the ultrasonic inspection of composite 

laminates. They focused on (1) obtaining an optimal cure cycle as well as evaluating the 

effects of pressure conditions on void content (Figure 2.9) and mechanical properties, (2) 

presenting the results of an experimental program to investigate the effect of voids on the 

mechanical strength of composite laminates, (3) assessing the adequacy of the fracture 

criterion to represent the experimental data for the effect of voids on the flexure, tensile, 

and shear strength of composite laminates, and (4) discussing the effect of the type of 

loading, flexure vs. interlaminar shear, on the critical void content of composite laminates 

both in terms of volume fraction and ultrasonic attenuation. 
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Figure 2.9: Void content as a function of cure pressure [Guo et al. (2006)]. 

Liu et al. (2006) designed a number of curing cycles to evaluate the effects of different 

pressure-induced voids on mechanical properties of carbon/epoxy laminates and optimum 

cure pressure time. A composite laminate produced by different cure pressures presented 

void contents from 0-3.5%. A decreasing relationship was obtained between void content 

and cure pressure, as shown in Figure 2.10. 
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Figure 2.10: Relationship between modulus and void content (or pressure) 
[Liu et al. (2006)]. 
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Chambers et al. (2006) investigated the influence of voids in the initiation and propagation 

of static flexural and flexural fatigue failures of unidirectional carbon-fibre composites. It 

was observed that mean void content and aspect ratios were less effective in explaining the 

mechanical property results than void-size distributions. A strong correlation between large 

voids (area > 0.03 mm ) and a detrimental effect on the mechanical properties was found, 

and was attributed to the effect of these voids on crack propagation in the resin-rich inter-

ply regions. This research adds weight to the argument that there is a critical void level 

below which mechanical properties do not further improve, but shows that the concept of 

critical-void content is too simplistic. 

Zhang and Fox (2006) compared delamination resistance and nanocreep properties of 2/2 

twill-weave, carbon-epoxy composites manufactured by hot press, autoclave, and 

Quickstep processes. The Mode I and Mode II interlaminar fracture-toughness results 

showed that the Quickstep process (QS) provided comparable delamination resistance to 

those laminates manufactured by autoclave. The QS was found to have the highest glass 

transition temperature, which also implies strong fiber-matrix adhesion of this material. 

Analyzing the nanocreep properties of three composite systems, based on both the 

analytical result and the creep compliance curves, the authors showed that the QS material 

was more creep resistant than those formed by either an autoclave or hot press. 

Kousourakis et al. (2006, 2008) investigated the insertion of small galleries into laminated 

composites for structural health monitoring and found that they can significantly alter 

interlaminar properties. Galleries reduce the interlaminar shear strength of carbon-epoxy 

laminates. Interlaminar shear strength decreases with increasing size and volume content of 
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galleries inside the laminate, and loss in strength was attributed to reduced interlaminar 

load-bearing area due to the open-hole design of the galleries. Mode I delamination 

toughness is improved by the galleries blunting the crack tip. Low-energy impact damage 

resistance can also be improved by galleries blunting delamination cracks. 

In a later paper (2008) the inclusion of open-hole galleries in polymer laminates for 

structural health monitoring was studied and it was concluded that galleries can degrade 

tensile and compressive properties of laminates when they exceed a critical size. Galleries 

alter the microstructure of the laminate by reducing fibre-volume content, due to swelling, 

reducing load-bearing area, and increasing ply waviness, with these changes adversely 

affecting mechanical properties. The reduction in elastic properties is more severe when 

galleries are aligned in the transverse direction, with this because of increased waviness of 

the load-bearing plies, which does not occur when galleries are aligned in the longitudinal 

direction. 

Frishelds et al. (2008) modeled bubble motion through interbundle channels in biaxial non-

crimp fabrics and explained that bubbles move with the resin through these channels and 

are trapped if the channels become too narrow. The paths of the bubbles depend 

significantly on the position of the threads keeping the fabric together and the number of 

fibres crossing the interbundle channels. The voids will move with the resin if they are not 

hindered by the reinforcement. The local speed of the resin, the size of the void and the 

detailed geometry of the reinforcement are thus important parameters for this transport. 

Splitting of bubbles is possible only if the gap is long and narrow. The bubbles can also 

rejoin. Another result is that the pressure difference over a trapped bubble increases by 50% 

in 3D geometry, possibly helping the bubble to escape, and that, on average, bubbles 
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movement is biased to the direction of the tows. Probabilities of bubble trapping and 

splitting are shown in Figure 2.11 where db is the bubble diameter. 
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Figure 2.11: Probability of bubble trapping (squares and circles) and probability 
of bubble splitting (triangles) versus bubble size [Frishelds et al. (2008)]. 
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2.2. Vibrations in Materials Manufacturing 

Pillai (1972) presented results of an investigation on the effect of low-frequency 

mechanical vibration on solidification behavior and the microstructure of modified 

aluminum-silicon eutectics. The main effect reported has been the suppression of columnar 

growth and the formation of small equiaxed grains in the alloys. The normal and modified 

alloys were subjected to low frequency mechanical vibration using a simple electric 

vibrator capable of vibrating a split graphite mould mounted on the platform at a frequency 

of 720 oscillations per min (12 Hz) and amplitude of approximately 1 cm. The mould with 

the molten alloy was clamped to the vibrator and vibrated for different durations, viz. 1 

min, 3 min, and 5 min immediately after pouring. The effect of low-frequency vibrations on 

the microstructure of normal and modified Al-Si alloys was quite marked. Silicon particles 

in the normal Al-Si eutectic alloys were refined with increasing duration of vibration. The 

eutectic silicon particles in modified Al-Si alloys were coarsened with increasing duration 

of the vibration. Since the eutectic constituent in the normal alloys has been found to be 

rather refined instead of coarsened, the alternate theory that vibration reduces the 

magnitude of undercooling during solidification and hence leads to coarsening of eutectic 

constituents stands as discredited. 

Shukla et al. (1980) investigated the influence of vibration, when applied to metallic melts 

during solidification, on modification of conventionally obtained macro- and micro-

structures of three aluminum alloys. Vibrations of different intensities were imposed on 

solidifying melts in the peak acceleration range of 1 to 20 g at 30 Hz and 5 to 120 g at 150 

Hz frequencies. The mould was kept vibrating at preset values of frequency and peak 

acceleration throughout the entire period of pouring and subsequent solidification, with 

34 
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castings also made in stationary moulds. The pouring temperature (750°C), the mould 

preheat temperature (350°C) and other conditions were kept identical in preparation of the 

castings both in static and vibrating moulds. Vibration imposed on solidifying melts has 

significant influence on ingot porosity in the case of all the three alloys studied. It is seen 

that under existing experimental conditions vibration could not bring about complete 

elimination of porosity in any of the three alloys. 

This investigation showed that application of vibration can reduce porosity in solid solution 

types of aluminum alloys. This improvement in ingot soundness, however, occurs only in 

specific peak-acceleration ranges and, therefore, control of vibration parameters is 

necessary in order to gain beneficial effects. They concluded that the application of 

vibration during solidification of eutectic aluminum-silicon alloys was not found to be 

beneficial. 

Campbell (1981) reviewed the literature on the effects of vibration on solidification metals 

in terms of a unifying concept, the frequency-amplitude f-a map. He categorized methods 

of application of vibrations (mould or liquid, continuous or intermittent), modes (vertical, 

horizontal, rotational), structural changes and properties of vibrated alloys, flow and 

resonance effects, solidification, as well as explained pressure variations in melt, viscous 

adhesion, cavitation threshold and collapse. One of the conclusions reported is that porosity 

is generally reduced by vibration during solidification but there seemed a small risk of 

increased porosity if the cavitation threshold was exceeded. Thus, for grain refinement the 

recommended frequency range lay below 200 Hz. Campbell also pointed out important 

advantages of the application of vibrations to solidifying castings. 
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Prosperetti et al. (1982, 1984, 1999, 2000) surveyed many topics on bubble dynamics in the 

presence of an oscillating pressure field, such as pressure fluctuations caused by 

mechanical vibrations. The mechanisms by which pressure fluctuations affect the bubble's 

growth process are essentially two: rectified diffusion and coalescence. A bubble 

containing pure vapour collapses in a static pressure field under the action of pressure and 

surface-tension forces and there is no static equilibrium radius in this case. However, the 

bubble can be stabilized by a sound field inducing volume pulsations. During most of the 

bubble's lifetime, internal pressure is very small and its dynamics mostly governed by 

external pressure. Because of the density difference between liquid and vapor, the pressure 

gradient causes the bubble to acquire relative velocity with respect to the liquid, with 

significant effects on heat transfer and radial dynamics. Due to the tendency of the system 

to conserve impulse, this relative velocity is amplified when the bubble collapses and 

reduced when it expands. As a consequence, the bubble's tendency to avoid high pressures 

and move toward low pressures is magnified in the former case and reduced in the latter. 

Young, in his book, (1999), gives detailed analyses of cavitation, starting with different 

kinds of cavitations (hydrodynamic, acoustic etc), their formation and possible mechanisms 

for size changes (growth/collapse) with reference to pressure, temperature and diffusion. It 

also contains general explanations and equations of bubble dynamics, threshold and 

equilibrium conditions, Rayleigh-Plesset, mass and thermal diffusion, spherical stability, 

damping, Bjerknes force and sound propagation in liquids. 

Ghiorse and Jurta (1991) applied vibration during the pre-gelation period of the cure cycle 

of vacuum-bagged, carbon/epoxy laminated plates. Their exploratory process was referred 
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to as vibration-assisted vacuum-composite processing (VAVCP). They characterized two 

test groups of laminates: the VAVCP group and a static-cure control group. All preforms 

were cured on the same tool plate under identical bagging and processing conditions, 

isolating vibration as the sole variable-processing parameter. All preforms were laid up and 

vacuum bagged on the release-coated tool plate and the assembly placed in an air-

circulating oven. The VAVCP test set-up utilized a simple, air-driven mechanical shaker 

table. The vibratory frequency ranged from 40-50 Hz. Amplitude was not monitored. The 

shaker was run from the start of the cure cycle until 30 min after the preform core 

temperature reached 177°C, when the resin had fully gelled (after 2.5h). The vibration was 

then stopped and the cure-cycle completed with the tool plate static. VAVCP cure cycle is 

presented in Figure 2.12. The static cure-control group was processed the same way 

without vibrations. Microscopy void-counting and sizing was done at 100 magnification on 

25mm of laminate cross-section per specimen. 

Figure 2.12: Vacuum cure cycles for the VAVCP process 
[Ghiorse & Jurta (1991)]. 
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What they found was a decrease in void content in excess of 50% with an accompanying 

10% increase in the size of the remaining voids, as well as an increase by 0.5%. to laminate 

densification The average 54% decrease in void content using the vibratory-cure process 

(VAVCP) versus the static-cure process was a key finding. The authors believed that the 

void reduction was brought about by applied vibration. 

Ghiorse (1993) investigated several composite-materials void-reduction techniques. These 

included vibration-assisted vacuum-composite processing (VAVCP), porous scrim layering 

(PSL), microporous membrane processing (MMP), and Narmco Materials, Inc.'s Thick 

Laminate Prepreg (TLP). In VAVCP, low-frequency vibration was applied during the 

pregelation period of the cure cycle of vacuum-bag processed carbon/epoxy laminates. This 

process affected only established gas bubbles. Decreased void content in excess of 50% and 

increased laminate densification of 0.8% were measured. Data also indicated an 

approximate 10% increase in size of the remaining voids. The PSL process had no 

detectable effect on void content. MMP showed the ability to remove volatile water vapor 

from within the preform interior. Narmco's TLP lowered the void content of vacuum-bag 

processed laminates by 50%. 

The objective of Stabler et al's (1992) study was to determine the effects of processing 

variables on void formation and hence help to establish the reason(s) for void formation. 

Mechanism of void formation is illustrated in Figure 2.13. The processing variables of 

interest were: application and the amount of mould-release agent (i.e. surface waxing) on 

the mould used in the RTM; the initial bubble content of the epoxy resin entering the mould 

during filling; the vibration frequency of the mould during filling; the fill pressure of the 
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equipment, and the fill time. For conditions of good surface waxing and low initial bubble 

content, voids were minimized. Vibration at 10 Hz reduced voids significantly in samples 

having high specific voidage and became less significant when near-perfect samples were 

produced. Operating variables that did not affect void formation were fill time and pressure. 

To study the effect of vibration on void content, the mould was mounted vertically on a 

vibration table, and the mould was filled from the bottom during vibration. A frequency 

range between 5 and 50 Hz was studied. The amplitude of the vibration was typically 5 

mm. To test the effect of vibration on void content, only resin with high bubble content was 

used in the vibration testing. And that was considered as the worst-case test. A minimum in 

void formation was observed at approximately 10 Hz. Vibrations at frequencies other than 

approximately 10 Hz neither helped nor hindered void formation. Studies with vibration 

were also performed under the best of conditions (i.e. low bubble content in the resin fee, 

excellent waxing) with and without vibrations. The significance and importance of 

vibration became less in the elimination of voids as perfect samples and samples of low 

specific voidage were obtained without vibration. 

Figure 2.13: Drag induced void formation [Stabler et al. (1992)]. 
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Grinis and Monin (1999) found that application of vibrations to the liquid phase serves to 

overcome the surface-tension forces and assist the break-up of bubbles. In their paper they 

describe the influence of vibration on bubble size and established that the energy 

transferred from the vibrating channel to the bubbles is well correlated to the speed of 

vibration. They proposed the use of vibration as a means of obtaining the desired bubble 

size. 

Lauterborn et al. (1999) address all issues that deals with experimental and theoretical 

bubble dynamics, such as mechanisms of bubble appearance in liquids, descriptions of 

bubble dynamics in a sound field relating to the Rayleigh-Plesset model, frequency 

dependence, shock-wave radiation, spherical stability and bubble dynamics, rectified 

diffusion, Bjerkness forces, etc. Their findings also emphasise that sound waves consist of 

pressure and tension phases, and thus strong waves are able to rupture a liquid in their 

tension phase, giving rise to the phenomenon of acoustic cavitation. 

Ventsel and Krauthammer (2001) in their book present principles of thin plate and shell 

theories, emphasizing novel analytical and numerical methods for solving linear and 

nonlinear plate and shell problems, and applying them to the analysis and design of thin 

plate-shell structures in engineering. They also present computer processes for finite 

difference, finite element, boundary element, and boundary collocation methods. In thin 

plates chapters they deal with the fundamentals of small-deflection, plate-bending theory, 

bending of plates of various shapes, plate bending by approximate and numerical methods, 

as well as with free and forced flexural vibration of plates. 
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Graham (2002) reported that rudimentary vibrations were employed in early work on QS 
plants, such as hitting the mould gently with a hammer, to assist with the removal of gas 
bubbles from a highly fluid resin in the early stages of processing. Once time had elapsed to 
permit gellation to take place they stopped. It was believed this effect would act as a liquid 
hammer blow to more closely fit fibre to fibre thus improving inter-laminar bonding and, as 
a by-product, produce a somewhat more consolidated package. 
Quickstep dismissed ultrasonics because of its excellent mixing characteristics and 
searched for something that would simulate the tapping of a finger on the side of a beaker 
of resin to remove entrained gas or tapping to help settle out solids in a beaker of 
flocculated suspended solids. 
The first approach sought was to find a high-speed valve that could be placed in the line to 
create a water-hammer effect. The next approach was to use a Vibra-ball high-speed 
vibrator, used in mining and industrial applications to help solids move along chutes out of 
bins etc. This gave 12,000 vpm (vibrations per minute) that was too far away from tapping 
the side of the beaker to be of use. 
Finally there was a system found which appeared to meet the tapping specification, an air 
cylinder cycled by a quick-reversal valve. By appropriately sizing a cylinder, valve, air 
lines and pressure, a varying pulse in a piston set in a diaphragm within the liquid of the QS 
moulds was created. This gave a more consistent and better-consolidated product with 
lower-void content than could be achieved by not using vibration. Supplying plenty of air 
to the unit by putting it directly on the compressed air line was found to be better than using 
throttled air. 
It is believed that there is probably an optimal vibration frequency and mode of vibration 
that is applicable to a particular mould set, and hence the need to investigate whether the 
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up-stroke should be faster than the down-stroke, the vpm be 300 or 1300, how much of the 

mould area is covered by a single unit, etc. 

Alonso-Rasgado et al. (2002) established that die vibration can be used to polish surfaces as 

they form during solidification, with tangential vibration at certain frequencies and 

amplitudes influencing surface finish. It was shown that by varying the position and 

number of sources of vibration, conditions required for polishing can be approached and 

that die vibration can be used to generate surfaces with a quality significantly superior to 

that of the die. Frequencies employed were 80 Hz and 350 Hz. 

Krishna and Ellenberger (2003) studied the influence of low-frequency vibrations on the 

water phase, in the 50-400 Hz range, on the size of air bubbles and oil drops formed at a 

single orifice. A special device, a vibration exciter, was mounted at the bottom of the 0.1m 

diameter column that was filled with water. Vibration was transmitted to the water phase by 

means of a piston. Both the amplitude of the vibration and its frequency had been adjusted 

accurately. The application of vibration to the water phase has been seen to reduce the size 

of air bubbles by 40-50% and that of the oil drops by 70-80%. The authors concluded that 

application of low-frequency vibration has the potential to improve contacting in fluid-fluid 

dispersions. 

Ellenberger and Krishna (2003) report that vibrations have a beneficial effect in gas-solids 

fluidisation. Application of low-frequency vibrations, in the range 40-120 Hz, causes a 40-

50% reduction in bubble sizes formed in a single capillary. It was concluded that 
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application of low-frequency vibration has the potential to improve gas-liquid contacting in 

bubble columns. 

The possible improvement of RTM process with mould-inducing vibrations and vacuum 

assistance was investigated by Pantelelis (2004). Reported results showed that with the 

Vibration Assisted Resin Transfer Molding, VIARTM, method a considerably better 

quality product part could be manufactured when frequencies of 15-30 Hz are used, in 

conditions of higher pressure and fibre-volume fractions. Even though the process 

considerably reduced dry spots as well as air-traps and bubbles, drawbacks were 

experienced in the design and construction of vibration mechanisms for heavy moulds. 

Doinikov (2005) researched the area of primary and secondary Bjerkness forces on bubbles 

in acoustic fields, interrelation of oscillatory and translational motions of bubbles, surface 

bubble modes, and dynamics of many-bubble systems in strong fields. In his earlier work 

he explored interactions of gas bubbles in a compressible fluid and acoustic radiation 

pressure exerted by a spherical wave on a bubble in a viscous fluid. 

Kocatepe (2007) summarises research into the effect of low-frequency mechanical 

vibration on the porosity of unmodified and metallic-sodium modified LM25 [Al-Si 

7.15%] and LM6 [Al-Si 12.30%] alloys. Vibration at varying frequencies between 15 and 

41.7 Hz and amplitudes between 0.125 and 0.5 mm has been applied to both unmodified 

and metallic-sodium modified LM6 and LM25 alloys during solidification. Results indicate 

that the number and size of pores increased with increasing vibration intensity in 

unmodified LM25 and LM6 alloys. Vibration of sodium-modified LM25 and LM6 alloys 
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increased the number and size of pores. Vibration at frequencies of 31.7-41.7 Hz, and 

amplitudes of 0.375-0.5 mm, produced large holes on the top of the ingot in unmodified 

and modified LM25 and LM6 alloys. In this experimental study, vibration did not reduce 

cavitations in the ingots. 

Jimenez-Fernandez and Crespo (2006) investigated the collapse of gas bubbles taking into 

account the general Rayleigh-Plesset equation. They studied the collapse of spherical 

bubbles in viscoelastic fluids, induced by an imposed pressure difference between the 

internal gas pressure, and the external pressure of the continuous phase. It was concluded 

that the dynamics of single bubbles is unaffected by the rheological properties of the host 

fluid, except for in the proximity of rigid boundaries or in the case of non-spherical 

bubbles. 

Xu et al. (2008) investigated the effect of ultrasonic vibration injected into the melt at 

various stages of solidification, on grain refinement and particle distribution in a Zn-based 

solidified composite-filler metal. Perfect grain refinement was obtained with the application 

of continuous ultrasonic vibration, but serious SiC particle segregation occurred in the 

solidified composite filler. Uniform distribution of SiC particles as well as grain refinement 

was obtained when proper intermittent ultrasonic treatment was applied. The investigation's 

purpose was to collect information relevant to handling the solidification process during 

joining or casting of SiC-reinforced metal-matrix composites with the aid of ultrasonic 

vibration. 
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2.3. Physical Chemistry in Composites 

Thomason (1995) studied the influence of the fiber-matrix interface on the properties of 

composites. He found that the level of ILSS in unidirectionally reinforced glass-fibre/epoxy 

resin composites was dependent on the void content; the magnitude of this dependence 

varied in the range 2-10 MPa loss per 1% voids, depending on the fibre/matrix 

combination. The interfacial strength (proportional to the ILSS at fixed void content) is 

dependent on the nature of the glass-fibre coating and on the type of curing agent in the 

resin formulation. 

Thomason also describes the effect of voids, the fibre-surface coating and the nature of the 

fibre-matrix interface on water absorption in glass/epoxy composites. The presence of only 

1 % voids in a composite can more than double the amount of water it absorbs; see Figure 

2.14. The nature of the matrix system was also found to have an effect, in particular the 

epoxy-resin/curing- agent ratio played an important role. He concluded that the interfacial 

strength and the fibre surface coating also had an influence, but to a much lesser extent. 
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Figure 2.14: Water absorption curves for composites with different void contents 
[Thomason (1995)]. 
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Additionally, Thomason showed that application of a coupling agent to a glass fibre 
improved fibre-matrix adhesion in composites. 

Chen et al. (1995) followed the flow front in RTM and qualitatively measured entrapped air 
bubbles by image analysis. Voids were found to move axially along fibres until they find a 
pore space to escape into or settle down or merge with another void. Figure 2.15 depicts 
two levels of impregnation in RTM process and the behavior of voids. Voids were found to 
shrink when subjected to pressure but not necessarily become mobilized. They concluded 
that optimum processing parameters of fiber wetting for resin transfer moulding and 
structural reaction injection moulding are low viscosity, vacuum, high-mould temperature, 
and high pressure. 

(a) Micro flow 

(b) Macro flow 
Flow 

Liquid flow norm.I m Bberhiin.il>. 

Figure 2.15: Two levels of impregnation in RTM process: 
a) micro flow-bundle level; b) macro flow-mat level [Chen et al. (1995)]. 
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Saidpour and Richardson (1997) used four different silane- and one titanate- coupling 

agents, at three different concentrations, to achieve optimum mechanical properties in 

unidirectional glass reinforced vinyl-ester composite materials, finding that when glass 

fibre had no coupling-agent protection in the coating, the tensile strength of the composite 

was significantly reduced. 

Keusch et al. (1997) investigated the influence of differently sized glass fibres on the 

mechanical properties of glass fibre/epoxy resin composites. Their results showed that the 

type of sizing has considerable influence on composite's properties, including interfacial 

shear strength, interlaminar shear strength and transverse tensile strength. 

Keusch and Haessler (1999) investigated glass-fibre/epoxy-resin adhesion in composites by 

dynamic mechanical analysis. Their results once again indicate that aminosilane-sizing 

fibre treatment lead to improvement of interfacial bonding. 

Hodzic et al. (2001) employed three experimental techniques to investigate the influence of 

the interphase region in polymer-glass composites on bulk material properties. Results from 

microdroplet test showed that variation to interphase properties significantly affects stress 

distribution at the fibre-droplet interface, and, therefore, stress redistribution in composite 

materials. Nano-indentation results indicate interdiffusion in water-aged interphase regions. 

The nano-scratch results showed that the harder interphase region dissolved into the softer 

interphase region (both regions being harder/stronger than the matrix) and expanded its 

width after aging in water. 
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Hodzic and Stachurski (2001) performed surface-tension measurements based on the angle 

of contact between resin and fibre. Their method proposes different geometry and 

consequently a simpler solution to the problem, with an additional advantage of verification 

of droplet equilibrium and accuracy of measurements. 

Suri et al. (2001) investigated the coupled effect of ageing and surface treatment on the 

fracture and tensile properties of a glass/vinyl-ester composite. Interlaminar fracture 

toughness is most sensitive to interface properties. Absorbed water caused serious damage 

at the interface, leading to degradation of mechanical properties. The surface treatment of 

glass fibers had an indirect influence on the properties of the composite, an influence 

amplified by ageing. 

Iglesias et al. (2002) observed the influence of different aminosilane fiber coatings on the 

resistance of epoxy-based composite materials using a fractographic test and fluorescence 

methodology. They reported their conclusion that the mechanical properties of glass-fiber 

reinforced epoxide-composite materials are strongly dependent on the molecular structure 

of the coupling region. Crosslinking density and, therefore, rigidity, increase as the 

accessibility of the functional groups of the coupling layer increases, with the hydrolytic 

damage rate depending up on the surface reinforcement treatment. 

Plonka et al. (2004) analysed ageing effects on sized glass fibres. Their tests show that 

interfacial strength strongly depends on the chemical nature of the fibre surface, the sizing 

formulation, and surface roughness, with micro-mechanical tests appearing to be very 

sensitive to surface-property changes due to aging. 
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Hodzic et al. (2004) investigated the influence of water degradation on bulk material 

properties. The aim of this work was to investigate different polymer/glass composite 

systems at micro and macro levels, in order to obtain the link between their local micro-

properties and the fracture toughness of the bulk materials. 

Chen et al. (2006) studied the influence of fiber wettability on interfacial properties of 

composites. Results indicate that higher surface free energy can enhance the wettability 

between fiber and matrix, and that humid resistance and interfacial adhesion can be 

improved at the same time. 

Comte et al. (2006) investigated the origin of voids in sheet-moulding compound sheets 

using different glass-fibre sizing. The quality of impregnation and void elimination was 

found to be dependent on bundle characteristics, rigidity and surface energy, conferred by 

their sizing and over sizing. 
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2.4. Summary of Literature Review 

This chapter provides an introduction to the general aim of this study: the development and 

the understanding of vibrations in composite materials manufacturing so as to fully enable 

their successful utilization. 

Much previous work has concentrated on how void content affect mechanical properties of 

laminates. Literature reviewed indicates degradation of mechanical properties with any type 

of defects and flaws associated with composite laminates. Type of defects and their 

formation are also reviewed; it is difficult to avoid them but there are means to minimize 

the void content in composite laminates. 

Variables that are known to influence void formation and growth are chemical composition 

of the resin system, resin mixing and prepregging operations, lay-up variables, pressure 

operations, temperature and humidity, tooling variables, cure-cycle choice and vacuum 

assistance. Flow rate (for RTM), properly degassed resin, applying packing pressure or 

postfill pressure are other factors also taken into account. 

A strong correlation between voids and a detrimental effect on the mechanical properties 

was found. 

Studies on vibration-assisted materials production have mainly focused on the use of low 

frequency vibrations and how they affect materials properties. It is found that vibrations can 

be beneficial when lowering void content is the target. There are summaries of methods and 

modes of vibrations, as well as theoretical explanations to some phenomena associated with 

mechanical vibrations. 
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General explanations and equations of bubble dynamics in presence of vibrations, their 

formation and possible mechanism for size changes, with reference to pressure, temperature 

and diffusion are presented. 

Findings of void content decrease and mechanical properties increase with low-frequency 

vibrations use are disclosed; generally, frequencies reported are in the range of 5-200 Hz. 

Promising behavior in reducing the porosity in composite laminates is investigated, with 

some studies looking at metallic melts. 

Additional investigations of fibre-matrix interface, fibre coatings and fiber wetting effects 

on void content of composite laminates were necessary to characterize vibration supported 

mechanisms involved with bubble removal. 

It is found that fiber wetting influences void content and is aided with low viscosity, 

vacuum, high-mould temperature, and high pressure. Differently sized glass fibres also 

affect mechanical properties of composites. Effect of ageing and surface treatment on the 

mechanical properties of composites, as well as the influence of water degradation on bulk 

material properties, are examined. There is a clear connection of quality of impregnation 

and void elimination. 



Chapter 3 THEORETICAL DEVELOPMENT 

This study deals with void content in composite materials and possibilities of its reduction. 

The physics of bubble statics and dynamics in a two-phase medium can be a complex 

matter. Complications arise from: 

• gases (air) dissolved in the liquid, 

• the bubbles may contain both air and condensable vapor in unknown ratios, 

• bubbles with a distribution of sizes are present in the liquid, and 

• plies of woven fibres are present in the liquid resin. 

Other complications may arise from energy losses involved in damped oscillations of the 

bubble/liquid system, heat conduction, viscosity, compressibility, surface tension, mass 

transfer, diffusion, temperature and mass discontinuity at the phase boundary. 

Assumptions 

It is assumed that the reduction of void's content is achieved mainly through the flow of the 

bubbles to the surface of the liquid (surface of the laminated sample). The dissolution of 

bubbles in the liquid is assumed to have negligible effect in comparison to the removal of 
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bubbles by flow and exit (escape). Hence the main focus is on the means by which a bubble 
can flow to the surface and disappear. 
The presence of the solid fibres in the liquid resin is assumed to present a hindrance to 
bubble flow, but not affecting the mechanisms of flow. Consequently, the presence of fibres 
is not considered, other than as an obstacle which delays the bubble's time to escape. 

Let us consider the case of a bubble being in a liquid that is not subjected to vibrations. The 
bubble is submerged in the liquid at depth h, as shown in Figure 3.1. There are four ways 
by which the bubble can be disturbed from equilibrium: 

• Growth due to internal pressure or reduced external pressure 
• Contraction due to surface tension 
• Rise due to buoyancy 
• Dissolution due to diffusion of gas out of the bubble 

When exposed to mechanical vibrations other phenomena affect the behavior of a bubble, 
and these will be considered later. 

3.1. Effect of Pressure 

A small, free, spherical bubble in a viscous liquid is filled with a mixture of air, liquid 
vapor and any gases dissolved in the liquid. Such a free bubble will slowly float to the 
liquid's surface, and gas may diffuse in or out of the bubble, allowing it to either grow or 
diminish. 
Figure 3.1 depicts mechanical equilibrium of a gas bubble in a liquid at depth h. 
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Figure 3.1: Mechanical equilibrium of a gas bubble in a liquid. 

The pressure in the liquid, pL, at depth h is 

VlW = Po + Ph (3-1) 

where po is the external/outside atmospheric pressure and ph is the hydrostatic pressure. The 

pressure inside the gas bubble, is given by: 

PB(h) = PL(h) + r (3.2) rB 

where the last term is so-called Laplace pressure, with y as the surface tension and rB as the 

radius of the bubble. 

Further in the text, this dependence on depth (h) will be omitted for the ease of reading. 

For a given system y is constant. For epoxy resin it is taken as 45 mN/m [Hodzic & 

Stachurski (2001)], and for vinyl-ester resin it is 30.4 mN/m [Dirand et al. (1996)]. 

For any bubble to be in mechanical equilibrium with a liquid the pressure difference across 

its liquid/gas interface must equal 2y/rB, where y is the surface tension of the liquid and rB is 

the radius of the bubble [Campbell (1981)]. Thus, pressure difference, Ap, is 

internal pressure - external pressure = Ap = 2y/rg (3.3) 
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Therefore, possible situations are expansion or shrinkage of the bubble: 

a
 2r > — => Expansion (3.4) 

rB 

2 y 
Ap< — => Shrinkage (3.5) 

h 

When the left hand side of the equation exceeds 2y/rB then mechanical equilibrium no 

longer holds and the bubble grows from its original size to larger dimensions. 

Typical value for the surface tension is 40 mN/m. Therefore, for a bubble of 10 (im radius: 

2y/re = 8 kPa, small value compared to normal, atmospheric pressure. 

Applying gas law to the bubble we have: 

pBVB = NRT (3.6) 

where volume of the bubble, Vb, is 

Kb = ^ (3-7) 

Substitution of equation (3.7) into (3.6) gives bubble radius, rt B, 

3 3 NRT 
r ° = ^ <3 8> 

The dependence of radius on pressure (pB) and temperature (T) is illustrated in Figure 3.2 

(a) and (b). The graphs clearly show that as pressure rises the radius of the bubble will 

decrease, and if the temperature increases the bubble's radius will increase. 
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Figure 3.2: Dependence on pressure (a) and temperature (b) of a bubble's radius 

with a nominal size of lOO^im. 

Variations in atmospheric pressure have significant influence on the size of bubbles. We 

note from Figure 3.2 (a) that decreasing the pressure from lbar to 0.5 bar results in a 26% 

increase in the bubble's size. 

In the experimental systems studied here, temperature ranged between 25-50°C. Increasing 

the temperature from 25°C to 50°C would result in a 3% increase to the size of the bubble 

56 
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which can be neglected for the system studied here, in comparison to the strong effects of 

pressure. 

3.2. Effects of Diffusion and Solubility 

Gases dissolved in the resin will diffuse towards the interface and evaporate into the gas 

bubble until chemical affinities (partial pressures) across the interface are equal. Similarly, 

gases in the bubbles will dissolve in the resin until the balance is achieved. 

Diffusion processes from and to the liquid lead to a change in the amount of gas in the 

bubble. The saturation concentration, c5j of a gas species in the liquid is usually given by 

Henry's law, which relates the concentration linearly to the partial pressure, pp, of the gas: 

with Henry's constant, kn-

Accurate data for solubility of air in liquid epoxy or vinyl-ester resin is not available in 

published literature. However, assuming that the solubility of air (0.2 IO2 + 0.79N2) in 

epoxy resin is similar to that in oils, the solubility is presumed to be of the order of 0.1 g/kg 

of resin at 25°C [Logvinyuk et al. (1970)]. The Thomson-Freundlich effect predicts that the 

concentration of the gas dissolved in the liquid matrix adjacent to a bubble depends 

inversely on the radius, rB, of the bubble [Paul (1990)]: 

Pp = kHcs (3.9) 

(3.10) 
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where: kT is the Boltzmann constant and absolute temperature, respectively, yint is the 

interfacial surface tension, Vm is the molar volume (22.4 x 10"3 m3) of the solute gas at 

normal pressure and temperature, and Ce is the equilibrium concentration of the gas in the 

liquid epoxy. 

Equation (3.10) predicts that the concentration of the solute gas around small bubbles will 

be greater than that around large bubbles. Consequently, a concentration gradient will exist 

between the bubbles. 

The composition gradient between adjacent bubbles will cause a net flow of the solute gas 

from small toward the larger bubbles. In a system containing a distribution of bubble sizes, 

smaller bubbles will tend to diminish, whilst the larger bubbles will grow at their expense. 

The solution of the diffusion problem leads to a general equation known as the Lifitshiftz-

Slyozov-Wagner equation [Glickman et al. (2002), Yin et al. (1996)]: 

where: is a (temperature dependent) constant related to the parameters of the system, 

the bars over the radii indicate an average over the distribution, and the subscript, 0, 

indicates the initial value of the average radius. 

3.3. Effect of Temperature 

A rise in temperature will cause lowering of viscosity, tj(T), (Arrhenius equation): 

(FBy=(FB)l + K(T).t (3.11) 

(3.12) 
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with tjo as constant and EA activation energy. Therefore, a change in viscosity at different 

temperatures can be calculated from 

The viscosity o f different resin systems influences the mobility o f voids and higher 

mobility o f voids is expected at lower viscosity. 

An epoxy-resin system, when mixed with hardener, has a viscosity o f approximately 

540 mPa-s at 25°C, and approximately 334 mPa-s at 50°C. 

The viscosity o f vinyl-ester resin system at 25°C is approximately 370 mPa-s. 

3.4. Effect of Buoyancy 

A free spherical gas bubble in a viscous liquid will float to the liquid surface due to 

buoyancy. There are two forces acting on it: buoyancy, Fb , and drag force, F&. The 

buoyancy force acts upward, tending to float the bubble; the drag force acts downwards, 

resisting the rise. If the bubble moves at a constant velocity, then according to Newton's 

law we can write: 

—Fd + Fb = 0 (3.14) 

According to Archimedes principle the buoyancy force is equal to the weight o f displaced 

fluid: 

Fb=\rlnpfg (3.15) 



Chapter 3 Theoretical Development 

where: pf is the density of liquid, and g is gravitational acceleration. The density of the gas 

in the bubble is approximately three orders of magnitude less than that of the liquid, and 

therefore it is neglected in equation (3.15). The drag force is given by Stake's law. 

Fd = 6nrBr]v (3.16) 

where: rj is the dynamic viscosity, v is the velocity of the bubble relative to the fluid. 

Substitution and rearrangement of the terms leads to the relationship for velocity of the 

rising bubble, v: 

2 Pf9 2 1 -7-v 
V = — — r i (3.17) 9 77 

This relationship is depicted in Figure 3.3. 

Radius [mm] 

Figure 3.3: Velocity of bubble's rise depending on the radius. 

As seen from Figure 3.3 small bubbles rise slowly in a liquid, while the larger bubbles 

reach the surface of a liquid in a shorter period due to their higher velocity. 

Inverting equation (3.17) gives the time, t, needed to reach the surface from depth h: 
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9 ri h t = -——2 (3.18) 2 Pfd r j 

Strictly, equation (3.18) needs integration since the radius of the bubble depends on depth, 
h, and the velocity, in turn, depends on bubble radius. However, in the experiments carried 
out here the liquid depth (thickness of laminates) was typically 3 mm, and never more than 
5 mm. Therefore the change of velocity with depth is considered to be small, and equation 
(3.18) is used to estimate the times for a bubble to reach the liquid surface. These 
estimations are shown in Table 3.1. 

Table 3.1. Exit times for bubbles of different sizes from epoxy resin at 50°C 
and vinyl-ester resin at 25°C. 

Radius (|^m) Epoxy at 50°C (s) Vinyl-ester at 25°C (s) 

1000 0.412 0.487 

100 4.12 4.87 

10 4120 4870 

3.5. Effect of Vibrations 

A bubble in a liquid can be viewed as an oscillator that can be set into radial oscillations by 
vibrations. For small pressure amplitudes, these oscillations can be considered to be linear 
about the equilibrium radius of the bubble [Lauterborn et al. (1999)]. Bubble oscillation 
amplitude depends on the fluid parameters, the resonance frequency of the bubble, and the 
frequency of external driving. 
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When a bubble is subjected to an oscillating acoustic field, the bubble undergoes periodic, 

coupled volumetric pulsation and translational motion [Hao & Prosperetti (1999)]. As the 

bubble expands and buoyancy becomes stronger, the bubble accelerates while the 

oscillations continue. 

Pressure inside a bubble subjected to dynamic effects, pB(r,t), is described by [Prosperetti 

(1984)]: 

PB(R>0 = PL(R,T) + 2y / rB + 4rj(drB / dt)/ rB (3.19) 

where: p\{r,t) is pressure in the liquid just outside the bubble, y is the surface tension 

between the liquid and the gas inside the bubble, and 77 is the liquid viscosity. The second 

term is only significant for very small bubbles (<1 nm), whereas the third term comes from 

the flow of the resin around the bubble during its oscillations. With applied acoustic 

vibrations, the pressure in the liquid can be described by: 

Pl = Po + PaCos (cot) (3 .20) 

where: po is the steady pressure in the absence of the acoustic field, PA is the pressure 

amplitude and co is the angular frequency. 

The response of the bubble to the pressure variations can be derived from gas law, equation 

(3.6): 

MB » NRT 
VB(d),t) = T7I77 (3-21) BV Po+Pa cos(a)t+S) v ' 

where: 6 is phase lag. As the bubble pulsates, the surrounding liquid near the bubble is set 

into motion, which will enhance the diffusion process. Such a 'shell effect' contributes to 

diffusion rates and may intensify the bubble's growth. If p0 and pA are of comparable 
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magnitude then the sinusoidal oscillations become distorted (for both volume and surface 

area) as shown in Figure 3.4. 

Note that the surface area of the bubble during expansion interval is larger than that during 

contraction. This leads to a difference in surface area between the expansion and 

contraction intervals, ASB, given by: 

M b = 4ti (r + Ar f -4n(r- Ar f = 16rcr|Ar| (3.22) 

Figure 3.4: Schematic diagram of oscillations of pressure and bubble surface area. 

During the oscillation, the bubble volume, bubble surface, and pressure inside the bubble 

change periodically and cause, via Henry's law, a variable gas concentration in the liquid 

layer at the bubble wall. These variations contain certain symmetry: the surface area during 

expansion, and low pressure inside the bubble, is larger than during contraction, and high 

pressure, as shown in Figure 3.4. Because the diffusion rate is proportional to the interfacial 
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area, the inward gas flow may be greater than the outward diffusion, depending on the 
concentration of dissolved gas adjacent to the bubble. 

Effect of Frequency 
A system that has elasticity and mass will exhibit a resonance frequency. Bubbles provide 
elasticity while liquid provides mass. Damped resonance frequency,^, exhibited by such 
system is given by: 

where: b is the damping coefficient, ke is elastic rigidity, and m is mass. 

The amplitude of oscillation of a bubble will depend on frequency (co) and damping (Q), as 
shown in the Figure 3.5. 

(3.23) 

T3 D f 0,15 
< 0.1 
E 

„ 0 .2 

0,25 

0.05 

2 4 6 8 10 

Figure 3.5: Resonance curves with increasing levels of damping. 
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When bubbles are driven, they oscillate in size at their natural frequency. The 

corresponding equation for the resonance frequency of a small bubble ,^ , characterized by 

surface tension y, is given by [Leighton (1994)]: 

M j _ liPo + l L (3.24) 

2nr0yJ p pr0 

where ro is the steady state radius, po is the steady state pressure and p is the mass density 

of the surrounding liquid. 

Bubbles of 10-500 jxm radii have resonance frequencies in kHz ranges. As frequency 

becomes close to resonance frequency, pressure amplitude increases, dissipation increases 

and temperature rise increases. Near-resonance frequency bubbles should dissolve, disperse 

and disappear faster. 

For simply supported plate resonance frequency/// can be calculated from: 

2n2 I D 
fn = — hir 3 2 5 

a2 yjphp 

where a is length of the plate, hp thickness of the plate, and Df is flexural rigidity 

Ehl 

Df = , P (3.26) 

with E as modulus of elasticity, and v as Poisson's ratio [Ventsel & Krauthammer (2001)]. 
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Bjerkness Forces 

A bubble with volume V immersed in a pressure gradient, AP, is subjected to a force 

approximately given byff F Ap. For an acoustic pressure field, the average force, often 

called the Bjerknes force [Young (1999)], is: 

(F) = (VAP) (3.27) 

where the brackets indicates the average over a cycle. The Bjerknes force may be large 

enough to overcome buoyancy, thus trapping the bubble in the sound field. 

In the case of two oscillating bubbles in a sound field there is a secondary Bjerknes force 

between them, which arises because one bubble experiences a primary Bjerknes force due 

to the field radiated by the other. The consequence is that there will be an attractive force 

between the two bubbles if they are oscillating in phase and a repulsive force if they are 

oscillating out of phase. 

This effect has not been studied in details in this project, but it's possible effect is 

acknowledged. 

3.6. Effect of Energy Dissipation 

Under the action of the acoustic field, there is net transport of heat into the bubble that 

causes the temperature rise and a consequent diffusive heat-flux out of the bubble. A steady 

regime is reached when the two fluxes balance each other [Hao & Prosperetti (1999)]. 

Oscillating bubbles are very effective in redistributing and dissipating the vibrational 

energy, raising the temperature of the system. 
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The dissipated work, Wd, per unit volume per second is 

Wd = nKcrcosinS (3.28) 

where sinS is related to internal friction, a> is angular frequency, a is stress, and K is bulk 

modulus. Since dissipated work is transformed into heat energy, the temperature will rise 

accordingly 

| J (3.29) 
dt pfCp 

where Cp is the heat capacity of the liquid. 

Energy dissipation weakens vibration effects but temperature is still considered as one of 

the important parameters in experiments, not only due to viscosity decrease but, as shown 

here, due to internal energy dissipation and its effects. 



Chapter 4 EQUIPMENT AND METHODOLOGY 

This chapter details the processes involved in the manufacture of laminates, and includes a 

description of equipment and materials used, sample preparation and methods for the 

measurement of laminate properties, including mechanical testing, computed tomography 

and optical and electron microscopy. 

4.1. Equipment 

This thesis describes four stages in experimentation that utilise four different experimental 

set-ups. 

4.1.1. Stokes Bubble Cell 

Stage one involved the use of a Stokes Bubble Cell, a transparent box filled with epoxy 

resin was exposed to vibrations with the intention of observing and determining bubble 

movement inside a liquid when vibrations were employed. A high-frequency piezoelectric 

crystal was used as a vibration source. 

The Stokes Bubble Cell (SBC) was made from a transparent polycarbonate material as a 

transparent box with dimensions of 220x220x50 mm and filled with viscous fluid up to 

160mm; see Figure 4.1. The fluid used was epoxy resin, 105R West system (viscosity of 
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800 mPa.s and density of 1.115 g/cm3). The upper side of SBC was open so that air-bubbles 

could be injected with suitable air-pump and a tube, and also to allow air-bubbles to float to 

the surface freely. 

Figure 4.1: Schematic diagram of Stokes Bubble Cell. 

Piezoelectric transducers were attached to the base of the SBC that generated vibrations in 

the viscous fluid. Transducers chosen were of 50W power operating at 40 kHz, and they 

were connected to power supply via driving module, as shown in Figure 4.1. 

Piezoceramic material used in transducers was PCM 41, hard power "hard" material (PZT 

piezoceramic material), suitable for high power ultrasonic applications. 
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Two transducers, each with piezoelectric crystal attached to A1 plate, were glued with 

epoxy to the bottom of SBC, and placed in a plastic box (for safety). The electric box with 

driving module was equipped with a fan for cooling. 

Air-pump with plastic hose and nozzle fitting on one end was producing airflow, regulated 

with a knob. Nozzle was submerged in the resin, and with air-pump and 2 nozzles of 

different sizes various sizes of air-bubbles were accomplished. Air-pump had a needle 

valve in the middle of the hose, for easier and more precise regulation of airflow. Video 

camera was fitted to a computer, and program for capturing images and screen-ruler (for 

measuring the bubble radius) was installed. The time each bubble needed for the rise up to 

the surface was measured with a stopwatch. 

The experiment itself involved generating air-bubbles that floated to the surface under 

Archemides principle. It was expected that the induced vibrations would affect the bubbles 

and their floating regime to the surface. 

The air-bubble rising to the surface with reliance on the Stokes law, measuring the time-

period each bubble needed to reach the surface, was analyzed. 

The size of bubbles was also taken into consideration and at first there was only one air-

bubble flow. 

Then by changing the frequency of transducers, defining the effect of vibrations on the 

time-period bubble needed to reach the surface of the fluid was in the focus. 

Video camera, ruler and microscope were used to help to determine bubble radius and 

trajectory length of bubbles. 
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4.1.2. High-frequency Piezoelectric Crystal 

The second stage saw the use of a piezoelectric crystal, 40 kHz, and aluminum moulds for 

laminate production. 

Two aluminum plates of the same size were used as moulds, the first employing a 

piezocrystal transducer, with 50W power operating at 40 kHz, attached by epoxy glue on 

the bottom and connected to the power supply via a driving module. The piezoceramic 

material used in transducers is PCM 41, a PZT piezoceramic material, suitable for high-

power ultrasonic applications. The second aluminum plate did not include a transducer. The 

intention in the use of these plates systems was the observation of differences between 

laminates produced where one group was made using high frequency vibrations and the 

other was not. 

After cutting and polishing with P400and PI200 emery papers samples were placed in 

water in an ultrasonic cleaner. Laminate samples were examined under optical microscopy 

at 40 and 400 magnifications, with scanning electron microscopy, SEM, providing up to 

500 magnifications and all SEM samples being carbon coated before use. 

4.1.3. Electromagnetic Shaker 

Working with lower frequencies was made possible by the use of an electromagnetic 

shaker, which was adapted with the inclusion of a removable flat mould on its top, named 

top plate, as shown in Figures 4.2 and 4.3. 
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Experiments in the production and analyses of the effects of mechanical vibration applied 

to the curing system of subject composite materials were performed as follows. 

The frequencies of vibrations employed ranged from 2 Hz to 8 kHz for periods of vibration 

of 10 and 30 min. Samples were cured with and without the top plate, as without the top 

plate bubbles would be allowed to freely escape to the surface, whereas with the top plate 

in place curing would imitate closed-mould conditions. The top plate was of the same 

dimensions as the mould, but made from transparent plastic for ultraviolet (UV) curing and 

secured in place with rubber bands (see Figure 4.3). Vacuum bagging was subsequently 

introduced into the experimental system. 

laminate 

mould 

shaker 

Figure 4.2: Experimental set-up with EM shaker. 

The vibration system consisted of a shaker (Labworks Inc, ET-132, frequency range of 1-

9000Hz), a power amplifier (Labworks Inc, pa-119), and a signal generator, Figure 4.5 (b). 

A flat mould (120mmx 120mm) was attached to the shaker's top, as shown in Figure 4.2. 
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After experiments with the power range 0.1 - 1.4 W, and finding no difference in laminates' 

void content, 1 OOmW was established as a constant parameter. 

Figure 4.3: Schematic diagram of EM shaker mould with the top plate. 

Composite laminates were made by hand lay-up using 12 plies of E-glass fibre (JPS glass, 

plain weave). The epoxy vinyl-ester resin used was Derakane 411-350 (FGI F01110) with 

photoinitiator Irgacure 819 (Ciba, 0.5 pph). Laminate dimensions were 100mm x 100mm, 

with thickness 2.8mm ± 0.1mm. 

Sample laminates were produced under ambient room-temperature conditions, using 

vibrations for 10 or 30 minutes, with samples immediately cured by the use of a UV lamp, 

cut with a diamond saw, polished with P400 and PI200 wet and dry emery papers, and 

examined under optical microscopy, at 64 magnifications, and SEM to determine types and 

quantities of defects. 
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4.1.4. The ANU-Quickstep Machine (ANUQSM) 

The most sensible and advantageous way to proceed with experimentation of vibrations on 

QS mould and curing was discussed at length. In particular, exploring different placement 

of shakers in the plane of the mould, for example one in the centre, two, one in each corner, 

six, etc, with the possibility of curing at elevated temperatures. After careful analysis the 

decision made was to construct a new apparatus, specifically designed for further 

experiments and flexibility. Technical drawings and final decisions were realized with the 

ANU departmental technical staff and the apparatus, ANUQSM, was built. ANUQSM is 

shown in Figures 4.4 and 4.5. 

Figure 4.4: The ANUQSM experimental system. 
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(a) (b) 

Figure 4.5: Water and airflow control (a), power amplifier and signal generator (b). 

The ANUQSM consists of two curing chambers sitting on a metal-frame base. Both 

chambers are filled with hot water provided by two heaters, through a network of pipes and 

hoses. The water runs constantly when the apparatus is in use, with its storage tank and 

pump connected to the heaters. Water-tank heaters are at different heights to provide equal 

pressure inside each chamber, with the heater's working temperature set at 50°C. 

The curing chambers have a silicone membrane on one side, see Figure 4.6, through which 

heat is radiated from water flow to a composite lay-up. The interior thickness of each 

chamber, and the fluid flow within it, is 20mm. Introducing vibrations through the liquid to 

the mould and a laminate is achieved through a 1.5mm thick aluminum sheet, thick enough 

to contain the fluid, yet thin enough to allow the vibration energy to pass through to the 

fluid and laminate. 
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Figure 4.6: Silicone membranes and fluid inside the chambers. 

Five air-driven vibrators were attached on the underside of the chamber, one in each corner 
and one in the center (as shown in Figure 4.7). Each is a pneumatic, unidirectional 
Olivibrator, type K22 vibrators with internal steel piston and adjustable compressed air 
inlet (Figure 4.5 (a)) and maximum working pressure of 6 bars. When all five vibrators 
were in use it was not possible to fully control frequency; with three diagonally in line it 
was not possible to achieve lower than 60 Hz, with certain of the sample laminates 
manufactured this way and employing 10 and 20 minutes of vibrations. 
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(a) (b) 

Figure 4.7: Air-driven vibrators viewed from the top (a) and the bottom (b). 

A 15 inch (Redback, 150W power max) subwoofer speaker was introduced into the system, 

see Figure 4.8, along with the previously used power amplifier and signal generator. 

Initially it was attached to the underside of the mould and was in contact with the bottom 

chamber. This configuration did not produce satisfactory results because of constraints on 

the movement of the speaker as well as the presence of air in the heating fluid (water) 

which it was not possible to eliminate at this point in the experimental program. The 

speaker was then mounted on the top of the chamber where it was possible to move it 

freely. 
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(a) (b) 

Figure 4.8: Subwoofer speaker (a) and in place on the top of the chamber (b). 

At this point a vacuum pump was introduced, to provide vacuum assistance as required 

through the experimental program. 

A short cure cycle was not the prime concern in the thinking underlying this program as 

three tanks for fast fluid exchange (like in the Quickstep process) were not available. The 

idea underlying the construction of this apparatus was the curing of composite laminates at 

higher than room temperature while utilising vibrations, with examination of void 

presences subsequently. 

Full explanation of the operating procedure of ANUQSM can be found in Appendix B. 
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4.2. Methodology of Laminate Production 

Wet hand-lay-up was used throughout the whole project. Resins were impregnated by hand 

into glass fibres that were in the form of unidirectional or woven fabrics. This was achieved 

by the use of rotating rollers and a bath of resin. 

Fabrication of 4-ply composite plaques in Stage 2 employed the hand lay-up method, with 

E-glass fibres impregnated with Derakane epoxy vinyl-ester resin and cured with UV light. 

The thickness of laminates was 1,4mm ±0.1. 

Stage 3 involved hand-lay up 12-ply laminates with an EM shaker, using E-glass fibres and 

Derakane epoxy vinyl-ester resin for UV curing. Vacuum bagging and top plate were also 

introduced at this point in Stage 3. For manufacturing detail please see Appendix C. 

The use of ANUQSM in Stage 4 of this program was as follows: 

Hand lay-up of 12-ply composite laminates, i.e. the cutting of fibres of specific dimensions, 

the mixing resins and hardeners in appropriate ratios, the application of the mixture to each 

fabric and impregnating them into the fibres by rolling it on a mould, the application of 

auxiliary materials, i.e., peel ply, breather, the placing of the assembled composite in a 

vacuum bag made specifically for each experiment, and the inserting the bag into the 

ANUQSM for vibration-assisted curing. 

Laminated panels were fabricated using woven E-glass and Vinyl-Ester or Epoxy resin. A 

flat, 2mm thick aluminum plate, dimensions 300mm x 380mm was used as the mould 
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surface for the lay-up of the laminated panels. The mould surface was treated with a self-

release agent; on the top of the fabric preform a peel ply and a breather were stacked. The 

fabric preform consisted of 12 plies of E-glass, measuring 200 x 200mm. A vacuum sealant 

tape was placed around the edges of the assemblage to create the vacuum bag, with preform 

on the mould inside it, creating a sealed mould (Figure 4.9). The vacuum port was sealed, 

the whole assembly was placed inside the chambers of ANUQSM, and the vacuum pump 

was used to evacuate the sealed mould. 

Laminated samples were subjected to vibrations at frequencies in the range 2Hz to 

8,000Hz, with vibration periods of 10, 20 and 30 minutes at 50°C with vacuum assistance. 

For UV curing of vinyl-ester resin laminates ANUQSM was not heated, with room 

temperature ranging from 25-29°C. 

The speaker, see Figure 4.8, with previously set frequency via the signal generator, was 

turned on and the power of vibrations was adjusted to a constant value, with voltage of 10V 

pk and current 1A rms. 

After exposure to vibrations the preform laminate was removed from the vacuum bag. The 

epoxy-resin laminates were then cured in an oven at 50°C for 4-6 hours, and allowed to 

post-cure overnight at room temperature. Vinyl-ester resin laminates were ex posed to 

sunlight for 5 min, and then left to complete curing for a few hours at room temperature. 
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All materials were weighed prior to use, with this data being useful for fibre-volume 

calculations. All data, including frequency and power of vibrations, length of time, 

temperature changes, were constantly observed and noted. Each laminate was identified 

and marked. 

Final thicknesses obtained for E-glass/Epoxy and E-glass/Vinyl-ester panels were 

respectively 3.0mm ±0.1 and 2.8mm ± 0.1. For manufacturing details see Appendix C. 

Laminated samples tested to determine apparent interlaminar shear strength were 

manufactured as previously but using 20 plies of unidirectional glass fibres and epoxy 

resin. Ten minutes of vibrations with vacuum assistance and elevated temperatures of 

approximately 50°C were constant parameters. The thickness of the laminates was 8mm ± 

0.3mm. 

Fiber-Volume Fraction 

The mass of each panel, including fiber fabrics, resin and auxiliary materials, was 

determined by weighing on a precision balance. The ratio of the fiber volume to the 

specimen volume in each sample is the fiber-volume fraction. The fiber-volume fraction for 

the E-glass/Vinyl-ester and E-glass/Epoxy resin panels was calculated as 49% ± 2 by 

weight. 
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4.3. Materials Used 

4.3.1. Matrices 

This project used two different resin systems: a two-part epoxy resin, consisting of the 

West System 105R epoxy resin and the matching West System 209H super-slow hardener, 

and an epoxy vinyl-ester resin, Derakane 411-350 (FGI F01080), and a photo initiator, 

Irgacure 819 (Ciba, 0.5 pph). 

The weight of the resin/hardener mixture was measured with an accuracy of ± 0.1 g, using a 

balance, Precisa™, Switzerland, model 30000D SCS. 

The resin/hardener mixture was stirred in an open plastic cup, using a wooden spatula, for 

approximately one to two minutes, ensuring thorough mixing and that the sides and the 

corners of the mixing cup were scraped. Appropriate care was taken whilst stirring to 

ensure that the mixture was not aerated. The mixture was left to de-gas for 5-8 min prior to 

use for impregnation. 

The Epoxy resin system 

The West System® R105 epoxy resin is a clear, pale yellow, low-viscosity liquid epoxy 

resin. Formulated to be used in conjunction with a hardener, it can be cured over a wide 

temperature range to a high-strength solid with excellent moisture resistance, for bonding 

with wood fibre, fibreglass, reinforcing fabrics and metals. The H209 super-slow hardener 

is a low-viscosity epoxy-curing agent and is formulated for general coating and bonding 

applications in extremely warm and/or humid conditions, or when ex tended working time 
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is desired at room temperature. The resin has a viscosity of 800 mPas and density of 1.115 

g/cm3 at 25°C. When combined with R105 resin in a by weight 3.5-parts resin to 1-part 

hardener ratio, at room temperature (21°C) the resin/hardener mixture has a pot life of 50 to 

60 minutes, or 15 to 20 minutes at 35°C. It cures to a solid state in 6-8h at 35°C, or over 20-

24 hours at 21°C. Further hardening occurs over the next 4 to 9 days. 

The Vinyl-ester resin system 

The matrix system used was the Derakane Classic 411-350 epoxy vinyl-ester resin 

(Ashland) and UV photoinitiator Ciba Irgacure 819. 

Irgacure is a versatile photoinitiator for radical polymerization of unsaturated resins upon 

UV light exposure. The amount of Irgacure powder hardener needed in respect of resin 

weight was 0.5 g per lOOg of resin. 

The manufacturer's certified properties of Derakane resin are density 1.046 g/cm3, and 

viscosity 370 mPas at 25°C. It has a styrene content of 45%. 

4.3.2. Reinforcements 

Throughout this program, except for shear-testing samples, glass fibres used were woven E 

glass (JPS), plain-weave finish S912, style 7533, with density of 2.2 g/cm3. 

Unidirectional E-glass fibres, Owens Corning R25H, with an aerial weight of 300g/m2 were 

used for shear testing. 

The weight of glass fibres was measured with a Precisa™ balance with accuracy of ± O.lg. 
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4.3.3. Auxiliary Materials 

Mould release agent is a material applied to mould surfaces to facilitate the release of the 

moulded laminate. Airtech Safelease 30, a water-based PTFE mould-release agent was used 

in this project. 

Peel ply is a smooth, woven fabric that will not bond to epoxy, polyester or vinyl-ester 

resins. It is used to separate the breather layer and the laminate in vacuum-bagging 

applications. Excess resin can wick through the release fabric and can be peeled off after 

the laminate has cured, ex posing a smooth surface. 

A breather layer is used to maintain a breather path throughout the bag to the vacuum 

source, so that air and volatile gases can escape, allowing continuous pressure to be applied 

to the laminate. 

The vacuum port is a metal fitting that connects the vacuum bag to the vacuum pump 

through a reinforced hose. 

The sealant tape is a rubberised adhesive tape used to provide the seal at the peripheries of 

the vacuum bag. It is sticky on both sides and has the ability to remain soft and pliable at 

high temperatures. 
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to vacuum pump 
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tape 

release coated mould laminate 

Figure 4.9: Vacuum bagging layers. 

The three main reasons for vacuum bagging include the following: facilitation of the flow 

and absorption of resin, the application of compaction pressure to consolidate plies, and the 

ex traction of moisture, solvents, and volatiles from the curing composite. 

The vacuum bag allows the extraction of gases. Pressure is applied to the laminate to 

improve sample consolidation once lay-up is completed. This is achieved by sealing a 

plastic film over the wet laid-up laminate. The air under the bag is extracted by vacuum 

pump, thus up to one atmosphere of pressure can be applied to the laminate in its 

consolidation. 
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4.4. Sample Preparation and Characterisation 

To obtain a better understanding of laminates' internal structures, cross sections of cut and 

polished samples were observed under optical and scanning electron microscopes (SEM), 

within the ANU Electron Microscopy Unit, Research School of Biological Science (RSBS), 

ANU. Computed tomography (CT), a non-destructive testing method that provides 3D 

insight into sample structures was carried out in the Adelaide Microscopy, the University of 

Adelaide. 

4.4.1. Preparation 

The laminate's thickness and width were measured using a Mitutoyo digital micrometer 

series 193. 

All laminates were cut to size using a diamond saw. Two test strips along the center line of 

each laminate were each cut into four sections; four inner samples were used for optical 

microscopy observations and void-content measurements. Further cutting of later laminates 

provided 6 additional strips for mechanical testing, three for bending and three for tensile 

measurement. Subsequent laminates were cut into 12 strips and divided into two sets, each 

of six specimens. One set was aged by immersion in water for 7 days at 50°C. Three 

samples of each set were subjected to tensile and three for flexural measurements. 

Optical microscopy used samples of dimensions length 47mm ± 2, width 13.5mm ± 0.2, 

and thickness 2.8mm ± 0.2. The surface of each cross section was polished using wet P400 

and PI200 emery papers, and marked for identification. 
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Scanning electron microscopy samples were carbon coated prior to analysis. 

Samples for tensile and flexural mechanical testing were cut into strips of length 21 Omm, 

width 12.6mm and thickness 2.8mm ± 0 . 1 . Tensile-test samples were glued to grips, 

requiring the polishing of both ends and sides of each sample, as well as the faces of each 

grip. Epiglue adhesive was used to bond grips and samples. All samples were placed in a 

Qualtex Solidstat oven for 48 hours at 50°C for further bonding. 

Samples for shear mechanical testing were cut along the fibre direction of their 

unidirectional fibres and were 9.6mm ± 0.1 wide, 8mm ± 0.3 thick and 53mm ± 1 long. The 

surface of each cross section was polished using wet P400 and PI200 emery papers and 

marked for identification. Another, similar set of samples was cut from samples in the 

direction perpendicular to the axes of their fibres and were prepared for observation using 

the same sequences. 

4.4.2. Scanning Electron Microscopy 

A scanning electron microscope, a Cambridge S360 (SEM, 1987), was used to observe 

laminate's internal structures, fibre wetting, fibre pullout, missing fibres, misalignment of 

fibres, and small voids. Left-hand side of Figure 4.10 shows magnification of 35 times 

while the right-hand side picture is at 43 5x magnification. 
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Figure 4.10: Typical SEM images with different magnifications. 

4.4.3. Optical Microscopy 
Microscopic image analysis is considered among the most precise methods for measuring 
void contents in composite materials. Furthermore, this image analysis technique has the 
advantage of providing detailed information of other important parameters such as void 
distribution, shape, and size that cannot be assessed by either physical or chemical methods. 
A standard assumption in determining void content with image analysis is that the voids are 
randomly distributed in the composite. This assumption makes it possible to compute the 
area fraction of voids and to use this as a statistical value of the volume-fraction of voids. 
All voids that could have been identified at the working magnification were included in 
porosity calculations. Voids entrapped within a particular cross-section were distinguished, 
their images acquired at 64x magnification and captured using a PC-based CCD camera 
attached to the optical microscope. At this magnification, each frame displays an area 
approximately 1.8mm x 1.9mm, with a resolution of 1,500 x 1,500 pixels. Eight frames 
were captured from each sample composite. The magnification chosen, 64x, enables the 
assessment of voids as small as the radius of a fibre (up to 20|xm); hence all visually 
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identifiable voids throughout the composite sample are included in the analysis of void 

content and morphology. 

Each captured frame was manually processed using image analysis software which allowed 

simultaneous measurements of void dimensions. 

Figure 4.11: Optical microscope at EMU, ANU. 

The processing of digital images taken directly from the microscope were possible with the 

use of an optical microscope, the Wild M400 Photomicroscope with SPOT Flex CCD 

Camera Mbit 50Mb color CCD camera, the LM Wild PC4-Image Pro-Image Analysis 

program, and a LEICA illumination base, shown in Figure 4.11. The magnification of the 

microscope's camera (64x) could be varied by using different magnification lenses. With 

appropriate illumination and at 64x magnification eight random images were taken from 

each sample and later analyzed. Each image was processed in the determination of actual 

length, width or radius of bubbles, and all visible bubbles over 50|im radius in each image 
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were noted. Smaller-sized bubbles, between 20-50 |im radius were included in void-content 

calculations but not for comparison with the number of bubbles in each sample. 

4.4.4. Void Content Calculation 

Optical-micrograph analysis included grouping voids based on their size, organizing tables 

and charts of samples cured under different conditions, and void content calculation. 

After counting voids all data was categorized into 4 groups, depending on the radius of the 

bubble cross-section. Sizes A, B and C are shown in Figure 4.12, while group D includes 

bubbles larger than 500 )im diameter. Bubbles with radii smaller than 50 (im were not 

included in groupings because of light scattering, a phenomenon which can result in small 

voids, surface imperfections or limitations on resolution. 

Void counting and sizing was carried out at eight random points, each 1.8mm x 1.9mm, 

2 i • 

across the whole specimen cross-section thickness, approximately 100mm , totaling 

27.4mm of laminate cross-section per specimen. 
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Void sizes: 
A. 50 - 100 nm 
B. 100 - 200 nm 
C. 200 - 500 nm 
D. > 500 jim 

Figure 4.12: Typical micrograph and void-size categorisation 
of a high-void content sample. 

When unidirectional fibres were used for shear testing, specimen cross-section thickness 

was approximately 400mm, with eight random images giving a total of 27.4mm of 

analyzed laminate cross-section per specimen. 

The image-analysis technique is the most accurate method for determination of true void 

content but it is dependent upon the resolution of the imaging system. One drawback with 

image analysis is that only a small area can be investigated which may lead to scatter in the 

results owing to the stochastic nature of void distribution. The choice of resolution, 64x, 

was determined by the constraint of microscope used. While there was the need for higher 

resolution to enable detection of voids of all sizes, voids with areas much smaller than the 

cross-sectional areas of fibers were impossible to detect. However, a separate investigation 

with higher magnifications available through SEM showed that few voids smaller than the 

fibres existed and that their contribution to total-void content was negligible. The 

distribution of bubble cross-sections as measured is not the same as the distribution of 

91 
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bubble radii [de Hoff & Rhines (1968)]. However, comparison between samples does not 

require calculation of bubble radii. 

For void-content analysis calibration was done by graph paper to identify radii of bubbles 

on computer images, and relative bubble size error, RBSE, can be presented as 

RBSE = — = — = 0.41 10"2 (4.1) 
/ 122 

with Al being absolute error; that is the greatest possible error if half of the smallest unit of 

a graph paper (0.5mm), while /, measured value, is length of the graph paper that 

corresponds to 1 mm. 

4.4.5. Computed Tomography 

Nondestructive testing is testing that which does not destroy the test object. One of the 

methods for nondestructive testing in this study is computed tomography. 

Computed tomography explores the structure of materials by taking a number of x-ray 

images of a sample from a variety of angles. Computers then combine the images to build a 

3D-model of the structure. The X-ray CT can take measurements over three orders of 

magnitude simultaneously, from microns to millimeters. 

During scanning the sample rotates within a fixed x-ray receiver. The x-ray camera then 

records 2D radiographic information from a range of rotation angles. Computer 

manipulation of the data allows the construction of a three-dimensional image of the 

sample's internal structure. The micro-focus x-ray source can produce a wide range of x-
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rays, 30-225 kV, suitable for scanning soft, biological materials through to hard materials 

such as stone or metals. 

The x-ray detector is an extremely sensitive 16-bit, scintillator-coupled 2048 x 2048 pixel 

CCD camera mounted on a linear rail that allows it to be moved back and forth from the 

sample and x-ray source. Moving the camera gives a range of magnifications from 3x to 

lOOx . The sample is mounted on a precision rotation stage, and the entire apparatus sits on 

custom-built vibration isolators, allowing the sample, X-ray source and detector to be 

reliably steady over long time periods. Because the CCD camera is sensitive, and the 

apparatus stable, the x-ray source can be used at low power for extended periods, from days 

to weeks, such that structural change over time can be readily monitored. 

Nine hundred images per sample were acquired and scanned images were then processed 

into 2D tomograms. 3D models were created and selected scanned images as time 

sequences are presented in Figure 4.13. 

Dark-gray areas represent resin with lower electron density while light-gray areas are glass 

fibres with higher electron density. Black areas indicate absence of any substance, there are 

no electrons inside, and hence these are voids. Scanned images can be seen as slices 

through a sample and when, for example, extracting slices 400, 410 and 420 of the 900, 

differences in internal structures can be seen, such as changes to the size and disappearance 

of bubbles, or the creation of new bubbles at certain points on tomograms. Different-

colored rings are superimposed to emphasize the location of bubbles. Note the difference of 

ring content in each of the three images, for example the red ring. Red rings encircle: 

existence of a clear void (dark circle) existence in the top image; decrease of the same void 

(gray circle) in the middle image; and complete disappearance of the void in the bottom 

image, replaced by fibre tows. 
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4.5. Mechanical testing 

There are four main direct loads that any material in a structure has to be able withstand: 

tension, compression, shear and flexure. Tension, flexure and shear testing were performed 

in this study. 

An Instron 5500R Testing machine with Bluehill2 testing software (Figure 4.14 (a)) was 

used to perform the tests and a load/displacement curve (Figure 4.14 (b)) was produced for 

each test. 

(a) (b) 

Figure 4.14: Bluehill2 testing software, (a), and load/displacement curves, (b). 

4.5.1. Tension 

Figure 4.15 shows a tensile load applied to a composite. The response of a composite to 

tensile loads is very dependent on the tensile stiffness and strength properties of the 

reinforcement fibres, since these are significantly higher than the resin system's on its own. 
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Figure 4.15: Tension. 

For tensile testing the testing load cell was lOOkN, the crosshead displacement rate was 
2mm/min, and end-test extension 5mm. Three samples per specimen were tested, and 
giving six curves per graph, i.e., the curves from two specimens on one graph. An 
extensometer was used to measure extension for all specimens for each panel and 
extensometer removal point was at 1.5mm. Findings of tensile strength and modulus are 
presented in Chapter 5. 

Figure 4.16: Instron machine and tensile testing set-up. 

Tensile testing was carried out on an Instron machine shown in Figure 4.16, with a ruler 
and digital micrometer used to complete the calculation of tensile modulus, Er, and tensile 
strength, Oj. Relative error is as follows: 
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AKL=AF + AL^+AA^+A(AL) ( 4 3 ) 

ET F L0 A0 AL 

AA0 _ At Aw 

A0 t W (44) 

W W 1 . . J 
A0 3 12.5 

AE 
— T - = 10"5 +10"2 + 4.1 • 1 (T2 +10"4 = 5 • 10"2 

ET 

where relative error of tensile modulus, AEJ/ET, is based on: AF/F - load error determined 

by Instron machine; ALo/Lo - error of sample's length between Instron machine grips; 

AAQ/AQ - error of cross sectional area of the sample is determined by thickness, t, and width, 

w, and A(AL)/AL is an error measured by extensometer of Instron machine. 

Tensile strength and its relative error are found from: 

° Y = — (4.5) 
AO 

A<JT AF JJ AA0 

°Y F Ao (4.6) 

— ^ = 10"5 +4.1-10"2 =4.1-10 -2 

where relative error of tensile strength o> is calculated from load and cross sectional area 

errors, as previously explained. 
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4.5.2. Flexure 

Flexural loads are a combination of tensile, compression and shear loads. When loaded as 

shown in Figure 4.17, the upper face is put into compression, the lower face into tension 

and the central portion of the laminate experiences shear. 

Figure 4.17: Flexure. 

Three-point bending was used for flexural testing and required the use of a 5kN load cell, a 

support span of 100mm, ramp speed of 25mm/min, and end-of-test extension of 20mm. 

Three specimens per samples were tested, giving six curves per graph. The flexural set-up 

is shown in Figure 4.18. 

Findings of flexural strength and modulus are presented in Chapter 5. 

Figure 4.18: Instron machine and flexural test. 
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Flexural testing was carried out an Instron machine, with a ruler and digital micrometer 

used use to calculate flexural modulus, Eb, and flexural strength, Ob. Relative error is as 

follows: 

FlI 
E b = - ^ r - (4-7) 

4 wt'D 

AEb AF „ AL Aw . At ADef 
— - = + 3 — - + + 3— + — 

Eb F Ls w t Def (4 8) 

= 10~5 + 3 • 10~2 + 80 • 10~2 + 3 • 3.4 • 1 (T2 + 5 • 10~2 = 19 • 10~2 

1 

where flexural modulus' relative error, AEb/Eb, is found from: AF/F - load error determined 

by Instron machine; ALS/LS - error of support span; errors of sample's width and thickness, 

Aw/w and At/t, respectively, and ADef/Def is an error of deflection at load point. 

Flexural strength and its relative error are determined from: 

3 FL 
flfeFgi (4.9) 6 2 wt2 

ACT. AF AL Aw ^ At — ^ = — + — + — + 2 — 

(Tb F L w t (410) 

-^£- = l(T5 +1CT2 +80-10"2 +2-3.410" 2 = 8.5 • 10-2 

where relative error of flexural strength, Aot/ob, is determined based on load, support span, 

width and thickness errors, AF/F, AL/L, Aw/w, At/t, respectively. 

4.5.3. Shear 

Figure 4.19 depicts a composite structure experiencing shear load, where the load attempts 

to slide adjacent layers of fibres over each other. Under shear load the resin matrix plays 
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the major role, transferring stresses across the composite. For the composite to perform 

well under shear load the resin matrix must not only exhibit good mechanical properties but 

must also have high adhesion to the reinforcement fibre. The interlaminar shear strength 

(ILSS) of a composite is often used to indicate this property in a laminate. 

Figure 4.19: Shear. 

For shear testing the ASTM method was used. Testing was conducted in accordance with 

ASTM standard D2344 (1989), with a load cell of 5kN, support span of 40mm, 5 times 

specimen thickness, and crosshead speed of 1.3mm/min. 

Findings of interlaminar shear strength testing are presented in Chapter 5, while the Instron 

shear testing set-up is shown in Figure 4.20. 

(a) (b) 

Figure 4.20: Instron machine (a) and shear test (b). 
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Shear testing was carried out on an Instron machine, with a ruler and digital micrometer 

used to calculate shear strength, Sh- Relative error is as follows: 

S h = ^ - (4.11) 
4 wt 

AS. AL Aw At — = — + + — 

Sh L w t (412) 

S„ 9 8 

where ASh/Sh is the relative error of shear strength calculated from load, width and 

thickness errors, AL/L, Aw/w and At/t, respectively. 

4.5.4. Water intake 

Water absorption experiment involved placing samples in tap water at 45°C for 7 days, with 

weight measurements performed every 24 hours. An analytical balance, A&D Company, 

model GR-200, with precision of 0.00 lg was used. After seven days samples were prepared 

for tensile and flexural tests using methods previously outlined in Section 4.4.1. The 

increase in moisture content for all specimens was calculated using: 

W -W 
G = - z - x l 0 0 % , (4.13) 

Wd 

where G is % of weight gain, Ws is weight of specimen, and Wd is weight of dry specimen. 

Findings of water-intake measurements are shown in Chapter 5. Water gain was measured 

with the use of an analytical with a relative error of 10 , but it should be noted that 

additional error may have occurred by handling samples with cloth, or from the presence of 

water residue in laminates. 
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Several different experimental systems were used in this study, details of which are found 

in Chapter 4. The results of those experiments are presented in this Chapter, and they 

include void content determination and mechanical properties characterization, namely 

tensile, flexural and shear properties. The influence of water on laminates properties is also 

presented here. 

5.1. Stokes Bubble Cell 

Direct measurement of bubble dynamic in liquid was expected to be achieved in Stage 1 of 

the project. 

Table 5.1 presents experimental and calculated results of time-period of bubbles introduced 

into neat epoxy resin under static conditions (no vibrations) and their ascending time 

needed to reach the surface of the liquid (trajectory length of 73 mm). Calculation was 

based on Stokes Law and equation 3.18, as explained in section 3.4., while experimental 

part is described in section 4.1.1. 

Experimental results are in good correlation with theoretical (calculated) ones, as shown in 

Figure 5.1, indicating that the smaller the bubble is it takes more time to exit the epoxy 

resin of SBC. 
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Table 5.1: Experimental (Time exp) and calculated (Time calc) time-periods 
of bubbles of different radius. 

Radius (mm) Time exp (s) Time calc (s) 

0.50 85.0 93.3 

0.75 44.5 41.5 

1.25 13.0 14.9 

4.00 1.4 1.5 

100 

80 

S 6 0 

u 
E 

P 40 

20 

0 

Figure 5.1: Comparison of experimental and calculated data for different-sized 
bubbles rising to the surface of SBC. 

There were intentions of changing the position of vibration source, and also introducing 

more than two transducers to the system, as well as more powerful transducers, two or 

more air-bubbles flows enforced into the liquid, etc., but it had to be abandoned at this 

stage of the project because of difficulties in experimentation faced. 

Air-pump with the nozzle and the needle created bubbles too big to work with and it was 

difficult to regulate the size of bubbles and their movement. Trying to create the steady 

1 • T ime exp (s) 

• Time calc (s) 

- t -

9 
- — • 

0.5 0.75 1.25 

Radius [mm] 
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flow of air-bubbles was also not very successful. With small airflow (from air-pump) 

bubbles were not generating. With increasing the airflow the bubbles were too big and there 

were too many of them to control. 

Bubbles generated by air-pump were not sufficiently small, and having vibrations at 40 kHz 

only did not give good results. To confirm what effect high frequencies have on bubbles 

movement I moved to the stage 2 of the project. 

5.2. High-Frequency Piezoelectric Crystal 

Stage 2 saw a piezocrystal operating at 40 kHz. A glass/vinyl-ester laminate was cured at 

room temperature after 10 min of vibrations, with another lay-up being cured without 

vibrations. Six samples per laminate were analysed, findings were categorized into four 

groups based upon bubble sizes, which were themselves based on bubble radii, as outlined 

in Section 4.4.4. 

Table 5.2: Number of bubbles per size group 
for 0 Hz and 40,000 Hz laminates. 

Hz/jim 50-100 100-200 200-500 >500 

0 24 10 2 0 

40k 16 2 5 5 
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Figure 5.2: Level of porosity of laminates cured without vibrations (0 Hz) 
and with vibration assistance (40 kHz). 

Figure 5.2 shows the porosity levels of laminates, expressed as a number of bubbles per 
laminate, cured with vibrations of 40 kHz, and without vibrations, 0 Hz, showing that 
vibrations at 40 kHz are not reducing the porosity to satisfactory extent. While 40 kHz 
laminates have lower number of small bubbles (green and blue bars) they have higher 
numbers of large bubbles (yellow and red bars), which indicates no improvement of level 
of porosity. This leads to the conclusion that despite their dissimilar treatment the two 
sample groups have similar void content. 

5.3. EM Shaker 

The Stage 3 experimental system used an electromagnetic shaker as a vibration source for 
the frequency range 0-8000 Hz. A number of parameters' influences were investigated, 
such as power of vibrations, length of time of vibrations, vacuum assistance and top plate. 
Initial experiments revealed no dependence of porosity level of laminates on power of 
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vibrations hence power of 0.1 W was kept as a constant parameter. Processing at room 

temperature and thickness of laminates (12 plies) were established as constants as well. 

5.3.1. EM Shaker and 10 min 

Glass/vinyl-ester laminates cured without top plate, for 10 min were first set of experiments 

performed with EM shaker and covering frequencies of 0-8,000 Hz; findings are presented 

in Table 5.3. 

Table 5.3: Number of bubbles per size group of laminates cured for lOmin at 
different frequencies. 

Hz/fim 50-100 100-200 200-500 >500 

0 7 7 3 1 

5 9 3 1 0 

10 6 6 3 0 

30 4 1 1 0 

50 7 5 2 0 

100 6 7 4 0 

l k 6 5 4 1 

8k 8 3 1 3 
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Figure 5.3: Level of porosity for laminates cured with no vibrations 
and with lOmin vibrations at different frequencies. 

Figure 5.3 shows that vibration assistance of higher frequencies (kHz) cannot be seen as 

reducing porosity, when compared with results for that laminate cured under static 

conditions (0Hz). There is a lower number of bubbles (green, blue and yellow bars) and no 

large bubbles at all (red bars) for frequencies between 5Hz and 100Hz. These results 

indicate the need for alteration and improvement to this experimental system as well as the 

potential of low frequencies as possible means of void reduction. 

5.3.2. EM Shaker, 10 min and Top Plate 

This group of experiments brought a top plate to the vibration-curing system, having all 

other parameters the same as in 5.3.1 and results are shown in Table 5.4. 
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Table 5.4: Number of bubbles per size group of laminates cured for lOmin at 

different frequencies, with top plate. 

Hz/fim 50-100 100-200 200-500 >500 
0 8 1 3 0 
5 5 0 1 0 
10 2 7 4 0 
30 1 2 2 0 
50 2 1 7 0 
100 2 1 ~ 3 0 
lk 2 4 2 1 
8k 4 3 6 1 

10 
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Frequency [Hz] 

Jjlll 
lk 8k 

Figure 5.4: Level of porosity for laminates cured with no vibrations and 
with lOmin vibrations of different frequencies, with top plate. 
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Figure 5.4 presents experimental results which show lower numbers of bubbles (green, blue 

and yellow bars) in laminates cured under low frequency vibrations, when compared with 

results seen in Figure 5.3 but with no large bubbles (red bars) other than for those samples 

subject to 1 and 8 kHz vibrations. All laminates display bubble-number reduction when 

compared with results of prior experiments in Figure 5.3, with results suggesting that 

additional refinement of the experimental system is necessary to assist with further void-

content reduction. 

5.3.3. EM Shaker, 10 and 30 min 

In this third group of experiments the length of time-period samples were subject to 

vibrations was increased from 10 min to 30 min. The use of the top plate was also a shifting 

parameter. Previous (section 5.3.2) and new results are compared in Table 5.5 and Figure 

5.5. 

Figure 5.5 shows comparison of the porosity of laminates cured under different conditions. 

It is clear that 30 minutes of vibrations with the top plate in place brings lower numbers of 

bubbles for those samples subject to low frequencies, particularly in the range 10 Hz to 50 

Hz. The largest bubbles (red bars) have disappeared almost completely in 10-50 Hz 

laminates, while small bubble sizes (green, blue and yellow) are minimized. A laminate 

cured with top plate and 30min of vibrations at 30 Hz seemed like the best one among 

analysed laminates, having no bubbles of any observed size (>50 nm). 
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Table 5.5: Comparison of the number of bubbles in laminates cured 
with 10 or 30 minutes of vibrations, with or without top plate. 

lOmin No top 
plate 

Top 
plate 

Hz/pim 50-100 100-200 200-500 >500 50-100 100-200 200-500 >500 

0 7 7 3 1 8 1 3 0 

10 6 6 3 0 2 7 4 0 

30 4 1 1 0 1 2 2 0 

50 7 5 2 0 2 1 7 0 

100 6 7 4 0 2 ~ 1 3 0 

30min No top 
plate 

Top 
plate 

Wz!\xm 50-100 100-200 200-500 >500 50-100 100-200 200-500 >500 

0 7 7 3 1 2 7 3 1 

10 4 2 2 0 0 81 1 0 

30 1 2 2 2 0 0 0 0 

50 0 0 1 1 0 1 0 1 

100 5 4 2 1 4 3 1 2 
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Figure 5.5: Comparison of porosity of laminates cured with no vibrations and with 
vibrations at low frequencies at 10 min (a and b), and 30 min (c and d); 

without top plate (a and c), and with top plate (b and d). 
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5.3.4. EM Shaker, 30min, Top Plate and Vacuum 
The final group of experiments with EM shaker upgraded previous best arrangement (top 
plate and 30min) with vacuum assistance, and data arranged in Table 5.6 also incorporate 
void content details. 

Figure 5.6 shows that vacuum assistance improved void-content reduction in all laminates 
subject to static, 0 Hz, and low-frequency vibration, 10-50 Hz; please note the scale. Low-
frequency vibration laminates, especially those in the 10 Hz and 30 Hz range, have lower 
numbers of small bubbles (green and blue bars) than laminates cured without vibrations, 
and no large bubbles (yellow and red bars), see Figure 5.6 (a). When number of bubbles is 
converted into void content (%), as explained in section 4.4.4, decrease in void content is 
noticeable for laminates cured with low frequency vibrations, as shown in Table 5.6 and 
Figure 5.6 (b). Void content for 30 Hz laminate is very low and is not noticeable in Figure 
5.6 (b). 

Table 5.6: Number of bubbles per size group and void content of laminates cured 
for 30min with top plate and vacuum assistance. 

Hz/fim 50-100 100-200 200-500 >500jim Void content (%) 
0 0 2 2 1 1.363 
10 0 1 0 0 0.104 
30 1 0 0 0 0.018 
50 3 2 3 0 0.543 
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Figure 5.6: The porosity levels of laminates expressed as number of bubbles (a) and 

void content (b), cured for 30 minutes with top plate and vacuum assistance. 

5.3.5. EM Shaker, Void Content Comparison 

This section compares void content (%) of laminates previously explained in sections 5.3.3. 

and 5.3.4. They are all cured with 30 min of vibrations with the following combinations: (a) 

with no top plate and no vacuum; (b) with top plate and no vacuum; and (c) with top plate 

and vacuum assistance, all listed in Table 5.7. 
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Table 5.7: Comparison of void contents of laminates cured with 30min 
and different experimental set-up. 

Hz Void % Experimental set-up 

0 8.374 no top plate 

10 1.005 

30 2.124 

50 2.656 

0 4.502 top plate 

10 0.477 

30 0.040 

50 1.076 

0 1.363 top plate + vacuum 

10 0.104 

30 0.018 

50 0.543 
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Figure 5.7: Void content of laminates cured with no vibrations and with 30min 
vibrations of low frequencies: with no top plate (left), with top plate (middle) 

and top plate and vacuum assistance (right). 

Figure 5.7 shows how sample void content is reduced with use of vacuum assistance and 

top plate for laminates cured with 30min of low frequency (10-50 Hz) vibrations. The left-

hand section of the chart (no top plate and no vacuum) shows 10-50 Hz laminates' bars as 

lower than 0 Hz (no vibrations curing). The same applies to the middle section of the chart 

(top plate and no vacuum), where bar values are further reduced. The right-hand section of 

the chart (top plate + vacuum) clearly shows low frequencies as the best for void-content 

reduction, with values for 10 Hz and 30 Hz bars as much lower than for 0 Hz. 

I 
no top plate top plate top plate+vacuum 

I I I 
1 1 -
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5.4. ANUQSM 

In Stage 4, the findings of previous experiments employing low-frequency vibrations and 

vacuum were incorporated into the QS-alike system. The ANUQSM was built in response 

to this step and allowed curing at elevated temperatures, in conjunction with the use of 

vacuum and vibration assistance. 

5.4.1. Three Air-driven Vibrators 

Three vibrators were initially used as vibration source. Glass/vinyl-ester laminates were 

cured at room temperature for 10 or 30 min with vibrations and vacuum. The frequency 

employed in vibrations was constant, 60 Hz. 

This group of experiments did not yield promising results, showing high numbers of 

bubbles for vibration-assisted laminates, with all sizes of bubbles, i.e. all colored bars, for 

both 10 and 30min. When compared with those of static laminates (0 Hz), see Figure 5.8, 

no firm conclusion of vibration benefits to curing composite laminate can be made. 
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Table 5.8: Number of bubbles per size group of laminates cured for 10 and 30min 
at 60 Hz and room temperature. 

Hz/jim 50-100 100-200 200-500 >500fim | 
lOmin 0 7 4 1 0 

60 [ 4 3 1 1 
30min 0 1 2 2 6 

60 3 4 2 1 

N 50-100 

• 100-200 

U 200-500 

• >500|im 

60 0 
Frequency [Hz] 

60 

(a) (b) 
Figure 5.8: Level of porosity for laminates cured with no vibrations and with 

vibrations at 60Hz, for 10 min (a) and 30 min (b). 
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5.4.2. Speaker, Void Content 

A new vibration source, the speaker, was included in the ANUQSM apparatus at this point. 

The speaker was placed on the top of the clamped chambers, and was used for either lOmin 

or 20min. Epoxy resin system was cured at 50°C, and vinyl-ester resin at 25°C, with void 

content results presented in Table 5.9. 

Table 5.9: Void content for vinyl-ester and epoxy laminates 
cured with altered conditions. 

Vinyl Void % Epoxy Void % 

Hz lOmin 20min Hz lOmin 20min 

0 0.655 0.513 0 3.434 2.780 

2 0.090 0.342 2 2.175 1.377 

5 0.067 0.696 5 1.015 0.763 

10 0.155 0.175 10 0.325 1.073 

30 0.036 0.905 30 0.881 2.304 

50 0.232 0.276 50 0.394 1.305 

100 0.623 0.115 100 2.845 5.781 

lk 1.093 0.237 lk 2.231 3.604 

8k 0.600 1.128 8k 1.426 4.457 
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Figure 5.9 shows glass/epoxy resin laminates cured with vacuum and vibrations that were 

employed for 10 and 20min; the frequency range covered was 0-8000 Hz. The middle of 

the chart, with low frequencies (2-50 Hz), indicates lower void content for both 10 minutes 

(purple bars) and 20 minutes (gold bars) laminates than for no-vibrations (0 Hz) and high-

frequency (100-8000 Hz) laminates. Ten minutes laminates (purple bars) have lower void 

content than twenty minutes of vibrations (gold bars) among frequencies higher than 10 Hz. 

At the same time 20 minutes of vibrations (gold bars) showed lower void content than 10 

min vibration laminates (purple bars) at very low-frequencies, 2 Hz and 5 Hz, and no-

vibrations (0 Hz) laminates. 

Glass/vinyl-ester resin laminates were produced with UV curing after being in ANUQSM 

at room temperature (25°C). Vacuum and vibrations were again employed for lOmin and 20 

min. Low frequencies, 2-50 Hz, showed lower void content when cured with 10 minutes 

vibration. Figure 5.10 shows that low frequency vibrations of 10 minutes (purple bars) gave 

better results, i.e. lower void content than high frequencies and no-vibration, 0 Hz, 

laminates. When comparing glass/vinyl-ester laminates with glass/epoxy lower void 

content is noticeable for the first ones for all frequencies and time-length. 
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Figure 5.9: Void content for glass/epoxy laminates cured with vacuum and 
vibration assistance at different frequencies, for lOmin and 20min. 
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Figure 5.10: Void content for glass/vinyl-ester laminates cured with vacuum and 
vibration assistance at different frequencies, for lOmin and 20min. 
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5.4.3. Speaker, Flexural Properties 

Previously vacuum and vibration-assisted cured laminates (section 5.4.2) were 

mechanically tested. Void content and flexural testing results- flexural strength (FS) and 

modulus (FE), along with standard deviations, for glass/epoxy laminates are shown in 

Figures 5.11 - 5.14, while for glass/vinyl-ester laminates in Figures 5.15-5.16. 

Figure 5.11 shows that flexural strength values (dots) for laminates employing low 

frequency vibrations, 2-50 Hz, are slightly higher than those for laminates that were subject 

to high frequencies, 100-8000 Hz, and no vibrations, 0 Hz. These results are in agreement 

with void content (bars). Low void content is reflected in higher flexural strength. Values 

for 10 minutes (purple bars and purple dots) are better than values for 20 minutes (gold bars 

and gold dots) in almost all cases. To get clearer picture how flexural strength values 

compare between different samples see Figure 5.12 with different axes scale than 5.11. 

Figure 5.13 shows flexural modulus values (dots) in laminates which employed low 

frequencies, 2-50 Hz, as slightly lower than those for high frequencies, 100-8000 Hz, and 

no vibrations, 0 Hz, laminates, except for 5 Hz and 50 Hz. Values for 1 Omin (purple bars 

and purple dots) are better than values for 20min (gold bars and gold dots), in almost all 

cases, that can also be noticed in Figure 5.14. 
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Table 5.10: Void content, flexural properties and standard deviation for lOmin and 
20min of vibration-cured glass/epoxy laminates. 

lOmin 

f (Hz) void % FS (MPa) StDev FE (GPa) StDev 

0 3.434 226.05 6.299 13.3 0.208 

2 2.175 226.79 2.851 12.7 0.351 

5 1.015 237.86 9.067 13.7 0.404 

10 0.325 229.43 6.191 12.8 0.265 

30 0.881 234.94 5.597 12.9 0.265 

50 0.394 228.59 6.964 13.3 0.436 

100 2.845 224.63 9.026 13.2 0.289 

lk 2.231 233.70 2.260 13.4 0.351 

8k 1.426 232.02 5.135 13.3 0.404 

20min 

f (Hz) void % FS (MPa) StDev FE (GPa) StDev 

0 2.780 212.14 4.845 11.8 0.153 

2 1.377 226.70 1.708 13.2 0.107 

5 0.763 222.12 5.836 12.4 0.760 

10 1.073 233.20 3.415 12.3 0.851 

30 2.304 220.07 10.011 12.4 0.659 

50 1.305 235.96 2.836 12.1 0.107 

100 5.781 196.47 7.675 12.3 0.250 

lk 3.604 216.02 9.247 12.2 0.905 

8k 4.457 213.44 8.881 12.2 0.329 



Chapter 5 Results 

5 

u 3 

> 2 

10 3 0 5 0 100 l k 
Frequency [Hz] 

r 3 0 0 

h 200 

100 

re a. 

8k 

• 1 0 m % 

U 2 0 m % 

A 1 0 m MPa 

• 2 0 m MPa 

Figure 5.11: Void content and flexural strength of glass/epoxy laminates cured with 
vacuum and vibration assistance of different frequencies for lOmin and 20min. 
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Figure 5.12: Flexural strength of glass/epoxy laminates; note axes scale. 
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Figure 5.13: Void content and flexural modulus of glass/epoxy laminates cured with 
vacuum and vibration assistance of different frequencies for lOmin and 20min. 
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Figure 5.14: Flexural modulus of glass/epoxy laminates; please note axes scale. 
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Void content and flexural testing results- flexural strength (FS) and modulus (FE) for 

glass/vinyl-ester laminates are presented in Table 5.11, and Figures 5.15 and 5.16. 

Table 5.11: Void content, flexural properties and standard deviation for lOmin and 
20min of vibration-cured glass/vinyl-ester laminates. 

lOmin 

f (Hz) void % FS (MPa) StDev FE (GPa) StDev 

0 0.655 227.18 6.145 13.5 0.624 

2 0.090 243.47 11.880 14.7 0.451 

5 0.067 232.40 3.899 13.6 0.231 

10 0.155 236.70 0.933 13.4 0.252 

30 0.036 237.23 1.687 14.3 0.666 

50 0.232 222.97 5.698 13.9 0.416 

100 0.623 219.27 10.053 12.6 0.854 

lk 1.093 234.11 0.565 13.8 0.361 

8k 0.600 220.97 3.168 12.8 0.100 

1 1 ' 

20min 

f (Hz) void % FS (MPa) StDev FE (GPa) StDev 

0 0.513 242.34 5.177 14.1 0.153 

2 0.342 223.17 4.483 14.0 0.404 

5 0.696 279.01 8.186 15.0 0.402 

10 0.175 257.08 15.395 14.7 0.883 

30 0.905 242.68 4.458 14.5 0.107 

50 0.276 228.03 1.256 12.0 0.100 

100 0.115 238.76 10.632 13.4 0.551 

lk 0.237 220.64 1.630 13.5 0.195 

8k 1.128 230.02 5.453 14.5 0.150 
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In Figure 5.15 flexural-strength values (dots) for low frequency (2-50 Hz) glass/vinyl-ester 

laminates are slightly higher than those for high frequencies (100-8000 Hz) and no 

vibrations (0 Hz) laminates. That is in agreement with void content (bars). Low void 

content is reflected in higher flexural strength. Values for 20min (gold bars and gold dots) 

are higher than values for lOmin (purple bars and purple dots), although this trend is not 

consistent. 

Figure 5.16 shows the results of the measurement of flexural modulus values of glass/vinyl-

ester laminates. Values of laminates (dots) in which low frequency vibrations, 2-50 Hz, 

were employed are slightly higher than for those laminates using high frequencies, 100-

8000 Hz, and no vibrations (0 Hz). These results are in agreement with void content (bars). 

Low void content is reflected in higher flexural modulus. Values for 20 minutes (gold bars 

and gold dots) are higher than values for 10 minutes (purple bars and purple dots), although 

this trend is not consistent. 
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Figure 5.15: Void content and flexural strength of glass/vinyl-ester laminates cured 
with vacuum and vibration assistance of different frequencies for lOmin and 20min. 
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Figure 5.16: Void content and flexural modulus of glass/vinyl-ester laminates cured 
with vacuum and vibration assistance of different frequencies for lOmin and 20min. 
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5.4.4. Speaker, Tensile Properties 

Void content and tensile testing results, tensile strength (TS) and modulus (TE), of 

glass/epoxy laminates, along with standard deviations, are shown in Table 5.12 and Figures 

5.17 and 5.18. 

Figure 5.17 shows values for tensile strength (dots) in sample laminates in which low 

frequency vibrations, 2-50 Hz, were used, as slightly higher than in those samples in which 

high frequencies, 100-8000 Hz, and no vibrations, 0 Hz, were used. These results are in 

agreement with void content (bars). Low void content is reflected in higher tensile strength. 

There is no clear indication whether 10 or 20 min of vibrations give better tensile strength 

results since the trend is not consistent. 

Figure 5.18 shows tensile moduli (TE) values (dots) for samples laminates using low 

frequency, 2-50 Hz, which are slightly higher than those seen in samples using high 

frequencies, 100-8000 Hz, and no vibrations, 0 Hz. That is in agreement with void content 

(bars). Low void content is reflected in higher tensile moduli. Values for 20min (gold bars 

and gold dots) are better than values for lOmin (purple bars and purple dots), although it is 

not consistent. 
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Table 5.12: Void content, tensile properties and standard deviation for lOmin and 
20min of vibration-cured glass/epoxy laminates. 

lOmin | 
f (Hz) void % TS (MPa) StDev TE (GPa) StDev 

0 3.434 175 13.856 13.4 2.546 

2 2.175 163 14.742 13.1 2.517 

5 1.015 176 9.074 14.0 5.399 

10 0.325 179 6.110 13.8 8.566 

30 0.881 166 7.810 13.6 4.338 

50 0.394 176 11.930 14.2 4.726 

100 2.845 164 9.539 13.1 1.000 

lk 2.231 171 3.055 13.1 4.221 

8k 1.426 184 5.856 13.7 6.110 

20min 

f (Hz) void % TS (MPa) StDev TE (GPa) StDev 

0 2.780 171 0.643 13.0 0.351 

2 1.377 181 0.300 14.6 0.168 

5 0.763 173 0.173 13.8 0.750 

10 1.073 171 0.872 13.8 0.600 

30 2.304 168 0.462 14.0 1.291 

50 1.305 176 0.208 13.9 0.297 

100 5.781 180 0.116 13.5 0.265 

lk 3.604 170 0.964 13.2 0.184 

8k 4.457 165 1.168 13.5 0.329 
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Figure 5.17: Void content and tensile strength of glass/epoxy laminates cured with 
vacuum and vibration assistance of different frequencies for 10 and 20 minutes. 
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Figure 5.18: Void content and tensile modulus of glass/epoxy laminates cured with 
vacuum and vibration assistance of different frequencies for lOmin and 20min. 
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Findings of glass/vinyl-ester laminates are presented in Table 5.13 and Figures 5.19 - 5.20. 

Table 5.13: Void content, tensile properties and standard deviations for lOmin and 
20min of vibrations cured glass/vinyl-ester laminates. 

lOmin 

f (Hz) void % TS (MPa) StDev TE (GPa) StDev 

0 0.655 170 12.741 15.1 0.815 

2 0.090 184 7.810 15.6 0.352 

5 0.067 174 8.505 15.1 0.265 

10 0.155 176 8.327 15.0 0.529 

30 0.036 177 11.314 16.4 2.984 

50 0.232 170 4.583 13.9 0.493 

100 0.623 180 3.786 14.4 1.531 

lk 1.093 173 4.726 15.7 0.265 

8k 0.600 178 6.000 15.3 0.721 
I 

20min 

f (Hz) void % TS (MPa) StDev TE (GPa) StDev 

0 0.513 171 6.501 15.1 0.574 

2 0.342 164 23.136 16.1 1.711 

5 0.696 210 7.371 16.2 0.310 

10 0.175 158 6.801 15.9 0.518 

30 0.905 177 15.313 17.0 0.651 

50 0.276 189 14.668 15.5 0.900 

100 0.115 182 2.309 15.4 0.250 

lk 0.237 168 9.002 16.2 1.468 

8k 1.128 163 10.599 15.1 0.299 
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Figure 5.19 shows that tensile strength values (dots) for laminates using low frequency 

vibrations, 2-50 Hz, are slightly higher than for those laminates in which high frequencies, 

100-8000 Hz and no vibrations, 0 Hz, were used. These results are in agreement with void 

content (bars). Low void content is reflected in higher tensile strength. Values for 10 

minutes (purple bars and purple dots) are intermittently better than values for 20 minutes 

(gold bars and gold dots). 

Figure 5.20 depicts tensile moduli (dots) for sample laminates that used low frequency 

vibrations, 2-50 Hz, in their fabrication, and which are slightly higher than those samples 

using high frequencies, 100-8000 Hz, and no vibrations, 0 Hz. That is in agreement with 

void content (bars). Low void content is reflected in higher tensile moduli. Values for 20 

minutes (gold bars and gold dots) are higher than values for 10 minutes (purple bars and 

purple dots). 
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Figure 5.19: Void content and tensile strength of glass/vinyl-ester laminates cured 
with vacuum and vibration assistance of different frequencies for lOmin and 20min. 
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Figure 5.20: Void content and tensile modulus of glass/vinyl-ester laminates cured 
with vacuum and vibration assistance of different frequencies for lOmin and 20min. 
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5.4.5. Speaker, Water Absorption 

Experiments of exposing composite laminates to water were conducted. New laminates 

were cured with vacuum and vibration assistance for 10 min, using only low frequencies. 

Samples were soaked in tap water for seven days at 50°C. Water absorption, expressed as 

water uptake, %, was measured every 24 hours. Six samples per laminate were subjected to 

mechanical testing, three samples to tensile testing and three to flexural testing. 

Tables 5.14 and 5.15 shows water uptake for glass/epoxy and glass/vinyl-ester laminates, 

respectively. 

Figure 5.21 shows the weight gain mean values of six samples glass/epoxy laminates for 

each frequency, due to water uptake. Weight gain values for 5 Hz (light green) and 30 Hz 

(dark green) are lower, indicating lower sample void content than of those laminates which 

employed no vibrations, 0 Hz (light red), and high vibrations, 100 Hz (dark red). 

Figure 5.22 shows the average values of weight gain for six samples (glass/vinyl-ester) per 

frequency, due to water uptake. Weight gain values for 5 Hz (light green) and especially 30 

Hz (dark green) are lower, which indicate lower void content than those for 0 Hz (light red) 

and 100 Hz (dark red). Note that water uptake after 4 days, 96 hours, was the highest for all 

laminates subjected to vibrations. 
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Table 5.14: Water uptake (%) of glass/epoxy laminates 
measured every 24h for 7 days. 

Epoxy 

Hz/h 24 48 72 96 120 144 168 

0 0.038 

~ 0.032™ 

0.047 0.065 0.083 0.079 0.077 0.080 

5 

0.038 

~ 0.032™ 0.042 0.052 0.073 0.073 0.072 0.073 

30 0.042 0.044 0.060 0.077 0.075 0.074 0.074 

100 0.037 0.050 0.062 0.085 0.084 0.082 0.083 0.084 

StDev 

0 0.0098 0.0052 0.0105 0.0052 0.0075 0.0052 0.0063 

5 0.0117 0.0075 0.0075 0.0103 0.0082 0.0075 0.0082 

30 0.0121 0.0082 0.0089 0.0052 0.0084 0.0082 0.0082 

100 0.0052 0.0063 0.0075 0.0105 0.0082 0.0075 0.0052 

Figure 5.21: Weight gain of glass/epoxy laminates cured with vacuum and 
lOmin vibration assistance, exposed to water for 7 days. 
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Table 5.15: Water uptake (%) of glass/vinyl-ester laminates 
measured every 24 hours for 7 days. 

Vinyl 

Hz/h 24 48 72 96 120 

0.053 

144 168 

0 0.045 0.043 

0.035 

0.047 0.062 

120 

0.053 0.050 0.053 

5 0.032 

0.043 

0.035 0.037 0.050 0.048 0.042 0.042 

30 

100 

0.030 0.025 0.030 0.038 0.035 0.032 0.030 30 

100 0.028 0.032 0.040 0.052 0.043 0.042 0.042 

StDev 

0 0.0105 0.0121 

0.0055 

0.0052 0.0041 0.0082 0.0063 0.0082 

5 0.0075 

0.0121 

0.0055 0.0082 0.0063 0.0075 0.0041 0.0041 

30 0.0000 0.0055 

0.0041 

0.0000 0.0075 0.0084 0.0041 0.0000 

0.0041 100 0.0075 

0.0055 

0.0041 0.0089 0.0041 0.0052 0.0041 

0.0000 

0.0041 

24 48 72 96 120 144 168 

Time [h] 

Figure 5.22: Weight gain of glass/vinyl-ester laminates cured with vacuum and 
10 minutes vibration assistance, exposed to water for 7 days. 
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5.4.6. Speaker, Water Absorption and Flexing 

Glass/vinyl-ester laminates that were previously in water (section 5.4.5) were subjected to 

flexural testing. Flexural strength (FS) and modulus (FE) for glass/vinyl-ester laminates 

(cured with lOmin of vibrations), were determined before (denoted as 1) and after (denoted 

as 2) water absorption. Standard deviations were also calculated and are presented in Table 

5.16. 

Table 5.16: Flexural properties of glass/vinyl-ester laminates 
subjected to water. 

Before water absorption 

f (Hz) FS (MPa) StDev FE (GPa) StDev 

0 203.4 3.835 12.9 0.100 

5 227.8 17.204 13.2 0.473 

30 247.9 5.541 13.4 0.361 

100 234.4 4.903 13.1 0.252 

After water absorption 

f (Hz) FS (MPa) StDev FE (GPa) StDev 

0 167.0 4.509 12.8 0.400 

5 164.7 0.694 12.7 0.231 

30 223.3 6.003 13.3 0.289 

100 218.3 2.411 12.8 0.400 
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Figure 5.23: Comparison of flexural strength (a) and modulus (b) for glass/vinyl-ester 
laminates before (1) and after (2) water absorption; note the scale. 

Figure 5.23 (a) shows higher values of flexural strength before water absorption, FS1 (blue 

rhombs), for 30 Hz than for laminates that used no vibrations (0Hz). The same trend is 

noted for flexural moduli in Figure 23 (b). This applies equally to after water testing, for 

both flexural strength and moduli, though some differences are small. 
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Glass/epoxy laminates that were previously in water (section 5.4.5.) were subjected to 

flexural testing. Flexural strength (FS) and modulus (FE) for glass/epoxy laminates (cured 

with lOmin of vibrations), were determined before (denoted as 1) and after (denoted as 2) 

water absorption. Standard deviations were also calculated and are all shown in Table 5.17. 

Table 5.17: Flexural properties of glass/epoxy laminates subjected to water. 

Before water absorption 

f (Hz) FS (MPa) StDev FE (GPa) StDev 

0 217.5 10.844 13.1 0.200 

5 231.8 5.408 13.4 0.208 

30 234.1 4.272 13.4 0.300 

100 225.3 6.689 13.1 0.252 

After water absorption 

f (Hz) FS (MPa) StDev FE (GPa) StDev 

0 186.3 3.564 12.0 0.200 

5 209.7 3.501 12.7 0.153 

30 211.7 2.143 13.3 0.400 

100 201.3 1.711 12.0 0.100 
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Figure 5.24: Comparison of flexural strength (a) and modulus (b) for glass/epoxy 
laminates before (1) and after (2) water absorption; note the scale. 

Figure 5.24 (a) shows higher values of flexural strength before water absorption, FS1 (blue 

rhombs), for samples subject to vibration at 5 Hz and 30 Hz than for no vibrations, 0 Hz. 

The same trend is noted for flexural moduli, FE1, in Figure 5.24 (b). This applies equally to 

after water testing, for both flexural strength and moduli, with clear differences. 
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5.4.7. Speaker, Water Absorption and Tension 

Glass/vinyl-ester laminates that were previously in water (section 5.4.5.) were subjected to 

tensile testing. Tensile strength (TS) and modulus (TE) for glass/vinyl-ester laminates 

(cured with lOmin of vibrations), were determined before (denoted as 1) and after (denoted 

as 2) water absorption. Standard deviations were also calculated, shown in Table 5.18. 

Table 5.18: Tensile properties of glass/vinyl-ester 
laminates subjected to water. 

Before water absorption 

f (Hz) TS (MPa) StDev TE (GPa) StDev 

0 163.3 12.946 13.8 0.794 

5 175.0 9.849 14.9 0.723 

30 173.3 1.262 16.1 1.739 

100 165.7 8.275 14.5 0.361 

After water absorption 

f (Hz) TS (MPa) StDev TE (GPa) StDev 

0 145.0 7.638 13.4 1.217 

5 152.3 3.687 12.9 0.808 

30 174.0 2.000 14.8 1.150 

100 156.3 6.752 13.7 0.058 
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Figure 5.25: Comparison of tensile strength (a) and modulus (b) for glass/vinyl-ester 
laminates before (1) and after (2) water absorption; note the scale. 
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Figure 5.25 (a) shows higher values of tensile strength before water absorption, TS1 (blue 

rhombs) for laminates subject to vibrations at 5 Hz and 30 Hz than for no vibrations, 0 Hz. 

The same trend is noted for flexural moduli, TE1, in Figure 5.25 (b). This is also applicable 

for testing after water absorption, for both flexural strength and moduli, TS2 and TE2, 

though there are some variations, like in TE2 for 5 Hz. 

Glass/epoxy laminates previously soaked in water (section 5.4.5.) were subjected to tensile 

testing. Tensile strength (TS) and modulus (TE) for glass/epoxy laminates (cured with 

lOmin of vibrations), were determined before (denoted as 1) and after (denoted as 2) water 

absorption. Standard deviations were also calculated, and are all presented in Table 5.19. 

Figure 5.26 (a) shows higher values of tensile strength before water absorption, TS1, (blue 

rhombs) for laminates subjected to vibrations at 30 Hz than for no vibrations laminates, 0 

Hz. The same trend is noted for flexural moduli, TE1, in Figure 5.26 (b). It should be noted 

that 100 Hz has the highest values for both tensile strength and modulus. 
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Table 5.19: Tensile properties of glass/epoxy laminates subjected to water. 

Before water absorption 

f (Hz) TS (MPa) StDev TE (GPa) StDev 

0 165.3 3.006 13.7 0.208 

5 152.0 7.024 13.5 0.551 

30 170.3 4.671 13.8 0.503 

100 171.7 6.049 13.9 0.513 

After water absorption 

f (Hz) TS (MPa) StDev TE (GPa) StDev 

0 152.3 2.143 12.8 1.258 

5 156.0 6.557 12.5 0.462 

30 156.3 1.540 12.8 0.300 

100 156.7 4.005 13.1 1.210 
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Figure 5.26: Comparison of tensile strength (a) and modulus (b) for glass/epoxy 
laminates before (1) and after (2) water absorption; note the scale. 
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5.4.8. Speaker, Shear Testing 

Shear testing of unidirectional glass/epoxy composites cured with 10 min of vibrations was 

performed on seven sample laminates cut parallel to the direction of the fibres. Void 

content was determined. Calculated standard deviation and shear strength (ShS) mean 

values of 5 samples are presented in Table 5.20. 

Figure 5.27 shows 5 Hz and 30 Hz laminates having lower void contents (purple bars) and 

higher shear strength (gold squares) than those samples not exposed to vibration, 0 Hz. 
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Table 5.20: Void content and shear strength of unidirectional glass/epoxy laminates 
cut along fibres. 

f (Hz) Void % StDev ShS (MPa) StDev 
0 6.102 2.822 27.14 1.256 
5 1.853 1.317 31.98 1.074 

30 3.642 2.654 30.09 0.713 
100 2.049 0.839 30.95 0.410 
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Figure 5.27: Comparison of void content and shear strength of 
unidirectional samples cut along fibres. 
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Shear testing of unidirectional glass/epoxy composites cured with 10 min of vibrations was 

performed on samples cut perpendicular to the direction fibres. Void content was 

determined. Standard deviation and mean values of four samples are presented in Table 

5.21. 

Shear strength values (ShS) in Figure 5.28 are lower than in Figure 5.27 (and at a different 

scale). It can also be noted that 5 Hz and 30 Hz laminates have lower void content (purple 

bars) and higher shear strength (gold squares) values than 0 Hz. 
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Table 5.21: Void content and shear strength of unidirectional glass/epoxy 

laminates cut perpendicular to fibres. 

f (Hz) Void % StDev [ ShS (MPa) StDev 
0 6.102 2.822 2.35 0.550 
5 1.853 1.317 4.45 0.256 

30 3.642 2.654 4.06 0.161 
100 2.049 0.839 3.64 0.117 
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Figure 5.28: Comparison of void content and shear strength of 
unidirectional samples cut perpendicular to fibres. 
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The property degradation of composite materials due to voids, inclusions, delamination, 

fiber-matrix debonding, fiber misalignment and fiber breakage has been well researched as 

these effects are the classic reasons for composites failure [Hancox (1977), Judd & Wright 

(1978), Cantwell & Morton (1992), Varna et al. (1995), Mouritz & Thomson (1999), 

Hamidi et al. (2005), Costa et al. (2005, 2006), Chambers et al. (2006)]. 

A void content as low as 1% is known to result in a decrease in strength up to 30% in 

bending, 3% in tension, 9% in torsional shear, and 8% in impact [Judd & Wright (1978), 

Barraza et al. (2004)]. The void content is a volume characteristic and void locations and 

sizes must be taken into account in order to predict the influence of voids on mechanical 

properties. 

In this study, the level of void content and its reduction is the main objective. 

Implementation of mechanical vibration during composite material processing may affect 

the level of porosity, as indicated in Chapter 3. The effect of vibration will be governed by 

its parameters, e.g. frequency, amplitude and vibrational energy input. 

The term void, bubble and cavity will be treated as the same, to reflect the level of porosity, 

void content or a type of defects in composite materials. It is defined as a bubble with a 

diameter from 20 fim to 1 mm. 
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It is not an imperative to eliminate all the voids from the laminate. It is sufficient to keep 

the void content below a certain limit; typically, <1% for aerospace structures and around 

5% for other applications [Barraza et al. (2004), Liu et al. (2006)] 

It is believed that this is the first published study on the effects of vibrations on void 

content in laminated composites covering systematically a wide range of frequencies, from 

0 Hz to 40,000 Hz. Covering such a wide spectrum allows us to observe the variation of 

void content with frequency of vibrations and in this case to notice a clear minimum 

occurring between 10 to 30 Hz. Speaking in broad terms, high frequencies (1 kHz to 40 

kHz) appear to have minimal effect on void content [Muric-Nesic et al. (2008)]; see 

Chapter 5, Figures 5.2-5.4. 

At first, it may be thought that high frequencies should be more instrumental in dispersion 

or reduction of bubbles. However, it is the low frequencies that appear to be the most 

effective. What is also remarkable is that the trend is not monotonic, but has a definite 

minimum. This has attracted my attention and analysis. 

The presence of the minimum, see Figures 5.9 and 5.10, indicates a coupling mechanism 

between the movement of the fluid with bubbles, and some specific frequency of the 

system, which can be the gas bubble surrounded by the fluid resin, the laminated sample 

encased in the vacuum bag, or the whole curing chamber with the curing laminates. The 

minimum for the glass/vinyl-ester laminates results (Figure 5.10) is less pronounced. 
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6.1. Internal Structure of Laminates 

Three methods for determining internal structure of laminates were used and they all show 

fibres, resin and defects. Those methods are scanning electron microscopy (SEM), optical 

microscopy and computed tomography (CT). While SEM and optical microscope images 

show presence of defects very well, acquired images are 2D and it is not quite certain if the 

defects are actually bubbles. With CT scan and the possibility of seeing in 3D, the existence 

of bubbles is confirmed. As CT scan images are slices of samples they show electron 

density of samples constituents, and that is shown on tomograms in Section 4.4.5. Lack of 

electrons found in certain areas (black areas) indicates absence of any substance and 

therefore it can be considered that those defects are voids or bubbles. 

Another type of images, obtained with CT, are radiographs, similar to X-ray images. 

Typical radiographs show fibre tows from different angles as shown in Figure 6.1; note 

fibre tows in two projections. These images corroborate the above observations, and in 

addition, provide a macroscopic view of the internal structure. 

In the experimental system studied here the laminated composite samples consist of resin 

and plies of fibres, which present serious obstacles to bubble movement. On a macro scale 

the reinforcement is often treated as a porous medium and the flow is presumed to follow 

Darcy's law [Kurematsu & Koishi (1985)]. Analysis of the flow through such a medium 

indicates that the flow time will be increased by at least an order of magnitude [Song 

(2006)]. Nevertheless, increasing the size of the bubbles is very effective in removing the 

bubbles from the composite. Indeed, degassing of resin by the application of vacuum is a 

standard procedure in industry. 
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Figure 6.1: Typical radiographs of CT scanned samples. 

6.2. Behavior of Bubbles in Laminates 

Vibrations and buoyancy push bubbles through fibres (bundles and layers) or/and move 

them left/right to the edges of the laminate, and bubbles can disintegrate, break up into 

smaller bubbles, but it will not greatly affect the laminate's structure. Possible mechanism 

of bubbles movement through fibres as suggested by Kang & Koelling (2004) is depicted in 

Figure 6.2. It is assumed here that if small bubbles, with diameter less than 10 pm, stay in 

fibre tows they are not affecting laminate's properties. 
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(c) w (d) 

Figure 6.2: Demonstration of the breakup process [Kang&Koelling (2004)]. 

In this thesis the emphasis is on the behaviour of the bubbles in the liquid resin, and the 

presence of the fibres has been ignored. This is a simplification of the system, but it was 

important in allowing progress to be made in the understanding of bubble escape behavior. 

A free spherical gas bubble in a viscous liquid will float to the liquid surface due to 

buoyancy. The velocity for a bubble moving upwards can be calculated as described in 

Section 3.4. 

The results of calculations for the velocity and time to exit from depth of 3 mm 

(approximate laminate thickness) for different sized bubbles in epoxy/hardener mixture at 

50°C, with viscosity of approximately 334 mPa.s, are shown in Table 6.1. Details for vinyl-

ester mixture at 25°C, with viscosity of approximately 370 mPa.s, are shown in Table 6.2. 

The gelation time is approximately 30 minutes which is longer for most bubbles (in 3mm 

depth) except for the smallest ones. 
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Table 6.1: Velocity and exit times for bubbles at 50°C in epoxy. 

bubble radius [fun] 10 100 1000 

velocity [mm/s] 0.00073 0.073 7.28 

exit time from 3 mm [min] 68.7 0.687 0.00687 

Table 6.2: Velocity and exit times for bubbles at 25°C in vinyl-ester. 

bubble radius [}im] 10 100 1000 

velocity [mm/s] 0.00062 0.062 6.16 

exit time from 3 mm [min] 81.2 0.812 0.00812 

The exit times for the 1 mm bubble, shown in Table 1, are unrealistic since Stokes law 

applies to low Reynolds numbers only (laminar flow). Furthermore, the velocities will be 

decreased by an order of magnitude in account of the presence of the reinforcing fibres. 

Nevertheless, the calculations show that increasing bubble size by reducing pressure is an 

effective way to reduce exit time for the bubbles since the velocity depends on the square of 

the radius (see equation 3.17). 

Numerous papers in published literature show that application of high pressure to 

composite materials during curing enable manufacturing of almost defect-free laminates 

[Lundstrom & Gebart (1994), Eom et al. (2001), Barraza et al. (2004), Hamidi et al. (2005), 

Guo et al. (2006)]. 
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However, low-pressure environment of the ANUQSM was in place in this study. The 
Quickstep plant operates with pressures of 10-28 kPa (1-4 psi). Consequently, there's no 
high pressure available to act upon bubbles. 

On the other hand, low pressure is the characteristic of vacuum assistance. There is a 
substantial evidence of vacuum assistance in literature [Ghiorse & Jurta (1991), Lundstrom 
& Gebart (1994)]. The application of vacuum significantly aids fibre wetting through 
improved resin flow. Furthermore, the void content is strongly reduced by an applied 
vacuum and can be almost completely eliminated. The lowering of the void content with 
vacuum assistance can be interpreted as a result of compression of voids when the vacuum 
is released and a higher mobility of voids created at a lower pressure. 

Decreasing the external pressure from 100 kPa to 10" kPa (typical vacuum used in 
experiments here) results in an increase of the bubble's size by a factor of approximately 10 
(see section 3.1). Hence, vacuum applied during curing is affecting the bubble size and its 
escape velocity significantly. 

By contrast, increasing temperature from 25°C (298K) to 50°C (323K) would result in an 
increase of the bubble size by approximately 3%, a small variation that can be neglected in 
comparison to pressure effect. 
According to the Arrhenius equation (3.12), a rise in temperature will also cause a change 
in viscosity. The viscosity of epoxy resin mixture changes from approximately 540 mPa.s 
at 25°C, to 334 mPa.s at 50°C. Therefore, increasing the temperature from 25°C during 
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sample preparation to 50°C while curing, will have some effect on the bubble upward 
velocity, but significantly less than the application of negative pressure, i.e. vacuum. 

Figure 5.9 shows that applying vibrations for 20 minutes does not alter significantly the 
pattern of void reduction compared to 10 minutes application. It is conjectured that this is 
due to increasing viscosity of the resin as a result of increasing molecular weight of the 
copolymer. The curing reaction begins with copolymerization of the two components prior 
to gelation, and this slows down diffusion and hence bubble reduction and bubble escape. 
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Figure 6.3: Summary statistics of the relative change in void content as 
a function of size and frequency. 

Figure 6.3 shows summary statistics for bubble sizes measured in the cured experimental 
samples. The distributions are normalized to 100% for each bubble size range, and are 
presented together for the frequencies from 0 Hz to 100 Hz. The figure shows clearly a 
significant decrease in the larger size ranges (100-500 jim) relative to the small sized 
bubbles (20-100 nm). The decrease is most pronounced for 5-50 Hz frequencies, 
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corroborating the effect shown in Figure 5.9. I shall return later to the effect of frequency 

and the concept of resonance later in this Chapter. 

6.3. Effect of Diffusion 

From the Slyozov-Wagner equation (equation (3.11)) one can deduce that (at a constant 

temperature) the volume of the average bubble will increase in proportion to time. 

Furthermore, it also implies that the larger bubbles will grow faster than the smaller 

bubbles [Yin et al. (1996)]. At the same time, the larger sized bubbles will escape, thus 

reducing their number as evidenced by Figure 6.3. 

In anticipation of the application of vibrations, let's consider the diffusion of dissolved gas 

(air) from the liquid resin into a bubble in one cycle. 

Using equations (3.7) and (3.18) one can calculate that, to double the volume of a bubble 

with an initial radius of 100 (am, and thus to reduce its exit time by 60%, the radius has to 

increase to 126 pm. In 10 minutes at 10 Hz this corresponds to an average radius increase 

of approximately 0.005 pm (5 nm) per cycle. The growth of the bubble radius by 5 nm 

requires a transfer per cycle of approximately 698 pm3 of air (dissolved in the resin) into 

the bubble. This volume of air weighs 449 x 10"15 g. When dissolved in the resin to the 

unenhanced level of solubility (i.e. 0.1 g/kg of resin), it will reside in a volume of 

approximately 18.6 x 103 pm3 (assuming resin density of 1.2 x 103 kg/m3). Alternatively, 

this can be expressed as concentration equal to 0.12 x 10"15 g air in 1 pm3 of resin. The 

volume of resin containing 449 x 10"15 g of dissolved air, when spread over the surface of a 
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bubble of 100 (am radius, will extend to a depth of approximately 0.03 (im from the 

bubble/resin interface. 

Let's now calculate the diffusion rate required to sustain the growth. In order for this 

volume of air to be transferred into the bubble, the flux, J, must be: 

J= 449 x 1015 g / 125.6 x 103 ^m2 0.1 s = 35.7 x 10"18 g/nm2.s (6.1) 

The diffusion coefficient for oxygen in liquid epoxy resin is taken as, D = 2 x 10"10 m2/s 

[Chowdhury et al. (2007)]. Assuming that the diffusion coefficient for air is the same, then 

the concentration gradient required to drive this amount of diffusion can be calculated: 

dc/dx = JID = 0.178 (g/fW)( 1 /|am) (6.2) 

A diagram depicting the bubble/resin interface with concentration gradient is shown in 

Figure 6.4. 

The concentration gradient is expected to arise as a result of the Thomson-Freundlich effect 

described in Chapter 3 (see equation (3.10)). 
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Figure 6.4: A schematic drawing of the bubble/resin interface, with concentration 
gradient between adjacent elemental volumes of resin. 

The cube (square) of resin adjacent to the interface contains 0.12 x 10"15 g of dissolved air. 

The next cube adjacent to it will contain more dissolved air, thus providing the driving 

force for diffusion. This is based on calculations, where substitution of values mentioned in 

section 3.2 into equation (3.10) leads to a value of 0.75 pm for the term in the round 

brackets. Therefore, for a bubble of 10 pm radius, CrB/Ce = 1.075, a small change, whereas 

for a bubble of 1 pm radius his ratio increases to 1.75, already a significant enhancement of 

solubility of 75%. 

Therefore, one can expect that this process will contribute to the growth of the larger than 

average bubbles, thus reducing their exit time. 

6.4. Effect of Vibrations 

It is well documented that applying mechanical vibration to the mold during solidification 

of metallic melts has a profound effect on the microstructure and mechanical properties of 

castings [Pillai (1972), Shukla et al. (1980), Campbell (1981), Kocatepe (2007), Xu et al. 
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(2008)]. There is a substantial body of research on the beneficial effect of vibrations in gas-

solids fluidization [Grinis & Monin (1999), Ellenberger & Krishna (2003)]. When it comes 

to composite materials there have been studies investigating the effect of vibrations 

published by Ghiorse & Jurta (1991) and Stabler et al. (1992). 

From results presented in this thesis it can be observed that laminates cured with low-

frequency vibration assistance (2-50 Hz) have lower void content when compared with 

high-frequency (100-8,000 Hz) or no frequency (0 Hz) vibration-assisted laminates 

(Figures 5.9 and 5.10). This is found for both time-intervals (10 and 20 min) and for both 

types of resin (epoxy and vinyl-ester), with little deviation for 30 Hz samples at 20 min. 

Furthermore, when laminates cured with low-frequency vibrations were subjected to 

flexural (Figures 5.11 - 5.16), tensile (Figures 5.17 - 5.20) and shear (Figures 5.27 and 

5.28) testing they also exhibited better properties than high-frequency or no-frequency 

laminates. This is explained in more details in section 6.4.3. 

Experiments with water absorption show less property-degradation, flexural (Figures 5.23 

and 5.24) and tensile (Figures 5.25 and 5.26) for laminates cured with low-frequency 

vibrations. This is further explained in section 6.6. 

Low frequency vibrations have longer period of time and bubbles have enough time to 

reach certain size (threshold) during pulsation that will enable them to: 

a. leave the system faster (buoyancy) due to their big size; 

b. diminish (collapse below 10 jun radius) due to their small size. 

High frequency vibrations have very short period for bubble pulsation; they keep pulsating 

with majority of bubbles not leaving the system. Static laminates (cured with no vibrations, 
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frequency of 0Hz) have no pressure fluctuations, nor bubble pulsation, and the number and 

sizes of bubbles stay the same. Further explanations follow in section 6.4.2. 

For a laminate made of 50% resin (density of 1150 kg/m3, bulk modulus K=2.5 GPa) and 

50% fibres (density of 2200 kg/m3, elasticity modulus E=80 GPa) by weight, different 

observations can be made. 

The speed of sound in the resin is calculated to be 2100 m/s, and 6000 m/s for glass fibres. 

Therefore, for a composite laminate the speed of sound (v) is assumed to be around 4000 

m/s. Having in mind the laminate's thickness of 3 mm and taking it as the wavelength (X,) in 

following relationship: 

A = VT = I (6.3) 
f 

one can find the frequency (/) to be 1.3 MHz. 

When the size of a bubble is taken as the wavelength, determining the frequency is as 

following: 

a. for a bubble of 50 |im radius the frequency is 80 MHz; 

b. and for 500 |xm radius the frequency is 8 MHz. 

The highest frequency used in this study was 40 kHz (with piezoelectric crystal) and that 

experiment did not produce good results, suggesting that high-frequency vibrations are not 

the path to reducing void content. 

In addition, current technology has not yielded vibration sources in adequate MHz ranges. 

The measurement of the amplitude, Pa, of the pressure wave (equation (3.20)) was found to 

be unachievable. However, one can observe that at a constant input power (see Chapter 4) it 

162 
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can be said that the amplitude will decrease with increasing frequency. This, in itself, 

means that the effectiveness of vibrations should decrease with increasing frequency. But 

the greatest effect will be when the frequency of vibrations approaches the resonance 

frequency of the system. As a result, the amplitude of the pressure wave, PA, will be 

increased significantly, thus contributing to the pressure variation in the fluid and in the 

bubbles. This will magnify the bubble surface variation between expansion and contraction 

as predicted by equation (3.22). Further discussion is presented in the next section. 

In the system studied here the wavelength of the pressure oscillations, even at the highest 

frequency, was always at least an order of magnitude longer than the thickness dimension 

of the curing chamber, therefore, the pressure at any instant of time can be considered as 

constant throughout the curing chamber. The vibrations were applied at a constant power, 

therefore the amplitude of the pressure oscillations depended inversely on frequency. In 

view of this relationship, the result of oscillating pressure should be most effective at low 

frequency, and decreasing with increasing frequency. This is not entirely the observed 

pattern as seen in 5.9 where a clear minimum is seen around 5-50 Hz. 

6.4.1. Resonance Frequency Analysis 

Resonance frequency analysis of simply supported plate and bubbles is described in section 

3.5. Some components of ANUQSM are presented in Figure 6.5 (please note that it is 

shown not to scale). 
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Figure 6.5: Scheme of ANUQSM components and their resonance frequencies. 

Let's consider the resonance frequencies of every component involved in the curing process 

with widely ranging rigidity and masses, as shown in Table 6.3. Calculation is based on 

equations 3.24 and 3.25. 

Table 6.3: Resonance frequencies,/;/, of ANUQSM components. 

System fli [Hz] size [mm] 

Bubbles 2k- 100k 0.5-0.01 

Resins 2,700 100x100x3 

Glass fibres 10,640 100x100x3 

Uncured laminate 153 100x100x3 

Cured laminate 12,300 100x100x3 

A1 mold 730 300x300x2 

A1 frame 41 1200x1000x1.5 

Curing chamber 8 1200x1000x40 

The natural, resonance frequency of the whole curing chamber corresponds closely to the 

minimum in void content observed in Figure 5.9. As the applied frequency becomes close 

to the resonance frequency, the amplitude of oscillations increases, but the presence of fluid 

in the system causes dissipation and dictates a broad resonance peak. At and near the 
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resonance frequency bubbles should grow or dissolve, and disappear faster. It is proposed 

that this effect results in the broad minimum in void content observed in Figure 5.9. 

When it comes to bubbles, the situation differs and an explanation follows. 

Table 6.4 shows the resonance frequencies (in kHz) of bubbles of various radii. Since 

pressure during curing was not monitored, calculation is based on QS method parameters 

(10-28 kPa), atmospheric (101 kPa) and autoclave (600 kPa) pressures. 

Table 6.4: Resonance frequency,/// (kHz), of bubbles of various sizes 
at different pressure. 

P(kPa) 500^m lOOjim 50^m 25^m 

10 1.64 8.36 17.22 36.23 

28 2.73 13.70 27.80 56.73 

101 5.17 25.88 52.06 104.62 

600 12.60 62.94 123.13 252.52 

Obviously, resonance frequencies of bubbles range from a few kHz to hundreds of kHz, 

and the higher the pressure the higher is the resonance frequency. Large bubbles (500 pm 

radii) with lower / / / were not present in laminates of this study in any significant number. 

Bubbles of 25-100 |im radii were mainly scattered in the studied laminates, and their 

resonance frequency is of tens of kHz. 

If the composite plates of different sizes were made then uncured laminates would have 

following resonance frequencies (with negligible differences regarding type of the resin, 

and assuming squared plates): 
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Table 6.5: Resonance frequency of uncured laminates of different sizes. 

size [mm] fn [Hz] 
100x100x3 153 
200x200x3 39 
300x300x3 17 
500x500x3 6 

As a result, larger laminates have lower resonance frequencies. 

Therefore, laminates cured in ANUQSM of 200 mm x 200 mm dimensions have resonance 
frequencies of around 40 Hz. That corroborates with results of having best void content and 
mechanical properties for laminates cured with vibrations assistance, especially with low 
frequencies of 2-50 Hz. Other factors are affecting certainly, not only what has just been 
described. 

6.4.2. Effect of Time-durations 
One of very important questions in composite production is how long the curing cycle 
should be. Quickstep with its shorter-than-autoclave cycles is more economically viable, 
and keeping it that way is desirable. I have tried to determine for how long do vibrations 
need to be implemented to ANUQSM curing system, in order to have a positive effect on 
the void content reduction. Besides, once gelation starts vibrations are no longer effective 
to the void content. 
Based on experiments with EM shaker at room temperature it was found that 30 min of 
vibrations produced better results than 10 min, in terms of having lower void content 
(Figure 5.5). That is because no gelation occurred during that time. 
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Later with ANUQSM experiments, when higher temperatures were in use (like 50°C) the 

curing was faster, the gelation occurred earlier, and then shorter period, i.e. 10 min, was 

more effective than 20 min (Figures 5.9 and 5.10). 

Therefore, 10 min of vibrations was established as a constant parameter, and it was 

considered as period long enough for void content reduction, yet short for industrial 

standard. 

One of possible explanations is that when bubbles are exposed to low frequencies (<50 Hz) 

they have longer period of time to change their volume than when exposed to higher 

frequencies (>100 Hz). 

a. for the frequency of 10 Hz the period T is 0.1 s, 

b. for the frequency of 1 kHz the period T is 0.001 s, 

c. while for MHz ranges the period is in |AS and less. 

When low frequency (<50 Hz) is employed a bubble has enough time to reach certain 

threshold during vibration cycle, i.e. to grow to certain size, after which it is not going to be 

greatly affected by high pressure region and will not contract to initial size because of 

diffusion. Repeating cycles enforce the bubble to constantly grow and leave the system by 

escape to the surface. Or bubble can become trapped inside fiber tows, not affecting 

laminates properties due to its tiny size. 
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6.4.3. Mechanical Properties 

To understand and explain the size of the bubble influencing the mechanical properties of 

composite materials critical crack size in laminate structures needs to be addressed. 

Combining fracture mechanics with micro-mechanics level, one can express the critical 

crack size ac as: 

<Jcn 

From this equation the critical crack size, with values of 10 MPa m 1 2 for fracture 

toughness, Kk , [Zulkifli et al. (2009)] and 100 MPa for applied stress, oc, is 0.014 m; that is 

14 mm. It is well beyond the bubble size analyzed in this study (up to 1 mm), and above 

radius of break-up bubbles (10 pm) that can be found in fibre tows. 

Ten-micrometer radius is chosen as the limit because of the constraints of optical 

microscope with camera; it was not possible to determine bubbles with diameters less than 

20 pm. 

Three groups of composite laminates were identified when comparing their mechanical 

properties: no-frequency or static laminates (0 Hz), low-frequency laminates (2-50 Hz) and 

high-frequency vibrations laminates (100-8,000 Hz). As described earlier, lower void 

content should be reflected in higher values of mechanical properties. 

Tensile properties of glass/vinyl-ester laminates cured with low-frequency vibrations are 

generally of higher values (up to 20 %) than static cured laminate (0 Hz) as shown in Table 

5.13 and Figures 5.19 ad 5.20. Results are not showing consistent trend of higher property 

values, but are giving indication of 20 min low-frequency cured laminates as of improved 
168 
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laminates. That can be observed for 5 Hz, 30 Hz and 50 Hz 20 min laminates in Figure 

5.19, and for all low-frequency (2-50 Hz) 20 min laminates in Figure 5.20. 

Glass/epoxy laminates cured with low-frequency vibrations exhibit enhanced tensile 

properties over static (0 Hz) and high-frequency laminates, but there is no clear indication 

if 10 min or 20 min curing is more suitable for producing better quality laminates; see 

Figures 5.17 and 5.18. 

Flexural properties of low-frequency glass/vinyl-ester composite laminates are superior to 

static and high-frequency laminates, up to 15 %, for both flexural strength and modulus as 

shown in Figures 5.15 and 5.16. 

Flexural strength values of glass/epoxy laminates are scattered but laminates cured with 

low-frequency (5-50 Hz) have higher values than static and high-frequency vibration 

laminates (up to 10%); see Figures 5.11 and 5.12. It can be noted that 10 min laminates are 

not consistently better than 20min, while looking at flexural modulus it is clear that 10 min 

samples are showing higher values than 20 min laminates, with exception for 2 Hz laminate 

(see Figures 5.13 and 5.14). 

Unidirectional glass/vinyl-ester laminates experimental results are illustrated in Figures 

5.27 and 5.28. The interlaminar shear strength is approximately 25% higher for the 

laminates cured with vibrations, particularly for 5 Hz and 30 Hz. 

Results of mechanical properties of laminates exposed to water absorption indicate low-

frequency vibration-assisted laminates (5 Hz and 30 Hz) as superior to static laminates for 

both conditions, dry and wet. Figures 5.23 and 5.24 depicts improved flexural properties of 
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up to 25%, while Figures 5.25 and 5.26 show higher values of tensile properties (up to 

20%) for 30 Hz laminates, when compared with static laminates. 

Mechanical properties trend inversely follows the trend in void content, with many 

exceptions noted; some within experimental error, and for some no explanation can be 

offered at this stage. 

Results presented in Chapter 5 demonstrate low-frequency vibration-assisted laminates as 

improved when compared to static laminates, but there is no significant difference between 

the results for these laminates. Slight variations of properties are not highly significant. 

6.4.4. Wrapping up on Vibrational Effect 

In summary, the effect of the vibrations can be depicted schematically as shown in Figure 

6.6. It shows the observed variation of void content as a function of frequency of the 

applied vibrations. With no vibrations (0 Hz) the initial 10% void content, resulting from 

hand lay-up, is reduced to approximately 5% by the application of vacuum. Further 

reduction in void content is realised with the application of vibrations. The effectiveness of 

this reduction is aided by the resonance of the curing system which increases the amplitude 

of vibrations that help the growth of bubbles by diffusion. 
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frequency of vibrations, [ Hz] 

Figure 6.6: A schematic diagram of the relationship between void content, vacuum 
and applied frequency of vibrations for the studied system. 

It appears that the void reduction mechanisms operating in the system are as follows: 

1. After sample preparation, the laminate is likely to have approximately 10% voids 

(point A in Figure 6.6). Application of vacuum (a usual practice) reduces the void 

content to approximately a half of that (5%) (point B in Figure 6.6). 

2. A further reduction of void content is achieved by application of vibrations to the 

system prior to resin viscosity increase and gelation. The observed relationship 

between frequency and void content involves: 

• Bubble dissolution, growth and escape by vibration assisted diffusion between 

points B through D. 

• The vibrations applied at constant power give amplitude varying with frequency 

as 1/co . Consequently, the greatest effect should be observed at the lowest 

frequency used. 



Chapter 6 Discussion 

• Natural resonance frequency of the chamber has magnifying effect on the 

pressure amplitude. Therefore, the largest observed decrease in void content 

happens around the lowest natural frequency (point C in Figure 6.6). 

• Other effects, operational at higher frequencies beyond point D, may be 

involved, contributing a slight decrease of void content with frequency (points D 

to E in Figure 6.6). 

6.5. Effect of Temperature 

Previous research showed that higher temperature brings lowering in viscosity and that 

helps flow of resin and better fibre wetting, leaving no dry spots or voids [Lundstrom & 

Gebart (1994), Olivier et al. (1995), Guo et al. (2006), Costa et al. (2006), Liu et al.(2006), 

Davies et al. (2007)]. Viscosity decreases with the increase of the temperature up until the 

gelation point is reached and the cure process begins. Even in the best case scenario (lowest 

viscosity possible) there is still certain probability of not having complete wet-out, due to 

other reasons (interface, fibre misalignment, inclusions, resin vapors etc). 

The Quickstep plant achieves temperatures of up to 200°C. In this study the temperature of 

50°C was not enough to lower the viscosity significantly. 

Viscosity relationship at different temperatures (equation 3.13) shows that viscosity can be 

halved if resin is heated from 20°C to 50°C. 
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On the other hand higher temperatures brings bubble expansion, and it is not certain if 

bubble size is large enough for it to leave the system by buoyancy, or the bubble just 

expands and stays in the system, due to the constraints of fibres. 

The distortion of fibers can occurs due to the shrinkage of the matrix material during the 

curing of the composite. In the curing process the fibers are subjected to thermal strains 

caused by the heating and cooling of the part. 

6.6. Effect of Water Absorption 

Higher fiber volume content results in higher flexural and tensile strength and modulus of 

GFRP composite. Higher void content resulted in higher weight gain and higher water 

saturated level, and therefore water absorption decreased the flexural and tensile strength 

and modulus of composite laminates. 

As expected, the flexural and tensile strength and modulus decreased with moisture 

absorption. Tensile strength declined less than flexural for both resins, as is presented in 

Table 6.6. 

The flexural strength of all samples decreases by ~ 7-28%, and tensile strength by ~ 6 -

13%. It is to be noted that some samples have negative decrease, which means that they 

have higher values of tensile strength after water absorption. That can be explained by 

different samples tested from the same laminate, therefore different void content in those 

samples. The flexural modulus of all samples decreases by ~ 0.7-9% after the exposure, 
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and tensile modulus by ~ 3-13%. Flexural modulus is a fiber-dominated property. Unlike 

the flexural strengths, the flexural modulus is strongly dominated by the fibre fraction of 

the sample. 

Tensile strength of all glass/epoxy samples decreased by ~ 8%, except 5 Hz laminate that 

has negative decrease, and modulus by ~ 6-7%, after water exposure. The same trend goes 

for glass/vinyl-ester samples where tensile strength decreased more, by ~ 6-13%, except 30 

Hz that has negative decrease, and modulus by ~ 3-14%, after water exposure. 

Table 6.6: Mechanical properties degradation (%) with water absorption. 

FLEXURAL 

Epoxy Vinyl-ester 

Hz FS% FE% Hz FS% FE% 

0 14.3 8.4 0 17.9 0.8 

5 9.5 5.2 5 27.7 3.8 

30 9.6 0.7 30 9.9 0.7 

100 10.7 8.4 100 6.9 2.3 

TENSILE 

Epoxy Vinyl-ester 

Hz TS% TE% Hz TS% TE% 

0 7.9 6.6 0 11.0 2.9 

5 -2.6 7.4 5 12.9 13.4 

30 8.2 7.2 30 -0.4 8.1 

100 8.7 5.8 100 5.7 5.5 



Chapter 6 Discussion 

Results are not consistent and there is no unique frequency showing the best possible 

results for both strength and modulus, but overall trend indicates 30 Hz as the best. Tensile 

strength is more sensitive than the modulus in most experiments, but there is a considerable 

scatter in the results. 

As expected, the performance values decrease with the porosity of laminates and/or with 

the absorption of water in this case. 

6.7. Effect of Materials and Manufacturing 

Two types of matrices (vinyl-ester and epoxy resin) and one type of reinforcement (glass 

fibres) were used in this study. 

While pure epoxy resin has viscosity of 800 mPa s, when mixed with hardener at room 

temperature (25°C) the mixture's viscosity is 540 mPa s. Based on equation 3.13, the 

viscosity of the mixture at 50°C is 334 mPa s. 

Vinyl-ester resin has lower viscosity than epoxy and flows easier. Pure vinyl-ester resin has 

viscosity of 370 mPa s, and remains much the same when mixed with photoinitiator 

Irgacure. 

A high-viscosity resin will not properly penetrate the fibre and wet-out the fibres. 

From the experiments with pure resin Lundstrom (1996) has found that air dissolves much 

faster in the vinyl-ester resin tested than in the epoxy at the evaluated conditions. 

Results of this study corroborate their findings and reveal that laminates cured with epoxy 

resin have higher void content than those with vinyl-ester (Figures 5.9 and 5.10). 
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Nonetheless, if there are cracks in the matrix, the laminate can still sustain loads. Fibres are 

the main load-hearing component, but break mostly in the final stage. There is a possibility 

when shaking the laminate the bubbles will come off of the fibres that are the main carrier 

of the load. And yet, when there are bubbles in the resin, the structure can still sustain the 

load. The voids will move with the resin if they are not hindered by the reinforcement. 

It can be concluded that, on micro-level, vibrations successfully remove bubbles from 

matrix (liquid resin), but not from reinforcement (solid fabrics of fibres). Remaining of the 

bubbles in the laminate is due to the fabric architecture (inside tows). 

Equipment used in this study had certain imperfections that limited the possibility of fully 

investigating all project aims. 

The most important was the air inside the ANUQSM chambers. It was not possible to 

eliminate the air completely, especially in the lower chamber. That is why experiments with 

the speaker attached to the lower chamber from below did not produce good results. And 

project's aim of investigating the most appropriate position of applying vibrations to the 

system has not been completely investigated. Albeit previous Quickstep research indicates 

applying vibrations from the top as the best method. 

I was also not able to measure or regulate amplitude and pressure, and their changes, during 

curing process. 

One of the constraints of equipment was no higher than 55°C temperature curing. As 

mentioned earlier QS plant operates at temperatures up to 200°C that enables low viscosity 

and other parameters' changes. 
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Limited by the time allocated for this study I was not able to explore and test other 

vibration sources that could have probably created many other possibilities in handling 

vibration-assisted curing. 

And lastly reproducibility of samples was affected by human error i.e. myself. 

6.8. Statistical Significance of the Findings 

It may be noted that the variation of void content with frequency of vibrations follows a 

clear trend as summarised in Figure 6.6. This trend is well above any uncertainties due to 

experimental errors and other influences. It does not depend on any nuances of 

interpretation or unique behaviour. This trend is well reflected and corroborated in the 

variation of mechanical properties measured in the short beam shear experiments and the 

results from water soaked samples. One can accept this correlation as reasonable because 

these material properties measured in these mechanical tests are directly sensitive to the 

void content. 

One can also notice that the mechanical test results for the tensile and flexural 

measurements show only a slight correlation with the general void content trend. In fact, 

the variations are almost within the range of experimental and other errors, and cannot be 

used alone as an argument supporting the main observation with regard to the void content. 

The general trend of void content with frequency of vibrations is corroborated by 

independent results (for example, Quickstep). The novel hypothesis presented in this thesis 

is that the observed minimum is related to a resonant frequency of the vibrating system, and 

the proposed mechanism of void reduction through the diffusion assisted growth and 

eventual escape of bubbles. 
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7.1. Thesis Conclusions 

Composite materials have complex and variable geometrical and component-material 

morphology and it can be concluded that exact analyses are virtually impossible to obtain. 

As an alternative, approximate solutions are often sought in order to model and capture the 

most important features of the system. 

The numerous combinations of parameters are complicated making it impossible to include 

all relevant factors in one discussion. Nevertheless, with parameters involved in this study 

it can be concluded that: 

• Elevated temperature processing, accompanied by vacuum aid, is beneficial for 

improving composite laminates' quality, 

• Vibration-assisted vacuum curing process produces composite laminates with void 

content lower than static vacuum curing, 

• Low-frequency vibration-assisted vacuum curing generates composite laminates with 

mechanical properties superior to static and high-frequency vibration-assisted curing, 



Chapter 7 Conclusions 

• Mechanical properties deteriorate when exposed to water, with low-frequency 

vibration-assisted cured composite laminates deteriorating less than static cured 

composite laminates. 

• Suitably designed and tuned vibration system appears to be effective in reducing void 

content in such a short cycle curing method as described here. 

Curing cycle of the vibration-assisted vacuum curing depends on the system components, 

materials to be processed, and they determine the optimum processing temperature as well 

as the time-duration of vibrations utilised. 

Failure mechanisms of composite laminates and environmental condition experiments used 

to describe vibration and vacuum assisted curing, are in the agreement with outcome of 

known manufacturing systems. Quality of the composite laminates decline to less extent 

7.2. Future Work 

Further experiments and analyses are required to understand and resolve the vibration-

assisted curing process completely. 

This work may provide guidelines to suitable frequency range and position of vibrations 

sources. The actual vibration source still needs to be investigated for the optimum 

performance sought. Another aspect worth of trying would be a combination of different 

frequencies during vibration-assisted curing and establishing time-periods for each of the 

segments. 
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ANU-QS MACHINE Instructions 

ANUQSM experiments have to be performed with safety on mind, and specific steps 

involved while operating are presented here. 

Fig A: Water- and air-flow control valves of ANUQSM. 

Some of the following abbreviations are shown in the Figure A. 

TC- Top Chamber 

BC- Bottom Chamber 

LT- Lower water Tank (heater) connected with TC 
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HT- Higher water Tank (heater) connected with BC 

MT- Main valve for Top chamber 

MB- Main valve for Bottom chamber 

OT- Overflow valve for Top chamber 

OB- Overflow valve for Bottom chamber 

EB- Exit valve for Bottom chamber 

PV- Pressure Valve for the pump 

DV- Drain Valve for top chamber (on MT hose) 

AV- Air Valve 

ST- Storage Tank (reservoir) 

ES- Electric Switches on the heaters 

PS- Pump Switch 

Instructions: 

1. Check if all valves are closed. 

2. Check if water tanks are full by opening OT and OB. 

a) the water is running through clear hoses -tanks are full, go to 6; 

b) the water is not running, go to 4.; 

c) if the water runs through one of the hoses and not the other one go to 3. 

3. Close the valve where water is running, wait for water to appear in the second hose. 

4. Check the water level in the storage tank: 

a) there is no water, go to 14; 

b) there is water more than 1/3, go to 5. 
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5. Open PV, start the pump. 
6. When water starts running through clear hoses tanks are full: 

a) to stop the machine go to 13; 
b) to continue the process go to 7. 

7. To fill BC (always fill Bottom Chamber first!): while OT and OB are open, open EB, 
open MB, open PV, start the pump. 

8. Make sure BC is not overfilled, that is it is not ballooning. 
9. When BC is filled enough, lift TC and insert mold with a laminate, vacuum etc. 
10. Close chambers, open MT to fill TC. 
11. When chambers are full, and hot water is running start vibrations. 
12. To stop all: stop the pump, close PV, MT, MB, OT, OB, EV. 
13. To drain chambers: 

a) first drain TC by keeping EV closed and opening DV, go to 15; 
b) to drain BC open EV. 

14. Be sure not to overflow ST. 
15. When TC is drained, lift it up and take the laminate out. 
16. Close all valves. 

Warnings: 
1. Do not run the pump if OB and OT are not opened! 
2. Do not open DV while the machine is running. ONLY when TC is to be drained. 
3. The gap between TC and BC should be around 2cm, when filled. 
4. Find suitable positions for MT and MB, or EV for good pace flow. 
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Examples of laminates' manufacturing and mechanical testing. 

1. Laminates manufacturing details of stage 4 with ANUQSM, where mf is the weight of 

the fibres, mm is the weight of the matrix, and Vf is the fibre fraction by weight. 

Table CI: Details of laminates manufacturing. 

Epoxy @20min Epoxy @10min 

f, Hz mf (g) mm (g) Vf(%) f, Hz mf (g) mm (g) Vf(%) 

0 88.0 96.4 47.7 0 82.0 95.4 46.2 

2 83.5 87.3 48.9 2 92.4 106.0 46.6 

5 88.0 98.0 47.3 5 87.0 89.3 49.3 

10 89.6 99.3 47.4 10 88.9 91.7 49.5 

30 87.3 90.4 50.3 30 90.9 100.0 47.6 

50 86.1 94.0 47.8 50 85.8 93.5 47.8 

100 81.0 79.4 50.5 100 87.0 100.0 46.5 

1000 87.6 100.3 46.6 1000 91.0 98.0 48.2 

8000 84.1 94.0 47.2 8000 87.2 102.0 46.1 

Vinyl @20min Vinyl @1 Omin 

f, Hz mf (g) mm (g) Vf(%) f, Hz mf (g) mm (g) Vf(%) 

0 87.2 87.0 50.1 0 83.9 88.2 48.8 

2 83.4 95.0 46.8 2 79.7 84.0 48.7 

5 81.2 85.0 48.9 5 86.5 93.5 48.1 

10 84.4 90.0 48.4 10 85.0 93.0 47.8 

30 83.0 89.5 48.2 30 91.4 101.0 47.5 

50 87.2 87.0 50.1 50 87.5 95.3 47.9 

100 86.4 90.0 49.0 100 82.8 90.0 47.9 

1000 86.4 91.0 48.7 1000 85.8 84.5 50.5 

8000 81.7 85.6 48.8 8000 81.6 88.0 48.1 
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Table C2: Details of laminates manufacturing. 

Epoxy 

f, Hz m f(g) mn, (g) Vf(%) 

0 101.5 107.5 48.6 

5 101.5 111.0 47.8 

30 103.5 114.0 47.6 

100 104.2 106.4 49.5 

Vinylester 

0 99.2 107.2 48.1 

5 98.8 106.0 48.2 

30 102.0 110.6 48.0 

100 98.4 105.0 48.4 

2. Example of void content calculation for vinyl-ester laminates cured with lOmin of 

vibrations, with 4 samples per laminate. Presented below are void areas and percentage 

within the sample. M% is the mean value of all four. 

Table C3: Void content calculation of 4 samples per laminate. 

Hz jim2 jim2 tun2 jim2 % % % % M% 

0 461100 108100 19100 129800 0.070 0.474 1.683 0.395 0.707 

2 9400 54300 18600 16700 0.068 0.061 0.034 0.198 0.073 

5 13300 39300 4600 16600 0.016 0.061 0.048 0.143 0.054 

10 100500 19800 26500 23200 0.097 0.085 0.367 0.072 0.141 

30 6700 11000 11800 10500 0.043 0.038 0.024 0.040 0.008 

50 145200 86100 17000 7700 0.062 0.028 0.523 0.314 0.232 

100 117400 160300 360800 44600 1.317 0.163 0.428 0.585 0.494 

1000 236700 592000 89900 279000 0.328 1.018 0.864 2.161 0.771 

8000 78900 180700 118800 278400 0.434 1.014 0.288 0.660 0.317 
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3. Example of flexural testing, that is modulus, FE, for vinyl-ester laminates cured with 

lOmin of vibrations, with 3 samples per laminate. ME is the mean value of all three, and 

StDev is standard deviation. 

Table C4: Flexural properties results. 

Hz FE, GPa FE, GPa FE, GPa ME, GPa StDev 

0 13.7 12.8 14.0 13.5 0.624 

2 14.3 15.2 14.7 14.7 0.451 

5 13.5 13.5 13.9 13.6 0.231 

10 13.1 13.4 13.6 13.4 0.252 

30 13.6 14.7 14.8 14.4 0.666 

50 13.8 13.6 14.4 13.9 0.416 

100 13.5 11.8 12.5 12.6 0.854 

lk 13.5 13.7 14.2 13.8 0.361 

8k 12.9 12.8 12.7 12.8 0.100 

4. Example of tensile testing, that is strength, TS, for vinyl-ester at lOmin of vibrations, 

with three samples per laminate. TSm is the mean value of all three, and StDev is standard 

deviation. 

Table C5: Tensile properties results. 

Hz TS (MPa) TS (MPa) TS (MPa) TSm (MPa) StDev 

0 175 170 145 163.3 12.946 

5 166 189 170 175.0 9.849 

30 176 171 173 173.3 1.262 

100 173 154 170 165.7 8.275 
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5. Example of water intake (tap water at 45°C for 7 days) of epoxy laminates cured with 
lOmin of vibrations, with 6 samples per laminate. MI is the mean value of all 6. 

Table C6: Total water intake (%) of all samples after 7 days. 
Hz 1 2 3 4 5 6 MI 
0 0.741 0.830 0.743 0.746 0.660 0.741 0.744 
5 0.546 0.726 0.762 0.640 0.637 0.737 0.675 

30 0.642 0.728 0.727 0.640 0.551 0.734 0.670 
100 0.757 0.842 0.757 0.749 0.753 0.844 0.784 

Table C7: Water absorption of one sample per laminate over 7 days. 
Hz 0 1 2 3 4 5 6 7 
0 10.80 10.83 10.84 10.86 10.88 10.87 10.87 10.88 
5 10.98 11.00 11.01 11.02 11.04 11.04 11.04 11.04 

30 10.90 10.95 10.95 10.96 10.98 10.97 10.97 10.97 
100 10.57 10.61 10.62 10.63 10.65 10.67 10.65 10.65 
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6. Example of shear testing for epoxy laminates cured with lOmin of vibrations, with 5 

samples per laminate. MS is the mean value of all 5, and StDev is standard deviation. 

Table C8: Shear testing results 

Hz ShS (MPa) MS (MPa) StDev 

0 28.74 

27.14 1.256 

0 28.15 

27.14 1.256 

0 28.04 

27.14 1.256 

0 26.02 

27.14 1.256 0 26.12 27.14 1.256 

5 31.50 

31.98 1.074 

5 32.61 

31.98 1.074 

5 33.26 

31.98 1.074 

5 30.45 

31.98 1.074 5 32.06 31.98 1.074 

30 29.01 

30.09 0.713 

30 29.85 

30.09 0.713 

30 30.84 

30.09 0.713 

30 30.58 

30.09 0.713 30 30.17 30.09 0.713 

100 30.84 

30.95 0.410 

100 30.69 

30.95 0.410 

100 31.68 

30.95 0.410 

100 30.78 

30.95 0.410 100 30.77 30.95 0.410 
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