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Preface

This thesis is an account of work carried out by the author with support from staff in the

Institute for Gravitational Research at the University of Glasgow between October 2012

and October 2016, involving the study of crystalline materials for use in future cryogenic

gravitational wave detectors.

The aim of this thesis is to investigate the suitability of hydroxide catalysis bonding for

use in sapphire and silicon suspensions in future detectors.

In Chapter 1 the context of the research is introduced: The motivation behind the search

for gravitational waves and the first direct evidence of them, as predicted by Einstein.

In Chapter 2 the context of research specifically in this thesis is detailed with a direct focus

on thermal noise - one of the important noise sources in gravitational wave detectors. The

relationship between thermal noise and mechanical dissipation of energy and the influence

this has on detector sensitivity, is discussed.

In Chapter 3 hydroxide catalysis bonding, its role in the construction of suspensions for

gravitational wave detectors and its potential for use in cryogenic detectors is investi-

gated. Dr. van Veggel, a research fellow in the IGR and Mr J Davidson of the School

of Engineering assisted with the strength testing portion of the cryogenic strength tests
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described in this chapter. The aims of this research were to measure initial strengths for

hydroxide catalysis bonds between sapphire pieces at both room temperature and liq-

uid nitrogen temperatures and to draw a comparison between strengths of bonds formed

with a variety of different bonding chemicals. The work was supervised by Prof. Rowan,

Director of the IGR.

In Chapter 4 further experiments in hydroxide catalysis bonding of sapphire and the

strengths of the resulting bonds are discussed. The aim of the first experiment was to

investigate the strength of bonds formed between sapphire pieces with different crystalline

axes, this was carried out jointly by the author and Dr Haughian, an RA in the IGR.

The aim of the second experiment was to investigate the effects of thermally cycling

the bonds, the thermal cycling portion of this experiment was carried out jointly with

Dr. K. Craig, then a PhD student in the IGR. The aim of the third experiment was to

investigate the possibility of re-bonding previously joined and separated pieces and to

measure the strengths of bonds where this was done. The aim of the fourth experiment

was to investigate the curing time of bonds, the heat treatment portion of this experiment

being carried out jointly by the author and Dr. van Veggel.

In Chapter 5 the experimental design and theory are outlined for carrying out an experi-

ment to find the mechanical loss of a hydroxide catalysis bond layer between two sapphire

discs. Additionally, finite element analysis models of a pair of hydroxide catalysis bonded

sapphire discs is described. These experiments were carried out in order to extract a value

of mechanical loss from the results of bond loss experiments described in the following

chapter. This was carried out with advice from Dr. Haughian and Dr. Cunningham, a

research fellow in the IGR. In particular, initial calculations involving the effect of dif-

ferent Young’s moduli were carried out jointly by the author and Dr. Cunningham. The

work was supervised by Prof. Rowan and Prof. Hough, Associate Director of the IGR.
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In Chapter 6 experiments carried out by the author are described in which the mechanical

loss of a hydroxide catalysis bond layer between two sapphire discs is measured from room

temperature down to ∼10 K. The results of these experiments were combined with results

from the FEA calculations described in Chapter 5 to gain a value for the mechanical loss of

the bond at several temperature points. The discs were bonded with advice and support

from Dr. van Veggel. The loss measurements were carried out using a cryostat set up by

Dr. Martin, a research fellow in the IGR, and Dr. K Craig and using LabVIEW software

set up by Dr. Nawrodt, a research fellow of the University of Jena, Germany and Dr.

Schwarz, then an RA of the University of Jena. The nodal support system was developed

by Dr. Cumming, an RA in the IGR. Calculations to find the thermal noise contribution

of a bond to that of a suspended system as a whole were carried out by Dr. Cunningham,

Dr. Haughian and Dr. van Veggel. Additionally, Dr. van Veggel, Dr. Martin, Dr. K

Craig, Dr. Cumming, Dr. Haughian, Prof. Rowan and Prof. Hough provided advice

throughout the experiment.

In Chapter 7 the effect of thermally cycling bonds between silicon pieces is investigated

in terms of bond strength. The thermal cycles were carried out at the university of

Jena using a set up and software designed by Dr. Nawrodt and under Dr. Nawrodt’s

supervision. The rest of the experimental work was carried out and supervised in a similar

manner to that of Chapters 3 and 4.

This thesis concludes by summarising the findings and putting the results into the context

of future cryogenic gravitational wave detectors.
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Summary

Gravitational waves, predicted by General Relativity, are small, fluctuating strains in

space-time that can be detected using interferometric detectors. This was demonstrated

for the first time by measurements made using the Advanced LIGO detectors following

detector upgrades in 2015.

Ground based long-baseline interferometric gravitational wave detectors, such as the Ad-

vanced LIGO detectors, are designed to search for gravitational waves produced by ener-

getic astronomical events such as black hole binary coalescences and supernova explosions.

Test masses (mirrors) are suspended using multi-stage pendulum systems at the ends of

perpendicular arms up to several kilometers in length. Laser interferometry is used to

detect small changes in the relative separation of these masses caused by the passage of

gravitational waves.

Several detectors of this form currently exist in addition to the US-based Advanced LIGO

detectors, including the UK-German GEO600 detector and the French-Italian Virgo de-

tector. The Japanese KAGRA detector is under construction. Plans for other, future

detectors, including the space-based LISA detector, are currently being developed.

In the operational frequency band of between a few Hertz and a few kilohertz, the thermal

motion of the test mass and their suspensions limits the design sensitivity of existing
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detectors. The level of thermal noise is related to the mechanical loss of the test masses

and suspension materials. This thermal noise could be reduced by operating detectors at

cryogenic temperatures although, due to the thermomechanical properties of fused silica

(which used for for the mirror and ultimate suspension fibres in all current detectors)

this will necessitate a change of material. The most promising candidate materials for

cryogenic use are mono-crystalline sapphire and silicon.

In current suspension designs, suspension fibres are welded to interface pieces (or “ears”)

which are in turn joined to flat sections on the test masses using hydroxide catalysis

bonding. This is a high strength chemical bonding technique and its use for joining

similar sapphire and silicon pieces is the focus of this thesis. Both the strength of bonds

and the mechanical loss of bonds is explored for use in future cryogenic gravitational

wave detectors.

Chapter 1 introduces gravitational waves and their sources as well as the techniques used

for detection. In Chapter 2 thermal noise is introduced and how the mechanical losses

of suspension elements contribute to thermal noise is discussed. Chapters 3–6 cover the

experimental research: the measurements of strength and mechanical loss of hydroxide

catalysis bonds formed with sapphire and with silicon between room temperature and

cryogenic temperatures.

In Chapters 3 and 4 investigations into the strength of hydroxide catalysis bonds between

sapphire blocks at room and cryogenic temperatures are described. Chapter 3 contains a

description of the strengths of bonds formed using different chemical bonding agents as

well as initial strength measurements at cryogenic temperatures. The tensile strength of

bonds formed using sodium silicate solution were found to be the highest of the chemicals

tested with an average strength of 74 MPa measured. At 77 K an average strength of

73 MPa was measured for bonds formed in the same way.
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In Chapter 4 experiments investigating further parameters that may affect bond strength

are described. These included the effects on strength of bonding different crystal axes

of sapphire, the effects on strength of thermally cycling bonds, the possibility of re-

bonding previously joined and separated pieces and how different curing times affect

bond strength. Although some variation in bond strengths was seen in each case, it

was encouraging that all bonds measured would be strong enough for use in typical

suspensions with a significant safety factor.

In Chapters 5 and 6 experiments are described investigating the mechanical loss of bonds

between sapphire discs at temperatures between ∼10 K and room temperature. Chapter

5 involves a description of the experimental design and theory, as well as finite element

analysis necessary for interpretation of the results presented in the following chapter.

Chapter 6 describes the mechanical loss measurements of a bonded system of two sapphire

discs and uses the results from the previous chapter to find a value of the mechanical

loss of the bond. For the resonant mode measured at ∼6 kHz at room temperature the

mechanical loss of the bond was found to have a value of ∼2.6×10−2. At cryogenic

temperatures this decreases down to between ∼2.7×10−4 and ∼1.2×10−3. These values

were used to demonstrate that the thermal noise contribution of the bonds to that of

the suspensions as a whole would be small enough to meet the thermal noise budget of a

detector such as KAGRA.

In Chapter 7 an experiment to study the effect of thermally cycling hydroxide catalysis

bonds formed between silicon pieces is described. The bonds were cycled between room

temperature and liquid helium temperatures 3, 10 or 20 times and strengths of 19, 16 and

15 MPa were measured after cycling, compared to strengths of 17 MPa for bonds which

were not cycled. This suggests that thermal cycles do not lead to a large reduction in

strength of hydroxide catalysis bonds between silicon.

1



1. Gravitational Wave Detection

1.1. Introduction

Gravitational waves were first postulated by Einstein in 1916 as a consequence of the

General Theory of Relativity [1, 2]. The waves manifest as ripple-like, propagating de-

formations of space-time and are created by asymmetric acceleration of massive bodies.

The first attempts to directly detect gravitational waves began in the 1960’s [3] and the

first direct detection was achieved by the LIGO Scientific Collaboration and the Virgo

Collaboration using the Advanced LIGO interferometric detectors located in the USA on

14th September 2015 [4].

Attempts to detect gravitational waves through direct means were given an early impetus

by a report of findings by Weber in 1969 that featured a signal appearing to be consistent

with gravitational waves passing through two resonant bar detectors [5] but attempts to

independently reproduce these findings were unsuccessful. Some resonant bar detectors

are still in use [6, 7] but due to limitations in both the frequency ranges and the noise

floor of such detectors, most of the research efforts of the gravitational wave detection

community are now focused on Michelson-type laser interferometers [8]. Such detectors

have good sensitivity over a wide frequency range (the detection band for Advanced

LIGO is ∼10-7000 Hz [9]) and there is now a growing global network of gravitational wave

1
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interferometers [10]. Recent upgrades to these detectors improved their sensitivity to the

point that the first direct detections of gravitational waves have been possible [4, 11, 12].

The first direct detection of gravitational waves was remarkable not only because it con-

firmed the predictions of General Relativity [4], but because it was also the first direct

detection of black holes [4]. Additionally, it was the first detection of a black hole co-

alescence and it allowed confirmation of the existence of heavy solar mass black holes,

the existence of which had not been expected (the black holes had masses of 36 and 29

solar masses) [4, 13]. This first detection was followed soon after, on 26th December 2015,

by a second detection of gravitational waves associated with a slightly smaller pair of

coalescing black holes, this time with masses of 14 and 7.5 solar masses [14].

Prior to the direct detection of gravitational waves, strong evidence for their existence

was in place, in particular from work by Russell Hulse and Joseph Taylor in 1975, con-

cerning the binary pulsar B1913+16 [15]. Hulse and Taylor received the Nobel Prize for

their work studying this system in which they demonstrated that the rate of change of

the orbital period of the binary system agreed with that expected from the emission of

gravitational radiation as predicted by General Relativity [15]. In 2004 further results

were published showing the observations spanning the previous 30 years demonstrating

that the behaviour of the binary system agreed with that predicted by general relativity

to within 0.2 percent [16].

Further improvements to existing interferometric gravitational wave detectors are planned,

alongside which the global network of gravitational wave detectors will be expanded [10].

Currently detectors in the US (Advanced LIGO) and Germany (GEO-HF) are operational

and the Italian-French detector, Virgo, is undergoing upgrades to an advanced phase. The

TAMA detector was decommissioned in 2004 and efforts moved to the Kamioka mine

where the initial stage of the Japanese detector, iKAGRA, has already been completed.

An initial Michelson stage of an upgraded cryogenic version, bKAGRA, is expected to be

2
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completed in 2018 with further upgrades planned for the following years [17, 18]. Addi-

tionally, plans for a third LIGO detector in India, IndIGO, are under way [19]. A global,

collaborative network of detectors will allow for a greater range of gravitational wave

signals to be detected and will also allow for the location of each source of gravitational

waves to be better understood. Gravitational wave astronomy is now a reality.

1.2. Nature of gravitational radiation

Gravitational waves are produced by the non-axisymmetric acceleration of mass [20]. Con-

servation of mass precludes the existence of monopolar radiation and conservation of

momentum precludes the existence of dipolar radiation. As such, the lowest order of

gravitational wave radiation is quadrupole in nature [21]. Gravitational waves create a

strain, h, in space-time as they propagate through it, transverse to the direction of their

propagation. This strain leads distances to be reduced in one direction while they are

increased in the orthogonal direction. The waves are made up of a superposition of two

independent polarisations, h+ and h×, which are at 45◦ to each other. The effect that

these polarisations would have on a set of free particles positioned in the shape of a ring

is shown in figure 1.1.
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L - L L + LL
h  polarisation+

h  polarisation×

Time

Figure 1.1.: The effect of the passage of h+ and h× polarisations of gravitational waves
on a ring of test particles when the incident waves are normal to the page.
(Diagram not to scale).

The strain amplitude of a gravitational wave detected by a gravitational wave interfer-

ometer is defined as,

h =
2∆L

L
(1.1)

where L is the distance between two test particles and ∆L is the change in separation

due to the passing gravitational wave.

As gravity is by far the weakest of the four fundamental forces it is not practical to attempt

generation of measurable gravitational waves in a laboratory; any waves produced would

be too small to be measurable [21]. For waves of a measurable amplitude to be produced,

astrophysical masses and accelerations are required. Potential sources include supernova

explosions and mergers of binary neutron stars and black holes [22]. Even in these cases

the strains produced are very small (of the order of h∼10−21 to ∼10−23 [4, 23]) and

therefore direct detection poses significant challenges [24, 25].
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A major advantage of gravitational wave astronomy is that gravitational waves interact

only weakly with matter so this allows for the study of phenomena for which electro-

magnetic radiation currently only allows limited understanding. Black hole-black hole

interactions, the coalescence of binary systems, the rotation of pulsars and supernova

explosions are of particular interest, as are other, as yet unpredicted phenomena [26].

1.3. Sources of gravitational waves

A range of astrophysical events are expected to give rise to gravitational waves. These

events create waves with frequencies across a very wide frequency band. However, current

ground based interferometric detectors are sensitive in the range from a few tens of Hertz

to a few thousand Hertz (see figure 1.2). Hence, sources which produce gravitational

waves within this frequency range are of interest in the context of this thesis.

Figure 1.2.: The gravitational wave frequency spectrum with expected sources and detec-
tor sensitivities [27].
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1.3.1. Burst sources

Brief, rapid outbursts of gravitational radiation (as opposed to continuous signals) are

known as burst sources. Examples of burst sources include supernovae, coalescing com-

pact binary systems, magnetars and other, as yet unknown sources.

Coalescing compact binaries

Compact binary systems are astronomical configurations consisting of two extremely

dense objects, such as black holes or neutron stars, orbiting a common centre of mass.

The orbital radius of the system decreases as the system emits gravitational radiation.

As the objects move closer together their orbital frequency increases and this leads to an

increase in the frequency of the gravitational waves emitted and, depending on the masses

of the binary objects, the frequency may move into the sensitive range of Earth-based

gravitational wave detectors. Depending upon the distance of the source, the amplitude

of this signal may be great enough to be detectable on Earth while the signal is in these

frequency ranges.

The strain, h, produced by such coalescing compact binary systems has been estimated

to be [28]

h ≈ 1× 10−23(
mT

M⊙ )
2
3 (

µ

M⊙ )(
f

100 Hz
)

2
3 (

100 Mpc

r
) (1.2)

where mT = m1 +m2, the total mass of the two objects in the system, µ = m1m2/(m1 +

m2), the reduced mass of the system, f is the frequency of the emitted gravitational wave

radiation and r is the distance between the system and the gravitational wave detector.
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Before the first detection of gravitational waves it was expected that the most commonly

occurring sources involving compact binary systems would be those which involved two

co-orbiting neutron stars [29]. Now that the first two detections have both been made

involving binary black holes [4, 14] these systems are thought to be more common [30],

although systems with one black hole and one neutron star are also possible [22]. Bi-

nary systems containing black holes are especially important candidates for producing

detectable gravitational waves as their high masses and densities leads to the emission

of gravitational waves with amplitudes larger than those that would be expected for, for

example, neutron star binary systems.

Supernovae

Supernovae are extremely luminous stellar explosions that can occur at the end of the

lifetime of certain very massive stars [31]. If at the end of a star’s lifetime it approaches the

Chandrasekhar limit the star’s mass can no longer be supported by electron degeneracy

pressure and the core collapses, causing the explosion [31]. The most massive stars will

become black holes or neutron stars following this process, while less massive stars will

not undergo supernova and will eventually become white dwarfs [32].

In the case of a spherically symmetrical collapse no gravitational waves will be emitted.

However, in the case of an asymmetric collapse a burst of gravitational radiation will

be produced. The strain, h, of the gravitational waves produced from a core collapse

supernova is estimated to be ∼ 1×10−21 at a distance of 10 kpc from the source but such

events are expected to be rare [33] .
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1.3.2. Continuous sources

A continuous gravitational wave signal is emitted throughout the lifetime of a binary

system. However, it is only during the final few seconds before coalescence that the

frequency of the waves is sufficiently high that the signal may be within the detection

band of a ground-based detector [34].

Some stable rotating systems can produce a continuous gravitational wave signal that

should be detectable on Earth. Examples of these include pulsars and low mass x-ray

binaries [34]. Additionally, there is thought to be a continuous background of gravitational

wave signals caused by a wide range of stochastic sources [34].

Pulsars

Following a supernova a star’s core may, depending on the star’s mass, become a neutron

star or a black hole. Neutron stars emit radio-frequency electromagnetic radiation from

their magnetic poles. If a neutron star rotates about an axis that does not pass through

these poles the radio waves sweep out a path in space. This path may periodically

include the Earth where the radio signals may be detected. Radio pulses of this kind

were discovered by Bell in 1967 [35] and this led to the name “pulsar” being given to such

neutron stars.

Should a pulsar not rotate axisymmetrically, gravitational radiation will be emitted along-

side electromagnetic radiation. At the Earth, such gravitational waves would have a strain

amplitude of [36],

h0 =
16π2G

c4

εIzzf
2
rot

r
(1.3)
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Where frot is the rotational frequency of the neutron star, Izz is its principal moment of

inertia, ε = Ixx−Iyy
Izz

is the its equatorial ellipticity and r is the distance from the Earth.

Low mass x-ray binaries

Neutron stars also exist in binary systems with ordinary stars [34]. In such a system the

neutron star will have a large enough gravitational field that it will strip matter from its

companion, thus gaining mass and increasing its angular momentum [34]. The neutron

star will also emit x-rays as a result of this mass accretion [34]. Should the angular

momentum increase sufficiently, the Chandrasekhar-Friedman-Schutz (CFS) instability

point may be reached [37]. Here, a wave is produced on the surface leading the rotation

to become non-axisymmetric and hence gravitational waves can be emitted. Stars existing

at this instability point are known as Wagoner stars [38]. The strain amplitude from such

a system is directly related to the x-ray flux, Lγ as, [38]

h ≈ 3× 10−27(
1 kHz

mf
)

1
2 (

Lγ
10−8 ergscm−2 sec−1

)
1
2 (1.4)

where m is the mode number and f is the frequency and is expected to be ∼500 Hz.

1.3.3. The stochastic background

Gravitational waves caused by a variety of events across the Universe may be superim-

posed, creating a stochastic background of gravitational wave signals. Such events could

include gravitational waves produced shortly after the Big Bang at the end of the In-

flationary Period [21], the gravitational waves produced as the result of a collapse of a
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population of black holes [21], or gravitational waves associated with the production of

cosmic strings [39].

This background of stochastic signals is random in its distribution and as such it cannot be

detected with just one interferometer. However, cross-correlation of data from multiple

gravitational wave detectors could make the detection of the stochastic background of

gravitational waves possible [40].

1.4. Types of gravitational wave detectors

Two major detector types for gravitational wave detection are resonant bar detectors [41,

6, 42, 7, 43] and laser interferometers on Earth and in space [44, 45, 46, 47, 48]. Since

even those gravitational waves that are detectable on Earth represent very small strains,

the detectors used must be extremely sensitive.

Other detection techniques are also being applied in attempts to directly detect grav-

itational waves. The most notable of these is the radio astronomy technique, pulsar

timing [49], although some attempts have also been made to measure the effect of grav-

itational waves on the cosmic microwave background [50]. So far, however, only ground-

based Michelson-type laser interferometric detectors have been successful in directly de-

tecting gravitational waves.

1.4.1. Pulsar timing

Radio signals from pulsars are periodically detected on Earth. The separation between

a pulsar and the Earth will be altered by any passing gravitational waves and this will

10
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alter the arrival time of radio waves from the pulsar. Pulsar timing involves observing

the rate of radio pulses over time and observing any changes in this rate. If this is done

for many pulsars, the effect of a passing gravitational wave could be found [51].

This method of detection is sensitive to gravitational waves in the range ∼ 10−9−10−8 Hz

which is consistent with that expected for a coalescing binary system of two super-massive

black holes [49].

Pulsar timing projects currently in operation include EPTA (European Pulsar Timing

Array) [52], NANOGRAV (North American Nanohertz Observatory for Gravitational

waves) [53] and PPTA (Parkes Pulsar Timing Array) [54] which together form the IPTA

(International Pulsar Timing Array) [49].

1.4.2. Resonant bar detectors

Joseph Weber developed the first resonant bar detector in the 1960s, reporting coincident

detections in 1969 [5]. Following this, others constructed bar detectors in attempts to con-

firm Weber’s detection. Weber’s experiment consisted of two large cylindrical aluminium

masses, or “bars,” (with masses of the order of a few tonnes). These were separated by a

distance of 1000 km and were suspended under vacuum at room temperature [55, 56, 57].

Should a gravitational wave with the appropriate orientation and frequency pass through

the mass this would excite the bar’s fundamental longitudinal mode, causing a small

change in the vibrational movement of the cylinder. This movement would be detected

with a set of piezoelectric strain gauges, mounted on the middle of the bar - these would

transform the effect of the gravitational wave into an electric signal. In the early config-

uration for these detectors the electronic noise of the detection system and the thermal

noise of the molecules within the bar, were limits to detector sensitivity [58].
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The minimum gravitational wave strain amplitude that a bar detector of this kind would

be capable of measuring was h ∼10−16 [26]; much larger than any predicted strain size

for astrophysical sources of gravitational waves [21]. To improve sensitivity by reducing

thermal noise, new bar detectors were designed to operate at cryogenic temperatures.

Among them were ALLEGRO [59, 43], AURIGA [6, 41], EXPLORER [60, 7] and NAU-

TILUS [42]. Since moving to cryogenic bar detectors, sensitivities of h ∼ 10−20 /
√

Hz over

a band width of ∼100 Hz have been achieved [61]. Only AURIGA and NAUTILUS are

still in operation [26].

One method for further increasing the sensitivity is to increase the mass of the detectors.

Altering the bar’s geometry allows for an increase in mass without a significant increase in

size and also allows for directionality to be achieved [62]. A bar has only one quadrapole

mode while a spherical mass has five. Therefore, if a gravitational wave passed through

a spherical mass it would be possible to find the direction of the source of the waves by

comparing the ratio of excitation of each mode. Two spherical detectors are currently

in operation: MiniGRAIL [63] and the Mario Schenberg Detector [64]. These detectors

are intended to operate with ∼60 Hz bandwidth and are designed to measure strains of

h ∼ 10−21/
√

Hz at ∼3000 Hz.

The main disadvantage in the use of bar detectors and spherical detectors is the narrow

sensitive frequency band (∼100 Hz) as it is only possible to detect a gravitational wave

of a frequency close to the resonant frequency of the detector. A possible solution is

to construct dual-resonant mass detectors [65]. This involves the construction of two

concentric spheres - the outer sphere having a resonant frequency two or three times lower

than the inner sphere. If a gravitational wave passed the spheres they would be excited

in anti-phase and the signal would be amplified. Such an instrument would potentially

achieve strain sensitivities of h ∼ 2×10−23/
√

Hz over a bandwidth of 2 kHz [65]. Currently

the practicality of such a design is uncertain due to the need for a complicated readout

system that could add extra loss and reduce the sensitivity levels.
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Since the success of Michelson-type interferometric gravitational wave detectors there

is very little current research in resonant bar detectors. However, a super-fluid helium

resonant mass detector was recently proposed by Singh et al [66].

1.5. Ground based interferometric detectors

Laser interferometric gravitational wave detectors are sensitive across wide frequency

bands. The quadrupole moment of gravitational radiation makes Michelson-type laser

interferometers particularly suitable as detectors. See figure 1.3 for a schematic of a basic

Michelson interferometer.

Laser

Photodiode

Test masses

Beam splitter

Figure 1.3.: A schematic of a simple Michelson interferometer.

The test masses of an interferometer can be thought of as the test particles at right angles

discussed in section 1.2 and shown in figure 1.1. As a gravitational wave passes through

the interferometer, the distance between the beam-splitter and one test mass is reduced

while the other increases, then vice-versa.

13
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The first experimental work into interferometers as gravitational wave detectors was

carried out by Forward [67]. In these instruments the laser light is split using a beam-

splitter; half the light is transmitted while half is reflected. The two beams travel the

length of the interferometer arms to the end test masses (mirrors) where they are reflected

back towards the beam splitter where they recombine and the combined light is detected

by the photodetector.

The test masses are suspended in a vacuum to reduce excess noise from scattering and gas

damping in the system [21]. Without noise or gravitational waves the difference in length

of the interferometer arms, and hence the difference in length of the two beam paths, is

constant. A change in the difference in arm lengths, such as that caused by a passing

gravitational wave, will alter the interference pattern. This change will be detected by

the photodiode as a change in light intensity.

For a gravitational wave of amplitude h a longer arm length of the detector will lead to

an greater change of length caused by the gravitational wave (see equation 1.1) allowing

the wave to be detected more easily. However, due to the availability of land and the cur-

vature of the Earth, detectors on the surface of the Earth are generally limited to ∼4 km

in arm length [21]. This constrained arm length has necessitated the development of ad-

vanced interferometric techniques to enhance the sensitivity of these detectors. Longer

detector arm-lengths will be possible if the detectors are constructed underground [68] or

in space [69].

1.5.1. Interferometric techniques

The maximum sensitivity of an interferometric gravitational wave detector occurs when

the time for which the laser light is stored within the interferometer arms is equal to half

the period of the gravitational wave [21]. In this case, the light must take a quarter of the

14
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period of the gravitational wave to travel from the beam splitter to the end test masses.

Hence the light would reach the end test masses as they were maximally displaced by the

passing gravitational waves.

For a gravitational wave of frequency ∼100 Hz to be detectable, the arms of the detector

would need to be 750 km in length [70]. As this is impractical on Earth new interferometric

techniques were developed to artificially increase the total optical path length without

physically increasing the arm lengths, thus allowing increased sensitivity across a desirable

range of frequencies.

Delay-line interferometry

Delay-lines in gravitational wave interferometers were first proposed by Weiss in 1972, [71].

The aim of the delay line is to improve sensitivity by increasing the optical path length.

This is achieved by reflecting the laser light multiple times between additional mirrors

placed within the interferometer arms.

There are two possible configurations for such an interferometer. The first is to insert

the secondary mirror close to the beam splitter, facing the end test mass. This method

was developed at the Max-Planck-Institut für Quantenoptik in Garching, Germany by

Shoemaker et al in 1988 [72]. Through the use of curved mirrors, the laser light would

enter through a hole in the mirror, be reflected multiple times between the two mirrors,

without any beams overlapping, and would then exit back through the hole (see figure

1.4 for a schematic).
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Laser

Photodiode

Beam splitter

mirrors

Figure 1.4.: A schematic diagram of an interferometer in a delay line, input mirror, con-
figuration. Here the optical path is extended through reflection against an
input mirror.

A second method of increasing the arm lengths of the detector is by folding the arms

such that the laser light reflects off a secondary mirror which is positioned at an angle to

the end test mass, close to the beam splitter (see figure 1.5 for a schematic). The folded

arm design was implemented in the GEO600 detector [46].

Fabry-Perot arm cavities

Detector sensitivity can also be improved through the use of Fabry-Perot cavities, a tech-

nique developed in Glasgow in the 1980’s [73]. This technique was used in the LIGO [44]

and Virgo [45] detectors and was also used by the TAMA detector [47].

In a Fabry-Perot cavity the interferometer arms contain partially transmissive mirrors

placed close to the beam splitter which are oriented to face the highly reflective end test

masses. The laser light enters the interferometer cavity through a partially transmissive

mirror and is reflected back and forth between this and the end test mass. The beams
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Laser

Photodiode

Beam splitter

End mirror

End mirror

Figure 1.5.: A diagram of an interferometer in a delay line, folded arm, configuration.
Here the optical path is is extended by additional mirrors at an angle.

in this configuration overlap, allowing for the use of smaller diameter mirrors than those

needed in the delay line interferometer configuration.

One cavity is held at resonance by altering the frequency of the input laser light. The

other cavity is held at resonance by appropriately amplifying and filtering a portion of the

photodiode output and feeding this back to an actuator at the end test mass (see figure

1.6 for a schematic). This process extends the effective arm lengths of the interferometer

and hence amplifies the phase change of the laser light caused by any passing gravitational

wave. Sophisticated control systems are required in this configuration in order to align,

with precision, the mirror orientations and cavity lengths.

Power recycling

Power recycling is a technique used to increase the input laser power from an interfero-

metric gravitational wave detector [74, 75]. A power recycled interferometer is operated
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Laser

Photodiode

Beam splitter

End mirror

Inner mirror

Figure 1.6.: A schematic diagram of an interferometer with Fabry-Perot cavities. Here
the optical path is is extended through repeated reflections between an inter-
mediate, partially reflective mirror and the highly reflective end test mass.

on a dark fringe, i.e. with the mirrors oriented such that most of the light is directed back

towards the laser. A partially transmissive mirror is then placed between the laser and

the beam splitter (see figure 1.7 for a schematic). This mirror leads to a cavity forming

with the interferometer. The light which is transmitted though the beam-splitter, when

traveling back towards the laser, is reflected and is “recycled”. This increases the stored

laser power within the interferometer and this in turn increases the sensitivity (see section

1.5.2). Power recycling is used by GEO600, aLIGO and Virgo.

Signal recycling

Signal recycling is a similar technique, in concept, to power recycling. A partially trans-

missive mirror is placed between the beam splitter and the photodiode to recycle the

signal light (see figure 1.8 for a diagram) [76]. To get best sensitivity, gravitational wave

interferometers are operated at a dark fringe with a gravitational wave altering the arm

lengths such that a small amount of light is directed towards the photodiode. The signal
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Laser

Photodiode

Beam splitter

End mirror

Inner mirror

Power recycling mirror

Figure 1.7.: A schematic diagram of a Michelson interferometer with Fabry-Perot cavities
and a power recycling mirror.

recycling mirror forms a cavity with the interferometer, amplifying the signal light. This

has the added advantage of allowing the peak frequency sensitivity of the detector to be

altered by careful placement of the signal recycling mirror. Hence, the detector can be

altered to be more sensitive to detecting gravitational waves from specific sources.

1.5.2. Noise limits of interferometric devices

There are a variety of noise sources that can limit the sensitivity of an interferometric

gravitational wave detector. These include seismic noise, thermal noise, shot noise and ra-

diation pressure noise and gravitational gradient noise, among others [77, 78]. Reduction

of the effect of these noise sources is necessary to increase detector sensitivity.
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Laser

Photodiode

Beam splitter

End mirror 

Inner mirror

Signal recycling mirror

Figure 1.8.: A schematic diagram of a Michelson interferometer with Fabry-Perot cavities
and a signal recycling mirror.

Seismic noise

Vibrations of the Earth’s surface form a source of seismic noise. These vibrations stem

from a range of phenomena, from traffic movements to ocean waves breaking on the shore.

The source of the noise and hence its frequency dependence vary according to the time

of day. Some areas on the Earth are more susceptible to certain kinds of seismic noise

than others. For relatively quiet locations, the seismic noise is ∼ 10−7× f−2 m/
√

Hz [79].

For a gravitational wave to be detected the maximum displacement of each test mass

must be <3×10−20 m/
√

Hz in all three directions for a frequency of 30 Hz [79]. If this

requirement is to be met seismic noise in the horizontal direction must be reduced by a

factor of 109 [79]. Since noise in the vertical directions can couple to the horizontal axis

(due the Earth’s curvature) seismic isolation must be applied in all three directions.
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Horizontal seismic noise can be limited by suspending the test masses as pendulums.

This has the effect of attenuating the ground motion above the resonant frequency, f0,

of the pendulum by ∼-f 2
0 /f

2 for a single stage pendulum [21]. The degree of ground

motion attenuation increases with increasing pendulum stages. Vertical motion of the

test masses can be limited through the use of cantilever springs [80].

Thermal noise

Thermal noise arises from the thermal motion of the atoms in the interferometer suspen-

sions and test masses. As each atom has some thermal energy it also has some associated

thermally driven motion. According to the equipartition theorem, the average energy of

an atom is 1
2
kBT per degree of freedom, where kB is Boltzmann’s constant and T is the

temperature of the system [21].

Brownian noise is a consequence of the random motion of atoms resulting in energy

dissipation within the bulk of the material [81]. The effect of this noise type can be

reduced by choosing low mechanical loss materials with which to construct the detector’s

suspensions and test masses. The detector sensitivity increases with reduced friction as

this leads to reduced noise.

Thermoelastic noise is driven by statistical temperature fluctuations in the test masses

and suspension elements on the small, local scale. These fluctuations cause the elements

to expand or contract depending on the materials’ thermal expansion coefficient.

Thermorefractive noise is caused by small local fluctuations in refractive index of the

mirrors which is caused by local temperature fluctuations. These changes in refractive

index alter the phase of the laser light passing through them. When light is involved,

thermoelastic and thermorefractive noise together are called “thermo-optic” noise. [82].
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The focus of this thesis has been to reduce thermal noise and to characterise the thermal

noise performance of parts of the suspension systems. This is of particular interest for

future detectors in which the suspensions and test masses will be manufactured out of

silicon or sapphire. Detectors making use of these materials will be operated at cryogenic

temperatures. Thermal noise is discussed in more detail in Chapter 2.

Photon shot noise

Photon shot noise (also called photoelectron shot noise) is the result of the distribution of

photons being detected by the photodiode following Poisson statistics [83]. Additionally,

photodiodes are not 100% efficient [84] so that some photons are not detected - this also

leads to a Poisson effect in the photocurrent. Finally, vacuum fluctuations between the

beam splitter and the photodiode cause an additional random effect which also contributes

to this noise source [85]. This noise type is dominant at higher frequencies (on the order

of a few hundred Hertz).

The light intensity reaching the photodetector is dependent on the gravitational wave

amplitude. Shot noise is therefore a limiting factor to detector sensitivity. The limit set

by shot noise in a Michelson-type interferometer is [21],

hshot(f) = (
1

L
)(

~cλ
2πPin

)
1
2 (1.5)

where L is the interferometer arm length, ~ is the reduced Planck’s constant, c is the

speed of light, λ is the laser wavelength and Pin is the laser power. From equation 1.5 it

can be shown that photon shot noise can be reduced by increasing laser power.
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One possible method of reducing the effect of shot noise is though “squeezing,” as pro-

posed by Caves [86]. This technique involves operating the interferometer close to a dark

fringe and improving certainty in one quadrature at the expense of the other, so for ex-

ample the uncertainty in the amplitude quadrature may be reduced at the expense of

increased uncertainty in the phase quadrature [86]. Squeezed states of light can be used

to reduce the total quantum noise in the detector, hence beating the “standard quan-

tum limit” - the minimum level of quantum noise that may be obtained without the use

of squeezed states. This technique was first used on a long-baseline gravitational wave

detector in the GEO600 instrument [87].

Radiation pressure noise

Radiation pressure is caused by photons interacting with the suspended test masses and

transferring momentum to the masses as they are reflected, hence applying a force to

the mirror. As discussed above, there are fluctuations in the number of photons being

emitted by the laser over a given time period. This leads to a fluctuation in the force

applied to the mirror and hence the position of the mirror varies. This in turn leads

to a phase change when the beams are recombined. The radiation pressure noise in a

Michelson-type interferometer is given by [21],

hrad(f) = (
1

mf 2L
)(

~Pin

2π3cλ
)

1
2 (1.6)

where m is the mass of the test mass, f is the gravitational wave frequency, L is the

interferometer arm length, ~ is the reduced Planck’s constant, Pin is the input laser

power, c is the speed of light and λ is the laser wavelength. From equation 1.6 it can be

seen that radiation pressure noise has the greatest effect at the lowest frequencies and

that its effect increases with increasing laser power.
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The standard quantum limit

Photon shot noise and radiation pressure noise can be combined in quadrature giving

total optical readout noise. In a standard Michelson-type interferometer the noise types

are not correlated. Since photon shot noise can be reduced by increasing laser power

and radiation pressure noise can be reduced by reducing laser power an optimal power

level exists such that noise is at a minimum. This occurs where hshot(f) = hrad(f).

This sensitivity limit is known as the standard quantum limit and is consistent with the

Heisenberg Uncertainty Principal [83, 84].

Some interferometer configurations, such as Sagnac interferometers, introduce correla-

tions between photon shot noise and radiation pressure noise. In such configurations it

should be possible to achieve better sensitivities at specific frequencies than are found in

simple Michelson interferometers [88].

Gravitational gradient noise

Gravitational gradient noise (also known as Newtonian noise or directly coupled seismic

noise) results from the mirrors directly coupling to local fluctuations in the gravitational

field caused by local motions of massive objects. This noise source typically affects detec-

tor performance at frequencies below 10 Hz [79]. The effects of this noise source can be

reduced by building the detector underground, as is being done for KAGRA (previously

known as the LCGT) [89] and is planned for the third generation detector, the Einstein

Telescope (ET) [90]. An alternative option for significantly reducing gravitational gradi-

ent noise is to build a space-based detector. This is planned for the Laser Interferometric

Space Antenna, LISA [69].
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1.6. First generation interferometric detectors

A global network of ground-based laser interferometric gravitational wave detectors com-

pleted initial data runs in 2010. The Advanced LIGO systems then came back online

in 2015 following upgrades. Shortly after, the Advanced LIGO detectors were success-

ful in detecting gravitational waves. Advanced Virgo is still undergoing upgrades but is

due to come online soon. In many cases the initial detectors were themselves based on

the lessons learned through the building and operation of smaller, prototype detectors,

sometimes with arm lengths of just a few meters. The initial detectors included the

US LIGO detectors [40], the French-Italian Virgo detector [91], the UK-German GEO600

detector [92] and the Japanese TAMA detector [47].

1.6.1. LIGO

LIGO (the Laser Interferometric Gravitational-wave Observatory) was a set of US-based

facilities initially consisting of three detectors, two of which were contained within the

same vacuum system in Hanford, Washington State and the third at a separate site in

Livingston, Louisiana. The two Hanford detectors had 2 km and 4 km arm lengths whilst

the Livingston detector had 4 km arms. The first generation of these detectors utilised

Fabry-Perot arm cavities and 10.7 kg fused silica test masses suspended on single loops

of metal wire [40].

The fifth science run of these measurements (S5) was completed in 2007. During this a

sensitivity of 2.5×10−23/
√

Hz at 150 Hz was achieved. Following this LIGO was upgraded

to Enhanced LIGO with improvements including enhanced laser power, modified read out,

an output mode cleaner and in-vacuum readout hardware [75].
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In October 2010 the sixth science run (S6) was completed in conjunction with the Virgo+

detector. Following S6 the detectors were disassembled for installation and commissioning

of the Advanced LIGO (aLIGO) detectors (see section 1.7.1).

1.6.2. Virgo

Virgo is a collaborative European project led by Italy and France. The Virgo interfer-

ometer has 3 km arms with Fabry-Perot cavities, located near Cascina, Italy. The Virgo

mirrors are fused quartz and are suspended via a multi-stage pendulum system designed

to reduce seismic noise. This allows improved sensitivities at lower frequencies (down to

∼10 Hz). Virgo was completed in 2007 and took data for five months during LIGO’s S5

science run - this period was Virgo’s first science data taking period, known as VSR1.

Following VSR1 the Virgo hardware was upgraded and Virgo+ was built. This included

an upgrade to the suspension systems to include a quasi-monolithic system as already

featured in the GEO600 detector. This was later decommissioned for further upgrades

that are needed for the Advanced Virgo detector.

1.6.3. GEO600

GEO600 is a UK-German detector based near Hannover, Germany. It has 600 m arm

lengths and with a delay-line configuration. The use of advanced interferometric tech-

niques such as power and signal recycling and a low mechanical loss, quasi-monolithic

fused silica mirror suspension allow for high sensitivity in spite of the arm lengths being

shorter than those used by the LIGO and Virgo detectors [46]. As such GEO600 has

operated alongside LIGO and Virgo and, since 2002, has participated in four science
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runs. Between science runs various upgrades and improvements have been made to the

detector, resulting in the GEO-HF system (see figure 1.9 for a sensitivity curve).

Figure 1.9.: The GEO noise budget and various noise contributions [93].

One of the technologies that was implemented in GEO600 is the use of squeezed light,

originally proposed by Caves in 1981 [87, 86] (see section 1.5.2).

1.6.4. TAMA

TAMA was a detector based in Tokyo, Japan at the National Astronomical Observa-

tory. It had 300 m arm lengths with Fabry-Perot cavities and power recycling as well

as a multi-stage pendulum suspension system similar to that used in LIGO and Virgo.

The pendulum system was developed in collaboration with LIGO and allowed improved

sensitivities at lower frequency ranges (down to ∼10 Hz) [94].
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1.7. Current interferometric detectors and upgrades

To improve detector sensitivity a variety of hardware upgrades have been implemented

in the LIGO detectors. Similar upgrades are also being carried out at the Virgo site.

In the case of Advanced LIGO sensitivity the design strain sensitivity is a factor of 10

better than Initial LIGO [9] and Advanced Virgo is likely to have a similar improvement

in sensitivity. This increase in sensitivity, alongside the initial detections, has led to an

increase the expected rate of detection from ∼0.02 events per year for Initial LIGO, with

a plausible range between 0.0002 and 0.2 per year, to up to ∼40 events per year, with a

plausible range between 0.4 and 400 per year [95, 30]. Most of these events are expected

to be from coalescing compact binaries [30].

1.7.1. Advanced LIGO

Advanced LIGO (also called aLIGO) is the upgrade to the initial and enhanced LIGO

detectors [96]. It consists of two 4 km detectors. The design strain sensitivity is a factor

of 10 better than Initial LIGO at mid-frequencies [9] and the detection band has been

extended down to close to ∼10 Hz (see figure 1.10 for a sensitivity curve). The improve-

ments made to achieve this involve the implementation of increased laser power, signal

recycling mirrors, multistage pendulums and quasi-monolithic fused silica suspensions,

as tested in GEO 600 [96].

The upgrades to the suspension systems featured heavier test masses, 40 kg rather than

10.7 kg [99, 100]. These test masses have flat sections to which fused silica attachment

pieces, or “ears”, are joined using the hydroxide catalysis bonding technique (see Chapter

3, sections 3.1 and 3.1.1 for more details on this). The ears feature weld horns for
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Figure 1.10.: Advanced LIGO design strain sensitivity as a function of frequency. The
current strain sensitivity is shown alongside expected improvements in sen-
sitivity over time [97].

Figure 1.11.: A diagram of the Advanced LIGO quasi-monolithic fused silica suspension
design [98].
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connecting to the fused silica fibres [101, 98], which allowed more control over the location

of the weld points. Figure 1.11 shows a diagram of the aLIGO suspension design.

Shortly after the upgrades for aLIGO were completed, the first direct detection of gravi-

tational waves was achieved on 14th September 2015. The event, GW150914, was caused

by a black hole binary merger and was detected by both the Hanford and Louisiana de-

tectors. Figure 1.12 shows the coincident signal as observed by the aLIGO detectors.

Figure 1.12.: The gravitational wave event GW150914 as observed by the LIGO Hanford
(H1, left column panels) and Livingston (L1, right column panels) detectors.
Times are shown relative to 14th September 2015 at 09:50:45 UTC. First
row : Strain. Second row : Gravitational wave strain projected onto each
detector in the 35-350 Hz band. Third row : Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series.
Forth row : A time frequency representation of the strain data, showing the
signal frequency increasing over time. See [4] for more details about this
plot and the GW150914 event.
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1.7.2. Advanced Virgo

Advanced Virgo is the upgrade to initial Virgo and Virgo+ [102]. This upgrade is intended

to increase the sensitivity of the Virgo detector by a factor of ∼10. This improvement

will be achieved by increasing the mirror mass and the input power and implementing

higher finesse arm cavities [103].

1.7.3. GEO-HF

As the GEO600 detector has 600 m arms and as this is shorter than the arm lengths of the

LIGO and Virgo detectors, it is more difficult to implement upgrades to GEO that allow

it to remain competitive in sensitivity [104]. Instead, the upgrades to GEO improved

sensitivity in the high frequency (kHz) regime whilst also allowing for the interferometer

to be tuned into lower frequencies to operate in “astrowatch mode” whenever the other

detectors are offline.

The upgrades made to GEO, leading to this increased sensitivity at high frequencies,

include methods for avoiding limitations imposed by the standard quantum limit and

increased laser power [104].

1.7.4. KAGRA

KAGRA is a Japanese detector that, in its final form, will be based on the use of sapphire

test masses and suspensions at cryogenic temperatures [105]. This detector is being built

underground and the initial stage (iKAGRA), which has already been completed, will

operate at room temperature, using fused silica test masses and suspensions [18]. Later
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upgrades to the detector will allow it to be run at 20 K (bKAGRA) to reduce the effects

of thermal noise [18]. An initial, basic Michelson version of bKAGRA will be operational

in 2018, with improvements being implemented in the following years [17, 18].

The use of sapphire rather than fused silica for the KAGRA test masses and suspensions

is designed to take advantage of sapphire’s more favourable thermal noise performance

at low temperatures (fused silica has a large, broad loss peak centred around 40 K) [106].

Much of the focus of this thesis is on hydroxide catalysis bonding of sapphire to allow

the assembly of sapphire-based suspension systems intended for cryogenic operation.

1.8. Next generation detectors

The Advanced LIGO, Advanced Virgo and GEO-HF upgrades constitute the second gen-

eration of interferometric detectors. This second generation has been proven to have

sufficient sensitivity to be able to detect gravitational waves from binary black hole coa-

lescences. The first detection occurred shortly after the upgraded LIGO detectors were

able to start taking data and a second detection occurred ∼3 months later.

Following these detections it is imperative that further improvements to sensitivity be

made in order to detect less energetic events and to allow precision astrophysical mea-

surements to be carried out on the detected sources. Concepts concerning the third

generation of detectors are in development in preparation for this.

There is the potential to increase the expected number of observations from ∼40 per

year for the Advanced LIGO detectors [90] up to on the order of millions per year for the

next generation of detectors [90]. Further increases to sensitivity present new challenges,

especially in the form of reductions to the contributions of thermal noise of the test masses
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(and their coatings) and the suspension elements. One option which may allow this

reduction in thermal noise is for third generation detectors to be operated at cryogenic

temperatures [90, 89], however the move to cryogenic detectors will also present new

challenges aside from the need to find suitable materials; the use of suitable systems for

cooling the test masses, methods of heat extraction and an appropriate choice of laser

are all important areas of concern [90].

Taking the KAGRA detector as an example and given its intended operating temperature

of 20 K, the laser power will be limited by the amount of absorbed heat that can be

extracted via the suspension fibres and the geometry of the fibres has been chosen with

heat extraction in mind [107]. Cryocoolers will be used to bring the test masses down to

20 K [107]. The use of sapphire and silicon as materials for cryogenic gravitational wave

detectors, and what this will mean for thermal noise contributions, is explored within

this thesis.

1.8.1. The Einstein Telescope

One of the planned detectors is the Einstein Telescope (ET). This will feature three inter-

ferometers with 10 km arm lengths [90]. Two of these interferometers will be operated at

cryogenic temperatures [90]. A design study for this detector system has been developed

by teams including GEO600 and Virgo and this will be a new European detector [90]. It

is likely that the test masses will be fabricated out of silicon and studies are underway to

assess the suitability of silicon for this detector. Should silicon prove unsuitable, sapphire

is a second option.

Silicon and sapphire bonding for suspension elements is currently under study and ex-

periments in this area make up the focus of this thesis.
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1.8.2. Space-based detectors

LISA, the Laser Interferometric Space Antenna, is a proposed space-based gravitational

wave detector [69]. As a space-based detector it would not be subject to seismic noise and

the effects of gravitational gradient noise would be much reduced. This allows sensitivity

in frequency ranges impossible for Earth-based detectors. Additionally, the arm lengths

are not limited by the Earth’s curvature.

The exact configuration of the LISA mission is under review and will be informed by the

results of the LISA pathfinder mission which was launched in late 2015 [108, 109]. LISA

Pathfinder is a proof-of-concept mission dedicated to demonstrating the measurement of

the position of test masses in free-fall at a level that would be required for a space-based

interferometric gravitational wave detector such as LISA [108]. The LISA Pathfinder mis-

sion was announced as successful in June 2016, with a sensitivity two orders of magnitude

better than requirements for LISA Pathfinder; this level of performance is consistent with

that which would be required for the full LISA mission [108].

LISA has been chosen by ESA as an L3 mission and is due for launch in ∼2034 [110].

1.9. Conclusions

In the previous 60 years the sensitivity of gravitational wave detectors has been improved

by 6 orders of magnitude. A global network of interferometric detectors has been devel-

oped, built and upgraded. Rigorous and extended science runs have been carried out,

allowing upper limits to be set on the strength of gravitational waves from a variety of

sources. The first detections have been achieved and it is likely that this will now usher in

a new era of observational astrophysics, allowing the discovery of new phenomena within
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the Universe - phenomena unlikely to be discovered any other way.

While upgrades to detectors have already led to the first detections, further upgrades

will be necessary. In particular, the effect of various noise sources must be reduced or

avoided. In order for significant improvements to be made thermal noise must be further

limited. This is the main focus of the work presented in this thesis.
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2.1. Introduction

Thermal noise is a limiting factor in the sensitivity of interferometric gravitational wave

detectors and arises from Brownian motion and temperature fluctuations within the test

masses and suspension elements. It limits the performance of any Michelson-type inter-

ferometric gravitational wave detector. For example, in the case of the Advanced LIGO

detectors, thermal noise limits the design sensitivity between ∼10-100 Hz [111]. Thermal

noise is generally associated with the test mass substrates, coatings and suspensions, and

these are carefully designed to minimise thermal noise as far as possible.

The sources of thermal noise can be divided into two major categories. The first of these

is often termed “Brownian noise” and is caused by internal friction in a material (see

sections 2.1.1 and 2.1.2 and the references therein). The second is thermoelastic noise

and results from the effect of statistical temperature fluctuations in a material causing

heat flow (and energy loss [106]).
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2.1.1. Brownian motion

Brownian motion is random motion, originally observed by Robert Brown, in the form

of pollen and dust particles moving in water [112]. Later, Einstein demonstrated that

this motion was due to stochastic fluctuations in the rate at which impacts between the

pollen particles and the water molecules occurred, i.e. the motion was due to the fluid

surrounding the pollen, and not due to the pollen itself [81].

In a larger body the thermal motion of the atoms or molecules becomes correlated and

thermal physics indicates that for a resonant system the thermal energy is 1/2kBT per

degree of freedom [21], where kB is the Boltzmann constant and T is the temperature.

The frequency spectrum of the thermal motion is dependent on the mechanical loss of the

system and can be obtained by application of the fluctuation dissipation theorem [21].

2.1.2. The fluctuation dissipation theorem

The relationship between energy imparted and energy dissipated within a system was

initially considered by Einstein was later developed further by Callen et al into the

Fluctuation Dissipation Theorem [113, 114, 21]. This theorem describes the relationship

between the excitation of a system (i.e. fluctuation) and the frictional mechanisms by

which the excitation is damped (i.e. dissipation).

For a linear system, the equation of motion in the frequency domain can be written

in terms of an external force, Fext(f), necessary to cause the system to move with a

sinusoidal velocity of amplitude v(f):

Fext(f) = Z(f)v(f) (2.1)
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where the function Z(f) is the mechanical impedance of the system. The reciprocal of

the impedance is the admittance; Y (f) ≡ 1/Z(f). The Fluctuation-Dissipation Theorem

states that the power spectral density, F 2
therm(f), of the fluctuating force is given by [21]:

F 2
therm = 4kBTR(Z(f)) (2.2)

where R(Z) is the real (i.e. dissipative) part of the impedance and the power spectrum,

x2
therm, of the system’s fluctuating motion can be given as:

x2
therm(f) =

kB
π2f 2

TR[Y (f)] (2.3)

Taking a gas damped pendulum of resonant angular frequency ω0 as an example, the

equation of motion of the system, neglecting the fluctuating force, can be written as:

Fext = mẍ+ bẋ+ kx (2.4)

where Fext is a force applied to the system, k represents the spring constant of the

pendulum (mω2
0), b is the damping coefficient and x, ẋ and ẍ are the position, velocity

and acceleration respectively.

The external force, Fext, needed for a given velocity, ẋ, can be determined by expressing

all of the forces in the frequency domain and writing each in terms of velocity,

ẋ = iωx and ẍ = iωẋ (2.5)
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The impedance, Z ≡ Fext/ẋ, can then be given by

Z ≡ b+ iωm− ik

ω
(2.6)

Using equation 2.6, the admittance of the system, Y (f) ≡ Z−1(f), becomes:

Y (f) =
1

b+ iωm− ik
ω

(2.7)

By multiplying both the numerator and the denominator by b − iωm + ik
ω

, in order to

rationalise the denominator, equation 2.7 becomes

Y (f) =
b− iωm+ ik

ω

b2 + (ωm− k
ω

)2
(2.8)

This allows the real part of the admittance to be determined. Equation 2.3 then be-

comes,

x2
therm(f) =

kBTb

ω2(b2 + (ωm− k
ω

)2)
(2.9)

By noting that k = ω2
0m,

x2
therm(f) =

kBT

ω2

b

b2 + (ωm− ω2
0m

ω
)2

=
kBT

ω2

b

b2 + (
ω2m−ω2

0m

ω
)2

(2.10)
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Finally, this simplifies to give,

x2
therm(f) =

kBTb

ω2b2 + (ω2 − ω2
0)2m2

(2.11)

providing an expression for the thermal noise power spectral density of an oscillator of

resonant frequency ω0, in terms of its mass and damping coefficient.

2.2. Sources of dissipation

Sources of dissipation are categorised into two types: external sources of dissipation and

internal sources of dissipation.

2.2.1. External sources of dissipation

There are a number of external sources of noise which could contribute to the thermal

noise of a gravitational wave suspension system. These include,

• Gas damping: Residual gas molecules collide with suspension elements leading to

a viscous damping effect [115]

• Frictional loss: Friction occurs at the contact points of suspension elements and

test masses (also known as “stick-slip” losses) [116]

• Recoil damping: Energy is dissipated from the suspension elements into the support

structure [115]
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In order to minimise thermal noise these, and any other potential sources of noise, should

be minimised as far as possible in the frequency range of interest.

2.2.2. Internal sources of dissipation

Once external sources of dissipation are minimised, the damping and thermal noise as-

sociated with the internal friction of the materials of choice for the test masses and their

support fibres can be considered.

Internal damping exists in all anelastic materials. Ideal elastic materials obey Hooke’s

law (equation 2.12), which defines the relationship between force, Fspr, and a small dis-

placement, x; the amount by which a spring extends from its initial length.

Fspr = kx (2.12)

A generalisation of Hooke’s law gives the relationship between stress, σ, and strain, ε,

such that σ = εY , where Y is the Young’s modulus. Since the strain is not created

instantly in real, anelastic materials and such materials will continue to stretch after a

stress is removed, it is clear that the strain must lag the stress. Through this process

energy is dissipated.

Consider a periodic stress, σ, is given by,

σ = σ0e
iωt (2.13)
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Where σ0 is amplitude of the stress and ω is the angular frequency of the oscillation

which is applied to the anelastic material. As a result of this periodic stress, a periodic

strain, ε, will arise such that,

ε = ε0e
i(ωt−φ) (2.14)

Where ε0 = σ0

Y
and φ is the loss angle, the angle by which the strain lags the stress. The

loss angle is related to the anelastic material’s internal friction. It is a measure of the

energy dissipated in each cycle of oscillation.

m

k(1+i )

Figure 2.1.: A schematic diagram of a mechanical oscillator with a complex spring con-
stant, k(1 + iφ).

Considering a modified version of Hooke’s law with a complex spring constant (see figure

2.1) the time delay between the applied periodic stress and the resultant periodic strain

can be found. Equation 2.12 becomes,

Fspr = k(1 + iφ(f))x (2.15)

Since, from equation 2.4, Fext = mẍ + bẋ + kx, this can then be rearranged to give

Fext = mẍ+ k(x+ b
k
ẋ). Then, since from equation 2.5, ẋ = iωx, this can be substituted

in to give an equation of the form, Fext = mẍ+ k(x+ ib
k
ωx), which then simplifies to,
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Fext = mẍ+ k(1 +
iωb

k
)x (2.16)

Hence, comparing equation 2.15 and equation 2.16 it can be seen that,

φ ≡ ωb

k
=

ωb

mω2
0

(2.17)

Here, φ(ω) represents the degree of anelasticity of the spring and hence the damping

present due to the internal friction of the spring material.

When considering a suspended mirror system such as those in interferometric gravita-

tional wave detectors, the suspended mirrors can be modeled as harmonic oscillators with

internal damping. The equation of motion for such a system can be written as,

mẍ = −k(1 + iφ(f))x+ Fext (2.18)

Using equation 2.5 leads to,

Fext = iωmẋ+
k

iω
(1 + iφ(f))ẋ (2.19)

Since the impedance, Z ≡ Fext

ẋ
, this is given by,

Z =
k − ω2m+ ikφ(f)

iω
(2.20)
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Then, since the admittance, Y , is given by, Y = 1/Zext this can be given as,

Y =
iω

k − ω2m+ ikφ(f)
(2.21)

By rationalising the denominator, equation 2.21 can be re-written as,

Y =
ωkφ(f) + i(ωk − ω3m)

(k −mω2)2 + k2φ2(f)
(2.22)

Then, the real part of equation 2.22 is given by,

R[Y ] =
ωkφ(f)

(k −mω2)2 + k2φ2(f)
(2.23)

From equation 2.9 and k = ω2
0m it can be seen that,

x2
therm(f) =

4kBTω
2
0φ(f)

mω[φ2(f)ω4
0 + (ω2

0 − ω2)2]
(2.24)

2.3. Thermal noise associated with a single resonant

mode

In any mechanical system there will exist several resonant modes which may be excited.

In terms of the mirror suspension system for a gravitational wave detector this will

include the pendulum modes of the suspension (which occur at low frequencies, below
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the detection band of the interferometer), the violin modes of the suspension fibres (which

tend to lie within the detection band) and the internal modes of the test mass mirror

(which lie above the detection band). For the pendulum and internal mirror modes, the

off-resonance thermal noise may limit the sensitivity of the detector.

If a low loss suspension material is selected for the test masses and suspension elements

then the mechanical loss of the system can be reduced. Thermal noise from the violin

modes of the suspension can be effectively confined into a narrow frequency range centred

on the resonant frequencies. This then leads to narrower and higher thermal noise peaks

at the violin mode frequencies and overall lower off-resonance thermal noise. These

sharp noise peaks can then be filtered from the interferometer signal without significantly

reducing the detector’s useful bandwidth.

Equation 2.24 can be simplified by considering in turn the thermal noise contribution in

each of the three frequency ranges of interest: below the resonance peak, at the resonance

peak and above the resonance peak.

Far below the resonance, ω << ω0 and hence equation 2.24 can be approximated to,

x2
therm(f) ≈ 4kBTω

2
0φ(f)

mω[φ2(f)ω4
0 + ω4

0]
=

4kBTφ(f)

mωω2
0[φ2(f) + 1]

(2.25)

Above the resonance, ω >> ω0 and hence equation 2.24 can be approximated to,

x2
therm(f) ≈ 4kBTω

2
0φ(f)

mω5
(2.26)

Within the detection band, ω ≈ ω0 and equation 2.24 can be approximated to,
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x2
therm ≈

4kBTω
2
0φ(f)

mω0[φ2(f)ω4
0]

=
4kBT

mω3
0φ(f)

(2.27)

Further, if a low loss material is chosen then φ(f) << 1, from equation 2.25, the thermal

noise in the detection band of the internal modes can then be approximated to,

x2
therm(f) ≈ 4kBTφ(f)

mωω2
0

(2.28)

Additionally, the contribution from the violin modes of the suspension fibres can be

approximated to [117],

x2
therm(f) ≈ 4kBT

mfibreω3
0φ(f0)

(2.29)

From equation 2.26 and 2.28 it is clear that the thermal noise power spectral density due

to resonance far from the detection band is directly proportional to the mechanical loss,

φ(ω). As a result, the off-resonance thermal noise for the system can be reduced for such

modes if a low loss material is chosen for the mirror and suspension elements.

However, from equation 2.29 it can be seen that when a resonant mode is within the

detector band, the power spectral density of thermal noise close in frequency to the

resonance is inversely proportional to the mechanical loss.
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2.3.1. The loss factor

The loss factor, φ, of a system is a dimensionless quantity measuring the dissipation of

mechanical energy of an oscillator at a resonant frequency f0. It is also known as the loss

angle as it is defined as the angle by which strain lags stress in an anelastic material. It

represents the fraction of the total energy that is dissipated per cycle of oscillation. The

loss factor is given by [118],

φ(f) =
Edissipated

2πEstored

(2.30)

At a resonant frequency (f = f0) the mechanical loss angle is defined by φ = (1/Q(f0))

where Q is the quality factor. At frequencies away from resonant peaks, x2
therm is propor-

tional to φ(f).

The integral over all frequencies of the displacement power spectrum is independent of

the amount of energy dissipated (or the mechanical loss). If the mechanical loss is reduced

in the test masses and suspensions, the thermal noise displacement spectral density away

from the resonant peaks will also be reduced. However, this also results in an increase in

the thermal noise spectral density at the resonant peaks.
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2.4. Thermal noise in a multi-resonance system

In an interferometric gravitational wave detector, the total thermal displacement of the

multiple resonant modes of the system will be detected as motion in the front face of the

mirror. Due to the presence of areas of high loss (such as coatings) the true mechanical

dissipation of a real mirror is spatially inhomogeneous and as such the total thermal noise

cannot be calculated by simply summing the individual modes [119].

If a pressure with the same spatial profile as the sensing beam intensity is applied to the

front face of the mirror substrate, the power spectral density of the thermal noise per

cycle, Sx, can be described as [120, 119, 21],

Sx(f) =
2kBTWdiss

π2f 2F 2
0

(2.31)

where Wdiss = 2πfφEstrain is the dissipated power when an oscillatory force with peak

magnitude F0 acts on the front face of the test mass mirror and Estrain is the energy of

elastic deformation when the test mass is maximally contracted or extended due to that

force [120].

If the loss is homogenous and the radius of the laser beam is much smaller than the

radius of the test mass, the test mass can be modeled as being half-infinite. In this case

the power spectral density of the Brownian thermal noise associated with the test mass

substrate can be described as [120, 121, 119],

Sx(f) =
2kBT (1− σ2)

π3/2fY r0

φsubstrate(f, T ) (2.32)
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where φsubstrate(f) is the mechanical loss of the test mass, Y is the Young’s modulus of

the test mass material, σ is the Poisson’s ratio, r0 is the radius of the laser beam when

the electric field has fallen to 1/e of the maximum beam amplitude [120].

2.4.1. The Arrhenius equation

Internal friction is influenced by the arrangement of molecules within a material. The

time taken for an equilibrium strain to develop in response to a stress applied to the ma-

terial is dependent on internal properties which are functions of stress. These properties

include the density of point defects, dislocations, impurities and crystal grain bound-

aries. For a new state of stress to be adjusted to (so that a new equilibrium state may

be reached) energy barriers of level ∆E must first be overcome. This results in an expo-

nential relaxation to the new equilibrium value, with a characteristic time, τ , which, for

a two-level system, tends to obey the Arrhenius equation [106, 122]):

τ = τ0e
∆E/kbT (2.33)

Here, τ0 is the characteristic time between attempts at passing the energy barrier, ∆E.

This characteristic time is useful in understanding the frequency dependence of damping,

as will be discussed in the following section.

2.4.2. Debye theory

If a spring has one significant relaxation process with energy barrier ∆E, its dynamics

can be represented as an undamped spring with a spring constant k1 in parallel with
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a Maxwell unit (a series combination of an undamped spring k2 and a pure velocity

damping dashpot, α). See figure 2.2 for a diagram of such a system.

m

k1 k

α

Figure 2.2.: A diagram of a typical anelastic solid with an ideal spring connecting in
parallel with a Maxwell unit.

For such a model, the loss angle, φ with a characteristic frequency dependence is given

by equation 2.34 [123].

φ ≈ ∆
ωτ

1 + ω2τ 2
(2.34)

Where, ∆ ≡ k2/k1 is the “relaxation strength”, and τ = α/k2 is the “relaxation time”.

The Debye peak is the peak in the dissipation at frequency ωpeak = τ−1.

Internal friction is generally independent of frequency [21, 124, 125, 126]. This is under-

stood to be consistent with the Debye Peak having a characteristic frequency because

a material may have several Debye peaks at frequencies separated by a few orders of

magnitude; at frequencies away from these peaks the combined effects of the tails of the

peaks is effectively constant with frequency.
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2.5. Thermal noise in a gravitational wave detector

2.5.1. Coating thermal noise

Equation 2.31 demonstrates that when a laser is incident on the front surface of a test

mass mirror, the level of thermal noise is related to the power dissipated in the test mass

when an oscillating pressure is applied to its surface. The amount of power dissipated is

proportional to both the elastic energy associated with the deformations caused by this

pressure and to the mechanical loss [119, 127].

Most of this deformation will occur at, or close to, the footprint of the laser incident on

the test mass. Hence, any dissipation source within this region will contribute more to

the total thermal noise read out by the laser beam than an identical source would if it

were situated further away.

In the case of a fused silica system of test masses and suspensions, such as those used

in the Advanced LIGO detectors, the multilayer dielectric coatings on the surfaces of

the test masses have dissipation of approximately 2 × 10−4 [128, 129, 130, 129]. This is

in contrast to the fused silica substrate itself, which has a dissipation of approximately

∼ 1× 10−9 [131]. Hence the thermal noise arising due to the effect of the coatings will be

the dominant effect when compared to the thermal noise due to the substrates.

Suspension thermal noise

The violin and pendulum modes of the suspensions both contribute to the thermal noise

of the detector (see section 2.4 for more details). These sources arise from the pendulum

suspension of the mirror used in interferometric detector designs, as shown in figure 2.3.
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(a) (b)

Figure 2.3.: Simplified diagram of (a) the fundamental violin mode and (b) the pendulum
mode of a suspended test mass.

The loss factor of the pendulum is lower than that of the material used in the suspension

fibres. The majority of a pendulum’s energy is stored as gravitational potential energy

through the Earth’s gravitational field, which is lossless, and only a small fraction of the

total energy stored in the flexing of the suspension fibres can be dissipated. This is known

as the “dilution” effect. Equation 2.35 describes the mechanical loss for a pendulum,

φpendulum = φfibre
Eflex

Egrav

(2.35)

The loss associated with the violin mode is likewise reduced from the intrinsic loss of

the material by a dilution factor. The loss of the suspension fibre may be assumed to

be spatially homogeneous and the rocking mode of the pendulum can be assumed to

be constrained, hence the loss of the first violin mode is twice that of the pendulum

mode [132, 133]. The thermal displacement of the violin mode couples to the thermal

displacement of the test mass with a suppression factor of the ratio of the mass of the

pendulum and fibre; m
mfibre

[132].

Section 2.3 contains details of the thermal noise contributions of the pendulum and violin

modes in equations 2.28 and 2.29, respectively. The attachment points or “ears” which
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provide the interface between the test masses and the suspension fibres constitute a

further contributor to the total thermal noise of the system. These “ears” are attached to

the sides of the test masses via hydroxide catalysis bonding. Depending on the suspension

design the fibres may be either welded to the ears (as in Advanced LIGO [9]) or the ears

may have slots so that the fibres may slot into them and be held in place by “nail-heads”

(such as in the KAGRA suspensions [18]).

2.5.2. Bond loss

The method for attaching suspension fibres to the test masses must be low loss in order to

avoid degrading the pendulum mode loss factors [134]. Hydroxide catalysis bonding has

been demonstrated to be a low loss and high strength technique for joining suspension

elements in fused silica [135, 136], and silicon [137] suspensions.

Investigations have been made into the the mechanical loss of hydroxide-catalysis bonds

between both silica and sapphire and these bonds have now been used in the GEO600

detector (see section 1.6.3), the advanced LIGO detectors (see section 1.7.1) and the

advanced Virgo detector (see section 1.7.2). In all of these, fused silica “ears” are bonded

onto the side of the test masses to provide an interface for the fibres to be welded to. The

bonds are far enough away from the mirror face that their contribution to the thermal

noise of the system has been calculated to be very small.

The hydroxide catalysis bonding technique is now being investigated and developed fur-

ther for use in advanced cryogenic gravitational wave detector suspension systems such

as KAGRA (see section 1.7.4) and the planned Einstein Telescope (see section 1.8.1).
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2.5.3. Conclusion

Thermal noise is an important limiting factor to the sensitivity of gravitational wave

detectors. The fluctuation-dissipation theorem may be used to inform the design and

construction of gravitational wave detector suspension systems in such a way that the

effect of mechanical losses, and thermal noise, will be minimised. Since any interface in

the suspension will be associated with a certain amount of additional mechanical loss, it

is advantageous to minimise the area of these interfaces for a given interface thickness.

One possible method of reducing thermal noise within future gravitational wave detectors

is to operate them at cryogenic temperatures. However, to date the material of choice

for the mirrors of gravitational wave detectors has been fused silica and this has a large,

broad loss peak at ∼40 K [106]. As such it is necessary to understand the loss behaviour

of other materials; both sapphire and silicon are of particular interest as alternatives to

fused silica due to their more desirable properties at cryogenic temperature.

The properties of hydroxide catalysis bonds between these materials were thus inves-

tigated with the goal of minimising the overall mechanical loss and thermal noise of

suspensions. In particular the strength of bonds between sapphire pieces and between

silicon pieces is studied as a greater strength would mean that a smaller bond area could

be used and a smaller bond area means less bond material to contribute to the overall

thermal noise of the system. Additionally, the mechanical loss of hydroxide catalysis

bonds between thin sapphire discs is studied directly. The results of these experiments

will help to inform future detector design. These investigations are described in the

following chapters of this thesis.
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sapphire

3.1. Introduction

In this chapter the process of hydroxide catalysis bonding of sapphire is discussed. In

the experiments described in this chapter, several different chemical bonding solutions

were used to create bonds between sapphire samples and the strengths of these bonds

were measured. The strengths of bonds were of particular interest for consideration of

the design and fabrication of the KAGRA test mass suspensions.

Hydroxide catalysis bonding, sometimes called silicate bonding or hydroxy-catalysis bond-

ing, is a precision optical technique originally developed and patented at Stanford Univer-

sity by Gwo for use in the Gravity Probe B telescope [138, 139, 140, 141]. The technique

was originally used to join fused silica pieces in this telescope and was later implemented in

the construction of quasi-monolithic fused silica suspensions in laser interferometric grav-

itational wave detectors [135, 99, 98, 142, 143, 91]. Additionally it was used in joining the

fused silica optics to the Zerodur optical bench for the LISA Pathfinder mission [109, 48],

the proof-of-concept mission for the planned space-based detector, LISA [144, 145, 146].

It was selected for the latter purpose due to the high strength of the bonds as well as
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for the ability to precisely align parts during bonding and for the thin bonds that are

produced [138, 145, 147].

It allows precision bonding of oxide-based or oxidisable optical components, creating op-

tically clear bonds with strengths that can be similar to the bulk material [138, 145]. This

is generally achieved at room temperature by applying an aqueous solution containing

hydroxide ions (often sodium silicate [sodium hydroxide and silicon dioxide] or potassium

hydroxide) to the two bonding surfaces and by placing the surfaces sufficiently close to

each other to allow a chemical bond to form between them (see section 3.2).

Typically the substrates to be bonded are those which can form a silicate-like network,

such as fused silica, or those which can be chemically linked to a silicate-like network.

The nature of the technique means that the bonds take a short amount of time to start to

form, on the order of approximately 30 seconds at room temperature when bonding glasses

and fused silica [138, 148], which allows enough time for bond alignment to be adjusted,

should that be necessary. The bonds created are strong, stable and very thin.

3.1.1. Use of hydroxide catalysis bonding in fused silica based

suspensions

The first time hydroxide catalysis bonding was used in a gravitational wave detector

was in the construction of the final stages of the GEO600 suspension systems [135]. The

technique was used to join fused silica attachment pieces (“ears”) to the sides of the test

masses, which provide weld points for the fused silica fibres which support the masses.

Previously, test masses were suspended in steel wire loops, for example in the earlier pro-

totype interferometers of the LIGO detectors, which saw 10.7 kg fused silica test masses

suspended in this way [149, 77, 150]. However, fused silica fibres have approximately 104×
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lower intrinsic mechanical loss than steel wires [151] and any losses due to “stick and slip”

friction between the wire loop and the test mass are removed as the fibres are welded

to the ears which are in turn chemically joined to the test masses [116, 151]. The bond

material has been shown to have a higher intrinsic mechanical loss than fused silica but

the effect of the loss of the bond material on the overall thermal noise of a bonded system

can be minimised because the bonds formed can be extremely thin (<100 nm) [147].

Following the success of this technique when used in the GEO600 suspensions, hydroxide

catalysis bonding was adapted for use in the upgrades to the suspensions of the LIGO and

Virgo detectors. In the case of LISA Pathfinder the ability to withstand thermal cycling

and extreme forces associated with launch were additional advantageous characteristics

of the bonds [140, 145]. A further advantage for many detectors, both ground-based and

space-based, is that the bonds are vacuum compatible [140, 145].

While the suspension details of the designs for Advanced LIGO and Advanced Virgo

do differ, both feature quasi-monolithic suspension systems with a final stage compris-

ing fused silica test masses (Advanced LIGO has 40 kg test masses [9] while Advanced

Virgo’s test masses are 42 kg [103]), suspended by four fused silica fibres, each with a

minimum diameter of 400µm [99, 100, 143, 152]. In aLIGO, as in GEO600, the fibres

are welded onto small fused silica ears attached to the sides of the test masses with hy-

droxide catalysis bonds. While the suspension details of the designs for Advanced LIGO

and Advanced Virgo do differ, both feature quasi-monolithic suspension systems with a

final stage comprising fused silica test masses (Advanced LIGO has 40 kg test masses [9]

while Advanced Virgo’s test masses are 42 kg [103]), suspended by four fused silica fibres,

each with a minimum diameter of 400µm [99, 100, 143, 152]. In Advanced LIGO, as in

GEO600, the fibres are welded onto small fused silica ears attached to the sides of the

test masses with hydroxide catalysis bonds.
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Figure 3.1.: Simplified schematic diagram of a suspended fused silica test mass such as
those used in Advanced LIGO.

The aLIGO weld horns are sections that stick out from the main prism and the ends have

a similar cross-sectional area to the expanded ends of the suspension fibres (see figure

3.1). The ears are first attached by hydroxide catalysis bonds to the test masses, then

the fibres are welded to the horns using a CO2 laser [98]. This keeps the welding area

away from the test mass which could otherwise be damaged by the procedure. Here, the

importance of the strength of the hydroxide catalysis bonds is clear, as they support the

test mass in the suspension.

3.2. The hydroxide catalysis bonding procedure

In the suspension systems for the test masses of interferometric gravitational wave de-

tectors, hydroxide catalysis bonds are chosen to join attachment pieces to test masses

due to the relatively low contribution the bonds have to the overall thermal noise in the

suspensions [147]. In order to minimise the noise contribution from hydroxide catalysis

bonds the volume of bonding material should be minimised. To achieve this, hydroxide

catalysis bonds are typically formed between surfaces with peak-to-valley flatnesses of
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λ/10 or less, where λ = 633 nm. Typical bond thickness is of the order of 60 nm - similar

to the peak-to-valley flatness of the surfaces to be bonded [147].

Alkaline bonding solutions, most commonly aqueous potassium hydroxide solution or

sodium silicate solution, are used to create the bonds [138]. This solution is placed on

at least one of the two intended bonding surfaces and the two surfaces are brought into

contact to allow the bond to form. In this way only a very small quantity of bonding

solution is required for bonds to be successful, typically ∼0.4µl per cm2 of intended

bonding surface [138] - much of this volume is made up of water which evaporates or

is absorbed into the bulk material being bonded as the bonds cure, which leads to the

very thin bond layers. Provided that the surfaces are sufficiently conformal, clean and

hydrophilic the bonding solution will readily spread across the bonding area and a series

of chemical reactions between the solution and the surfaces will take place. This will

lead to a strong, rigid, transparent network of molecular chains forming between the two

surfaces, as discussed below.

The time taken for a bond to form is dependent upon temperature and the pH of the

solution, with bonding time increasing with decreasing temperature and with increasing

hydroxide concentration [153]. In the experiments described in this chapter, the bond-

ing procedure was carried out at room temperature (∼293 K), bonds were cured for a

minimum of four weeks at room temperature and the bonding solutions used were pre-

pared such that their initial pH was 12±0.1 as this pH has been found to be successful

in forming bonds between fused silica, silicon, silicon carbide and Zerodur glass pieces in

the past [135, 137, 115, 154, 155].

59



3. Hydroxide catalysis bonding of sapphire

3.2.1. Surface preparation

For successful bonds to be formed, the surfaces to be bonded must be clean and hy-

drophilic [141]. This state is usually achieved by cleaning the surfaces manually in a

clean room environment.

A standardised cleaning procedure, similar to one developed for use in joining the com-

ponents of the Advanced LIGO suspensions [156], was used to prepare surfaces of all

samples studied here before the bonds were formed in order to ensure comparability to

previous hydroxide catalysis bonding studies. This procedure is as follows [156, 157]:

1. Rinse the surface with de-ionised water

2. Apply a paste of cerium oxide and de-ionised water to the surface with an Anticon

Gold StandardWeight1 clean room wipe, use this to rub the surface for ∼ 30 seconds

3. Rinse with de-ionised water to remove the paste

4. Apply a paste of sodium bicarbonate and de-ionised water to the surface with a

new clean room wipe, use this to rub the surface for ∼30 seconds to remove any

remaining cerium oxide

5. Rinse with de-ionised water to remove any remaining sodium bicarbonate

6. Repeat the sodium bicarbonate clean and rinse

7. Rinse the surface in spectroscopic grade >99.9% methanol

1http://www.contecinc.com/
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8. Immediately before bonding, wipe the surface with a new clean room wipe soaked

in spectroscopic grade >99.9% methanol

This process differs from the Advanced LIGO cleaning procedure only in that for Ad-

vanced LIGO steps 2 and 3 are repeated. These repeated steps are neglected because they

have not been found to make a noticeable improvement to the cleanliness and hydrophilic-

ity of the surfaces. As such, this process is considered sufficient when forming bonds for

strength testing, although more thorough procedures may be demanded when forming

bonds for real test mass suspensions. When the cleaning procedure is complete the sur-

faces are free from residues, organics and particulates and are highly hydrophilic [158].

3.2.2. Considerations in preparation of bonding solution

All bonding solutions are prepared in a clean room environment at room temperature

and with de-ionised water such that they have a pH of 12±0.1. In the past when bonding

solutions with this pH have been used to join other materials (e.g. fused silica, silicon,

silicon carbide, Zerodur, etc [135, 137, 115, 154, 155]) bonds have been formed successfully;

using the same pH when joining sapphire pieces allows for comparison between such

bonds. The solutions are mixed via manual shaking for approximately 1 minute to ensure

that the chemicals are properly dissolved before pH testing is carried out using a Metler

Toledo SevenMulti bench top pH meter. The solutions are then centrifuged for ∼30

seconds to separate out any remaining particulates. Finally, the upper third of the

liquid from the centrifuged solution is passed through a UniPrep medical filter2 with a

0.2µm pore size, to remove any smaller particulates that may remain. For more detailed

information on the preparations of the specific solutions used for bonding experiments

detailed in this chapter, see section 3.4.3.

2http://www.sigmaaldrich.com/labware/labware-products.html?TablePage=111298830
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3.2.3. Bond formation

Cleaned samples are kept in individual clean room wipes until they are bonded. To

avoid the potential for re-contamination the time between cleaning and bonding should

be short [156] and during these experiments never exceeded 3 hours. Immediately before

bonding the surface of the sample is inspected under a high intensity “goose neck” light

- this light allows any specks of dust, particulate contaminants or scratches to be clearly

visible. If any contaminants are seen the surface is wiped again with a methanol soaked

clean room cloth. Should this not remove the contaminant the sample is re-cleaned,

following the procedure described in section 3.2.1.

When the surfaces are pristine a pipette is used to accurately measure out the quantity of

solution needed to form the bond. A new pipette tip is used for each bond. The solution

is taken from near the surface of the solution within the UniPrep filter and care is taken

to avoid allowing the pipette tip to touch anything apart from the solution, at any time,

to avoid potential contamination. The bonding solution is dispensed onto the surface of

one sample and the second sample is gently placed on top of the first.

No weights are used in this process but a jig may be used to aid sample alignment. This

procedure is carried out in a clean room flow cabinet to avoid the risk of new particulate

contaminants coming into contact with the bonding surfaces. The chemical reaction

begins, as described in the following three sections, and the bonds are left to cure.

3.2.4. Hydration and etching

An aqueous solution containing hydroxide ions, such as sodium silicate solution, is applied

to the clean bonding surface. This surface has been made extremely hydrophilic by the

cleaning procedure and so the OH− ions in the solution are attracted to fill any small
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gaps or pits in the bonding surface. Any contaminants remaining on the surface at this

stage will impede the hydration process - otherwise the solution will smoothly spread

across it. When the surface is hydrated the remaining OH− ions will attach to ions on

the sample surface and will form weak bonds with them. In the case of fused silica these

bonds will be formed with silicon ions; in the case of sapphire these bonds may be formed

with alumina ions [159] (see section 3.2.7).

These additional bonds weaken the existing Si-O or Al-O bonds at the substrate surface,

allowing ions to be liberated from the substrate. This process is known as etching. The

result is silicate (or aluminate) molecules in suspension in the bonding solution [159]. As

this process continues the concentration of OH− ions is steadily depleted. See figure

3.2 for a diagram showing this process with fused silica substrates with sodium silicate

solution. The process for bonding sapphire with sodium silicate solution is similar, but

in this case an aluminosilicate network will form [159].
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Figure 3.2.: Structure of fused silica (left). When fused silica is exposed to water and
hydroxide ions it becomes hydrated and Si-O-H chains are formed (right).
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This process can be summarised with equation 3.1 [145],

SiO2 + OH− + 2H2O→ Si(OH)−5 (3.1)

and a similar process occurs in the case of hydration and etching of sapphire [159] (see

section 3.2.7 for more details).

3.2.5. Polymerisation

The decreasing concentration of OH− ions in the bonding solution corresponds to a

decrease in pH of the solution. When the pH drops below ∼11 the suspended silicate

ions begin to dissociate to form Si(OH)4, as shown in equation 3.2 [145]

Si(OH)−5 → Si(OH)4 + OH− (3.2)

The Si(OH)4 molecules then combine and polymerise, forming siloxane chains and water

as in equation 3.3 [160, 145]

2Si(OH)4 → (HO)3SiOSi(OH)3 + H2O (3.3)

In the case of sapphire bonding the pH must be between 11 and 12 for similar, polymer-like

chains to form [159, 161]. In both cases, water molecules are left behind as a by-product.

See figure 3.3 for a diagram showing the process occurring when sodium silicate bonding

solution is used to join fused silica surfaces.
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Figure 3.3.: The formation of the hydroxide catalysis bond. On the left, hydrated fused
silica is in the presence of OH− ions in an aqueous solution. OH− ions
are liberated from the sample surfaces, these then combine to form water
molecules and a siloxane chain connects the surfaces, as on the right.

3.2.6. Dehydration

Over time the remaining water migrates to the edge of the bonding area and evaporates.

In some substrate materials it may also be absorbed into the bulk material. The bond

then strengthens over time as this water is removed. It has been found that, when

the bonds are formed between fused silica substrates, the bonds reach their maximum

strength after ∼4 weeks of curing at room temperature [145].
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3.2.7. Bond formation with sapphire substrates

The chemical process involved in the hydroxide catalysis bonding of sapphire are similar

to those involved in bonding fused silica, as described above, however there are a few

differences. Here, the OH− ions in the solution can react with the alumina surface in

several ways, for example,

Al(OH)3(s) + OH−(aq)→ Al(OH)−4 (l) (3.4)

or3,

Al(OH2)3+
6 (s)→ Al(OH2)5OH2+(l) + H+(aq) (3.5)

The following dimerisation process can then take place with the Al(OH)−4 and Al(OH2)5OH2+

ions, as shown in equations 3.6 and 3.7.

2Al(OH)−2
4 → (OH)−2

3 AlOAl(OH)−2
3 + H2O (3.6)

2Al(OH2)5OH2+ → (H2O)4Al(OH)2Al(OH2)4+
4 + 2H2O (3.7)

If the bonding solution chosen contains silicate ions, these will form a silicate-like net-

work during dehydration and the liberated alumina ions will chemically react with the

3The interaction of the OH− with alumina may only form Al(OH2)5OH2+ if the molarity of the bonding
solution is less than 1.5 and the pH is over 13 [162]
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silicate-like network in the solution, leading to the formation of a three-dimensional alu-

minosilicate network, in which some of the Si atoms of the silicate structure will be

replaced with Al atoms, as given in equations 3.8 and 3.9.

Si(OH)4 + Al(OH)−4
OH−
→ (OH)2AlOSi(OH)3 + H2O + OH− (3.8)

Si(OH)4 + Al(OH2)5OH2+ OH−
→ (OH)2AlOSi(OH)3 + 2H+ (3.9)

Without the silicate ions, an aluminate network will form, although this process would

be expected to occur more slowly.

3.3. A comparison of other bonding techniques

3.3.1. Indium bonding

Indium is also often used to bond non-metallic solids such as fused silica and metallic

oxides such as sapphire [163]. As with hydroxide catalysis bonding it is necessary that the

surfaces to be bonded are thoroughly cleaned before bonding is carried out and adhesion

can be improved through the application of heat and pressure [164]. One challenge asso-

ciated with indium bonding is that the indium readily oxidises which prevents good bond

formation. However, this oxidisation can be avoided either by carrying out bonding in an

argon environment, through the use of an ultrasonic soldering iron, which inhibits oxide

growth [165], or by treating the indium with hydrochloric acid prior to bonding [166].
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For joints which require the transmission of heat it may be advantageous to use indium as

a bonding material. Work has been carried out to determine whether such bonds would

be suitable for use in the KAGRA suspensions [166]. At KAGRA’s eventual intended

operating temperature of 20 K [167], indium bonds with a thickness of ∼10µm have been

found to have a mechanical loss of 2×10−3 [166]. This should enable attainment of the

desired level of thermal noise for KAGRA [167]. Additionally, it was found that it should

be possible to extract sufficient heat through each indium joint such that it will be possible

to keep the KAGRA suspensions at 20 K [166]. A further advantage is the possibility of

separating the surfaces joined by indium bonds by applying heat to melt the indium.

This could prove useful should the suspension need to be repaired or upgraded [168].

However, the low melting point of indium also represents a possible drawback to its

use [169]. During the assembly of the detector it is likely that the suspensions will be

thermally cycled several times and that the vacuum chambers may need to be baked

out. This process may temporarily soften the indium and could lead to a misalignment

or failure of the joined pieces. As such, it is important that in any detector design that

utilises indium bonds, those bonds should be under compression [166].

3.3.2. Adhesives

A wide range of commercial adhesives are available. These are typically categorised as

either reactive (for example epoxies and cyanoacrilates) or non-reactive adhesives (for

example polyvinyl acetate [PVAc] and rubber cements), depending on whether or not a

chemical reaction takes place as the adhesive hardens [170]. Chemical bonds may take

the form of ionic, covalent or hydrogen bonds. In bonds which don’t involve a chemical

reaction the adhesion may be due to electrostatic or Van de Waals forces, or by moisture-

aided diffusion of the adhesive into small pores in the substrate surface, followed by

hardening as the moisture evaporates [170].
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The major advantages of such adhesives are usually associated with low cost and the

ability to join a wide variety of substances (depending on the adhesive used). However,

many adhesives lose stability when they are outside relatively narrow temperature ranges

(epoxy, example, usually has an operating range of -30 ◦C-100◦C) [171]. The majority

of adhesive bonds of these kinds are also not compatible with vacuum conditions [172].

While adhesives designed for use in vacuum do exist, it is challenging to create very thin

bonds using such adhesives - typically joints using these adhesives cannot be made thinner

than a few microns and are often several millimeters thick [173, 174, 175]. Since this may

result in more energy being stored in the bonds, thicker bonds may have a significant

negative impact on the thermal noise performance of a suspension [147].

At present, there is no adhesive known to this author that is suitable for joining the

components of test mass suspensions for gravitational wave detectors. Only hydroxide

catalysis bonding can be used to produce bonds that are suitably thin, strong, transparent

and vacuum compatible at a wide range of temperatures, with the additional advantage

of the option for precision alignment due to the time taken for the bonds to begin to form

and cure.

3.4. Hydroxide catalysis bonding for sapphire and silicon

in cryogenic suspension systems

Future detectors including KAGRA [107], ET [68] and possible further upgrades to Ad-

vanced LIGO [90, 176] will be operated at cryogenic temperatures to further improve

detector sensitivity by reducing thermal-mechanical loss and hence thermal noise. This

low temperature operation will necessitate a change in material for the test masses and

their suspensions as fused silica has a large, broad mechanical loss peak centred around

∼40 K making it an unfavourable choice of material for low temperature operation [106].

69



3. Hydroxide catalysis bonding of sapphire

Materials of particular interest for cryogenic use are sapphire [107] and silicon [177]. Both

have more favourable properties than fused silica in terms of their thermo-mechanical

losses in the cryogenic regime, making them interesting candidate materials for the test

masses and suspensions of cryogenically-run detectors.

The KAGRA detector will also utilise hydroxide catalysis bonding in its suspension de-

sign. However, there will be several key differences when compared to room temper-

ature detector suspensions. The material of choice for the KAGRA detector is sap-

phire [107] which has the immediate advantage over silicon of being optically transparent

at 1064 nm [178], the wavelength of Nd:YAG lasers which are commonly used to illu-

minate gravitational wave detectors [179]. The fibres will be used not only to suspend

the test masses, but also to extract heat from them, which will be necessary since the

intended operating temperature of the detector is 20 K [167]. Hence, in order to extract

sufficient heat via the suspension fibres, these fibres must have a greater diameter than

the fused silica fibres used in Advanced LIGO [180].

Additionally, it is not currently possible to join single crystal sapphire fibres by heating

them while maintaining the single crystal structure, so the fibres cannot be welded to

weld horns on the attachment pieces, as was done for the advanced LIGO fused silica

suspensions. Consequently, a new design of suspension fibres has been developed to allow

the fibres to be connected to the test masses. Here, the fibres have “nailhead” ends (see

figure 3.4), allowing them to slot into notches in the attachment pieces instead of being

welded to them directly.

This nailhead design was chosen so that the suspension pieces can be disassembled for

upgrades, or in the case of damage to the test masses or suspension elements. This

may mean additional interface losses, as the nailhead itself, as well as part of the fibre

will be in contact with the attachment pieces and there will be some friction between

the surfaces here. However, it is hoped that when the detector is operated at cryogenic
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temperatures, the reduction in thermal noise will compensate for this. Each fibre will

have a length of 300 mm and a diameter of 1.6 mm, while the nailheads are cubes with

length 20 mm [180, 181]. The attachment pieces will be bonded with hydroxide catalysis

bonding to flats on the sides of the KAGRA test masses.

Figure 3.4.: Photograph of an example of an early-design for the sapphire fibres including
cylindrical nailhead attachments, similar to those intended for use in the
KAGRA suspensions which now have cuboid nailheads.

Likewise, the planned Einstein Telescope (ET) detector will also operate at cryogenic

temperatures with silicon suspension systems (sapphire is a back-up option) [68]. Any

further upgrades to Advanced LIGO and Advanced Virgo may involve the use of either

material [90, 176]. As such it is important to thoroughly understand the characteristics

of hydroxide catalysis bonds formed between pieces of these materials, to properly inform

suspension design and to optimise bond strength and mechanical loss.

3.4.1. Sapphire samples for hydroxide catalysis bonding experiments

For the first set of experiments described here, a set of 116 sapphire samples with di-

mensions 5 × 10 × 20 mm were procured from Crystran4. These were cut such that the

m-plane of the sapphire crystal was parallel to the bonding surface as shown in figure

4http://www.crystran.co.uk/

71



3. Hydroxide catalysis bonding of sapphire

3.5. The edges of the intended bonding surfaces featured small chamfers, with widths on

the order of 0.2 mm and all faces were polished with the exception of the face directly

opposite the intended bonding face, which had a ground finish, see figure 3.6.

5 mm

10 mm
20 mm

40 mm

c-plane

a-planem-plane

Bonding surface

flatness <63 nm

Figure 3.5.: Schematic diagram showing the dimensions and axes of Crystran sapphire
blocks for hydroxide catalysis bonding experiments.

Figure 3.6.: Photograph of an example of a pair of bonded sapphire samples with dimen-
sions as shown in figure 3.5. Note the ground 5×10 mm face to distinguish
face intended for bonding.

The parts are produced to a specified flatness of λ/10 (63.3 nm) and an Ra roughness of

20 nm (Ra roughness is an arithmetic average deviation from the mean) as this has been

shown to give successful bonds [145].

All samples are marked with identification numbers, to allow bonds to be characterised

and tracked throughout the experiment. The flatness of the sample surfaces are measured

with an interferometer (ZYGO GPI XP/D) and the roughness of the samples surfaces is

measured with an optical surface profiler (Veeco: Wyko NT1100) at 2.5× magnification,

before cleaning and bonding is carried out as described in section 3.2.1.
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3.4.2. Analysis of surface suitability of sapphire samples intended for

hydroxide catalysis bonding experiments

Before bonding, a randomly selected subset of 20 of the 116 samples were measured to

ensure that they had been produced to the intended dimensions. This was carried out

using a micrometer and the 20 samples measured were found, on average, to have widths

of 5.00± 0.005 mm and heights of 10± 0.005 mm. Additionally, the chamfers of the same

subset of samples were measured using a table top SEM and the average chamfer width

was found to be 0.16 mm. These chamfers are taken into account when calculating the

strength of the bonds.

Almost all the samples in this set were found to have flatnesses of λ/10 or better. The

few samples which were less flat were not deemed to have large enough features that

they would be expected to adversely effect the success of bonds formed or the strength

of those bonds. However, since all samples were labeled with identification numbers they

could be carefully tracked, so that the flatness of any sample could be determined at

a later date, should any unexpected effects occur. The average flatness measured was

50.6 nm, the smallest value of flatness measured was 30.6 nm and the largest value of

flatness measured was 87.3 nm. The standard deviation between the flatnesses measured

was 10.2 nm. A histogram showing the distribution of flatnesses is given in figure 3.7. An

example of a typical flatness surface profile is shown in figure 3.8.

Likewise, all sample surface roughnesses were noted and associated with sample identi-

fication numbers. No sample surface had a roughness profile that might be expected to

be associated with unsuccessful or weak bonds. The mean Ra roughness measured was

9.2 nm, the smallest value of Ra roughness measured was 6.8 nm and the maximum value

of Ra roughness was 18.5 nm. The standard deviation of the measured Ra roughness was

2.0 nm. A histogram showing the distribution of Ra roughnesses is given in figure 3.9.

An example of a typical roughness surface profile is shown in figure 3.10.
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Figure 3.7.: A histogram of the measured peak-to-peak flatnesses of the 116 sapphire
samples intended for hydroxide catalysis bonding experiments, as measured
using an interferometer (ZYGO GPI XP/D).

Figure 3.8.: A surface profile of a sapphire sample showing the flatness of the surface.
The whole bonding surface of a 5 mm×10 mm sample is shown here.

74



3. Hydroxide catalysis bonding of sapphire

6 8 10 12 14 16 18 20
0

2

4

6

8

10

12

14

16

18
Histogram of the Arithmetic Average Roughness of 116 Sapphire Samples

Roughness (nm)

F
re

qu
en

cy

Figure 3.9.: A histogram of the measured Ra roughnesses of the 116 sapphire samples
intended for hydroxide catalysis bonding experiments, as measured using an
optical surface profiler (Veeco Wyko NT1100).

Figure 3.10.: An example of a surface profile, at 2.5× magnification, of a sapphire sample
showing the Ra roughness of the surface.
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3.4.3. Preparation of solutions for bonding sapphire

Here the choice of bonding solution is considered. The solutions for bonding sapphire

surfaces used in these experiments were aqueous solutions of sodium aluminate (NaAlO2),

sodium hydroxide (NaOH), sodium silicate (Na2SiO3) and potassium hydroxide (KOH),

each prepared such that an initial pH of 12±0.1 was created. The pH of each solution

was measured after the solutions were prepared using a Mettler Toledo SevenMulti bench

top meter5. Sodium aluminate was chosen with the aim of closely matching the refractive

index of the bond to that of the sapphire samples (although this is not directly of interest

for gravitational wave detector suspensions it may be of interest for potential optical

applications). Sodium hydroxide was chosen with the goal of producing very thin bonds.,

thus minimising any optical reflections from the bond layer. Sodium silicate was chosen to

allow comparison of the results obtained at Glasgow with prior studies of bond properties

using this type of bonding solution to joint fused silica samples. Potassium hydroxide

was chosen to allow comparison to results found by Dari et al [182] and Suzuki et al [183]

when bonding sapphire.

In previous experiments involving the bonding of sapphire using a KOH bonding solution,

some relatively low values of strength were found (e.g. 1.5 MPa [182], 6.53 MPa [183]);

however, while Dari et al used KOH with an initial pH of 14.4, the initial pH of the KOH

solution used by Suzuki et al is not clear. Additionally, Dari et al made a combination of

bonds between randomly oriented sapphire samples and bonds between c-plane sapphire

samples and measured the tensile strength of the bonds. Suzuki et al measured shear

strengths of c-to-c plane bonds between sapphire pieces. Both used cylindrical samples

rather than cuboids. No alternative bonding solutions were investigated in either study.

Here, KOH and three other solutions are considered for comparison.

5http://uk.mt.com
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The pH of each solution was measured after the solutions were prepared using a Met-

tler Toledo SevenMulti bench top meter6. The sodium aluminate solution was prepared

with 0.04 g of sodium aluminate powder with 12.5 ml of de-ionized water. The sodium

hydroxide solution was a commercially available 0.01 M solution in de-ionized water. The

sodium silicate solution was formed by diluting a commercially available solution (14%

NaOH and 27% SiO2) with de-ionized water at a volumetric ratio of 1:6, as used in pre-

vious studies [145]. The potassium hydroxide solution was prepared from using pellets

dissolved in de-ionized water to give a volumetric ratio of 1:190 KOH:H2O.

Each of the bonding solutions were mixed, via manual shaking for ∼60 seconds, were

then centrifuged to remove any large particles for ∼30 seconds and finally were passed

through a UniPrep medical filter with a 0.2µm pore size to remove any smaller remaining

particles in the solutions.

Using 98 of the available 116 cuboids this allowed 49 bonded samples to be created, with

the remaining samples being reserved for future experiments. In the experiments de-

scribed in this chapter, 10 cuboids were bonded with sodium aluminate solution, 10 with

sodium hydroxide solution, 10 with potassium hydroxide solution and 19 with sodium

silicate solution (9 of which were intended for strength testing at cryogenic temperatures).

These bonds were allowed to cure at room temperature for a minimum of four weeks.

3.5. Bond inspection

During the bonding process, when the second sample is placed in contact with the first

it briefly floats on the layer of bonding solution before the bond starts to form. This

is the bond settling time. In these sapphire-bonding experiments, when bonding with

the sodium aluminate, sodium hydroxide and potassium hydroxide solutions, this process

6http://uk.mt.com
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took ∼30 seconds. With sodium silicate solution the process was faster, with the bonds

settling within ∼5-10 seconds.

Initially the bond layer appeared highly visually reflective and the bonds became trans-

parent over the course of ∼8 hours - this was true of all bonding solutions. This is in

contrast to bonding fused silica, rather than sapphire, where the bonds become trans-

parent almost immediately. It may be that the initial stages of the bonding process take

longer when bonding sapphire than when bonding fused silica, perhaps because sapphire

is more difficult to etch.

In some cases when bonding with sodium silicate solution the bonds were incomplete,

leaving behind bubbles where the bonding solution had failed to spread across regions

of the sample surface. Where these bubbles made up more than 10% of the surface the

bonds were rejected as if this occurred when bonding pieces for a detector the pieces

would be separated and cleaned and the bonds would be remade. Hence, strength data

from such bonds is not included in the results presented in section 3.7.

In several cases when bonding with sodium aluminate, sodium hydroxide and potassium

hydroxide the bond surface failed to become transparent and upon further inspection it

was discovered that no bond had formed, this appeared to be a binary process, with either

a perfect bond forming or no bond forming at all - in all of these cases the samples were

cleaned again, as described in section 3.2.1, and the bonding procedure was repeated as

previously with successful bonds being formed on the second attempt.

78



3. Hydroxide catalysis bonding of sapphire

3.6. Tensile strength testing

The bond tensile strengths were measured using a four-point bending test (ASTM C 1161-

2C [184]), as shown in figure 3.11. This is a standard test for determining tensile strengths

of brittle materials such as ceramics and glass [185]. The bonded samples were placed in

the holder and a force, F , was applied through a loading arm, using a Zwick-Roell static

200 kN machine with a 25 kN load cell, until the bond broke. The supports below the

sample were placed a distance L = 34±0.1 mm apart and the force was applied equally

through two line contacts on top of the sample a distance l = 20±0.1 mm apart, both

of these distances were centred on the bond. This method allows the force to be evenly

applied from above whilst the sample is supported from below. The tensile strength of

the bond was then obtained from the maximum force using equation 3.10 below [186]:

σmax =
3(L− l)F

2bd2
(3.10)

where b is the sample thickness and d is the sample width (in this case 5.00±0.005 mm

and 10.00±0.005 mm, respectively) - less the dimensions of the chamfers (the chamfers

were approximately 0.16 mm, see section 3.4.1). This leads to values of b and d of 4.84 mm

and 9.84 mm respectively, and thus a corresponding increase in the strength values than

would be expected had the chamfers not been taken into account.

All bonds were broken at room temperature with the exception of a set of 9 of the 19

sodium silicate bonds which were broken at 77 K using the same set up as described

above. To achieve this breaking temperature the samples and the sample holder were

all immersed in a Teflon container filled with liquid nitrogen (see figure 3.12). The

samples broken in liquid nitrogen were first placed in this container with tongs and when

the production of vapour from the liquid nitrogen rapidly boiling had subsided thermal

79



3. Hydroxide catalysis bonding of sapphire

Figure 3.11.: 3D and detail CAD images of the bending strength set-up. The sample
holder was placed in a Teflon bath, which was filled with liquid nitrogen for
the cryogenic measurements [158].

equilibrium was assumed - this took ∼90 seconds. The liquid nitrogen was re-filled

between each bond strength test to compensate for the reduction in nitrogen volume due

to it boiling.

3.7. Results

Sodium aluminate, sodium hydroxide and potassium hydroxide solutions here found to

produce similar bond strengths, with mean strengths of 14, 12 and 16 MPa, respectively.

The sodium silicate bonds broken at room temperature had a mean strength of 74 MPa

whilst sodium silicate bonds broken at 77 K had a mean strength of 73 MPa. See table

3.1 for details of the mean, minimum and maximum tensile strengths recorded for bonds

made with each chemical when broken at room temperature or 77 K. The results from

this section have been published in the journal Classical and Quantum Gravity [187].
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3. Hydroxide catalysis bonding of sapphire

Figure 3.12.: Photograph showing the liquid nitrogen bath in which the samples and
breaking equipment were cooled for cryogenic strength tests. The bath was
filled with liquid nitrogen and the samples were completely submerged, here
the liquid nitrogen is not shown for the sake of clarity.

Table 3.1.: Table of breaking strengths for hydroxide catalysis bonds between sapphire
samples produced with a variety of bonding solutions, all with pH 12. The
mean, minimum and maximum tensile strengths recorded are shown.

Strength (MPa)
Chemical Breaking

tempera-
ture (K)

Mean Minimum Maximum σ σ√
N

Sodium aluminate 293 14 7 17 3.3 1.1
Sodium hydroxide 293 12 7 16 2.4 0.8
Potassium hydroxide 293 16 7 58 15.0 4.7
Sodium silicate 293 74 53 91 18.3 5.8
Sodium silicate 77 73 38 89 22.5 7.5

Figure 3.13 shows the bond strength results that were obtained at room temperature.

It can be seen that sodium silicate solution consistently produced stronger bonds than

any of the other solutions. The strength of these sodium silicate bonds was found to be

undiminished at cryogenic temperatures.

As can be seen from figure 3.13, the spread of strength results produced with sodium

silicate solution bonds was greater than that produced with the other bonding solutions.

However, even the weakest bonds measured would be significantly stronger than would

be required in a typical suspension, with a significant safety margin. For example, the
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Figure 3.13.: Tensile strengths of bonds produced using various bonding solutions. The
strengths are the blue points, the mean strength found for each set of sam-
ples is represented by the red bar. The error bars here indicate the standard
error on the mean. Both the error bars and the mean indicators are offset
from the main data set to the left, for clarity.

aLIGO and GEO suspensions required bond strengths of 0.16 MPa [147], and the KAGRA

suspensions require bond strengths to be not less than 1 MPa [167], these values are chosen

to be strong enough to support the test masses of these detectors with a significant safety

factor (aLIGO has 40 kg fused silica test masses and KAGRA 23 kg sapphire test masses,

with the KAGRA design factoring in a greater margin of saftey for the support of the

test masses). Although, due to the small number of samples, it is not possible to state

with confidence an expected failure rate for, for example, how many bonds would fail out

of 1000, it is encouraging to see that the strengths produced meet these requirements.

In almost every case the bonded samples broke cleanly across the bond. There was very

little difference in the fracture morphology between samples in these experiments - only in

three cases, all with sodium silicate solution, was the bulk sapphire damaged in breaking

(see figures 3.14 and 3.15 for a comparison between clean breaks across the bonds and

those breaks which resulted in damage to the bulk sapphire). This may have been due to
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3. Hydroxide catalysis bonding of sapphire

small flaws in the bulk sapphire or to micro scratches in the non-bonding surfaces; such a

defect would be the weakest point and may cause a break before the bond itself fails. The

bonds that broke this way do not seem to have been particularly strong or particularly

weak when compared to similar bonds.

Figure 3.14.: Bond broken cleanly with no damage to the sapphire samples.

Figure 3.15.: Broken bond with damage to the bulk sapphire, damage caused by strength
testing shown circled in red.

3.7.1. False breaks

On two occasions “false breaks” were recorded. In the case of the room temperature

sodium silicate set, one bond was too strong to be broken with the load cell. A strength

of 91 MPa was recorded before it became impossible to increase the load further; this test

was repeated using a load cell rated for higher loads and a strength of 75 MPa was then

recorded. For later tests the load cell rated for higher loads was consistently used.

In the case of the sodium silicate set tested at 77 K, one bond appeared to break (i.e. the

machine detected a break and stopped). When it was removed from the liquid nitrogen

bath it was clear that the bond was still intact (it is possible that some small particle

was in the way and when this was crushed the abrupt change in stress led to the machine

recording the false break). The strength recorded during this first attempt at breaking
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3. Hydroxide catalysis bonding of sapphire

the bond was 42 MPa. The temperature of the sample was allowed to return to room

temperature, before being re-submerged in the liquid nitrogen bath for a second breaking

attempt. The second attempt was successful and the strength recorded was 99 MPa.

The data recorded from these two false breaks are not included in the plot or error bars

shown in figure 3.13.

3.8. Discussion and summary

Bend strength tests were carried out on hydroxide-catalysis bonds formed between sap-

phire samples with bonds produced using four different bonding solutions: sodium alu-

minate, sodium hydroxide, potassium hydroxide and sodium silicate. It was found that

the type of solution used had considerable influence on the tensile strength of the bond

produced and that sodium silicate solution produced the strongest bonds. The strengths

recorded for sodium silicate bonds appeared undiminished when bonds were broken at

cryogenic temperatures.

Sodium aluminate, sodium hydroxide and potassium hydroxide solutions were found to

produce similar bond strengths, with mean strengths of 14, 12 and 16 MPa, respectively.

The sodium silicate bonds broken at room temperature had a mean strength of 74 MPa

whilst sodium silicate bonds broken at 77 K had a mean strength of 73 MPa. Table

3.1 contains details of the mean, minimum and maximum tensile strengths recorded for

bonds made with each chemical when broken at room temperature or 77 K. These strength

results demonstrate the suitability of hydroxide catalysis bonding as a technique for use in

sapphire suspensions, as the bonds are strong enough to support a typical test mass [147],

with a safety margin of more than 10.
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3. Hydroxide catalysis bonding of sapphire

In a small number of cases, damage was done to the bulk sapphire during the strength

testing procedure, however the level of damage does not seem to be related to the strength

of the bond. Potentially, other fracture mechanisms start to play a role when the bonds

are strong enough. All such bonds were produced with sodium silicate solution.

It is not immediately clear why the bonds formed using sodium silicate solution are so

much stronger than those formed with other solutions. However, it is likely that this is

due either to the silicate material in the solution contributing to the bond formation,

or to the solution etching the sapphire surfaces more successfully. When compared to

bonds formed using sodium silicate solution between fused silica samples, those formed

with sapphire samples are much stronger. Since, in the case of fused silica the bulk of

the sample is often damaged by the strength testing procedure, whereas the bulk of the

sapphire is not, it is possible that this is the cause of the higher measured strengths in

sapphire. Rather than the samples failing when sapphire pieces are bonded and strength

tested, the bond itself fails. It is possible, due to the higher strength of sapphire, that

these experiments are a more accurate measurement of the true strengths of hydroxide

catalysis bonds.

While sodium silicate solution produced the strongest bonds, other solutions may still be

suitable for bonding as all bonding solutions tested produced bonds that would be strong

enough for use in a typical suspension [147]. The spread of strength results produced with

sodium silicate solution bonds was greater than that associated with bonds formed with

other solutions, as can be seen from figure 3.13.

In previous studies concerning the bonding of pieces of fused silica with sodium sili-

cate solution, an average breaking strengths of 18 MPa was recorded [157]. Studies that

used sodium silicate solution to bond pieces of silicon, an average breaking strength of

36 MPa [158] was recorded. In both cases, the reason for the lower strength is probably

the lower stiffness or lower strength (or both) of the substrate material.
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3. Hydroxide catalysis bonding of sapphire

Comparable tests carried out by Dari et al [182] and Suzuki et al [183] found a mean

value of strength of 1.5 MPa and 6.5 MPa, respectively. The difference in strength may

be due to the choice of bonding solution (the strengths found by Suzuki et al when using

KOH bonding solution are similar to some of the strengths measured in the experiments

described above when using the same solution), although it may also be that alternative

sets of strength testing apparatus led to unexpected additional forces being applied to

the samples, which are not applied in the case of the four-point bending test, causing the

bonds to break at lower strengths than they otherwise might [159].

In summary, using the bonding procedure and strength testing procedure detailed in

the preceding sections, it is clear that while any of the chemicals can be used to create

reliable and strong bonds, sodium silicate solution gives the best results in terms of bond

strength. This is true of bonds at room temperature and at liquid nitrogen temperatures.

In the following chapters all bonds formed between sapphire samples were produced with

sodium silicate solution for this reason.

86



4. Further experiments involving the

strength of sapphire hydroxide

catalysis bonds

4.1. Introduction

Following the findings detailed in Chapter 3, sodium silicate solution was chosen for use

for further investigations into bonds between sapphire samples, given that it was used

to produce the bonds with the greatest tensile strengths, of the solutions tested. Four

experiments are detailed here, aimed at investigating;

1. the effect of bonding pieces of sapphire where the crystalline planes do not match

across the bond

2. the effect of thermal cycling on bond strength

3. the possibility of re-bonding pieces that have previously been bonded and separated

4. the effect of different bond curing times on bond strength.

87



4. Further experiments involving the strength of sapphire hydroxide catalysis bonds

Together, the results from this set of experiments help to inform the suspension design

for sapphire-based gravitational wave detectors.

4.1.1. Crystalline axes of sapphire

The crystalline structure of sapphire is considered here in terms of whether it may in-

fluence the strength of hydroxide catalysis bonds formed between sapphire samples with

different crystal orientations.

Sapphire has a hexagonal crystal structure [178]. For the purposes of developing grav-

itational wave detector suspensions, there are three crystal planes that are of interest:

a (1120), m (1010) and c (0001) (see figure 4.1) [178]. The thermal and mechanical

properties of sapphire vary depending on the crystal cut and this may have an effect on

strengths (and other properties such as thermal conductivity) of bond material formed

between sapphire surfaces of different crystal orientation. Additionally, it may be more

difficult to form bonds with some crystal planes than with others if, for example, the

bonding solution is less effective at etching a given plane (certainly this is the case for

some chemical etchants of sapphire [188]).

a-plane (1120) m-plane (1010) c-plane (0001)

Figure 4.1.: A diagram of three of the crystal axes of sapphire. The planes highlighted
in blue (a, m and c) are those of interest for fabrication of sapphire-based
suspensions for gravitational wave detectors.
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4. Further experiments involving the strength of sapphire hydroxide catalysis bonds

As such, it is important to understand the behaviour of bonds formed between sapphire

pieces of various crystal orientations, both when those orientations match across the bond

and when they do not.

4.1.2. Sapphire test mass suspensions in KAGRA

The sapphire suspensions for KAGRA [180, 189] will take a slightly different form to

the suspensions for aLIGO [99] because single crystal sapphire cannot easily be joined

through heating in such a way that the crystal structure is unchanged. As such, joining

the pieces of sapphire suspensions in this way is not an option the way that welding fused

silica suspensions is. This means there will be no “weld horns” (see section 3.1.1) on the

attachment pieces between test mass and suspension fibres. Hence, some other solution

is required to connect these parts. The current solution is to use attachment pieces with

notches, allowing the use of fibres with “nail heads” to slot into these and thus suspend

the test mass (see figure 4.2 [180]). In this design, hydroxide catalysis bonds would be

formed between the attachment pieces and the sides of the test masses.

For this design the face of the test masses will be parallel to the c-plane of the sapphire

crystal (i.e. the c-axis of the crystal is the cylindrical axis of the test mass) and the

length of the sapphire fibres will be orthogonal to their c-planes (i.e. the c-axis of the

fibre crystals is the cylindrical axis of the fibres) [167]. This implies that, at some point,

sapphire pieces must be bonded such that the crystalline planes do not match. This will

likely mean a c-a-plane interface, or a c-m-plane interface. Hence, the properties of bonds

between sapphire pieces of different crystalline orientation are of particular interest for

the KAGRA suspensions.
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Figure 4.2.: A simplified diagram of the KAGRA sapphire test masses suspensions with
attachment pieces for sapphire fibres with nail heads to slot into [180]. Hy-
droxide catalysis bonds join the ears and mirror at a flat section (not shown).

4.1.3. Strength testing

In this chapter two different measurements of bond strength are considered; bond tensile

strength and bond shear strength. All the tensile strengths measured in this chapter

were measured at room temperature while the shear strength tests were carried out at

∼10 K. In general, the shear strength is expected to be less than the tensile strength, and

A A Griffith concluded that, with respect to its capacity to cause failure, tensile stress

represents a more important influence than compressive stress [190, 191]. However while

this is true for ductile materials, it may not always be the case for brittle materials such

as sapphire, and there will certainly be some dependence on crystal axis, as the results in

this chapter suggest. This provides a potential cause of differences between the measured

tensile and shear strengths in this thesis and should be considered when comparing shear

strength results to tensile strength results. All of the shear strength measurements were

carried out at liquid helium temperature. Measuring tensile strength and shear strength

requires two different sets of apparatus.
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Strength testing: Tensile strength

Bond tensile strength for this set of experiments was tested in the same way as in section

3.6, using the 4-point bend test. In the experiments described in this chapter, tensile

strength was measured exclusively at room temperature to allow comparison with the

room temperature strength measurements described in the previous chapter. In some

cases, samples had a different geometry to those used in Chapter 3; in all cases, the

geometry of the samples used is detailed in the relevant sections.

Strength testing: Torsional strength

Since the suspensions that will utilise these bonds bonds will operate at cryogenic tem-

peratures, the torsional strength tests were carried out at ∼4 K. The torsional strength

tests described here took place at the High Energy Accelerator Research Organisation

in Tokyo, Japan (this facility is also known as KEK). A custom built system was used

which had previously been used to carry out room temperature measurements of shear

strength [183]. This set up was designed to test the torsional strength of one bond at a

time with the option of inserting the apparatus directly into a liquid helium dewar, hence

allowing the bonds to be tested at cryogenic temperatures. However, it is also possible to

use the apparatus in air, should room temperature measurements be desired. See figure

4.3 for a diagram and a photograph of this apparatus.

To measure the bond shear strength, a torque is applied to the top of the apparatus,

rotating a long metal bar and the upper sample, with respect to the lower part of the

apparatus and the lower sample. The maximum torque applied before the bond between

the samples breaks is measured with a torque meter (Sugisaki-keiki co. DI-9 IP5RG).
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Figure 4.3.: Apparatus used to measure torsional shear strengths of hydroxide catalysis
bonded sapphire samples at liquid helium temperatures. a) a schematic di-
agram of the apparatus, b) a photograph of an example of a pair of bonded
samples ready for strength testing.

The design features an outer tube with a stop at the bottom in which the bottom half of

the sample fits. The top half of the sample fits into the inner rod which has a close fit

with the outer tube and to which a torque load is applied. Thus any sample misalignment

is minimised which allows, as far as possible, only the effect of the shear forces acting

on the bond to be measured. However, due to the close fit some frictional forces are

associated with the strength testing procedure as it is necessary for the stationary and

rotating parts to move past each other. To measure the effect of these frictional forces,

the procedure is carried out several times with no sample in the apparatus to measure

the torque necessary to overcome the frictional force. The torque required to break the

bond can then be found from,

T = Tapplied − T0 (4.1)

Where T is the torque required to break a bond, Tapplied is the torque actually applied to

rotate the pieces of the apparatus with a pair of bonded samples inserted into it, and T0

is the torque needed to overcome the frictional forces associated with the rotation.
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The shear stress of the bond at breaking point, τ , can then be found from this torque

measurement and is dependent on the cross sectional area of the bond. In the experiments

described in this chapter, there are two possible bond cross sectional areas; 5×5 mm and

5×10 mm. The shear stress across the bond layer is not uniform and is concentrated at

the edges with a minimum in the bond centre (see figure 4.4).

Figure 4.4.: Results of a finite element analysis model built by Haughian et al [192],
demonstrating that the stress across the bond is not uniformly distributed.

The maximum shear stress can be calculated using Prandtl’s membrane analogy (see

equation 4.2) and was confirmed with Roark’s formulas for stress and strain [193, 190].

τmax =
T

αab2
(4.2)

where α is a constant related to the ratio of the length, a, to the width, b, of the cross

sectional area, for example, in the case of a bond layer where a = b, α = 0.208 [193, 190]

and where a = 2b, α = 0.246.
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4.2. Influence of crystalline orientation on bond strength

To study the effect of the orientation of the sample crystalline axes on bond strength a

set of 150 sapphire samples with dimensions 5×5×10 mm were procured by collaborators

in Japan from MolTech1 for a series of bonding experiments. Of these, 50 samples were

cut such that the a-plane of the sapphire crystal was parallel to the 5×5 mm bonding

surface, 50 were cut such that the c-plane was parallel to the bonding surface and 50 were

cut such that the m-plane was parallel to the bonding surface. The samples did not have

chamfers. The 5×10 mm faces were produced with a ground finish while the 5×10 mm

face not intended for bonding was polished to an optically clear finish and there was a

superior polish on the intended bonding surface (a flatness of <60 nm was intended for

the bonding faces). See figures 4.5 and 4.6 for diagrams of the samples’ dimensions and

a photograph of an example of one the samples, respectively.

5 mm

5 mm 10 mm

20 mm

Figure 4.5.: Diagram of the dimensions of the sapphire samples for hydroxide catalysis
bonding experiments with different crystal axis orientation.

As in the previous set of experiments detailed in Chapter 3, the samples were inspected

for their suitability for bonding. Their dimensions were measured with calipers, the bond

surface flatness of each sample was measured with a ZYGO GPI XP/D interferometer

and the roughness of each sample was measured with a Wyko NT1100 Optical surface

profiler from Veeco. Significant differences were found in the quality of the flatness polish

1http://www.mt-berlin.com/
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Figure 4.6.: Photograph of an example of one of the sapphire samples for hydroxide catal-
ysis bonding experiments with different crystal axis orientation. This sample
has a polished bonding surface parallel to the c-plane of the sapphire crystal.

between the different crystal cuts. Additionally, these samples were less flat than those

ordered from Crystran for other experiments (see section 3.4.1 for a description of these

samples). The samples for which the intended bonding face was parallel to the c-plane

had a mean flatness of 101 nm (with a standard deviation of 69 nm and a standard error

of 10 nm). The samples for which the intended bonding surface was parallel to the a-

plane had a mean flatness of 260 nm (with a standard deviation of 104 nm and a standard

error of 15 nm). The samples for which the intended bonding surface was parallel to

the m-plane had a mean flatness of 241 nm (with a standard deviation of 121 nm and a

standard error of 17 nm).

As in previous experiments, each sample was labeled with an identification number and

for each sample the measured dimensions and flatness were recorded so that they could

easily be recovered at a later date. The samples with the flattest bonding surfaces were

chosen for use in experiments investigating the effect of bonding samples with different

crystal orientations. Of these, the c-plane samples had a mean flatness of 86 nm (with

a standard deviation of 20 nm and a standard error of 3 nm), the a-plane samples had

a mean flatness of 122 nm (with a standard deviation of 24 nm and a standard error of

8 nm) and the m-plane samples had a mean flatness of 91 nm (with a standard deviation

of 29 nm and a standard error of 10 nm). See figures 4.7–4.9 for histograms showing the

flatnesses of all of the samples measured for these experiments.
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Figure 4.7.: Histogram showing the spread in flatnesses of the 50 c-plane sapphire
samples.
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Figure 4.8.: Histogram showing the spread in flatnesses of the 50 a-plane sapphire
samples.
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Figure 4.9.: Histogram showing the spread in flatnesses of the 50 m-plane sapphire
samples.

Additionally, a subset of the samples’ bonding surfaces were measured for roughness - ten

of each type were measured. The c-plane samples had a mean Ra roughness of 4.2 nm,

compared to 15.9 nm for the a-plane samples and 5.4 nm for the m-plane samples.

A total of 27 bonds were produced; 9 a-plane to c-plane bonds, 9 m-plane to c-plane

bonds and 9 c-plane to c-plane bonds. These combinations were deemed to be of the

most immediate interest for the KAGRA suspensions. The bonds were produced at room

temperature in a clean room environment in Glasgow and were allowed to cure at room

temperature for one week before being transported to Tokyo. In Tokyo they were allowed

to cure at room temperature for a further 4 weeks before the bond strengths were tested.

As in previous experiments, some samples contained bubbles and other unbonded regions

within the intended bond surface.

Since any imperfect bonds would not be used in the construction of a real detector, these

bonds were excluded from the strength results presented in section 4.2.2. In the end,

this resulted in strength measurements for 5 a-plane to c-plane, 8 m-plane to c-plane and
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7 c-plane to c-plane bonds. The procedures for producing the bonds were the same as

those described previously in Chapter 3 (see sections 3.2.1, 3.2.3 and 3.4.3).

4.2.1. Shear strength measurements

The shear strength testing apparatus (see section 4.1.3) was first tested five times without

the bonded samples to find a value for the torque required to overcome the frictional

forces associated with moving the apparatus parts. This value, T0, found in this case

to be 0.058±0.0005 Nm, which would correspond to a shear strength of 1.2 MPa - this

is small compared to the values measured for shear strength of the bonds, as shown in

section 4.2.2, where a mean strength of 66 MPa was found.

Each pair of bonded samples was secured in the strength testing apparatus (see section

4.1.3), which was then inserted into a liquid helium dewar, allowing the liquid helium

to wet and cool the samples. The apparatus was inserted into the helium slowly to

avoid thermally shocking the bonds or the sapphire substrate. The samples were fully

submerged within ∼2-3 minutes. This process causes some liquid helium to boil off, since

the samples were previously at room temperature. When this boiling off of helium had

visibly ceased (the boiling motion reduces drastically with time) it was considered that

thermal equilibrium between the samples and the helium had been achieved.

4.2.2. Results

The measured shear strengths of the bonds at ∼4 K are shown in figure 4.10. It can

be seen that the bonds between a-plane to c-plane bonded sapphire pieces have similar

measured shear strengths to the bonds between m-plane to c-plane bonded sapphire pieces

(see figure 4.10 and table 4.1). However, the spread of results for both data sets is quite
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wide. In both of these data sets every bond produced would have sufficient strength for

use in a typical gravitational wave detector suspension [147], including in the KAGRA

suspensions for which a strength of 1 MPa is sufficient [180].
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Figure 4.10.: Shear strength results obtained for bonded sapphire samples at liquid helium
temperature. The results from three sets of bonds between sapphire samples
with different crystal orientations are shown. Strengths were measured at
∼4 K. An arrow shows a bond which overloaded the torque meter and could
not be broken - this measurement has been removed from the results and
from calculations of the mean, standard deviation and standard error.

Table 4.1.: Table of breaking torsional strengths for hydroxide catalysis bonds between
sapphire samples with different crystal orientations are shown. All strengths
reported here were measured at ∼4 K.

Strength (MPa)
Axes bonded Mean Minimum Maximum σ σ√

N

a-plane to c-plane 42 18 63 14 5
m-plane to c-plane 60 25 104 24 8
c-plane to c-plane 89 21 190 65 26

The bonds between the c-plane to c-plane sapphire samples had a higher average shear

strength at ∼4 K but also exhibit a wider range of strengths than the bonds between

mis-matched crystalline axes. Of particular interest is the data point in figure 4.10

indicated with an arrow. This is the strength recorded for a bond that could not be

broken with the strength testing. The maximum torque that can be measured using this
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4. Further experiments involving the strength of sapphire hydroxide catalysis bonds

kind of torque meter is 5.7 Nm which, after subtracting the frictional effect (see section

4.2.1) corresponds to a shear strength of 217 MPa, so this bond must have at least that

strength. In the results shown in table 4.1, this result has been removed from calculations

of the mean, standard deviation and standard error and is only included in the plot in

figure 4.10 for completeness.

Care should be take when interpreting these results and comparing them to those shown

in Chapter 3 and the other sections of this chapter. These are the only strength results

for which sapphire samples of different crystalline axes were bonded and they are the only

results for which those bonds were broken at liquid helium temperatures. Additionally,

they are the only shear strength results and the bond geometry is not the same as that

used for other experiments (a bond area of 5×5 mm is used here, compared to 5×10 mm

elsewhere). What the results do suggest is, that for shear strengths of bonds at cryogenic

temperatures, a-plane to c-plane bonds have similar strengths to a-plane to m-plane

bonds, while c-plane to c-plane bonds appear to be stronger. While the cross axis bonds

were, on average, less strong than the m-plane to m-plane bonds discussed in Chapter 3

it is unclear whether this is because of the different crystal planes, the different type of

strength measured, the temperature, the sample geometry, or something else.

4.2.3. Conclusions

Bonds between sapphire samples with different crystal orientations show very promising

strengths. With the information available here, should a suspensions require bonds to

be formed between sapphire pieces of different crystalline orientation, either c-plane to

a-plane or c-plane to m-plane bonds are suitable choices, even with a significant safety

factor [147] including for instruments such as KAGRA, which has a design which requires

strengths of not less than 1 MPa [180]. The advantage of such a great safety factor is that

if it were found that the mechanical loss of the bond layer were too high to allow the
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4. Further experiments involving the strength of sapphire hydroxide catalysis bonds

detector suspensions to meet the thermal noise budget, the size of the bond area could

be adjusted such that the bond’s contribution to the thermal noise could be reduced.

The distribution of bond shear strengths exhibited by bonds produced between two sap-

phire c-planes is interesting; this is where both the strongest and weakest bonds were

produced. It is currently unclear what the cause of this strength distribution is. A

lack of available samples prevented a repeated set of tests to improve the statistics but

investigating this further would be of interest.

4.3. Thermal cycling experiments

It is likely that in any detector intended for cryogenic operation the suspensions will be

thermally cycled several times during its installation and operation. Thermal cycling will

result in successive expansions and contractions of the suspension parts, and the bond

material and sapphire can be assumed to have different thermal expansion coefficients. It

is therefore important to understand whether such thermal cycling will have an impact

on bond strength, especially since it might be expected that repeated stresses caused by

different rates of expansion could have a detrimental effect.

4.3.1. Bonds for thermal cycling experiments

A set of 16 of the sapphire samples described in section 3.4.1 were used to make 8

bonds between the samples’ m-planes for these experiments (see figure 3.5 for a diagram

showing these samples). The bonds were made with sodium silicate solution at room

temperature and in a clean room environment. The procedures for preparing bonding

solution, cleaning the sample surfaces and forming the bonds were the same as those
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described previously in Chapter 3 (see sections 3.2.1, 3.2.3 and 3.4.3). The bonds were

cured for four weeks at room temperature. As in previous experiments the quality of the

bonds were visually inspected and any bubbles or unbonded regions across the intended

bonding surface were noted. In this set of experiments no bonds had any bubbles or

unbonded regions which took up >10% of the intended bonding surface.

When the bonded samples were in the cryostat, their temperatures were lowered to ∼10 K

and were then allowed to increase naturally back to room temperature. They were slowly

cycled this way three times; each cycle was carried out over a time period of one week.

The bonded samples were then removed from the cryostat and the bond quality was

visually inspected a second time. In this set of experiments the quality of the bonds was

not noted to change after thermal cycling.

4.3.2. Strength testing

As with experiments detailed in the previous section and in Chapter 3, the tensile

strengths of the bonds were measured using the 4-point bend test (see section 3.6). These

tests were carried out at room temperature.

4.3.3. Results

In figure 4.11, the tensile strengths of the thermally cycled bonds are shown along with

sodium silicate bonds from Chapter 3, to allow comparison with bonds which were not

thermally cycled. The mean tensile strength of the bonds broken after three thermal

cycles was 36 MPa, compared to a mean tensile strength of 74 MPa for bonds which were

not cycled. A summary of the mean, minimum and maximum measured strengths for

thermally cycled bonds, compared to un-cycled bonds, is presented in table 4.2.
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4. Further experiments involving the strength of sapphire hydroxide catalysis bonds

Table 4.2.: Table of breaking strengths for sodium silicate hydroxide catalysis bonds be-
tween sapphire samples, comparing strengths of bonds which were thermally
cycled to those which were not.

Strength (MPa)
Thermal cycles Breaking

tempera-
ture (K)

Mean Minimum Maximum σ σ√
N

3 293 36 27 49 14 6
0 293 74 53 91 8 3
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Figure 4.11.: Temperature effects on tensile strength of hydroxide catalysis bonded sap-
phire. Bonds were formed between m-planes of the sapphire pieces. Blue
points show the strengths of individual bonds, red lines show the mean of
a set of bonds and the error bars are one standard error on the mean.
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4.3.4. Conclusions

Thermal cycling of the bonds does, in this case, appear to have led to a reduction in the

average bond tensile strength measured, compared to previous sets of bonds which were

not thermally cycled. Only three cycles were carried out and it is not understood whether

this effect would continue to reduce the strength with further cycles, or not. However,

it should be noted that even 27 MPa is strong enough for such bonds to be used in

typical suspensions [147] including a KAGRA suspension which has the requirement that

any hydroxide catalysis bond between sapphire pieces must have a minimum strength of

1 MPa [180]. With just three thermal cycles, any trends associated with the number of

thermal cycles carried out and the final bond strength are unclear. On the other hand,

since typical detectors are likely to go through many more than three cycles (the initial

LIGO detector had 6 data taking runs and aLIGO will have at least 5, for example) this

result strongly suggests the need for further research.

It should also be noted that the standard error on the mean of the strength of thermally

cycled bonds is lower than that of the bonds which did not undergo thermal cycling and

that there is overlap between the strengths measured in the two data sets. More research

is needed both to improve the statistics on this measurement and to consider the effect

of further thermal cycles (perhaps to 10 or 20 cycles) to discover whether the strength

will continue to be reduced as more cycles are carried out.

4.4. Repair of damaged bonds

It was noted that in the majority of cases (>85%) the bonds between the Crystran

sapphire samples, used for experiments described in sections 3.4.1 and 4.3, broke cleanly

with no damage to the bulk of the sapphire samples themselves (see figure 4.12 for
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photographs comparing samples where the bond broke cleanly and those where the bulk

of the sapphire was damaged). This is not usually the case when bonding and strength

testing bonds produced with other materials, for example, fused silica or silicon, where

chips and cracks in the bulk of the samples are common [157, 186]. One possible reason for

this is that the bulk strength of sapphire is considerably higher than the bulk strength of

fused silica (sapphire has a bulk modulus of ∼250 GPa at room temperature [178] where

fused silica has a bulk modulus of ∼69 GPa [194]).

Figure 4.12.: Photographs comparing a sample not damaged by the strength testing pro-
cedure (left) to a sample which was damaged (right).

Since the surfaces of the samples were not obviously visibly damaged this was considered

interesting from the perspective of potential repairs. If a surface which has previously

been used for bonding can be successfully re-bonded this may be very useful. It would

allow for bonds to be remade if they were found to be visually imperfect or if they

were damaged at a later date. All of the bonds described in this section were produced

using sapphire samples that had previously been bonded in the experiments described

in sections 3.4.1 and 4.3. Sodium silicate solution was used to produce all bonds, as in

previous sections of this chapter, since it was the solution which was used to produce

bonds with the greatest strengths of the solutions studied in the previous chapter.
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4.4.1. Re-bonding procedures

Those samples which were used in Chapter 3 and survived the four-point-bending test

without chips or cracks appearing in their surfaces were further studied to determine

whether they would be suitable for re-bonding experiments. Their surface flatnesses and

roughnesses were remeasured and compared to those measured before bonding. It was

found that the surface flatness measurements still gave values which would ordinarily be

considered acceptable for bonding.

Therefore, 20 samples previously bonded with sodium aluminate, 6 samples previously

bonded with potassium hydroxide and 16 samples previously bonded with sodium sili-

cate (as described in Chapter 3) were then cleaned according to the standard cleaning

procedure described in section 3.2.1.

A smaller subset of 16 samples (of which 12 were previously bonded with sodium silicate

solution and 4 were previously bonded with potassium hydroxide) were first submerged

for ten minutes in buffered hydrofluoric acid (HF). HF etches sodium silicate, but does

not readily etch sapphire [195] so soaking the samples in this solution was intended to

remove any lingering residue of the bonding material which might otherwise prevent

bonds from forming properly [196, 195]. Following the HF clean the samples were also

cleaned according to the standard cleaning procedure.

The samples were then bonded with sodium silicate solution at room temperature and the

bonds were allowed to cure at room temperature for between 4 and 5 weeks (as according

to section 3.2.3). After this curing time the bonds were broken using the 4-point bend

test to determine the bond tensile strength. Unlike the other bonds described in this

chapter and in Chapter 3, any change in bond quality over repeated rounds of bonding

and strength testing is of interest. Therefore, poorer quality bonds (i.e. those in which

10% or more of the bond surface contains bubbles or unbonded regions) are included in
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4. Further experiments involving the strength of sapphire hydroxide catalysis bonds

the strength testing results. These are indicated by circled points in the results presented

in section 4.4.3.

Of the samples tested after having been bonded twice, 8 samples bonded using sodium

aluminate in the first round, 3 samples bonded with sodium silicate in the first round and

3 samples bonded with potassium hydroxide in the first round were suitable for re-bonding

a third time after strength testing separated them. They were all cleaned using cerium

oxide, bicarbonate of soda and methanol using the standard cleaning procedure (HF was

not used). They were then bonded using sodium silicate solution at room temperature.

The bonds were cured at room temperature for 5 weeks before strength testing for the

third time.

4.4.2. Investigating changes in surface conditions

It was expected that, by monitoring the conditions of the sample surfaces in terms of

flatness and roughness, some light might be shed on any changes in strength of bonds

between subsequent rounds of bonding and separating samples. For this reason, the

conditions surfaces of a subset of all the samples bonded were studied at each stage.

This had the added advantage that any samples with damaged surfaces, for example,

those which developed chips or cracks as a result of the strength testing process, could be

rejected from future rounds of bonding. It would potentially also highlight any differences

due to the different chemical effects of the initial bonding solutions used.

The surface flatnesses tended to not exhibit obvious differences between each round of

bonding in terms of the peak-to-peak flatness values and the overall flatness profile also

changed very little, with only minor possible changes near the edges of the bonding surface

(see figure 4.13 for an example of this). These minor changes may have been the result

of bonding material residue left behind on the sample surfaces.
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Figure 4.13.: Surface flatness images taken with a Zygo GPI XP/D interferometer show-
ing the global flatness of a sapphire sample bonding surface. Left: a pristine
sample, Right: the same sample after bonding and breaking three times.

The roughness measurements show a little more detail. Measurements were taken at 2.5x

magnification (measuring a 1.9 x 2.4 mm area) using a Wyko NT1100 Optical surface

profiler from Veeco. All of the profile images were plotted as surface plots over a 40 nm

height range in order to allow a direct comparison between different surfaces between the

rounds of bonding. An example of two such images can be seen in figure 4.14. Very little

effect on roughness numbers was observed. It was noted that in some cases features (such

as spikes or pits) developed on the surfaces as successive rounds of bonding were carried

out. The roughness profiles were categorised as those which had no features, those which

had clear features, and those which had minor features (see table 4.3).

Figure 4.14.: Left: Example of a roughness profile of the surface of a typical pristine
sample showing no features on the surface. Right: Roughness profile of the
same sample after having been bonded twice with sodium silicate solution,
showing marks, spikes and other features.
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4. Further experiments involving the strength of sapphire hydroxide catalysis bonds

Table 4.3 shows the results of counts of roughness images with or without features. The

table is not complete due to missing data in certain areas. From this table it can be

observed that 15% of images show features on the surfaces of pristine samples (i.e. the

samples before they had ever been bonded). Of the samples which had been bonded

once with sodium silicate solution a larger number of samples showed features (60%). In

comparison, a slightly lower, but still raised number of samples (31%) showed features

after bonding once with potassium hydroxide.

The number of roughness surface profile images showing features after having been bonded

twice was then reduced again with 0% showing features for potassium hydroxide(although

there were very few samples available here), 10% showing features for sodium aluminate

and 20% showing possible features for sodium hydroxide. This is similar to the number of

roughness surface profile images showing features for the pristine samples. The number of

roughness surface profiles showing features for samples bonded twice with sodium silicate

is 40% which, while raised, is lower than the number observed after the just one round

of bonding.

This method of analysing changes to the surfaces is likely to be limited by the number of

samples under study and as a result of this is is hard to draw any statistically significant

conclusions. However, it is clear that the surface quality of samples bonded with sodium

silicate solution are affected more than when any of the other bonding solutions are used

- while the exact mechanism is unclear, it is possible that sodium silicate solution more

successfully etches the bonding surfaces than the other solutions do, this would explain

both the greater strength of sodium silicate bonds, and the difficulty in producing new,

high quality bonds between samples that have been bonded with sodium silicate solution

in the past. It is not clear whether the use of HF to clean the samples has any effect.
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4.4.3. Results and observations

The measured tensile strength of the bonds, as a function of the number of times a pair

of samples have been bonded, is shown for the three different initial bonding solutions

in figures 4.15-4.17. Note that, in figure 4.15, the temperatures shown indicate the

temperature at which the bonds were broken in the first round of bonding and strength

testing - all subsequent rounds of strength testing were carried out at room temperature.

The same information is also given in tables 4.4–4.6 for clarity.

Table 4.4.: Table of breaking strengths for hydroxide catalysis bonds between sapphire
samples produced with pristine samples and various bonding solutions, broken
either at room temperature or at 77 K.

Strength (MPa)
Number
of bonds

Chemical
used

Temp of
strength
test (K)

Mean Minimum Maximum σ σ√
N

10 Sodium sil-
icate

293 74 53 91 18.3 5.8

9 Sodium sil-
icate

77 73 38 89 22.5 7.5

10 Potassium
hydroxide

293 16 7 58 15.0 4.7

10 Sodium
aluminate

293 14 7 17 3.3 1.1

For the samples bonded with sodium silicate solution (figure 4.15) during the first round

the measured tensile strength of the bonds goes down significantly (from ∼65 MPa to

∼30 MPa) where a large number of samples also had an imperfect bond. In contrast

to this, for the samples bonded with sodium aluminate and potassium hydroxide during

the first round the average measured tensile strength of the bonds increases significantly

(from ∼12-15 MPa to ∼40-50 MPa) when bonding again with sodium silicate solution

during the second round and all of the bonds except for one had high bond quality.
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Table 4.5.: Table of breaking strengths for hydroxide catalysis bonds between sapphire
samples produced with samples that had been bonded once before. The second
bonds were all produced using sodium silicate solution and either with or
without a HF clean to prepare the surfaces before re-bonding. All of the
strengths summarised here were measured at room temperature.

Strength (MPa)
Number
of bonds

Initial
chemical

Second
chemical

HF? Mean Minimum Maximum σ σ√
N

6 Sodium
silicate
(293 K)

Sodium sil-
icate

No 22 2 58 20.6 8.4

2 Sodium
silicate
(77 K)

Sodium sil-
icate

No 10 5 16 7.7 5.5

6 Sodium
silicate
(77 K)

Sodium sil-
icate

Yes 37 14 54 16.7 6.8

3 Potassium
hydroxide
(293 K)

Sodium sil-
icate

No 41 39 44 2.6 1.5

2 Potassium
hydroxide
(293 K)

Sodium sil-
icate

Yes 25 13 36 16.3 11.5

9 Sodium
aluminate
(293 K)

Sodium sil-
icate

No 42 34 49 5.6 1.9
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Table 4.6.: Table of breaking strengths for hydroxide catalysis bonds between sapphire
samples produced with samples that had been bonded twice before. The third
bonds were all produced using sodium silicate solution and without a HF clean
to prepare the surfaces before re-bonding. All of the strengths summarised
here were measured at room temperature.

Strength (MPa)
Number
of bonds

Initial
chemical

Second
chemical

Mean Minimum Maximum σ σ√
N

3 Sodium
silicate
(293 K)

Sodium
silicate no
HF

35 30 42 6.8 4.0

0 Sodium
silicate
(77 K)

Sodium sil-
icate HF

Na Na Na Na Na

0 Sodium
silicate
(77 K)

Sodium sil-
icate HF

Na Na Na Na Na

3 Potassium
hydroxide
(293 K)

Sodium
silicate no
HF

44 33 53 10.4 6

0 Potassium
hydroxide
(293 K)

Sodium sil-
icate HF

Na Na Na Na Na

8 Sodium
aluminate
(293 K)

Sodium
silicate no
HF

13 0 37 11.7 4.12
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Figure 4.15.: Measured tensile strengths for samples bonded repeated using sodium sili-
cate solution. The measured strengths are the blue and green points, with
green points indicating that the samples were cleaned with HF before re-
bonding, the mean strength for each data set is indicated by the red bar,
error bars indicate the standard error on the mean. The circled points
indicate imperfect bonds (<90% bonded).
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Figure 4.16.: Measured tensile strengths for samples bonded using sodium aluminate solu-
tion in the first round and using sodium silicate solution for the subsequent
two rounds. The measured tensile strengths are the blue points, the mean
strength for each data set is indicated by the red bar, error bars indicate the
standard error on the mean. The circled points indicate imperfect bonds
(<90% bonded).

The sodium silicate samples bonded a second time with sodium silicate solution gave

a larger standard deviation in strengths measured (22 MPa), similarly to that in the

first round of bonding (19 MPa). For these samples the standard deviations of samples

tested at room temperature and 77 K is 19 MPa for both for the 1st time bonded and

21 MPa for both after the 2nd time they were bonded, showing very little variation in the

spread of data. Additionally, the strength ranges found for both are over a very similar

strength range - this is true both for those sets of bonds made with samples which had

undergone HF cleaning and those which had not. Based on these tensile strength results

it is unclear whether cleaning with HF has any significant effect on subsequent bond

strength or quality.

The data for the sodium aluminate and potassium hydroxide samples re-bonded with

sodium silicate solution remain clustered together closely (standard deviations of 6.5 and

14 MPa), similar to the first bonding round (5 and 15 MPa).
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Figure 4.17.: Measured tensile strengths for samples bonded using potassium hydroxide
solution in the first round and using sodium silicate solution for the following
round. The measured breaking stresses are the blue and green points, with
green points indicating that the samples were cleaned with HF before re-
bonding, the mean strength for each data set is indicated by the red bar,
error bars indicate the standard error on the mean. The circled points
indicate imperfect bonds (<90% bonded).
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Of the samples bonded with sodium silicate in the first two rounds (figure 4.15) only

3 of 14 samples tested in the second round were suitable for re-use in the third round,

meaning that relatively more samples are damaged after two rounds of sodium silicate

than samples that were bonded with any other bonding solution followed by sodium

silicate. It should also be noted that none of the samples etched with HF in the second

round were fit for re-use a third time (like those bonded with potassium hydroxide).

Finally, the bonds made between the samples in the third round of bonding were tested

again and were all measured to have high tensile strengths (between 35 and 50 MPa).

These strengths are not correlated to the strengths or bond quality of the exact same

samples in the second round.

Ten of the samples which were initially bonded with sodium aluminate solution were

re-bonded with sodium silicate solution and eight of these were re-bonded a third time,

again with sodium silicate solution. With these samples there was significant variation

in bond quality between the second and third rounds of bonding, with all of the bonds

in the third round being of poor quality when they were visually assessed. As mentioned

in the previous section, it is possible that sodium silicate solution is more successful in

etching the sapphire surfaces than the other solutions, leading both to high strengths of

initial bonds and to less successful subsquent bonds due to the chemical changes that

have already taken place at the sample surface.

4.4.4. Conclusions

It is clear that re-bonding surfaces which have previously been bonded using the hydrox-

ide catalysis bonding technique is possible. Secondary bonds between samples originally

bonded with sodium silicate solution are less strong and less reliable than the original

bonds. However, if surfaces were previously bonded with other solutions (sodium alu-

minate or potassium hydroxide) and then bonded with sodium silicate solutions this
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reduction in strength and reliability is not observed, instead the second round of bonds

are often stronger and more reliable than the first.

The reason for this could be that, based on roughness measurements, surfaces bonded

with sodium silicate solution in the first round are more affected than when using other

solutions. This suggests that the etching action was more effective and that could explain

the higher strength in the first round, but potentially also made the surface less suitable

for a second round of bonding. The etching action of sodium aluminate and potassium

hydroxide was potentially not as intense but did leave a good surface for bonding again

(with sodium silicate).

The strength reducing significantly in the third round for those samples bonded with

sodium aluminate followed by sodium silicate twice seems consistent with those samples

having been bonded with sodium silicate twice in the sense that the sodium silicate has

affected the surface after this bonding round, making it harder to make high strength

good quality bonds. This does not explain why the strength and quality of the 3 bonds

made with potassium hydroxide and sodium silicate twice thereafter and the 3 bonds

made with sodium silicate three times has remained high. More tests would be required

to test the statistical significance of these results.

It would be interesting to study the effects of re-bonding with other solutions. If, for

example, strong bonds can be repeatedly produced between the same surfaces when

using potassium hydroxide, then this would present a strong argument for bonding with

potassium hydroxide as it would provide an option for repairs. Based on the results found

in this section, if the need for repairs is anticipated then it may be advisable to make any

initial bonds with either potassium hydroxide or sodium aluminate and, should bonds

need to be re-made, to make subsequent ones with sodium silicate.
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4. Further experiments involving the strength of sapphire hydroxide catalysis bonds

4.5. Bond curing time

To understand how bond curing time may influence bond strength, a set of 132 sapphire

samples with dimensions 5×5×20 mm were procured for a series of bonding experiments

with sodium silicate solution. The 5×20 mm faces were produced with a ground finish

while the 5×5 mm face not intended for bonding was polished to an optically clear finish

and there was a superior polish on the intended bonding surface. Each sample had a

fiducial mark to indicate crystal orientation (in this case bonds were formed between

c-plane samples). See figure 4.18 for a diagram of the samples’ dimensions.

5 mm

5 mm 20 mm

40 mm

Figure 4.18.: Diagram of the dimensions of the sapphire samples for hydroxide catalysis
bonding experiments investigating bond curing time, note fiducial mark to
indicate crystal orientation. Bonds were formed between c-plane samples.

As in the previous set of experiments, all the samples were inspected for their suitability

for bonding. Their dimensions were measured with a micrometer, the bond surface flat-

ness of each sample was measured with an interferometer (ZYGO GPI XP/D) and the

mean flatness of the bonding surfaces was found to be 40 nm. The surfaces of a subset

of 20 randomly selected samples were measured using an Optical Surface Profiler (Veeco

Wyco NT1100) and were found to have a mean Ra roughness of 6.5 nm. Each sample

was labeled with an identification number and for each sample the measured dimensions

and flatness were recorded so that they could easily be recovered at a later date.

Bonds were made at room temperature and cured for 2, 4, 8 or 12 weeks. For this set

of measurements, 10 bonds were made and cured for 2 weeks, 10 were made and cured
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4. Further experiments involving the strength of sapphire hydroxide catalysis bonds

for 4 weeks, 10 were made and cured for 8 weeks and 10 were made and cured for 12

weeks. During the curing period bonds were kept at room temperature (∼20 ◦C). For

the first week of curing the bonded samples were held in place in the jigs used during

bonding to aid alignment. Following this they were individually wrapped in Anticon Gold

StandardWeight clean room wipes and stored safely in sample boxes until the curing times

were complete. At a later date an additional 10 bonds were made and cured for 2 weeks

and an additional 10 were made and cured for 4 weeks. These were treated in exactly

the same way as the first set and were made to improve statistics.

An additional variable was considered for bonds cured for two weeks. In previous work

the curing time of bonds has been reduced by curing at an elevated temperature (known

as accelerated curing), usually ∼40 ◦C [155]. A set of 10 bonds was made and cured for

one week at room temperature and then for one week at 40 ◦C.

After the curing period the strengths of the bonds were tested at room temperature using

a 4-point bending test as detailed in previous sections (see section 3.6 and figure 3.11).

4.5.1. Results

The strengths obtained for the bonds described above are shown in figure 4.19 in which

sets of bonds produced on different days are shown separately and figure 4.20 in which

the results from multiple sets are combined. A summary of the mean, minimum and

maximum tensile strengths measured for the different curing times is given in table 4.7 -

this does not include the data for the bonds which were heat treated.

It is clear that the average strengths of bonds is relatively high after two weeks, however

longer curing times appear to give more consistent strengths (see figures 4.19-4.20 and

table 4.7). Whilst bonds that have been cured for four weeks are strong, they are not as
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Figure 4.19.: Tensile strengths of sapphire-sapphire bonds with a range of curing times.
The error bars shown here are the standard error of the mean. The first set
of strength results is shown in blue and where further bonds were made the
strengths of these are shown in green.
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Figure 4.20.: Tensile strengths of sapphire-sapphire bonds with a range of curing times.
The error bars shown here are the standard error of the mean.
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4. Further experiments involving the strength of sapphire hydroxide catalysis bonds

Table 4.7.: Table of breaking strengths for hydroxide catalysis bonds between sapphire
samples produced with strength testing carried out after 2, 4, 8 and 12 weeks
of curing at room temperature. The mean, minimum and maximum ten-
sile strengths recorded are shown. All strengths were measured at room
temperature

Strength (MPa)
Curing time Mean Minimum Maximum σ σ√

N

2 weeks, 1st run 46 32 55 7 2
2 weeks, 2nd run 42 24 49 8 3
2 weeks, all data 44 24 55 8 2
4 weeks, 1st run 28 17 37 7 2
4 weeks, 2nd 37 18 49 9 3
4 weeks, all data 32 17 49 9 2
8 weeks 21 15 29 4 1
12 weeks 24 7 31 7 2

strong as those bonds which were cured for two weeks and this trend appears to continue

with increased curing times, possibly plateauing after 8 weeks. Additional tests after a

greater range of curing times (for example for fewer than 14 days and for more than 12

weeks) would give a clearer understanding of how long the bonds take to reliably reach

their long-term strength.

In the case of bonds formed between fused silica samples a different trend of strength

results is seen, with strengths steadily increasing up to a four week curing time with little

change in strength after that point [135, 145]. Hence, this result is not as expected; the

difference may be due to the difference in surface chemistry between the two materials.

In figure 4.21 the strengths of bonds which went through an accelerated cure at 40◦C are

shown compared to the strength of bonds which were cured for two weeks without this

heat treatment. The mean tensile strength measured for bonds which were heat treated

and cured for a total of two weeks was 33 MPa (with a minimum strength of 26 MPa

and a maximum strength of 44 MPa). The bonds which were not heat treated but were

cured for a total of two weeks at room temperature only had a mean tensile strength

of 44 MPa (with a minimum strength of 24 MPa and a maximum strength of 55 MPa).

As can be seen from figure 4.21, the range of strengths is greater for those bonds which
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Figure 4.21.: Tensile strengths of sapphire-sapphire bonds for two different curing
regimes. The error bars shown here are the standard error of the mean.

did not undergo a heat treatment than it is for those which did, however, fewer bonds

were heat treated. The strengths are not within error of the 2 week room temperature

cures, however, they are within error of the strengths of bonds that were cured for four

weeks at room temperature. Hence it appears that heat treatments do indeed accelerate

the curing process, although between the first two weeks and the second two weeks the

average strength drops.

More strength results at a greater range of curing times is needed to establish a trend.

However, these initial results suggest that, after a small decline in strength between the

second and eighth week of curing, the strength of bonds may be starting to plateau by the

twelfth week. Strength results after one, three, six and 24 weeks would help to understand

any existing trends that aren’t immediately clear here.
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4. Further experiments involving the strength of sapphire hydroxide catalysis bonds

4.5.2. Conclusion

Sapphire bonds are strong after only two weeks of curing, with average strengths of

44 MPa, but results suggest that average strength may drop after this to around 23 MPa.

The minimum strengths measured were 7 MPa, still a factor of 7 above the likely strength

requirement for KAGRA (at 1 MPa) [167]. Further tests will be needed to understand

how the bonds develop chemically over time so tests with curing times less than 2 weeks,

and longer than 14 weeks, could shed light on this. It would also be of interest to carry out

further experiments to discover whether the apparent drop in strength at longer curing

times (8 and 12 weeks) is statistically significant.

Applying a heat treatment of one week of curing at 40 ◦C (which might be expected to

have the effect of accelerated curing) also appears to cause a drop in average strength

with respect to samples cured for 2 weeks at RT (consistent with that of a 4 week curing

times at RT).

As mentioned earlier, when hydroxide catalysis bonds are made between fused silica

samples these approach their maximum strength after four weeks. This is in contrast to

the results shown here for bonds between sapphire samples. The difference may be due

to how water leaves the bonds during the curing process; fused silica can absorb water

more readily than crystalline sapphire so to leave a sapphire-sapphire bond water would

need to migrate to the edge of the bond. It is possible that as this occurs the polymer-like

chains that form the bonds are damaged.
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4. Further experiments involving the strength of sapphire hydroxide catalysis bonds

4.6. Discussion and summary

The effects of several parameters on the strength of hydroxide catalysis bonds between

sapphire samples with sodium silicate solution have been investigated. These included

the crystalline orientation of the sapphire pieced being bonded, the effects of thermal

cycling, whether or not the surfaces have being bonded have previously been bonded and

how long the bonds have cured for.

In terms of crystalline orientation, the strongest bonds were produced between samples

where the crystalline orientation matches across the bond interface; bonds between two c-

plane interfaces had an average torsional strength of 89 MPa and, as seen in the previous

chapter, m-to-m bonds can also be very strong. Where bonds were formed between

different crystal planes the average strengths measured were a little lower; 42 MPa for

c-to-a bonds and 60 MPa for c-to-m bonds. However, if the bonds are intended for use in

a typical gravitation wave detector suspension, then all configurations will produce bonds

which are strong enough [147].

Since any gravitational wave detector suspension intended for cryogenic operation is likely

to undergo multiple thermal cycles during its installation, it is interesting to note that

a small number of thermal cycles can be associated with a decrease in bond strength.

However, it is possible that this decrease in strength occurs after just one cycle and

further cycles have little impact. Conversely, it is possible that each cycle reduces the

bond strength further. More experiments are needed to determine these details. It is clear

that after three thermal cycles between room temperature and liquid helium temperatures

all of the bonds measured were strong enough for use in a typical cryogenic suspension,

such as KAGRA [147, 180].

Options for suspension repair scenarios were explored since sapphire pieces usually survive

post-bonding separation with no damage to the bulk substrate. After the initial bond
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4. Further experiments involving the strength of sapphire hydroxide catalysis bonds

formed with sodium silicate solution, subsequent bonds with the same solution are less

strong and less reliable and attempts to reclaim the surface with HF before bonding had

little success. However, if a different solution (sodium aluminate or potassium hydroxide)

was used to make the first round of bonds then strong, reliable bonds can be made with

sodium silicate solution in the second round of bonding. If the need to re-make bonds is

anticipated it may be wise to use one of these solutions in the first instance and sodium

silicate in the second. Samples should not be bonded a third time.

The evolution of bond strength of hydroxide catalysis bonds formed between sapphire

was studied. It is clear that after two weeks of curing at room temperature very strong

bonds are produced (see sections 3.7, 4.2.2 and 4.3.3), but that the strength may drop

to a lower level after this. The reason for this is not well understood as the chemical

reaction is different for sapphire, when compared to bonding fused silica, for example, so

this needs more investigation. Heat treatment during short bonding times does appear

to accelerate the bond curing process. This difference in how bond strength changes over

time when compared to fused silica bonds could be due to how water leaves the bond as

it cures.

Although a variety of parameters may influence bond strength it is consistently found

that hydroxide catalysis bonds made between sapphire with sodium silicate solution are

very strong, and certainly strong enough for use in a sapphire-based gravitational wave

detector suspension.
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5. Loss measurements of hydroxide

catalysis bonds between sapphire

discs: Theory and modeling

5.1. Introduction

As discussed in Chapter 2, one source of thermal noise in gravitational wave detectors

is internal friction in the hydroxide catalysis bonds which join the suspension pieces to

the test masses. This contribution to the total thermal noise is an important one which

can limit the sensitivity of gravitational wave detectors. Thus a measurement of the

mechanical loss of hydroxide catalysis bonds formed between sapphire pieces is helpful

to inform the design of any suspension that will use these materials. Since it is likely

that any sapphire-based suspension system will operate at cryogenic temperatures it is

important to have measurements of relevant mechanical losses at cryogenic temperatures

as well as at room temperature.
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The mechanical loss of a system can be calculated using equation 5.1 [197, 118],

φ(ω0) =
Edissipated

2πEstored

(5.1)

Where φ(ω0) is the mechanical loss at angular resonant frequency ω0, Edissipated is the

energy dissipated with each cycle of oscillation and Estored is the total energy stored in

the oscillating system. Note that φ(ω0) can also be considered as a phase lag between some

oscillating perturbing force and the response of the material to that force, as described

in Chapter 2, section 2.3.1.

This mechanical loss can be measured by observing the free decay of the amplitude of

motion of an excited resonant mode (the “ringdown”) of angular frequency ω0 with an

initial amplitude of A0 at time t=0. The time dependence of the amplitude decay A(t)

is given by equation 5.2 [198],

A(t) = A0e
− ω0t

2/φ(ω0) (5.2)

If a resonant mode is excited and the amplitude of its motion is allowed to freely decay,

the natural log of the amplitude of this motion may be plotted as a function of time. A

straight line can then be fitted to the resulting curve and the gradient of this straight

line, may be used to find the mechanical loss of the system, as following equation 5.3,

φ(ω0) =
2(gradient)

ω0

(5.3)
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Early experiments found the value of mechanical loss of hydroxide catalysis bonds between

fused silica pieces to be between 0.18 and 0.54 at room temperature [199]. This was later

refined to between 0.51×10−1 and 1.5×10−1 for a bond with a thickness of 61±4 nm[147].

This difference may be due to slightly different experimental techniques, in particular the

geometries that were bonded and the method of bond formation.

The experiments described in these chapters concern mechanical loss measurements of

hydroxide catalysis bonds between sapphire pieces.

In the past, the mechanical losses of hydroxide catalysis bonds between various substrates

have been measured using large bonded cylinders [200]. If, alternatively, thin discs are

used as the substrates in these experiments, the bond layer makes up a larger volume of

the bonded system, potentially allowing this geometry to give a more sensitive probe of

the bond mechanical loss (as described in section 5.4). Additionally, larger bonded cylin-

ders tend to have resonant frequencies on the order of several tens of kilohertz, whereas

the resonant frequencies of bonded thin discs can be lower, often just a few kilohertz.

This lower frequency range is more relevant when considering the sensitive frequency

bands of gravitational wave detectors. Finally, larger samples are more expensive than

smaller ones. If it is possible to use smaller samples this will be advantageous for future

experiments, as it will be possible to investigate more variables without such a limiting

factor being placed on the research by cost. For these reasons, the sample geometry

chosen for these experiments was thin sapphire discs (see section 5.3).

Some work has also been carried out using bonded cantilevers [117]. However, significant

difficulties in creating high quality bonds between thin cantilevers were encountered with

large air bubbles regularly forming in the bond layer. This makes reliable measurements

of the bond losses challenging and as such the use of slightly thicker discs was deemed to

be preferable as their thicker profile makes them easier to bond.
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5.2. Mechanical loss of hydroxide catalysis bonds

The hydroxide catalysis bond layer formed between any two suitably flat and clean sap-

phire discs is likely to be thin. In the past bonds have been measured to have a thickness

of ∼60 nm[147] and in general the bond thickness has been found to be consistent with

the peak to valley flatness of the samples bonded [147, 157, 199]. Compared to the disc

thickness the bond thickness is therefore very small and it is likely that the contribution

of the mechanical loss of the bond, to the overall mechanical loss of the bonded system

under study, will also be small.

The mechanical loss of a hydroxide catalysis bond can be obtained by measuring exper-

imentally the loss of a bonded sample, φbonded, the loss of a “blank” sample, i.e. one

with the same dimensions as the bonded system but with no bond, φblank and by finding

the amount of energy stored in a blank sample divided by the total energy stored in the

system, Eblank

Etotal
, and the amount of energy stored in the bond divided by the total energy

stored in the system, Ebond

Etotal
, through equation 5.4 [147],

φbonded(ω0) ≈ Eblank

Etotal

φblank(ω0) +
Ebond

Etotal

φbond(ω0) (5.4)

Since the substrate can be assumed to be far larger than the bond, Etotal ≈ Eblank. Hence,

Eblank

Etotal
≈ 1. Equation 5.4 can then be rearranged to give the mechanical loss of the bond,

φbond, as shown in equation 5.5,

φbond(ω0) ≈ φbonded(ω0)− φblank(ω0)
Ebond

Etotal

(5.5)
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The energy ratio, Ebond

Etotal
, and frequency of each resonant mode is found using finite element

analysis with the ANSYS1 Workbench software package (see section 5.4) [147].

5.3. Sapphire discs for bond loss experiments

Six sapphire discs were acquired from Guild Optical Associates2 with the aim of measuring

the mechanical loss of a hydroxide catalysis bond formed between sapphire samples. The

crystal orientation of the discs is such that the c-axis is perpendicular to the flat surface

of each disc. The dimensions of the discs were specified as 1.5 mm, 1.0 mm and 0.5 mm

in thickness (two discs of each thickness were acquired) and 50.8 mm in diameter when

ordered, these were later measured directly and found to be accurate to within ±0.02 mm

(the discs which should have been 0.5 mm thick were 0.48 mm and 0.49 mm thick and

the discs which should have been 1.0 mm were 1.01 mm and 1.02 mm thick). The 1.0 and

0.5 mm thick discs were intended for bonding while the 1.5 mm thick discs were intended

as “blanks” and would be used for comparison to the bonded discs. The faces of the discs

were polished by Guild Optical Associates the surface flatnesses were measured using the

Zygo interferometer before bonding. They were found to have flatnesses between 300 nm

and 1300 nm (see figure 5.1 for an example of a surface flatness profile). The edges were

polished such that they were visibly clear.

1http://www.ansys.com
2http://www.guildoptics.com/
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Figure 5.1.: The surface flatness profile of a sapphire disc. This is one of the two 0.5 mm
thick discs, it had a rms flatness of ∼1500 nm.

5.4. Finite element modeling of bonded sapphire discs

and cylinders

5.4.1. Introduction

Finite element analysis (FEA) is a technique for analysing a model of a material or

object in order to understand how stresses can affect that model. It can be used to find

various stresses and strains within a model as well as its resonant modes, among other

things, depending on the properties of interest. In this technique a model is divided

into many small elements, connected by nodes. Then, partial differential equations that

describe the model’s behaviour, at the location of each of the node, can be solved. In this

way, solutions can be found to describe the system, even where analytic solutions prove

challenging or impossible.

When considering the resonant modes of a system such as a disc, a modal analysis must

be carried out. This allows the natural mode shapes and frequencies of a freely vibrating

object to be found. It is also possible to run models of constrained objects and to

compare how the mode shapes and frequencies change when an object is constrained

when compared to those of a free object.
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Before measuring the mechanical loss, finite element analysis models were built, corre-

sponding to each individual sapphire disc and to the system of two bonded sapphire

discs. These models were built using the ANSYS Workbench software package and were

constructed to allow modal analysis of the sapphire samples so that the resonant mode

shapes and the mode frequencies of each system could be studied as well as the energy

stored in the discs and the bond layer respectively.

The shapes of the resonant modes is of particular importance, as these determine the

distribution of movement across the face of the discs. Hence, optimal detection of the

motion using the interferometric set up can be arranged. In order for the movement

induced by a resonant mode to be detected, there must be motion of the disc along the

direction of the sensing beam. The mode shape also indicates whether the mode will

be damped by the support fibres (as discussed in section 6.2). An example of the mode

shape of one resonant mode of a pair of bonded sapphire discs is shown in figure 5.2.

Figure 5.2.: Resonant mode at ∼860 Hz for a sapphire disc 50.8 mm in diameter with a
thickness of 1.5 mm. The amplitude of motion is indicated by colour where
blue indicates less motion while red indicates more motion.

The strain energy ratio, Ebond

Etotal
, indicates whether or not the bond contribution to me-

chanical loss will be measurable. This is affected by several factors including the position

and thickness of the bond between the two discs, the thickness of the two discs, and the

ratio between those two thicknesses, and the Young’s moduli of both the discs and the

bond. Initially, two sets of models were designed to better understand these effects; one
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in which the position of the bond between the two discs was varied and one in which the

thickness of the discs was varied.

These models were made in order to investigate where the bond should be such that a

high fraction of the energy stored in the bonded system will be stored within the bond

layer - this makes it easier to calculate the bond losses. Hence the question of whether

the bond should be positioned in the centre, rather than off-centre, in the system, was

considered. Additionally, models were created to demonstrate that the use of thinner

discs rather than thicker cylinders is advantageous when measuring the bond losses.

The energy stored in each part of each model was determined for the resonant modes of

interest, such that the fraction of the total energy stored in the bond could be found.

When bond loss is of interest a high ratio between the energy stored in the bond and

that stored in the substrate is desirable as this allows for the most accurate probe of the

bond loss.

The analysis works by dividing a model of a solid object into a finite number of smaller

sections or elements by “meshing” the object. The behaviour of each of these small

elements can then be calculated. In general, models with dense meshes and thousands

of elements provide the most accurate and reliable results, however the finer the mesh

the greater the computing time is required to solve the model. A compromise is usually

sought where the mesh is fine enough to give a sufficiently accurate result without the

necessity for prohibitively long computation times. This can be achieved through a trial

and error method, starting with a small number of large elements and gradually increasing

the number of elements (and correspondingly decreasing their size) until the point where

an increase in the number of elements used does not lead to a change in the results of

the model. This “convergence” process must be carried out for each model that is used.

An example of a convergence plot is shown in figure 5.3.
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Convergence plot for the first resonant mode
of a pair of bonded sapphire discs

Figure 5.3.: An example of how the FEA modeling converges on a value as the number
of elements is increased. In this instance the predicted resonant frequency
for the first resonant mode of a pair of bonded sapphire discs is shown.

In particular, areas of interest such as interfaces or, in the case of these calculations, the

bond, should be densely meshed and should therefore contain a high number of elements.

In the models described in this chapter, the bond layer typically contained ∼146000

elements3. With the meshes used in these models, the results found were similar to those

found using analytic calculations, however, these results are likely to be more accurate

when compared to a real system, as FEA models can be used take into account a bond

layer and certain options for clamping the discs, which is challenging to do analytically

(see section 6.6 for analytic calculations and more details).

In the past, models of this kind of have been carried out without restricting the degrees

of freedom in which the system can move [157, 98], and in many cases these “unclamped”

models do provide sufficient accuracy. However, since the FEA models detailed in this

chapter were intended for comparison between a system in which the discs are supported

3The same mesh density was used for the models presented in Appendix B which includes details of a
model where the discs and the bond layer were assumed to have the same Young’s modulus; here the
strain energy ratios are the same for each of the resonant modes, as would be expected since, this is
the same as a solid sapphire disc.
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(see section 6.2) it is possible that some of the resonant modes under investigation may

be damped and impossible to excite due to the suspension wires that support the disc.

Because of this the clamping of the models was given some consideration and initially

points on the edge of the disc were clamped such that they were free to move in any

direction except for the z-direction (See figure 5.4) unless otherwise stated.

Figure 5.4.: An FEA model of two bonded sapphire discs, one with thickness 0.5 mm, one
with thickness 1.0 mm, both with diameter 50.8 mm. The discs are clamped
such that the points, indicated by the arrows, are unable to move in the
z-direction.

However, the disc is only slightly constrained by the fibres, not truly clamped and hence

unclamped models were also considered as a final check. Initial room temperature mea-

surements of the mechanical loss of a blank, 0.5 mm thick sapphire disc indicated that

the resonant modes were excited at frequencies closest to those predicted by FEA models

in which the discs were clamped as described above, as opposed to models in which they

were not clamped (see section 6.8 for details of the modes measured). However, results

from both clamped and unclamped models are presented in later sections and are used

to extract the bond loss, since the true answer is likely to lie somewhere between the two

sets of results.
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5.4.2. Elastic constants of sapphire

Before any finite element model of a crystalline solid can be built it is necessary to

understand the elastic constants of the material of interest. These properties govern

the distortion of the material. Since single crystal sapphire is anisotropic, the Young’s

modulus of sapphire in any direction is dependent on the relative crystalline orientation.

A stiffness matrix is therefore required to fully describe the elastic modulus of sapphire.

Since sapphire has a hexagonal crystal structure, its stiffness, |c|, is described by the

following matrix [201, 202],

|c| =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

c11 c12 c13 c14 0 0

c12 c11 c13 −c14 0 0

c13 c13 c33 0 0 0

c14 −c14 0 c44 0 0

0 0 0 0 c44 c14

0 0 0 0 c14
1
2
(c11 − c12)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
By convention, the Young’s modulus is defined relative to the c-axis of the sapphire

crystal. For the c-axis of a sapphire crystal the stiffness matrix is as follows,

|c| =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

4.889 1.568 1.115 −0.231 0 0

1.568 4.889 1.115 0.231 0 0

1.115 1.115 4.931 0 0 0

−0.231 0.231 0 1.451 0 0

0 0 0 0 1.451 −0.231

0 0 0 0 −0.231 1.660

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

× 1011 kg/ms2

Since the sapphire discs intended for use in mechanical loss measurements are aligned such

that the c-axis of the crystal is along the optical axis of the disc, the stiffness matrix,
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|c| can be used directly in the finite element models. For sapphire pieces with different

orientations some matrix transformations would first be required in order to produce

accurate models [202]. In the finite element models described in this chapter the above

stiffness matrix was used in the modal analysis of sapphire and the Young’s modulus of

the bond material was assumed to be 7.9 GPa, a value which has been measured in the

past for hydroxide catalysis bonds [199]. Since the bond material can be assumed to be

isotropic, no stiffness matrix is necessary to describe its behaviour.

5.4.3. Resonant mode shapes and frequencies

One of the initial goals of the FEA analysis was to restrict the frequency ranges over

which resonant modes are expected for the system of bonded discs. This saves time when

working with real bonded sapphire discs because it means there is no need to search over

broad frequency bands when trying to excite these resonant modes. Additionally, the

shapes of the modes are important as some of these are more likely than others to be

damped by the supporting tungsten fibres.

Using a model of two bonded sapphire discs with diameter 50.8 mm and thicknesses

0.5 mm and 1.5 mm respectively, a set of expected modes were found. These modes are

the ones that would be expected if the discs were clamped as described above. Table 5.1

lists the resonant frequencies expected for the first 20 modes.

As can be seen from the first twenty mode frequencies listed in table 5.1, some resonant

modes are relatively close together in frequency, for example, the two resonant modes

occurring at 21241 Hz and 21886 Hz. These tend to be “split modes” with mode shapes

that are very similar but rotated with respect to each other. In some instances it is

possible to measure both split modes (see section 6.8 for an example of this). However,

due to the rotation of the mode it is more common that one of the two is damped due
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Table 5.1.: The frequencies of the first twenty resonant modes of a system of bonded
sapphire discs, as predicted by FEA analysis, in Hz. These discs are 50.8 mm
in diameter and have thicknesses of 0.5 mm and 1.0 mm, respectively. The
bond layer is 300 nm thick.

860 19391
1841 21241
4828 21886
6088 24461
7471 28008
10814 28831
12543 29247
14587 30972
17098 34105
18551 35956

to the friction between the disc edge and the suspension fibres and in this case only one

mode will be measurable.

The shapes of the first five modes listed in table 5.1 are displayed in figure 5.5.

Figure 5.5.: The mode shapes of the first five resonant modes for a bonded pair of clamped
sapphire discs, as predicted by FEA analysis. The resonant frequencies of
these modes are (from left to right): 859.9 Hz, 1840.8 Hz, 4828.2 Hz, 6088.3 Hz
and 7470.5 Hz. Red indicates areas where more motion would be expected,
blue indicates less motion.

From figure 5.5, it is clear to see the potential for some modes to be damped. In this

figure, red indicates areas that will exhibit a great deal of motion when the resonant

mode is excited while blue areas indicate less motion. So, for example, if the first mode

at 859.9 Hz is excited and the suspension fibres touch the blue areas the mode should

be relatively easy to excite, but if the disc is rotated 90◦ the fibres will contact the red

areas and will damp the motion. This information is helpful as it suggests that, should

it be difficult to excite any resonant mode, this problem may be solved by rotating and

re-suspending the disc.
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5.4.4. The effect of disc thickness on strain energy ratio

Prior experiments to study the loss of hydroxide catalysis bonds between sapphire used

bonded cylinder samples with a geometry as shown in figure 5.6 [147, 200] rather than

the thinner disc samples studied here and described above. This set of FEA calculations

investigate how the energy ratio, Ebond

Etotal
, varies as the substrate thickness is reduced whilst

the bond thickness is held constant in order to evaluate the potential benefit of using

thin discs. This was initially done for a symmetric system in which the bond is placed

centrally between two discs of equal thickness. Following this, the effect on Ebond

Etotal
as the

bond is offset from the line of symmetry was studied.

Figure 5.6.: A diagram indicating the geometry of bonded cylinders used for loss mea-
surements in previous experiments [147, 200]. The bond layer is expected
to have a similar thickness to the flatness of the bonded surfaces, usually
∼60 nm.

Models were built with discs of thickness varying between a combined thickness of 1.5 mm,

up to a thickness of 100 mm (i.e. cylinders rather than discs). In all cases the diameter

of the discs (or cylinders) was 50.8 mm. The results from these models were compared

to similar FEA models and experimentation by Haughian et al which were used in first

experiments investigating the mechanical loss of bonds between sapphire substrates [200].

Models in which the bond was centrally placed were built alongside models in which one

disc or cylinder had double the width of the other.
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Figures 5.7 and 5.8 show how the strain energy ratio, Ebond

Etotal
, changes as the geometry

of the sapphire discs or cylinders changes, with figure 5.7 showing this for the situation

where the two sapphire pieces have equal thicknesses and figure 5.8 showing this where

the one sapphire piece is twice the thickness of the other.
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Figure 5.7.: Strain energy ratio as the total length of a pair of bonded discs or cylinders
increases. Here the two discs have equal thicknesses and the bond layer has
a thickness of 300 nm. Discs and cylinders have a diameter of 50.8 mm.

As can be seen from both figure 5.7 and figure 5.8, the ratio of strain energy that is stored

in the bond compared to that stored in the whole system decreases with increasing disc

thickness. This is expected, as when thinner discs are used, the bond makes up a greater

portion of the total volume of the system and hence more energy can be stored in it. This

suggests that the effect of a bond should be more obvious when samples with smaller

thicknesses are bonded.

Additionally, where bonds are placed away from the centre, i.e. when one disc or cylinder

is thicker than the other, this results in a higher strain energy ratio than when the bond

is directly in the centre of two discs of equal thickness. Hence, the results shown in figures

5.7 and 5.8 suggest that the use of a pair of bonded thin discs with unequal thicknesses
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Figure 5.8.: Changing strain energy ratio as the total length of a pair of bonded discs or
cylinders increases. Here the thicker disc in each case has twice the thickness
of the thinner disc and the bond layer has a thickness of 300 nm. Discs and
cylinders have a diameter of 50.8 mm.

will allow a better probe of the value of bond mechanical loss than the use of a pair of

bonded cylinders would.

5.4.5. The effect of bond position on strain energy ratio

A series of FEA models of two bonded sapphire discs were built. In each case, the two

discs both had a diameter of 50.8 mm and a combined thickness of 1.5 mm. The bond

layer between the discs was 60 nm, a thickness for bonds that has been measured in the

past [199] and had a Young’s modulus of 7.9 GPa4. The models were designed to compare

the strain energy ratio for a system where the bond was centrally placed (i.e. the two

discs had equal thickness) to that where it was placed off-centre (i.e. one disc was thicker

than the other).

4In later experiments and calculations, due to the less flat profiles of the discs bonded, a bond thickness
of 300 nm was used. Where this is done it is highlighted.
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Figure 5.9.: Strain energy ratio as the position of the bond between bonded sapphire discs
is changed.

Figure 5.9 shows the effect on strain energy ratio of changing the position of the bond

between the two sapphire discs. Note that the general trend shows that as the position of

the bond moves further from the centre the strain energy ratio decreases approximately

linearly. This is in contrast to the situation when fused silica discs are bonded using the

hydroxide catalysis bonding technique, in which previous models have shown the energy

ratio increasing as the bond is placed further from the centre of the system (see figure

B.5 in section B.1 of appendix B).

Note also that this trend is slightly different to those shown in figures 5.7 and 5.8 because

a different variable is being considered. Here, in contrast to those results shown in the

previous section, the total volume of sapphire and bond material is the same in each

model, only the position of the bond layer is changed. Previously, the total volume of

the system was changed, but the position of the bond layer was the same; for the results

shown in figure 5.7 it was in the centre, and in figure 5.8, the thicker disc was always

twice the thickness of the thinner disc. Since bond position is studied here, rather than

total volume, it is unsurprising to see a slightly different trend.
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5.4.6. Summary of FEA modeling calculations

Based on the results above, the effect of the bond on the mechanical loss of a bonded

system is enhanced by using thinner discs. When bonding discs rather than cylinders, a

greater fraction of the total volume is made up by the bond material, this means that a

greater fraction of the total energy can be stored in the bond layer. As a result, measuring

the effect of a real bond between two sapphire discs should be easier than measuring the

effect of a similar bond between two thicker sapphire cylinders, as is demonstrated by the

results shown in figure 5.7.

Further, as when the bond layer is further from the centre of the bonded pair of discs, i.e.

when the two discs are of unequal thickness and thus the bonded pair are asymmetric,

the strain energy ratio, Ebond

Etotal
, increases, as shown in figure 5.9. Hence, bonding pair of

discs asymmetrically would be expected to give a better probe of bond loss.

The results from these models will be used in the following chapter in several ways;

they suggest frequency ranges over which resonant modes might be expected and they

indicate whether a resonant mode might be expected to be damped by the tungsten

support fibres. Additionally, these results are used in conjunction with the data recorded

during the mechanical loss measurements detailed in the following chapter in order to

extract values for the bond loss.
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6.1. Introduction

As described in Chapter 5, FEA was used to gain initial information about a system of

two bonded sapphire discs in terms of mode frequencies and shapes, and also in terms

of the energy stored in each part of the system. This was to allow interpretation of the

experimental results. From the FEA it was clear that thin discs would be an advantageous

choice of geometry over thicker cylinders as this means that the bond layer takes up a

greater proportion of the total volume and hence, extracting the bond loss should be more

straightforward. However, some experimental measurements of a bonded system of discs

are also necessary in order for a value for bond loss to be calculated. These experiments

are described in this chapter.
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6.2. Nodal suspension of bonded sapphire discs

Previous work on measuring the loss of bonds featured the use of larger suspended cylin-

ders [157] and clamped cantilevers [117]. As mentioned before, it was found that bonding

thin cantilevers is challenging as the flexible cantilevers tend to trap bubbles while the

bonds are curing, resulting in large unbonded regions [117, 203]. The use of more rigid

bonded cylinders was more successful, however, as mentioned earlier when using large

cylinders the bond represents only a small fraction of the sample volume, potentially

making the measurements less sensitive to the actual bond loss.

Prior work on the mechanical losses of disc samples have been carried out with a “nodal

support” system which suspends the discs with support contacts at, or close to, the

nodes of the disc resonant modes. These nodes are points of minimum motion for sets of

resonant modes of a sample. The resonant modes are excited and the amplitude of their

oscillation is monitored over time [204, 205, 206, 207]. One example of this technique was

developed by Numata et al [204, 205] and was further developed for use with thin discs by

Cumming [206]. The disc nodal support system was initially used for measuring low loss

coatings on thin silica discs [206]. This technique was developed further for measuring

the loss of bonds between thin sapphire discs as described here.

In this instance, the disc is suspended with 50µm diameter tungsten fibres, such that

minimal contact is made between the edges of the disc and the fibres that support it. The

tungsten is wiped clean with methanol before it is used to support the discs. Tungsten

fibres are known to be suitable for suspending samples for loss measurements [136]. This

design is intended to minimise frictional loss at the support contact points (see figure 6.1

for a diagram of the experimental arrangement).

When the mechanical loss is measured, the resonant modes of the discs are excited using

an electrostatic drive plate positioned behind the back surface of the disc. The motion
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of the front surface is monitored using an interferometer. The measurements described

in this chapter were carried out using a commercial SIOS interferometer1.

6.3. Experimental procedure

Each resonant mode is excited in turn by applying a signal at the expected resonant

mode frequency via the electrostatic drive plate - the frequency range over which the

experimental modes are expected is found through the FEA modeling described in the

previous chapter. When the amplitude of the motion of the disc is significantly above

the background noise, and ideally is as great as possible, the signal to the drive plate is

stopped and the amplitude of motion is allowed to decrease naturally. This amplitude is

monitored over time. Hence the “ringdown time,” the time it takes for the amplitude to

decrease by this amount. The gradient of the ringdown curve over time is used to give a

value of the mechanical loss of the system, as according to equation 5.3.

The flattest 0.5 mm thick disc, as measured using a Zygo interferometer (see section 5.3),

was suspended in the nodal suspension for loss measurements first. This first measure-

ment was designed to ensure that if any major flaws existed in the sapphire that were not

immediately visible, and if these flaws had any effect on the loss, this effect would not be

mistakenly attributed to the bond loss. Secondly, the flattest 1.5 mm disc was measured,

this was for comparison with the bonded discs later.

Next, the flattest 0.5 mm thick and the flattest 1.0 mm thick disc were bonded and the

bonds were cured for four weeks at room temperature. Finally, the mechanical loss of

this bonded system was also measured. These measurements were carried out both at

room temperature and at cryogenic temperatures.

1http://www.sios-de.com
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Figure 6.1.: A schematic diagram of the nodal support clamp for measuring the mechan-
ical loss of discs (not to scale).

6.4. Cooling procedure

The nodal suspension and the disc were cooled in a cryostat (IR Labs HDL-14). This

model of cryostat has a space for a cooled experiment and two windows (see figure 6.2).

When the nodal suspension supporting the disc is fixed to the base plate of the experiment

space, the cryostat is closed. The cryostat must then be inverted in order allow evacuation

and cooling. The initial evacuation utilises a roughing pump and a combined turbo pump

and vacuum gauge (Varian: Turbo-V 301-AG2) is used to monitor the internal pressure.

The pressure is reduced to ∼1×10−5 mbar, where it stabilises, i.e. it does not change

over the course of several hours. It is important that the pressure is stable when loss

measurements are taken as fluctuations in pressure can affect the results. This procedure

takes approximately 3 hours.

2www.vacuum-pumps.us/Varian
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When the cryostat is evacuated the cryogen spaces can be filled. The cryostat has two

spaces - one for liquid nitrogen and one for liquid helium (see figure 6.2). However,

if liquid helium were directly placed into the helium space when the space was at room

temperature a great deal of helium would be needed to reduce the temperature sufficiently.

Since helium is far more expensive that nitrogen, nitrogen is used in both cryogen spaces

initially. After approximately one day, the temperature of the full system stablises at

∼77 K (i.e. the temperature of the experiment space remains at 77 K for ∼2 hours), then

remaining nitrogen can be pumped out of the helium space.

Figure 6.2.: Diagram of the cryostat for the experimental set up (not to scale).

To ensure that no nitrogen is left behind in the helium space, a heater on the base plate is

used to raise the temperature to ∼90 K - this precaution is taken to avoid the production

of nitrogen ice, which can cause a dangerous blockage in the cryostat. Finally, the helium

space is filled with liquid helium. The temperature of both cryogen spaces, as well as

the experiment space, are all monitored to ensure that no cryogen runs out. Cryogens
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will steadily boil off over time and when this happens they must be topped up. The

reduction in temperature also leads to a reduction in pressure down to ∼1×10−7 mbar.

When the temperature and the pressure of the experiment have stabilised, i.e. when the

temperature of the clamp has been the same to within 1 K for one hour and the pressure

has been the same for several hours, measurements can be carried out.

6.5. Temperature calibrations

The temperature of the disc itself is of interest during the mechanical loss experiments.

However, if a temperature sensor is attached to a disc it is likely that any excited resonant

modes would be strongly damped by the presence of the sensor and hence that any

measurement of mechanical loss would be much higher than the intrinsic loss value of

the system. Thus, in order to know the temperature of the disc during mechanical loss

measurements, a method of determining the temperature of the disc in the absence of a

sensor is necessary.

To do this, temperature sensors are attached to the nitrogen tank, the base-plate (directly

in contact with helium when liquid helium is being used), one of the clamps and the disc.

The procedures for cooling the cryostat are carried out as normal (see section 6.4). When

the temperature of the disc and clamp reduce and plateau, contact gas is used to reduce

the temperature further (see section 6.5.1). The time, contact gas pressure and tempera-

ture from all four temperature sensors were all monitored and recorded throughout these

“temperature calibrations”.

In this way, during mechanical loss experiments when a temperature sensor cannot be

mounted directly on the disc, the approximate temperature of the disc can be found

based on the temperatures given by the sensors mounted on the nitrogen tank, base plate
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and on each of the clamps (the sensor that would have been on the disc is moved to the

second clamp in this configuration), as well as the length of time for which the sensors

have recorded a given temperature and the current contact gas pressure if any contact

gas is used. This allows the temperature of the disc to be known with an accuracy of

up to ±2 K, as calculated from several temperature calibration runs, when temperature

sensors are no longer attached.

An example of the monitored temperatures from the four sensors, for one of the temper-

ature calibration runs is shown in figure 6.3.

Figure 6.3.: Data from an example of a temperature calibration run to find the temper-
ature of a disc from the temperature of other parts of the cryostat and the
clamp. The disc used in this calibration run was a sapphire disc, 1.5 mm
thick with a radius of 50.8 mm.

In figure 6.3 several features can be seen. The first is a sharp drop in temperature as the

cryostat is cooled with liquid nitrogen. As the liquid nitrogen boils off the temperature
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of the cryostat rises until the nitrogen is refilled - this can be seen within the first ten

hours in the N2 space, which is closest to the ambient temperature of the room. It is

only when the N2 space is almost empty of nitrogen that the other temperature sensors

begin to report a temperature increase, after around 60 hours.

Following this, a second sharp drop in temperature can be seen in the plot for the base

plate and more gradual decreases in temperature can be seen for the clamp and disc

- this corresponds to emptying the liquid nitrogen from the helium space and filling it

with liquid helium, in this instance the helium space was filled with liquid helium after

approximately 120 hours. It should be noted that the disc cools faster than the clamp,

this effect was reproducible and is discussed in more detail in section 6.5.2. Subsequent

temperature spikes indicate that either one or both of the cryogens is depleted and the

following drops in temperature indicate that these cryogens have been replenished.

Slightly before 200 hours, contact gas is introduced into the experiment space to further

decrease the temperature of the clamp and disc. Finally, the contact gas is removed and

the whole system is allowed to return naturally to room temperature. Heaters are not

used during this period, although heaters are mounted within the cryostat and are used

during the cooling procedure to remove residual liquid nitrogen from the liquid helium

space before it is filled with helium (see section 6.4).

In total, four temperature calibration runs were carried out; two using a blank sap-

phire disc of thickness 1.5 mm and diameter 50.8 mm, one using a blank sapphire disc of

thickness 0.5 mm and diameter 50.8 mm and one using a bonded pair of sapphire discs

with combined thickness of 1.5 mm and diameter 50.8 mm. Although the thinnest disc

cooled slightly more quickly than the thickest disc the differences were not significant.

The behaviour of the bonded and blank discs was also very similar during temperature

calibrations. For more temperature calibration curves, see Appendix A.
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Early measurements with a temperature sensor mounted on the disc3 and with helium in

the helium space showed that the disc temperature plateaued at ∼47 K, however, later

measurements found an average plateau temperature of ∼19 K. The disc temperature

at this stage was recorded without contact gas having been introduced into the system.

However, as mentioned earlier, the temperature may be further reduced through the use

of contact gas if required.

6.5.1. Contact gas

The tungsten support fibres will not conduct enough heat to allow the disc to fall to the

desired temperature of <20 K due to their small cross-sectional area (see section 6.5.2).

Instead, contact gas is used to bring the disc down to the lowest temperatures.

The use of contact gas involves injecting small amounts of room temperature helium into

the vacuum space of the cryostat. As the helium atoms move around the cryostat they

contact the base plate, walls and clamp, losing heat energy to each of these. They also

contact the disc, and if they have first contacted the base plate, for example, they will

gain heat energy from the disc as it will be at a higher temperature. In this way the disc

can be cooled further.

However, using contact gas causes the liquid helium in the cryostat to boil off at an

increased rate. Additionally, for safe use of an electrostatic drive plate the pressure inside

the vacuum chamber of the cryostat should be kept low to avoid electrical breakdown. So,

there is a limit on how much contact gas can be used. When the contact gas has cooled

the disc, its mechanical loss can be measured. The procedure of injecting and removing

contact gas was also carried out during temperature calibrations (see figure 6.3).

3The temperature sensors were commercially supplied by Lakeshore Cryotronics Inc
(http://www.lakeshore.com/), and were specifically designed for use at low temperatures
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Using different contact gas pressures leads to the clamp and disc to settle at different

temperatures. It can take of the order of an hour for the temperature to stabilise after a

change in contact gas pressure. As such, the number of temperature steps for which data

can be acquired is time limited. In general, four temperature steps between 12 K and 30 K

were taken during these experiments, with more data taken at additional temperatures

which did not require the use of contact gas.

Changes in pressure led to very rapid changes in temperature when at these low pressures

and temperatures. As a result, where contact gas was used to cool the disc, the cryostat

pressure was not allowed to return back to the original pressure of ∼1×10−7 mbar before

the loss measurements were carried out. As a result of this, the loss measurements

carried out at the lowest temperatures (below ∼20 K) were carried out at pressures of up

to 5×10−4 mbar. The following calculation was carried out to ensure that gas damping

did not have a significant effect on the losses measured [115]. The gas damping, or residual

gas loss, for a system is given by equation 6.1 [115],

φgas =
AP

mdiscω

√
MHe

RT
(6.1)

Where, A is the surface area of the disc, P is the pressure, mdisc is the mass of the disc, ω

is the angular frequency of the resonant mode, MHe is the molecular mass of helium, R is

the ideal gas constant and T is the temperature. Gas loss increases for high pressures and

frequencies and for low temperatures so, at the highest pressure of 5×10−4 mbar (0.05 Pa),

the lowest recorded temperature of 13 K and a frequency of ∼14.5 kHz, φgas = 1.4×10−9.

This low value suggests that it is highly unlikely that the resonant modes of the discs

were damped by residual gas in the system.

Further, where contact gas is not used, the loss due to residual gas is even lower. Assuming

the lowest temperature where contact gas was not used of ∼27 K and a pressure here of
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∼1×10−7 mbar (1×10−5 Pa) the gas loss is φgas = 1.9 × 10−13 for the same resonant

mode. It is clear that, for these experiments, the effect of residual gas is negligible.

6.5.2. Cooling Rates of the disc and clamp

From figure 6.3 it can be seen that the disc initially cools at a more rapid rate than

the clamp. This unexpected effect led to the first temperature calibration attempt being

ended early, as it was suspected that a temperature sensor was malfunctioning or else

misplaced. However, with careful inspection of the temperature sensors and experimental

set up this was found to not be the case. Repeating the temperature calibrations always

gave the same effect, even when the sensors used to record the temperature of the clamp

and disc were swapped. Analytical calculations of the heat flow in the system were carried

out in order to better understand this.

The disc is suspended by two tungsten fibres which, since each one meets the disc at only

one point, can be modeled as four tungsten fibres, each with a diameter of 50×10−6 m

and a length of 6 cm (see figure 6.1 for a diagram). Hence the heat conducted through a

tungsten fibre as a function of time is given by equation 6.2 as follows,

dQ

dt
=
κA∆T

l
(6.2)

Where κ is the thermal conductivity of tungsten (173 W/(mK) [208]), A is the cross-

sectional area of the tungsten wire, T is the temperature and l is the length of the

tungsten wire. For a temperature range of room temperature (293 K) to 77 K this gives

a value of heat flow of 2.8×10−4 W per wire, or 1.1×10−3 W in total.
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In terms of radiation of heat from the surface of the discs,

dQ

dt
= σA(T 4

1 − T 4
2 )ε (6.3)

Where σ is the Stefan-Boltzmann constant (5.67×10−8 Wm−2K−4 [209]), A is the surface

area of the discs (in the case of these discs this is 4.3×10−3 m2), T1 = 293 K, T2 = 77 K

and ε is the emissivity of sapphire (0.567 [210]). This gives a value for the radiation of

heat from the surface of the sapphire disc of 1.01 W.

The cryostat has two windows, each with a radius of 1 cm and the radius of the cryostat

itself is 14.25 cm. Hence the solid angle from each window is given by equation 6.4,

Ω =
2πr2

4πR2
=

r2

2R2
=

(1× 10−2)2

2(14.25× 10−2)2
= 0.0025 (6.4)

Then, the heat radiation onto the windows of the cryostat is given by equation 6.5,

dQ

dt
= εσAT 4

windowΩ (6.5)

and the heat radiation onto the disc is given by equation 6.6,

dQ

dt
= εσAT 4

discΩ (6.6)
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Hence, the system will reach an equilibrium when εσAT 4
windowΩ = εσAT 4

discΩ, i.e. the

equilibrium temperature of the disc can be given as,

Tdisc = Twindow
4
√

Ω (6.7)

Since the window is in contact with the nitrogen shield, Twindow it was initially assumed

that its temperature would be 77 K. This gives an equilibrium temperature of 17.2 K for

the disc. To check this, one temperature calibration was carried out in which a temper-

ature sensor was mounted on the inside of a window and the actual temperature was

found to be 119 K, presumably because the outer part of the window is at room temper-

ature. This higher temperature for the window leads to a predicted disc temperature of

26.6 K, between the minimum and maximum temperatures found without contact gas of

∼16 K and ∼47 K. Presumably, the external temperature of the room plays a part in this

variation, as does the length of time for which the discs are allowed to cool.

6.6. Analytical calculations

The resonant modes of a disc are given by [211],

f =
λ2

2a2
√

ρ
D
π

(6.8)

where, f is the frequency, a is the radius of the disc, rho is the density, D is the flexural

rigidity, defined as,
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D =
Y t2

12(1− ν)
(6.9)

Y is the Young’s modulus, t is the thickness of the disc, ν is the Poisson’s ratio and λ

is dependent on the mode and is given by Bessel functions. For the first seven modes

of an unsupported disc, λ2=5.513, 8.892, 12.75, 20.41, 35.28, 38.34 and 53.16 Hence,

for a sapphire disc with radius 25.4 mm, thickness 1.5 mm, density 4000 kg/m3, Young’s

modulus 400 GPa and Poisson’s ratio 0.25 the first seven resonant frequencies would be,

2356 Hz, 3799 Hz, 5448 Hz, 8721 Hz, 15074 Hz, 16382 Hz and 22714 Hz.

The FEA calculations in the previous chapter (section 5.4.3) found a slightly lower set

of frequencies, however, if the first mode found using these calculations is compared to

the second mode found using FEA, and the second mode found here is compared to the

third mode using FEA, then on average the frequencies predicted are within 12% of each

other. The discrepancies are likely due to the fact that the FEA calculations involved

discs “clamped” at two positions at the edge of the disc, which could also explain the

appearance of additional modes such as the first one found via FEA that is not found

with these calculations. Additionally, the FEA models included the bond layer between

the two discs. A system such as this is challenging to find analytic solutions for.

The modes measured for the bonded pair of sapphire discs were ∼6 kHz and ∼14.5 kHz,

which agrees with these calculations to within 91% and 96%, respectively. The FEA

calculations agreed with the modes found to within 99% for both modes.

Finding the thermoelastic loss for a disc is not straightforward, however, if the disc is

approximated to a square plate with a side of length 50.8 mm and a thickness of 1.5 mm

(i.e. with similar dimensions to that of discs used), the thermoelastic loss at a given

frequency can be found according to equation 6.10,
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φ = ∆
ωτ

1 + ω2τ 2
(6.10)

Where ∆ is the relaxation strength and is given by equation 6.11, ω is the angular resonant

frequency, τ is the relaxation time and is given by equation 6.12 [212]

∆ =
Y Tα2

ρC
(6.11)

τ =
ρCt2

π2κ
(6.12)

Y is the Young’s modulus, T is the temperature, α is the linear coefficient of expansion,

ρ is the density, C is the specific heat capacity, t is the thickness and κ is the thermal

conductivity. Since α, C and κ all also vary with temperature this should be taken into

account and in the calculations carried out in this chapter the temperature variations

for these properties are taken from Touloukian [213]. By using this set of equations, the

thermoelastic loss for each resonant mode can be found across the desired temperature

range, as shown in the plot in figure 6.4.

For equations 6.10–6.12 and from the plot in figure 6.4 it is clear to see that for a

square sapphire plate, thermoelastic loss changes little with temperature above 100 K,

but below 100 K a decrease in temperature corresponds to a decrease in thermoelastic

loss. It is partly thanks to this effect that sapphire is a good choice of material for

cryogenic suspension systems.

However, while this effect will be seen to some extent regardless of the geometry of the

piece of sapphire under study, it would be naive to expect a sapphire disc to behave in
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Figure 6.4.: Calculated thermoelastic loss for a square sapphire plate with a square cross
section of length 50.8 mm and with thickness 1.5 mm.

exactly the same way as a square sapphire plate. Although these calculations give some

initial indication of the behaviour that might be expected, they are insufficient without

finite element analysis [206] and experimentation with real samples.

It is assumed that the thermoelastic loss for a bonded disc will be very similar to that for

a blank disc with the same geometry. From the previous chapter, in section 5.2 it can be

seen from equation 5.5 that the thermoelastic losses will therefore cancel, removing this

factor from the analysis and allowing a value of the loss of the bond layer to be found.
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6.7. Loss measurements of sapphire discs

6.7.1. Disc preparation

It was decided that, when the samples were bonded, the flattest 1.0 mm thick disc would

be bonded to the flattest 0.5 mm thick disc (as measured using a Zygo interferometer,

see section5.3). The less flat discs would also be bonded together.

Before being suspended for mechanical loss measurements, the discs were cleaned with

methanol-soaked clean room wipes. They were then suspended and the clamps suspend-

ing them were securely fixed within the cryostat. When the cryostat had been closed, a

red laser diode was used to check that the discs had not fallen out of their suspension

before any mechanical loss measurements were attempted. This was done by shining the

laser diode at the disc and finding the reflected laser spot from the disc’s surface. In

an instance where the disc had fallen out of the suspension, no reflected spot would be

visible and the disc can be re-suspended before the experiment space is evacuated.

6.7.2. Loss of unbonded sapphire discs

Initial loss measurements of two unbonded discs were carried out at room temperature

under vacuum in the cryostat. The mechanical losses of the 0.5 mm disc and the 1.5 mm

disc were measured. Initially all of the discs were intended for measurement, however

time constraints led to the measurements of only these two (and later a bonded pair). It

was considered that, assuming no unusually high loss values were found for two of the

discs, the mechanical loss of the bond was likely to be so much higher than the mechanical

loss of the discs that any flaws in the discs, leading to higher than expected mechanical

losses would likely have a negligible effect.
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Subsequently, the 0.5 mm thick disc and the 1.5 mm thick disc were consecutively re-

suspended in the cryostat. For each disc, new measurements were taken at room tem-

perature and then the temperature was cooled, first to liquid nitrogen and then to liq-

uid helium temperatures. To reach the minimum temperature, contact gas was used.

Measurements were taken at all temperature points where possible. However, in some

temperature regimes certain modes become difficult or impossible to find.

6.7.3. Hydroxide catalysis bonding of sapphire discs

The discs were cleaned under UV lights in an ozone environment for 30 minutes. This

procedure was recommended by Gwo [214] and was chosen over the standard cleaning

procedure described in Chapter 3, section 3.2.1; since the discs are much thinner than

the cuboids used in experiments described in previous chapters, manual cleaning was

considered to have greater potential for leading to damage. The discs were wiped with

a methanol soaked Anticon Gold StandardWeight clean-room wipe immediately prior to

bonding. The bonding solution was produced as according to Chapter 3, section 3.4.3.

Bonds were formed and cured at room temperature before the discs were used for the

mechanical loss experiments. Both bonds contained a small number of bubbles. The

pair of samples with the smallest un-bonded area was selected for use in the bond loss

experiments (this was also the pair of discs which were measured to have the flattest

surfaces). See figure 6.5 for photographs showing the bonded discs.

6.7.4. Loss measurements of bonded sapphire discs

Initial loss measurements of the bonded pair of discs were carried out at room tempera-

ture. The bonded samples with the “better” bond (i.e. the one with the fewer bubbles)
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Figure 6.5.: Left: A more complete bond layer with fewer bubbles in the intended bond
region, Right: a less complete bond layer. The bonded samples on the left
were chosen for bond loss experiments. Bubbles are circled in red.

was suspended in the cryostat so that it could be cooled. FEA models were used to in-

form the frequency ranges over which resonant modes were likely to be found. The mode

shapes from these models were used to inform whether or not the resonant modes could

be damped by the supporting wires once excited. However, due to initial difficulties in

finding the resonant modes, the second pair of bonded discs was suspended in a second,

room temperature vacuum tank in order to double the opportunities to find a mode.

A resonant mode at ∼6 kHz was detected using the disc in the room temperature set

up and the precise frequency of this mode was used to refine the frequency search range

to find the same mode in the disc in the cryostat. This led to the detection of a “split

mode” at ∼6 kHz for the disc in the cryostat (see section 5.4.3). These modes were only

measurable below room temperature as the ringdown time above room temperature was

so short.

Later a second resonant mode was detected at ∼14.5 kHz for the disc in the cryostat but

this mode was never detected or measured for the disc in the room temperature set up

and was measurable over a smaller temperature range than the ∼6 kHz mode. When the

resonant modes were found they were excited using the electrostatic drive plate and the

“ringdowns” were measured to find the mechanical loss.
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New measurements were taken at room temperature to confirm that the resonant modes

could still be found and then the discs were cooled, first to liquid nitrogen and then to

liquid helium temperatures. To reach the minimum temperature, contact gas was used.

Measurements were taken at all temperature points where carrying out measurements

was possible.

6.8. Results

The first disc that was measured was one of the two 0.5 mm thick discs. The mechanical

losses measured are shown in figure 6.6. Here 7 resonant modes were found, excited and

measured between ∼20 K and ∼300 K. These modes appeared at ∼2.1 kHz, ∼2.3 kHz,

∼3.6 kHz, ∼4.9 kHz, ∼7.9 kHz, ∼13 kHz and ∼15 kHz (the frequencies are temperature

dependent) - these resonant frequencies agree with those found using FEA analysis. The

mechanical loss can clearly be seen to decrease as the temperature decreases, as would

be expected for sapphire, and this loss varies between ∼ 4× 10−7 and ∼ 8× 10−4.

Figure 6.7 shows the mechanical loss measurements for the blank, unbonded sapphire disc

with thickness of 1.5 mm and diameter 50.8 mm. Here four modes were measured between

room temperature and ∼15 K. These modes appeared at 6.3 kHz, 14.5 kHz, 25.3 kHz and

40.4 kHz. As can clearly be seen, the mechanical loss is reduced at lower temperatures.

However, the modes were not all measurable for the full temperature range, as is reflected

by the gap in the data between 150 K and 280 K. In particular, it was only possible to

measure the 40.4 kHz mode at room temperature, while the other modes were measurable

over a greater range of temperatures.

Figure 6.8 shows the mechanical loss measurements for the bonded pair of sapphire discs.

One disc had a thickness of 1.0 mm and the other had a thickness of 0.5 mm. Both had a
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Figure 6.6.: Mechanical loss measurements for a sapphire disc with thickness 0.5 mm and
diameter 50.8 mm. The different coloured points represent the measured
losses associated with each of the different resonant modes. The loss for each
mode was measured three times at each temperature step and the average of
those three measurements is shown here. The error bars indicate the standard
deviation on the three measurements.
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Figure 6.7.: Mechanical loss measurements for a sapphire disc with thickness 1.5 mm and
diameter 50.8 mm. The error bars here indicate the standard deviation of
the bond losses measured at each temperature step.
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diameter of 50.8 mm. Here three modes are measured between ∼260 K and 13 K - two of

these modes were a pair of split modes around ∼6 kHz, the third mode was at ∼14.5 kHz.

As with the unbonded disc, over certain temperature ranges it was not possible to measure

the mechanical loss and this is reflected in the gaps in the data. In particular, measuring

any mode at room temperature was challenging and lead to unreliable data which is

excluded from this plot. For each temperature step, each mode was excited three times

and three ringdowns of the mode were recorded. In each case here, average recorded loss

from the three measurements, is shown.
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Figure 6.8.: Mechanical loss measurements for a pair of bonded sapphire discs with a
combined thickness of 1.5 mm and diameter 50.8 mm. The error bars here
indicate the standard deviation of the bond losses measured at each temper-
ature step.

In figure 6.9 the data from figures 6.7 and 6.8 are combined.

It should be noted that the measured losses shown in figures 6.7 and 6.8 are significantly

lower than the thermoelastic loss calculated for a sapphire cantilever in section 6.6. This

indicates that the use of a cantilever to model a disc has some limitations, however, it

is also clear that for both the cantilever approximation and the measured losses for the

discs, the values start to decrease with temperature below ∼100 K.
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Figure 6.9.: Mechanical loss measurements for a pair of bonded sapphire discs with a
combined thickness of 1.5 mm and diameter 50.8 mm, compared with the
data for a blank sapphire disc with the same dimensions. The error bars
here indicate the standard deviation of the bond losses measured at each
temperature step.

Since not all modes were measured at all temperatures, the mechanical loss is interpolated

across temperature ranges where there was enough data to do so. Data is particularly

sparse between ∼150 K and ∼190 K and as such care should be taken when interpreting

the results in this temperature range. In particular, there is very little data available in

this temperature range for the 14.5 kHz mode.

Interpolating from the available data and using the results from the FEA models of

strain energy, the loss of the bond can be extracted. The FEA models used assume a

bond thickness of 300 nm and bond Young’s modulus of 7.9 GPa. The resulting bond

loss information is shown in figure 6.10 which indicates that as temperature decreases so

does bond loss. The lowest value of loss for the 6 kHz mode was found at ∼13 K and was

1.2×10−3, this increased to 1.1×10−2 at ∼240 K. The lowest value of loss for the 14.5 kHz

mode was 2.7×10−4 at ∼80 K; at ∼300 K this rose to 2.6×10−2. It is possible that the

14.5 kHz mode is less lossy than the 6 kHz mode because of the mode shape - if the points
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at which the disc was suspended moved less for the 14.5 kHz mode, less energy would

be lost through friction between the disc and the suspension fibres, leading to the lower

measured loss values.
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Figure 6.10.: Interpolated mechanical loss of a hydroxide catalysis bond with thickness
300 nm, between two clamped, bonded sapphire discs with a combined thick-
ness of 1.5 mm and diameter 50.8 mm. Error bars indicate the standard
deviation on the mean.

Two sets of FEA models were built for analysis of this data. It is challenging to accurately

model the effect of “clamping” a disc using a nodal support as discussed in the previous

sections. The tungsten fibres do not truly clamp the disc in that they do not ensure that

the edges of the disc remain completely still; rather they support the disc which can still

swing, rotate and bounce by a small amount within the support. Hence, a model in which

the disc is clamped (as shown in figure 5.4) and one in which the disc is not clamped

were both considered. The results in figure 6.10 were found with the results from the

clamped model. The results presented in figure 6.11 were are based on the results from an

unclamped model. The true values for the bond loss are likely to lie somewhere between

those in figures 6.10 and 6.11.
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Figure 6.11.: Interpolated mechanical loss of a hydroxide catalysis bond with thickness
300 nm, between two unclamped, bonded sapphire discs with a combined
thickness of 1.5 mm and diameter 50.8 mm. Error bars indicate the standard
deviation on the mean.

The main difference between the results presented in figures 6.10 and 6.11 is that the

latter features lower loss values. Additionally, the loss values for the two modes tend to

be closer for these results. Here, a lower value for the bond loss for the 6 kHz mode at

∼13 K of 3.3×10−4 and an upper value of 3.2×10−3 at ∼243 K are found. For the 14.5 kHz

mode, the lower bond loss value is 2.5×10−4 at ∼80 K and the upper value is 2.46×10−2

at ∼300 K. Figure 6.12 shows the difference between the results where the clamped and

the unclamped models are used. The mean difference for the ∼6 kHz mode is ∼3×10−2

and the mean difference for the ∼14.5 kHz mode is 2.1×10−4 but the differences are

temperature dependent and have a greater effect as the temperature is increased.

Hence, if the differences between these two models are used to give an estimate of the un-

certainty of the bond loss, the lower value for the bond loss for the 6 kHz mode at ∼13 K is

between ∼3.3×10−4 and ∼4×10−3 and the upper value, at ∼243 K, is between ∼3.2×10−3

and ∼1.2×10−2. For the 14.5 kHz mode at ∼80 K, the loss is between ∼2.4×10−4 and

∼9.7×10−4 and is between 2.46×10−2 and 4.27×10−2 at ∼300 K.
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Figure 6.12.: Interpolated mechanical loss of a hydroxide catalysis bond with thickness
300 nm, between two unclamped, bonded sapphire discs with a combined
thickness of 1.5 mm and diameter 50.8 mm. Error bars indicate the standard
deviation on the mean.

This information can be used to find the strain for a particular detector design. Returning

to the discussion of thermal noise in Chapter 2 (section2.4), equation 2.31 (reproduced

here for convenience) can be used to find the thermal noise [120].

Sx(f) =
2kBTWdiss

f 2π2F 2
0

(6.13)

Where kB is the Boltzmann constant, T is the temperature, f is the frequency, andWdiss =

2πfφEstrain is the dissipated power when an oscillatory force with peak magnitude F0 acts

on the front face of the test mass mirror and Estrain is the energy of elastic deformation

when the test mass is maximally contracted or extended due to that force [120]. The

value for Estrain can be found through FEA modeling but for a given test mass design all

other values are known with the exception of the loss factor of interest, φ, which has now

been measured for the bond loss between sapphire pieces.
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The strain in the interferometer arms is then given by [215, 216, 217],

2Sx(f)

Larm

(6.14)

Where Larm is the length of one of the interferometer arms. So, for example, for an inter-

ferometer with the design of the KAGRA detector with 3 km arm lengths, 21 kg sapphire

test masses with diameter of 220 mm and thickness 150 mm, assuming a beam radius of

38 mm and a bond area of 30 mm×80 mm with an operating temperature of 20 K [218], a

strain energy of 5.8×10−19 J [217] with a bond loss, as measured in the experiments de-

scribed above of ∼1.3×10−3 (see figure 6.10), there is a strain of ∼3.7×10−26 at 100 Hz.

In the case of KAGRA, the design requirement is 2×10−25 and hence these results sug-

gest that hydroxide catalysis bonds between sapphire pieces will meet the thermal noise

requirements of such a detector.

6.9. Conclusions

Assuming a pair of sapphire discs with Young’s modulus ∼400 GPa, with one disc of

thickness 1.01 mm and one 0.49 mm and with both having a diameter of 50.8 mm (the

actual, measured dimensions of the discs with which these experiments were carried out)

alongside a bond layer with a Young’s modulus of 7.9 GPa and a thickness of 300 nm,

strain energy ratios were calculated using FEA models. A bond thickness of 300 nm

resulted in the resonant frequencies predicted being closest to those actually measured

experimentally, and is similar to the flatnesses measured for the discs used.

Since, as mentioned earlier, it is not straightforward to accurately model how the tungsten

support fibres restrict the motion of the disc two models were produced; one in which the
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bonded discs were clamped and one in which they were not. The models in which the

discs are clamped predict resonant modes closer in frequency to those that were actually

measured experimentally however it is clear that the fibres do not truly clamp the disc.

Certain resonant modes will be strongly damped by the fibres depending on the shapes

of the modes and where the greatest points of motion are. When attempts were made to

excite modes some of those predicted by the FEA analysis would not excite, it is likely

that these are the modes that were strongly damped. Since the disc motion is somewhat,

but not entirely, restricted by the fibres, bond loss values using results from both the

clamped and unclamped FEA models are presented in the preceding section.

The mechanical loss of a hydroxide catalysis bond between two sapphire discs decreases

with decreasing temperature. At room temperature bond losses of approximately 2.5×10−2

were found. At cryogenic temperatures this decreases down to as low as ∼2.5×10−4. This

is an initial measurement which is limited by the small number of modes that were mea-

surable, the bubbles in the intended bonding area, the flatness of the discs, the potential

variations in bond thickness across the plane of the discs, and so on. However, these

results are similar to results found by Haughian et al [200] in which the mechanical loss

of bonds between sapphire cylinders was found to be ∼3×10−2 at room temperature and

∼3×10−4 at 20 K. As an initial measurement this gives some indication of what behaviour

might be expected of bonds in a gravitational wave suspension system that uses hydroxide

catalysis bonds between sapphire components.

In the case of an interferometer with the current KAGRA design, these bonds are a factor

of 5 better than is required by the thermal noise budget. While it is possible that this

could be improved further should higher quality bonds be produced, it indicates that

hydroxide catalysis bonding is a suitable technique for use in cryogenic interferometric

gravitational wave detector suspensions.
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hydroxide catalysis bonds

7.1. Introduction

Silicon is a material of interest for future gravitational wave detector test mass suspen-

sion systems intended for cryogenic operation [90]. It has desirable thermo-mechanical

properties, including low mechanical loss, at cryogenic temperatures [136, 219, 220, 221].

This is in contrast to fused silica, which has a broad mechanical loss peak centred around

∼40 K [106]. In particular, the Einstein Telescope (ET) is likely to have silicon suspen-

sions [90, 68]. Silicon may also be an interesting candidate material for future upgrades

of existing detectors as these may also operate in the cryogenic regime.

For use in such a detector, investigations into hydroxide catalysis bonds between silicon

surfaces are underway. The strength of the bonds at both room temperature and at

liquid nitrogen temperatures, as well as the thickness of bonds, have already been studied

to some extent [137, 182, 158, 186, 117]. Beveridge et al reported that sodium silicate

bonds between silicon were measured to have an average thickness of ∼47 nm and tensile

strengths of ∼36 MPa [158]. In previous experiments, van Veggel et al reported strengths

of between 30 MPa to 50 MPa, and also noticed that bonds regularly had wedged cross
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sections, with the bond thickness varying across the bond area [137]. Dari et al found

strengths of ∼9 MPa using KOH rather than sodium silicate solution and using a different

strength testing apparatus [182].

Unlike sapphire and fused silica, untreated silicon cannot be directly bonded using the

hydroxide catalysis bonding technique [139, 117]. Therefore, some additional steps are

required to adapt the bonding procedure such that bond formation between silicon sur-

faces is possible. For successful bonds to be formed an SiO2 oxide layer must first be

deposited or grown on the silicon surface [117, 154]. The hydroxide can then react with

this SiO2 layer to form the bond [139]. Otherwise, bonding solutions may react with the

silicon to form hydrogen bubbles which may lead to a foam forming within the bonding

solution and bond layer.

Previous studies into the possible methods of growing or depositing an oxide layer on

silicon were carried out by Beveridge et al ; wet thermal oxides were tested and it was

discovered that a minimum oxide thickness of 50 nm was needed for successful bond

formation [158]. Further studies investigated a range of oxidation methods, including

dry thermal oxide, ion beam sputtered and e-beam deposited. The dry thermal oxide

technique consistently led to bonds with the greatest strengths [186]. Ion beam sputtered

coatings were also associated with high quality bonds but the process must be outsourced

and is more costly. For these reason, for the bonds described in this chapter, the silicon

samples were oxidised before bonding using the dry thermal oxide technique.

As with sapphire suspensions, any silicon suspension intended for cryogenic operation is

likely to undergo multiple thermal cycles during its installation. Hence it is important

to understand the effect of thermal cycling on bond strength. The details of experiments

into this effect is are discussed in this chapter.
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7.2. Silicon samples for hydroxide catalysis bonding

experiments

An undoped 〈111〉 Czochralski-grown silicon ingot with thickness 150 mm and diameter

150 mm was procured from Prolog1 and from this 140 〈111〉 silicon samples were cut

and polished by Spanoptic2. The samples were cuboids with dimensions 5×10×20 mm

(see figure 7.1). They had 0.2 mm chamfers on the intended bonding face, which was

nominally polished to a peak-to-peak flatness of 60 nm, a degree of flatness used in past

samples with which successful bonds have been produced [138, 154, 137]. The other faces

were not polished and had a ground finish.

5 mm

10 mm
20 mm

40 mm

Figure 7.1.: Diagram of the 〈111〉 silicon samples used for experiments involving thermal
cycling of hydroxide catalysis bonds between silicon. The 5×10 face of the
samples are parallel to the 〈111〉 plane.

The samples’ dimensions were measured with calipers, their bonding surface flatnesses

were measured with a ZYGO GPI XP/D interferometer. The mean flatness of the in-

tended bonding surface was 46 nm with a standard deviation of 11 nm (excluding four

samples with unusually poor flatnesses of 185, 261, 285 and 445 nm). See figure 7.2 for

an example of a flatness surface profile and 7.3 for a histogram showing the distribution

of flatnesses of the samples.

1http://semicor.en.ec21.com
2http://www.spanoptic.com
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Figure 7.2.: An example of the flatness profile of the intended bonding surface of one of
the silicon samples. The surface shown here is the 5×10 mm bonding surface
of one of the samples.
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Figure 7.3.: Histogram showing the distribution of flatnesses of the intended bonding
surface of the silicon samples. Four sample flatnesses are not represented
here as they had unusually poor values (185, 261, 285 and 445 nm) and were
not used.
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The samples were also visually assessed to check for any chips or cracks - those samples

which did have chips or cracks in the surface were not used for bonding experiments;

a total of three samples were removed for this reason. The flatness information was

recorded alongside information on the sample condition and was associated with a sample

identification number which was scribed onto the sample surface, so that it could be

referred to later, should any bonds have unusually high or low strength to the extent that

this would merit further investigation of the samples used to make the bond.

7.3. Oxidation of silicon surfaces

Before any samples intended for bonding were oxidised, pieces of 〈111〉 silicon cantilever

were used to characterise the oxidation rate of samples in a quartz tube furnace (Carbolite-

Gero3). Oxidation rates of silicon have been found to be highly dependent on temperature

and humidity and it should be expected that different ovens will give different oxidation

rates [222]. The longer samples spend in the furnace, the thicker the oxide layer on the

surfaces. In the first instance it was found that an oxide layer of 150 nm would grow in

∼3 hours. Since it was found that an oxide layer at least 50 nm thick was required for

successful bonds, this gave a safety factor of three.

Later, one of the furnace seals was changed and a second characterisation was carried out

- it was found that an oxide layer of 150 nm would now grow in ∼5 hours. It is likely that

the change in seal altered the rate of air flow, however this was not directly measured.

In all cases the oven was allowed to stabilise over one hour after having been set to heat

to 1000 ◦C. See appendix C for more details on oven characterisation.

Before any samples or characterisation pieces were inserted into the oven for oxidation

the temperature was set to 1000 ◦C and was allowed to heat for one hour in order to

3carbolite-gero.com
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ensure that the temperature had fully stabilised. Oxidation was carried out at ambient

pressure, however the air in the oven was not circulated through the tube.

Apart from the seal being changed and the oxidation time being correspondingly in-

creased, there was at no point any other change to the procedure for growing the dry

thermal oxide. The oxide thickness on each of the silicon cantilever pieces was measured

using an elipsometer (Sentech SE 400adv4).

The silicon samples described in this chapter were first cleaned in “piranha solution” - a

1:7 volumetric ratio of hydrogen peroxide and sulphuric acid - for ∼10 minutes, to remove

any surface contaminants. The samples were then rinsed, first in copious quantities of

de-ionised water in order to remove any remaining piranha solution, and secondly in

methanol to prevent water marks from forming. They were then placed onto a silica rack

and were baked in the quartz tube furnace at 1000 ◦C in a dry air environment.

The samples were oxidised in batches of no more than 10 samples simultaneously. In

total 16 batches of samples were oxidised; the first 8 batches were used to make the first

round of bonds and the second 8 batches were oxidised to produce the second round of

bonds. The oven seal was replaced between the oxidation of the 5th and 6th batches.

After oxidising the samples, the thickness of oxide was measured for each sample and this

information was also associated with the samples’ identification numbers. The average

oxide thickness was 147 nm, with a standard deviation of 25 nm across the sample set.

See figure 7.4 for a histogram showing the distribution of oxide thicknesses.

4http://www.sentech.com/
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Figure 7.4.: Histogram showing the distribution of oxide layer thicknesses on silicon sam-
ples after oxidation

7.4. Bonding of silicon surfaces

The samples were cleaned according to the standard cleaning procedure, as used for

cleaning sapphire samples for bonding (detailed in section 3.2.1). They were then bonded

in a clean room environment, using sodium silicate solution at room temperature (see

section 3.2.3 for full details of this procedure) and the bonds were allowed to cure at room

temperature for four weeks. During the first week of curing they were held in aluminium

alignment jigs. They were then wrapped in individual Anticon Gold StandardWeight

clean-room wipes and stored in a sample box for the remaining three weeks.

For the first set of thermal cycling experiments, 40 bonds were produced (using a total of

80 silicon samples): 10 bonds to be thermally cycled 3 times, 10 to be thermally cycled

10 times, 10 to be thermally cycled 20 times and 10 which were not cycled and acted as

a control set. The samples in the control set were treated in exactly the same way as

the samples for thermal cycling and the bonding procedure used was exactly the same.
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Later a further 29 bonds were produced (using a total of 58 silicon samples) to improve

statistics; 7 to be thermally cycled 3 times, 8 to be thermally cycled 10 times, 7 to be

thermally cycled 20 times and 7 in the control set.

Nothing about the procedure was changed between the first and second run of the ex-

periment except some samples in the first set and all samples in the second set were

oxidised after the oven seal was changed (see section 7.3 and appendix C) however the

oxide thicknesses before and after the seal change are similar and no other differences

were observed in the two sets.

The bonds for each group (control, 3 cycles, 10 cycles and 20 cycles) were randomly

selected from the full set of bonds. This was to avoid any effects associated with the

different batches of samples that were oxidised simultaneously.

7.5. Thermal cycling procedure

When the bonds had fully cured, they were transported to the University of Jena, Ger-

many for thermal cycling between room temperature and ∼4 K.

Each thermal cycle took ∼2 hours; one hour to bring the bonded samples close to liquid

helium temperature (∼10 K) and one to return them to room temperature. This was

achieved by mounting the samples in a holder with a temperature sensor and lowering

this directly into a dewar of liquid helium. The samples were secured in the sample

holder with Teflon tape (see figure 7.5). This was then closed by screwing a closed-ended

aluminium tube over the entire holder.
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A temperature sensor was mounted under the tape and directly underneath one of the

samples, allowing the temperature to be monitored at all times during the cycling. The

level of helium in the dewar was also monitored using this temperature sensor, as over

time the helium would boil off. Monitoring the helium level to allowed adjustment of the

rate at which the samples were moved such that in each cycle the samples spent the same

length of time at liquid helium temperatures. The sample holder was then drawn out of

the helium to the top of the dewar and was allowed to return to room temperature.

Figure 7.5.: Sample holder for thermally cycling bonds between silicon. A maximum of
ten samples were cycled per set, with 7 mounted on one face and 3 mounted
on the opposite face (not visible). The top image shows the samples as
mounted into the holder and the bottom shows the holder closed

A wait period was added so that the sample holder spent some time stationary, both

at the top of the dewar and while submerged in liquid helium. This was done in an

attempt to ensure that the samples came to equilibrium at their maximum and minimum

temperatures for each cycle. In fact, while the temperature of the samples reached an

equilibrium at the bottom of the dewar during each cycle, the temperature at the top of

the dewar had not fully stabilised at the top of the dewar before the next cycle began.

See figure 7.6 for an example of how the temperature of the sample holder changed during

the thermal cycles.
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Figure 7.6.: An example of the change in temperature of a set of bonded silicon samples
over time during three thermal cycles, as recorded via the temperature sensor
in the sample holder with the samples.

7.5.1. Strength testing

After the thermal cycling process the bonded samples were re-packed in Anticon Gold

StandardWeight clean room wipes, returned to the sample boxes and transported back

to Glasgow for strength testing. This was carried out five weeks after the bonds were

formed. The tensile strengths were obtained using the 4-point bending test at room

temperature, in the same way as described in Chapter 3, section 3.6.

7.5.2. Breaking mechanisms

In contrast to bonding experiments with sapphire pieces, in which the tensile strength

testing procedure rarely resulted in damage to the bulk substrate, silicon was often dam-

aged by the strength testing procedure. Three breaking mechanisms were identified:

“Bond failure,” in which the samples were separated cleanly across the bond. Typically
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after breaking this would feature visible “bubbles” where the bonding solution had failed

to spread across the full intended bonding surface; “oxide failure,” in which the oxide layer

appeared to have failed - indicated by a sharp change of colour - and “diagonal break,”

in which there was significant damage to the bulk silicon. These are the same breaking

mechanisms as those identified by Beveridge et al in previous experiments in hydroxide

catalysis bonding of silicon [186]. See figure 7.7 for photographs of these three types of

breaks. For each bond the breaking mechanism was recorded, in case this mechanism

might be associated with bonds of a greater or lesser strength; if a bond is incomplete

and fails this is likely to have a negative impact on the strength measured, this has been

seen in bonds formed between fused silica samples in the past [157].

Figure 7.7.: Photographs of silicon surfaces after being bonded, thermally cycled and the
bonds having been broken. From left-to right, image a) shows a bond failure,
probably because the bond was incomplete; the white arrow indicates marks
on the surface formed by bubbles in the bond. Image b) shows a typical
diagonal break, where the bulk material has failed. Image c) shows damage
to the oxide layer, the white arrow indicates the sharp change in colour that
shows where the oxide layer has failed.

In figure 7.7a, it appears that the bond was incomplete - evidence of bubbles is still

visible. In figure 7.7b, the bulk of the sample is damaged - this is a typical diagonal

break and is similar to that which is observed when high quality bonds with fused silica

are broken. In figure 7.7c the oxide layer on the silicon seems to be damaged.
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7.6. Results

7.6.1. Bond Strength

The measured tensile strength results are shown in figure 7.8 in which the strengths of

the first set of bonds measured are shown in blue and the strengths of the second set of

bonds are shown in green. Figure 7.9 shows the two sets are combined.
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Figure 7.8.: Tensile strengths of silicon-silicon bonds after thermal cycling. The error
bars shown here indicate the standard error on the mean. Blue points show
the first round of bonds, green points show the second

The strengths obtained in the two rounds of the experiment were obtained in the same way

and as such there is no reason to separate them. Hereafter when the strengths of bonds

are discussed both sets of strengths are combined. The mean measured tensile strength

of the control bonds was 17 MPa, the mean measured tensile strength of the bonds which

were thermally cycled 3 times was 19 MPa, the mean measured tensile strengths of the

bonds which were thermally cycled 10 times was 16 MPa and the mean measured tensile

strengths of the bonds which were thermally cycled 20 times was 15 MPa. See table 7.1
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Figure 7.9.: Tensile strengths of silicon-silicon bonds after thermal cycling. The error bars
shown here indicate the standard error on the mean. All measured strengths
are included here

for a summary of the mean, minimum and maximum strengths measured (these values

are combined values from both experimental data sets).

Table 7.1.: Table of breaking strengths for hydroxide catalysis bonds between silicon sam-
ples after 0, 3, 10 and 20 thermal cycles between room temperature and liquid
helium temperatures. All strength tests were carried out at room temperature.

Strength (MPa)
Number of cycles Mean Minimum Maximum σ σ√

n

0 17 4 28 7.9 1.9
3 19 6 24 5.9 1.5
10 16 5 30 7.7 1.9
20 15 3 32 9.1 2.2

7.6.2. The effect of breaking mechanism on bond strength

Figure 7.7 shows photographs of the samples’ surfaces after breaking via the three different

breaking mechanisms that were identified; “bond failure”, “diagonal break” and “oxide

failure”. In this set of strength measurements a total of 16 bonds broke in this way

via the “bond failure” mechanism. A total of 37 bonds broke via the “diagonal break”

185



7. Thermal cycling of silicon-silicon hydroxide catalysis bonds

mechanism, damaging the bulk silicon material, suggesting that the bond was at least

as strong as the silicon itself in these cases. There were 14 cases where the oxide layer

appeared to have failed. It is possible that in these cases the strength measured was

therefore the strength of the oxide, rather than the strength of the bond.

As such it may be the case that the bonds which broke by the typical diagonal mechanism

(in which the bulk of the sample is damaged, rather than the samples simple separating

at the bond interface, see figure 7.7b) give the most reliable representation of the bond

strengths. Figure 7.10 shows the measured tensile strengths of each silicon-silicon bond,

with the different possible breaking mechanisms indicated. This image shows that the

samples with bond failures tend to have lower strengths, which is consistent with what

has been seen in the past [186, 157]. For contrast, figure 7.11 shows the strengths of

thermally cycled bonds which broke via the diagonal breaking mechanism with measured

strengths from other types of breaks omitted.
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Figure 7.10.: Tensile strengths of silicon-silicon bonds after thermal cycling the three
possible breaking mechanisms (“diagonal break”, “oxide failure” and “bond
failure”) shown separately.

When considering exclusively those bonds which broke “diagonally” (i.e., those in which

the strength testing procedure resulted in damage to the bulk silicon samples) the differ-
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Figure 7.11.: Tensile strengths of silicon-silicon bonds after thermal cycling with poorer
quality bonds (i.e. those where the oxide failed or those bonds which con-
tained bubbles) excluded. The error bars shown here are the standard error
on the mean.

ences between the strengths associated with different numbers of thermal cycles is smaller.

Bonds which were not thermally cycled and broke via this mechanism had a mean strength

of 21 MPa, those which were thermally cycled 3 times had a mean strength of 22 MPa,

those which were thermally cycled 10 times had a mean strength of 18 MPa and those

which were thermally cycled 20 times had a mean strength of 18 MPa. See table 7.2 for

a table summarising the mean, minimum and maximum measured tensile strengths in

each case.

Although the spread of measured strengths is greatest for bonds which were thermally

cycled 20 times, the strengths are within error of bonds which were not thermally cycled

and those which were thermally cycled 10 times. Hence, bond reliability appears to be

reduced through multiple cycles but it is not clear that the average strength of the bonds

is significantly reduced.
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Table 7.2.: Table of breaking strengths for hydroxide catalysis bonds between silicon sam-
ples after 0, 3, 10 and 20 thermal cycles between room temperature and liquid
helium temperatures. The values in this table include only those bonds which
broke via the “diagonal” breaking mechanism. All strengths were measured
at room temperature.

Strength (MPa)
Number of cycles Mean Minimum Maximum σ σ√

N

0 21 10 28 5.8 1.9
3 22 18 27 2.4 0.7
10 18 5 30 7.7 2.2
20 17 3 32 10.5 3.1

7.6.3. Conclusions

Thermal cycling appears not to have a negative effect on the average strengths of bonds

even up to 20 cycles, provided those cycles are carried out slowly and the bonds are

not thermally shocked. However, there is a clear spread in the strengths obtained. It is

possible that part of the cause of this may be poor bond quality. When bonding fused

silica or sapphire it is easy to assess bond quality visually before breaking as the materials

are optically transparent. When using these materials poor quality bonds (e.g. bonds

that are incomplete or contain bubbles or other flaws) may be remade or removed from

the results easily. As silicon is optically opaque it is not so straightforward to assess bond

quality until after the bonds are broken.

Even when bonds which broke only via the “diagonal” breaking mechanism (i.e. those

which may be assumed to be high quality) are considered, there is still a significant spread

in measured strengths and the standard error on the mean is similar with or without those

strengths associated with other breaking mechanisms. This spread is more pronounced

for those bonds which underwent more thermal cycles. Thus thermal cycling may cause

less reliable bond strength.

It should be noted however, that on average the strength results shown in figure 7.11

(those strengths associated with “diagonal” bond breaks), have superior strengths, on
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average, than those shown in figure 7.9 (all strengths). It is possible that strength is less

affected by thermal cycling when a high quality bond is formed.

These results highlight the importance of assessing bond quality. One option for doing

so when bonding silicon may be the use of an infrared camera, as silicon is transparent

at infrared wavelengths. If bubbles or imperfections are detected, the bonded surfaces

should be separated and cleaned and the bonds should be remade. This, however, may

not necessarily detect flawed oxides and as such a different method for detecting these

is necessary. This is especially desirable since, as can be seen from figures 7.10 and

7.11, including those bonds which broke via oxide failure reduces the average strength

measured and increases the spread of the results.
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Great successes in gravitational wave detection have already been seen through the use

of ground based interferometric detectors that utilise fused silica test masses and suspen-

sions. The next steps in gravitational wave detection involve improving the sensitivity of

the detectors even further. One way of doing this is to operate the detectors at cryogenic

temperatures in order to reduce thermal noise. This will necessitate the use of a differ-

ent material for the suspensions as fused silica exhibits a large, broad loss peak centred

around 40 K. It is likely that the material of choice will be sapphire or silicon and indeed

a sapphire based detector is already being built in Japan (KAGRA).

Within this thesis a selection of experiments investigating hydroxide catalysis bonds

between sapphire pieces, and those between silicon pieces, have been described. These

experiments mostly assessed the strength of bonds. This not only helps to ensure that the

bonds will be sufficiently strong to support the test masses, but also informs suspension

design; if bonds are stronger the bond area can be smaller which in turn has a positive

impact on thermal noise performance.

It was found that hydroxide catalysis bonds between sapphire samples can be extremely

strong both at room temperature and at cryogenic temperatures. Average tensile strengths

of 74 MPa were recorded at room temperature when bonds were formed using sodium sil-

icate solution. The same solution was used to produce bonds that were measured to have
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strengths of 73 MPa at 77 K. The high strength of bonds produced using this chemical,

when compared to other chemicals, led to its use in the experiments that followed.

The effects of bonding different crystalline planes of sapphire were then considered in

terms of bond strength. In general, for the planes studied, it was found that matched-

plane bonds had average strengths that were higher than mixed-plane bonds; 74 MPa for

m-plane to m-plane bonds as had initially been found and 107 MPa for c-plane to c-plane

bonds, compared to 42 MPa and 60 MPa for a-plane to c-plane and m-plane to c-plane

bonds, respectively. It should be noted, though, that the c-plane to c-plane bonds also

exhibited the greatest spread in strength results of any bonds tested. The cause of this

is not immediately clear, although it may be due to rotational mis-match of the c-axis

in these bonds. However, the design plans for the KAGRA detector meant that mixed-

plane bonds were of significant interest. It is therefore encouraging that even the lowest

strengths measured still meet the KAGRA design specification of having strengths of at

least 1 MPa with a significant safety factor.

Since any gravitational wave detector intended for cryogenic operation is likely to undergo

many thermal cycles during its lifetime, the effect of these cycles was of interest. The

effect on strength of carrying out 3 thermal cycles was found to be associated with an

apparent drop in strength. Uncycled bonds were measured to have an average strength

of 74 MPa compared to bonds which were cycled three times and had an average strength

of 36 MPa. However, this strength is still sufficient to support a test mass in a typical

suspension design and it is not currently clear whether this decrease in strength would

continue with subsequent cycles. More experiments are planned for the future but these

are outwith the scope of this thesis.

The possibility of repairing damaged bonds, or re-bonding the same samples in a situation

where the suspension design is changed, was then considered. It was found that re-

bonding was possible and that the resulting bonds could be strong with average strengths
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of the order of 40 MPa. However, while changes in bonding solution may lead to different

average strengths as repeated rounds of bonding and separating samples are carried out,

each round of re-bonding with sodium silicate solution was associated with a decrease in

average strength. While re-bonding is possible, it is not advisable to continuously reuse

the same sapphire pieces multiple times.

When hydroxide catalysis bonds are formed between fused silica samples and these bonds

are cured at room temperature, the strength of the bonds increases for the first 4 weeks.

After this period any change in strength has not been found to be significant. However,

the chemistry of bond formation with sapphire samples is slightly different. It was found

that the average strength of sapphire-sapphire bonds is actually slightly reduced after

two weeks of curing, right up to twelve weeks of curing (average strengths of 44 MPa were

measured after 2 weeks, compared to 24 MPa after twelve). It is possible that this is due

to how water leaves the bond. Additionally, a heat treatment of 7 days at 40 K after

curing for 7 days at room temperature was found to give strengths consistent with bonds

that had been cured for four weeks at room temperature. Again, all strengths measured

were still sufficiently strong for bonds used in typical suspension. The strengths of bonds

cured for shorter (and longer) periods are of interest.

To understand the possible sensitivity of a future detector it is necessary to understand

the thermal noise performance and the mechanical loss of the bond material will con-

tribute to this. Sapphire discs were bonded and the mechanical losses of the bonded

discs were measured between room temperature and close to liquid helium temperatures.

The mechanical losses measured were compared to those of a blank disc (one which did

not contain a bond layer) with the same geometry. Finite element analysis of models of

the discs were used alongside this information to give a value for the mechanical loss of a

bond. This was carried out between room temperature and liquid helium temperatures

and the value was found to be between ∼1.2×10−4 and ∼1.1×10−3. These loss values

lead to a thermal noise contribution for hydroxide catalysis bonds between sapphire, of
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∼3.7×10−26 at 100 Hz for a suspension like those in the current KAGRA design. In the

case of KAGRA, the design requirement is 2×10−25 and hence these results suggest that

hydroxide catalysis bonds between sapphire pieces will meet the thermal noise require-

ments of such a detector.

Silicon is also of interest for possible future detectors and some research has already

been carried out on the strength of hydroxide catalysis bonds formed between silicon

pieces. However, the effect of thermal cycling on bond strength for silicon samples was

investigated here for the first time. Strengths were measured after 3, 10 and 20 cycles

between room temperature and ∼10 K and were compared to strengths of bonds which

were not cycled. It was found that the average strength does not alter significantly with

increased numbers of thermal cycles. However, there is a wide spread in the strengths

measured. It is possible that this is because silicon is not optically transparent and hence,

unlike bonds made with fused silica or sapphire, it is challenging to visually assess bond

quality. This highlights the need for some other method of assessment, possibly involving

the use of an infrared camera.

The results of these experiments demonstrate the continued suitability of the hydroxide

catalysis bonding technique in the fabrication of suspensions for future gravitational wave

detectors intended for cryogenic operation. The use of silicon and sapphire test masses

and suspension elements alongside hydroxide catalysis bonds is possible, the bonds are

strong and, given suitable suspension designs, the bond loss should not be a limiting

factor on detector sensitivity. To continue to improve the sensitivity of detectors, and

thus allow the use of gravitational wave detectors to do astronomy, a move to cryogenic

detectors is necessary. Hydroxide catalysis bonding will allow the suspensions of such

detectors to be built with very similar designs to those used in the past.
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A. Temperature calibration runs for

low temperature mechanical loss

experiments with sapphire discs

Sapphire discs described in Chapter 6 were used for measuring the mechanical loss of

hydroxide catalysis bonds between sapphire. Since mounting temperature sensors directly

onto the sapphire discs would result in the resonant modes of the discs being heavily

damped, some temperature calibrations were required.

To run temperature calibrations a temperature sensor was mounted on the back face

of the sapphire disc of interest. This disc was then suspended using the nodal support

suspension system, as described in Chapter 6. The cryostat was the operated exactly as it

would be if mechanical loss measurements were being carried out, with the exception that

no resonant modes were excited or monitored. Rather, the cryostat was first evacuated,

then cooled to liquid nitrogen temperatures, then to liquid helium temperatures. Finally,

contact gas was used to further reduce the temperature in the experimental space within

the cryostat and, when the temperature had stabilised, the cryogens were allowed to

naturally boil off and the full system was allowed to return to room temperature.
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During this procedure, temperature sensors on the helium and nitrogen shields and tem-

perature sensors on the sapphire discs and the clamping blocks were monitored. The

temperatures were recorded throughout, alongside time and pressure data. This informa-

tion allowed the approximate temperature of the disc to be deduced during the mechanical

loss measurements, when no temperature sensor was mounted on its surface.

In total, four temperature calibrations were carried out; two temperature calibrations

using a sapphire discs with a thickness of 1.5 mm and a diameter of 50.8 mm, one tem-

perature calibration using a sapphire disc with a thickness of 0.5 mm and a diameter of

50.8 mm and one temperature calibration using a pair of bonded sapphire discs with a

combined thickness of 1.5 mm and a thickness of 0.5 mm. More details about these discs

are given in section 5.3 in Chapter 6.

The temperature data for these temperature calibrations is presented in figures A.1-A.4.

Figure A.1.: Data from the first of the temperature calibrations. The disc used in this
calibration run was a sapphire disc, 1.5 mm thick with a radius of 50.8 mm.

196



A. Temperature calibration runs for low temperature mechanical loss experiments with sapphire discs

Figure A.2.: Data from the second of the temperature calibrations. The disc used in this
calibration run was a sapphire disc, 1.5 mm thick with a radius of 50.8 mm.

Figure A.3.: Data from the third of the temperature calibrations. The disc used in this
calibration run was a sapphire disc, 0.5 mm thick with a radius of 50.8 mm.
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In figure A.4 one of the temperature sensors, that which would normally be mounted on

the clamping block, was instead mounted on the cryostat window in order to discover

how much heat was entering the experiment space via the windows.

Figure A.4.: Data from the fourth of the temperature calibrations. The discs used in
this calibration run was a pair of bonded sapphire discs with a combined
thickness of, 1.5 mm and a radius of 50.8 mm.

The temperature sensor on the window indicated that the temperature of the window

was slightly higher than that of the clamp. When the clamp would be expected to be

at liquid nitrogen temperatures, the window was at ∼119 K. This value was used in

chapter 6, section 6.5.2 to help to understand the cooling rates of the different parts of

the experimental set up.

The various spikes in the calibration curves indicate when a cryogen either ran out, or

was pumped out of the cryostat. The subsequent drops in temperature indicate that

the cryogen space was refilled. At the end of each temperature calibration the remaining

cryogens were allowed to boil off naturally and the cryostat returned to room temperature.
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B. Additional FEA calculations

B.1. The effect of Young’s modulus on strain energy

ratio

In this experiment, FEA models were built in which the two sapphire discs both had a

diameter of 50.8 mm and a combined total thickness of 1.5 mm, but the thickness of each

disc was varied. The bond had a constant thickness of 60 nm and in this instance the

Young’s modulus of the bond was varied to find the effect of Young’s modulus on strain

energy ratios. So, where in the previous section the strain energy was considered as a

function of the location of the bond in the samples, now different assumed bond Young’s

modulus values, (7.9, 27, 72, and 400 GPa), were considered.

A Young’s modulus of 7.9 GPa is the measured value of hydroxide catalysis bonds between

fused silica [199], 72 GPa is the Young’s modulus of fused silica and 400 GPa is that of

sapphire. Figures B.1–B.4 contain plots showing how the strain energy ratios alter with

the ratio of Young’s modulus between the sapphire substrate and the bond material.

As is clear to see from figures B.1–B.4 , the ratio between the Young’s modulus of the bond

material and the Young’s modulus of the substrate has a clear effect on how much energy

is stored in bond compared to how much is stored in the substrate. This explains why
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B. Additional FEA calculations
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Figure B.1.: The results of FEA models into the effect on strain energy ratio of changing
the position of the bond between bonded sapphire discs, where the Young’s
modulus of the bond is 7.9 GPa and the Young’s modulus of the sapphire
discs is ∼400 GPa
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Figure B.2.: The results of FEA models into the effect on strain energy ratio of changing
the position of the bond between bonded sapphire discs, where the Young’s
modulus of the bond is 25 GPa and the Young’s modulus of the sapphire
discs is ∼400 GPa
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Figure B.3.: The results of FEA models into the effect on strain energy ratio of changing
the position of the bond between bonded sapphire discs, where the Young’s
modulus of the bond is 72 GPa and the Young’s modulus of the sapphire
discs is ∼400 GPa
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Figure B.4.: The results of FEA models into the effect on strain energy ratio of changing
the position of the bond between bonded sapphire discs, where both the
Young’s modulus of the bond and the Young’s modulus of the sapphire discs
is ∼400 GPa. Here, the points overlap, as would be expected as this is
equivalent to a solid sapphire disc.
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B. Additional FEA calculations

a different effect is seen when considering similar models using fused silica discs, rather

than sapphire discs, in which moving the bond layer further from the centre corresponds

to an increase in strain energy ratio.

As a check, models with fused silica discs were built to investigate this effect. Figure

B.5 shows that as the ratio of Young’s modulus of the bond changes with respect to the

Young’s modulus of the fused silica, this effect also begins to occur with silica discs.
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Figure B.5.: The results of FEA models into the effect on strain energy ratio of changing
the position of the bond between bonded silica discs, where the Young’s
modulus of the bond material is also changed with respect to the Young’s
modulus of the fused silica. Here, only the first resonant mode is shown.

B.2. The effect of bond thickness on strain energy ratio

This final experiment involved varying the thickness of the bond layer in a series of

FEA models. These involved sapphire discs with diameter 50.8 mm with one disc with a

thickness of 1.0 mm and one with a thickness or 0.5 mm. The bond layer thickness was

varied between 60 nm and 1µm. The results of these models can be seen in figure B.6,
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B. Additional FEA calculations

in which two of the resonant modes predicted by the FEA analysis were considered; one

at ∼6 kHz and one at ∼14 kHz (for bonds of different thicknesses the exact frequency of

these modes changes somewhat).

0 200 400 600 800 1000 1200

Thickness of bond layer (nm)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

S
tr

ai
n 

en
er

gy
 r

at
io

×10-3

~6 kHz mode
14.5 kHz mode

Figure B.6.: The results of FEA models into the effect on strain energy ratio of changing
the thickness of the bond between bonded sapphire discs

From figure B.6 it can be seen that the portion of energy stored in the bond increases for

increasing bond thickness, as would be expected. In the past, hydroxide catalysis bonds

formed between fused silica samples have been measured to be ∼60 nm thick [199], similar

to the peak-to-peak flatness of the surfaces that were bonded. Since these discs were not

as flat as that, it is likely that the bond layer is thicker. The FEA models that use a

bond with a thickness of 300 nm predict resonant modes with frequencies most similar

to those actual measured when the sapphire discs described in section 5.3 were bonded

and their resonant modes were excited. The FEA models with other bond thicknesses

predicted resonant modes at frequencies that match the actually frequencies of the discs

less well. Additionally, the discs bonded were not as flat as typical samples and 300 nm is

closer to the flatnesses measured for the discs. For these reasons, the FEA models which

featured a bond with a thickness of 300 nm were used to calculate the mechanical loss of

the bond, as described in section 6.8.
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C. Oven characterisation for growing

oxide layers on silicon samples

Before any samples intended for bonding were oxidised, pieces of 〈111〉 silicon cantilever

were used to characterise oxidation rate of samples in the furnace. The longer samples

spend in the furnace, the thicker the oxide layer on the surfaces. In the first instance it

was found that an oxide layer of 150 nm would grow in ∼3 hours. Since it was found that

an oxide layer at least 50 nm thick was required for successful bonds, this gave a safety

factor of three. Later, one of the furnace seals was changed and a second characterisation

was carried out - it was found that an oxide layer of 150 nm would now grow in ∼5 hours

(it is possible that the older seal was allowing slightly more air to leak into the oven).

In all cases the oven was allowed to stabilise over one hour after having been set to heat

to 1000 ◦C. See figures C.1 and C.2 for plots showing the thickness of oxide layer as a

function of time, before and after the furnace seal was changed.

Apart from the seal being changed and the oxidation time being correspondingly in-

creased, there was at no point any other change to the procedure for growing the dry

thermal oxide. The oxide thickness on each of the silicon cantilever pieces was measured

using an elipsometer (Sentech SE 400adv1).

1http://www.sentech.com/
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C. Oven characterisation for growing oxide layers on silicon samples
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Figure C.1.: Thickness of oxide layer on 〈111〉 silicon pieces as a function of time spent
in a quartz furnace at 1000 ◦C, before the furnace seal was changed
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Figure C.2.: Thickness of oxide layer on 〈111〉 silicon pieces as a function of time spent
in a quartz furnace at 1000 ◦C, after the furnace seal was changed
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