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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


















Chapter | Introduction

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

-



Chapter | Introduction

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.
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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






Chapter 1 Introduction

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].
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Figure 1.3: Comparison of autoclave and Quickstep processes.

More details can be found on the internet [Quickstep].

































Chapter 2 Literature Review

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.
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Figure 2.3: Variation in ILSS with void content [Mouritz (2000)].
—8— 3.0% Void Content
—0— 11.8% Void Content
e Lt s —A— 30.1% Vold Content
3 el /
2 o7t \"‘
b= 0.50 -
A
E /./« »\L‘ St T G
f 0.25 ‘
4
E .\ 1 1 |
2 e 50 75 100 125
CRACK LENGTH, Aa' (mm)

Figure 2.4: Curves for composites with various void content [Mouritz (2000)].


















Chapter 2 Literature Review

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.
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Figure 2.7: Schematic illustration of voids in composite laminates
|[Huang & Talreja (2005)].
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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)).

























































Chapter 2 Literature Review

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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Chapter 2 Literature Review

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.
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Figure 3.2: Dependence on pressure (a) and temperature (b) of a bubble’s radius
with a nominal size of 100pm.
Variations in atmospheric pressure have significant influence on the size of bubbles. We

note from Figure 3.2 (a) that decreasing the pressure from Ibar 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
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Chapter 3 Theoretical Development

where: py 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 Stoke’s law.

Fy = 6 mrgnv (3.16)
where: 7 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:

— 2P0

2
3.17
9an (3.17)

This relationship is depicted in Figure 3.3.

Velocity [1.E-04 m/s]

0 - T
0 01 0.2 03 04 0.5

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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Chapter 3 Theoretical Development

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, ASg, given by:

ASp = 4n (r+ Ar)Y — 4n (r— Ar)’ = 167riA]
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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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Chapter 3 Theoretical Development

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:

1 |k, b?
= |——-—— 332
fd 2r\ m am? 3:23)

where: b is the damping coefficient, £, is elastic rigidity, and m is mass.

The amplitude of oscillation of a bubble will depend on frequency (®) and damping (Q), as

shown in the Figure 3.5.

Amplitude

Figure 3.5: Resonance curves with increasing levels of damping.

64
























Chapter 4 Equipment and Methodology

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.

i

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.

~J
(5]
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After experiments with the power range 0.1 - 1.4 W, and finding no difference in laminates'

void content, 100mW was established as a constant parameter.

/ lOp platc

| Riatde it At Rl Al bA S Sl S h i WS R— -
—_ : , =~ | laminate

rubber
bands \ mould

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 FO1110) 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 P1200 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.

Water-flow
control

Air-flow
control

Curing
chambers

Storage
tank

Pump

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 |.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.

N
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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 1t 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.



Chapter 4 Equipment and Methodology

(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.





















Chapter 4 Equipment and Methodology

to vacuum pump
vacuum t

bagaing breather peel ply

release coated mould laminate

scalant

lape

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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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 20um): 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 14bit 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 50pum radius in each image
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were noted. Smaller-sized bubbles, between 20-50 pm 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 um diameter. Bubbles with radii smaller than 50 pm 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,

across the whole specimen cross-section thickness, approximately 100mm”, totaling

) . y 5
27.4mm" of laminate cross-section per specimen.
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Void sizes:

A.50 - 100 pm —
B. 100 - 200 pm —
C. 200 -500 pm —_|
D.> 500 pm

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

. . . . . . ~ 2 -

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
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Figure 4.13: CT scans showing changes and disappearance of bubbles.

04



Chapter 4 Equipment and Methodology

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 100kN, the crosshead displacement rate was
2mm/min, and end-test extension Smm. 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, £, and tensile

strength, 7. Relative error is as follows:
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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 SkN 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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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.

T —
\ -
\ \
’ A" 2 |

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 SkN, 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 S, 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).

100









Chapter 5 Results

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 -
; @ Time exp (s)
80 - M Time calc (s)
E 60
£
£ ol . =2
20 + ' ——
: | Lo

0.5 0.75 1.25 B
Radius [mm]

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

103






Chapter 5 Results
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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

105



Chapter 5 Results

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 10min at
different frequencies.

Hz/um | 50-100 | 100-200 | 200-500 | >500
o 17 7 " 3t
5 e ‘_ 1 kSl
10 ~—(*6*}' **3"'”"7’*6’
30 4 f I T 1 ‘ 0
50 [ 7 _i 5 '*(7 _2_77'770'7 =
100 6 [ 7 A“ 4 i 0
1k 6 ‘ 5 | 4 : I
sk | 8 | 3 ‘{ 1 ’ T
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Figure 5.3: Level of porosity for laminates cured with no vibrations
and with 10min 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 (OHz). 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 10min at

Number of bubbles

different frequencies, with top plate.

Hz/pm 50-100 100-200  200-500 >500

0 8 | 3 0
5 5 0 | 0
10 2 7 4 0
30 1 2 2 0
50 2 1 7 0
100 2 | 3 0
1k 2 4 2 1
8k 4 3 6 1
10
8 4
o ™ 50-100
™ 100-200
" | =200-500
= >500um
2 4 =
0 A
0 5 10 30 50 100 1k 8k
Frequency [Hz]

Figure 5.4: Level of porosity for laminates cured with no vibrations and
with 10min vibrations of different frequencies, with top plate.
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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.

10min N(: top ’ Top
ate late
Hz/pm S':)-IOO 100-200  200-500  >500 | 5:-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 1 2 1 3 0
30min No top Top
late | plate
Hz/pum 5‘:)-100 100-200  200-500  >500 l sl:)-mo 100-200  200-500  >500
0 7 7 3 | ! 2 7 3 1
10 4 2 2 0 ’ 0 1 1 0
30 1 2 2 2 ‘ 0 0 0 0
50 0 0 1 1 ‘ 0 | 0 I
100 5 4 2 ERS 4 3 | 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 (¢ and d);
without top plate (a and c), and with top plate (b and d).
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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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no top plate top plate top plate+vacuum

Void content [%)]

” | DR

0 10 30 S0 0 10 30 S50 Ov 10v 30v SOv
Frequency [Hz]

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.
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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/um  50-100 100-200 200-500  >500pum

10min 0 7 4 | 0
60 4 3 | |
30min 0 | 2 2 6
60 3 4 2 |
10
10min 30min
8
"
Q
-
S
e M 50-100
-
9 ™ 100-200
é w 200-500
g W >500um

0 60 0 60
Frequency [Hz]

(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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M 10min

o 20min

Void content [%)]
s

0 2 5 10 30 50 100 1k 8k
Frequency [Hz]

Figure 5.9: Void content for glass/epoxy laminates cured with vacuum and
vibration assistance at different frequencies, for 10min and 20min.

W 10min
o 20min

Void content [%]
Fey

o o B B om Ll

0 2 S 10 30 S50 100 1k 8k
Frequency [Hz]

Figure 5.10: Void content for glass/vinyl-ester laminates cured with vacuum and
vibration assistance at different frequencies, for 10min and 20min.
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Table 5.10: Void content, flexural properties and standard deviation for 10min and

20min of vibration-cured glass/epoxy laminates.

10min “ R
f(Hz) | void % | FS(MPa) | StDev | FE (GPa) | StDev
0 3.434 22605 | 6299 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 \ 6.191 128 | 0.265
; 30 0.881 23494 | 5597 12.9 0.265
50 0.394 22859 | 6.964 13.3 0.436
100 2.845 224.63 \ 9.026 13.2 0.289
1k 2.231 233.70 2.260 13.4 { 0.351
8k 1.426 232.02 5.135 133 0.404

20min
f(Hz) | void % | FS (MPa) ! StDev | FE (GPa) | StDev
0 [ 2780 212.14 )[ 4.845 1.8 | 0153
2 !W 226.70 (1.708 13.2 0.107
5 0.763 | 222.12 f 5836 | 12.4 *fo.%o =
10 1.073 | 23320 | 3415 12.3 0.851
30 2.304 220.07 [ 10.011 124 [ 0659
50 1305 | 23596 | 2.836 21 | e |
100 5.781 196.47 1 7.675 12.3 0.250
1k 3.604 216.02 9.247 12.2 0.905
8k 4.457 213.44 8.881 122 | 0329
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Figure 5.11: Void content and flexural strength of glass/epoxy lam
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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 10min and 20min.
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Figure 5.14: Flexural modulus of glass/epoxy laminates; please note axes scale.
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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 10min 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 10min and 20min.
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Table 5.12: Void content, tensile properties and standard deviation for 10min and
20min of vibration-cured glass/epoxy laminates.

10min |
f(Hz) | void% | TS(MPa) | StDev | TE (GPa) ‘ StDev
0 ‘ 3.434 175 i13.856 13.4 ‘ 2.546
2 2.175 163 | 14.742 13.1 ‘ 2.517 |
5 l 1.015 176 | 9.074 140 [ 5399 \
10 0.325 179 6.110 13.8 *E 8.566 ;
30 0.881 166 | 7.810 13.6 4338 |
50 | 0394 176 [ 11.930 i 14.2 4.726
100 2.845 164 ‘ 9.539 13.1 1.000 \
1k 2.231 171 | 3.055 131 [ 4221
8k : 1.426 184 [ 585 [ 137 - 6110
|
20min | - I |
f (Hz) ![ void % | TS (MPa) | StDev | TE (GPa) !Tf)év' 1l
0 2.780 171 | 0.643 138y | 0.3517';
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 0.462 140 | 1.291 ‘
50 1.305 176 _j 0.208 13.9 \ 0297
100 | 5781 180 0.116 13.5 ] 0.265 ‘
1k 3.604 170 0.964 132 | 0184 |
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 10min 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 10min and
20min of vibrations cured glass/vinyl-ester laminates.

i 10min IF
- f(Hz) | void% | TS (MPa) | StDev J TE (GPa) | StDev
: 0 0.655 170 | 12741 | 151 | 0815
‘ 2 0.090 184 ) 7.810 ‘[ 156 | 0352
5 0.067 174 8.505 1 15.1 0.265
10 0.155 176 8327 [ 150 0.529
i 30 0.036 177 11.314 { 16.4 2.984
50 0.232 170 2583 | 139 0.493
100 0.623 180 3786 | 144 | 1.531
i 1k 1.093 173" 4.726 15.7 0.265
} 8k 0.600 178 6.000 15.3 0.721
20min !
( f(Hz) | void% | TS(MPa) | StDev | TE (GPa) | StDev
0 0.513 171 6.501 151 [ 0574
‘[ 2 0.342 164 | 23.136 TS T
s | 0.69% 210 7371 [ 162 [ 0310
: 10 0.175 158 6.801 l 15.9 0.518
30 0.905 177 15313 ‘ 170 | 0.651
50 0.276 189 14.668 ‘ 15.5 0.900
100 | o0.115 182 2.309 lr 15.4 0.250
1k 0.237 168 9.002 | 162 1.468
[ 8k 1.128 163 10.599 f 15.1 - 0.299
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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 10min 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 10min and 20min.
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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 0.047 0.065 0.083 0.079 0.077 0.080
5 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

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

0.10

Weight Gain [%])
o
e

0.02 +
—a&— 30 Hz
—&— 100 Hz
0.00 -
24 48 72 96 120 144 168

Time [h]

Figure 5.21: Weight gain of glass/epoxy laminates cured with vacuum and
10min 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 96 120 144 168

0 0.045 0.043 0.047 0.062 0.053 0.050 0.053
5 0.032  0.035 0.037 0.050 0.048 0.042 0.042
30 0.030 0.025 0.030 0.038 0.035 0.032 0.030
100 0.028 0.032 0.040 0.052 0.043 0.042 0.042
StDev

0 0.0105  0.0121 0.0052  0.0041 0.0082  0.0063 0.0082
5 0.0075  0.0055  0.0082 0.0063  0.0075  0.0041 0.0041
30 0.0000  0.0055 0.0000  0.0075 0.0084 0.0041 0.0000
100 0.0075  0.0041 0.0089  0.0041 0.0052  0.0041] 0.0041

Weight Gain [%)]

o
o
~

=3
8

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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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 (OHz). 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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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, FEI, 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 10min 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
T( Hz) ; TS (MPa) : StDev | TE (GPa) | StDev
{ 1633 | 12946 [ 138 [ 0.794
s 17'5'0*' 9.849 | 149 [ 0723
30 ‘ 1733 [ 1262 [ 161 \ 1.739
100 1657 | 8275 14.5 0.361
|
After water absorption
f (Hz) | TS (MPa) ‘ StDev ~'I‘E((_;fl’a) StDev
0 145.0 [ 7.638 13.4 1.217
5 I’ 1523 [ 3.687 12.9 0.808
30 ' 1740 | 2.000 14.8 1.150
100 i 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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Table 5.19: Tensile properties of glass/epoxy laminates subjected to water.

Before water absorption

r
|

f (Hz) | TS (MPa) StDev—:{TE (GPa) "StDev
0 165.3 (3.006 ‘ 137 [ 0208
5 152.0 7.024 i“ 13.5 0.551
30 170.3 4671 | 13.8 0.503
100 171.7 6.049 [ 139 0.513

| |
After water (IbS()Ipfi()ll ) ;

f (Hz) | TS (MPa) StDev TE (GPa) iStDev
0 1523 2143 | 128 m—
5 156.0 6.557 | 125 0.462
30 156.3 1.540 | 128 0.300
100 156.7 4.005 ‘F Bl | 1210 ]
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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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Table 5.20: Void content and shear strength of unidirectional glass/epoxy laminates

Void Content [%]

10

~N

cut along fibres.

Frequency [Hz]

f(Hz) Void % StDev ShS (MPa) StDev
6.102 2.822 27.14 1.256
1.853 1.317 31.98 1.074
3.642 2.654 30.09 0.713
100 2.049 0.839 30.95 0410
35
K
[+ -
M L 28
L1 =
o
2
14 £
v
"7 mvoid %
- - | o
0 5 30 100

Figure 5.27: Comparison of void content and shear strength of

unidirectional samples cut along fibres.
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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
10 5
8 Q 4
A “
§ 6 - 3 F
g s
c
S 4 2 2
©
°
> ‘
2 F 1
0 - : - L o MShS
0 5 30 100
Frequency [Hz]

Figure 5.28: Comparison of void content and shear strength of
unidirectional samples cut perpendicular to fibres.

149












Chapter 6 Discussion

Imm

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 um, stay in

fibre tows they are not affecting laminate’s properties.
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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 pum) relative to the small sized
bubbles (20-100 pum). The decrease is most pronounced for 5-50 Hz frequencies,
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- Composite laminate
Cured: 12 kHz
Uncured: 153 kHz

EECEEEEEEEE

»

~ Al frame: 41Hz
Al mold: 730 Hz

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, f;;, of ANUQSM components.

System fi11 |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

Al mold 730  300x300x2

Al 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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APPENDIX B

ANU-QS MACHINE Instructions

ANUQSM experiments have to be performed with safety on mind, and specific steps

involved while operating are presented here.

N

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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