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Abstract

Fundional surfacedgnteract with surrounding substances, suchragther solid, a liquidgas,
acoustic orelectromagnetic waves etdn order toachieve arequiredeffect Surfaces are
increasingly required with complex forms and ewmreasing precision, can be very
challenging to make. In particular, rggatial frequency (MSF) ripples are difficult to avoid
for various reasons, but especially the changing misfit betagaslishing tool as it moves

across a complex workpiece surface.

Current surface processing techniques are limited in their ability effectively to control or
remove MSF errors for the reasons: i) lack of the ability to conform to the complex working
surfaces, including grinding and lapping; ii) low material removal rate, such as Magneto
rheological finishing and fluid jet polishing; iii) high cost (typically for ion beam figuring); iv)
constrains for the size of the workpiece, such as stressed lap ppléstdnstressed mirror

polishing.

This thesis reports on the development of enhanced techniques, both to understand the
formation of MSF errors on aspherical surfaces, and to mitigat®,tincreasing overall

productionefficiency.This has been achieveg:b

1) Development of a novel stressed mirror technique providing a universal platform for

aspheric experiments.

2) Results and analysis &fnetic simulationgo understand the working mechanism of the

non-Newtonian material uret different stress conditions.

3) Developinga norNewtonian toal used in a novel wayp managemisfit betweenan
aspherical workpiece and the tool surface. RealalleyMSFerror on an oHaxis aspheric

partbetter tharlO nm has been achieved

4) Usingbonded diamond pads, with vargdiamond sizein Dgyolishingf(hybrid between
grinding and polishingprocedure t@achieve extremely higmaterial removal rasgup to

267 mni/min), and control MSF errors0 nm peakto-valley,on flat and spherical surfaces



5) Providing an asphericaligface after grolishing by a®icrons diamond padavith texture
of sufficiently qualityto be measuckdirectly by an interferometer, which usually be

achievednly after polishing.
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Chapter 1. Introduction

O- AN> 2 [//A5; D P

fHow could we observe theast universe?|

--W<[>+X 9BZ

--Poem from antiquity 3*+HDYHQO\ 4XHVWLRQ
By Qu Yuan

1.1 Functional Surfaces

More than 150 questions about the univaveeeraised in this poetry attributed to Qu
Yuan F x 278 BC}Y, a Chinese poet whived during the Warrig States period
and remembered as the origin of Dragon Boat FestMais questionwas raised
IR O ORZH® dulduthe universe be cted from nothing] D ®I&v gould we
understand the natural law of theniversef In order b give answers to these basic
philosophy questionshe first telescope was invented®glileo in 1609 3 to observe
the outer space. Since then, more telessopth largeraperturewere fabricated to
observe this vast universe trying to answesghdtimate question&: ® Microscopy

wasalsoinvented trying taexplore the mysteries of naturem the macro level tthe



guantum levelln these observations, precision opticsy@a important roléo enable

us to achieve clear images with good contrast and resolution.

When a surface can interact with the surrounding substances, such as fluid, gas,
electromagnetic waves etc., and achieve a certain effect, this sigfdenedas a
functionalsurface Reflectionor transmissiomwf the visible light is onef the important
functions that discussed in this thesis. Apart from it, the surface of a turbine, which
reacts witHiquids or air providing driving force, or a solar cell sagc€, which transfers
energy form from electromagnetic waves to electricity, can also be classified as

functional surfaces.

Functional surfaceare usedvidely, and theyhave impaconour lives n manyaspecs,
including manufacturing, medical, transpoidat national defence etc Some
exanplesare listedin Table 1.1. Functional surfaces includeut are not limited to

theseexamples

Table 1.1: List of examples fofunctional surfaces.

Surfaces Functions

Optical surface Reflectng or transmiting light
Surface of wurbine Reactwith air or water to provide a driving force
Surface of ®lar cell  Photoelectric conversion
Artificial joint surface = Reducefriction during the limb movement

Mould surface Limit the shape of the filler



1.2Mid-Spatial Frequency (MSH

1.2.1 Introduction of MSF

Surface errors can be introduced by many manufacturing procesheaing the
fabricationof functional surface¥! Theyare dividednto low, middle and high spatial
frequenciesLow-spatialfrequency errorseferto the surface fornerrors and high

spatialfrequency errorpointto the surface texture.

However, he definition ofMid-spatial frequencyMSF) errors is ambiguous in the
literature Ther range varieswith the size of part and tool used in the practical
productionGenerally, iis agreedthat MSFerrors are higher in fregncy tharzernike
polynomial specs and lower than surface roughnebgh bridges the gap between
traditional form errors and final surface finishifgFor the most of surface processing
technologies, the midpatial frequency ranges from 0.02/mm to 1/Ffi. Spatial
frequency below 0.02/mm refers to the lgpatial frequency, which is also known as
surface form. Spatial frequency above 1/mm refers to thedpghal frequency, which

represerd the roughness and surface texture.
1.2.2 Initiation of MSF
1.2.2.10verlap of tool influence functiorns

MSF errors usually appear to be periodic straight or circular ripples on sulfecés
the discontinuousverlap of the tool influence function in the direction perpendicular

to the movement dhe tool.

Tool influence function (TIF) usually comesboutwhenputtinga working tool on a
fixed position of the workpiecesurface. It represents thmaterial removalby a

3



polishing tool in a unit timeThe overall material removal during the process lwan

regardeds the integration of toahfluence funabns.

Take an examplef a process using a raster tool path, whscehownin Figure 1.1.

The material removal along the X direction is continuimusne trackapart from the
edge zongbut that inthe Y direction depends on the overlap of the tracks. The material
removal along the Y axis is more even if the track spasidgcreasedut in practice,

it can never be uniforpas shown ifrigure 1.2.

Figure 1.1: A rotatingtool thatworking on a surface with raster tool path.

= = =
Overlap of Tool Influence Functions along Y direction

Figure 1.2: The overall material removal cée regardeds the integration dabol influence
functions and it an nevebeuniform no matter how close theyerlapwith each other.



It also means that MSF error cannot be avoided using a regular tool path in surface
processing based on the relative movement between the workpiece surfaces and tools
to remove material Dunn and Walker have presented a random tool path
subaperture polishing and compare polishing with the random and raster toorl paths.
results shows that the random tool path could not only removing the MSF errors but
also be helpful to avoid MSHh isurface processing. However, the material removal is

not uniform in practical experiments, which limits its application for form corre&fon.

1.2.2.2Aspherical misfit

The asphere ia more complex surface profilewhich can reduce or eliminattéhe
spheical aberration and also redusrEmeoptical aberrationgastigmatism for example).
The utility of an aspherical part habviousadvantagesince a single aspheric surface

can often replaca number ospherical surfaces in an optical systérh!

Most of the spherical surfaces canregarded asonic sections of revolution, even
though some of therare fabricateds offaxis in practiceln the practical fabrication,
it is more concerned about the deviation of an asphericacguffom the spherical
surface. The aspherical sagivenin Eq. 1.
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whereS(r) is the sag the displacement of the surtadrom the vertex, at distance
from the axis. The coefficientd) describe the deviation of the surface from the axially

symmetric quadric surface specified byaRlK.

If the Uyare zero, then R is thadius of the curvature ari¢l represers the conic

constant, in which case, the surface is one of the gerspta¢ie decided by K.



Table 1.2: Generalspheralecided by conic constant K.

Hyperbola Parabola Ellipse Sphere Ellipse

However, itis difficult to process workpiece with asphetisarfaces, especially for the
large parts since small ones damdirectedmoulded in metal, glass or plastic. When
using a rigid tool, there will always be misfit between the tool and workpiece surfaces.
Changing the radius of the working tool could mé#ie curvature of the tool closer to

the workpiece surface, but never eliminate the misfit.

Aspherical Surface

Figure 1.2: Schematic diagram of aspherical misihanging the radius of the tool could reduce
but never elimiate the misfit.

In order toreduce the misfit, conformal tadre used, whicbhanadapt to the aspherical

or freeform workpiece surface. However, the deformation of the conformal layer is
easy to cause thmnuniform pressure distribution during theopessingThisleads to

the uneven material removal and generation of MSF errors accordidgJtél VW R Q |V
Equationt*® This equationraisedby Preston in 1927 gives the theoretical basis for

estimation of removal rates in the manufactuohgurfaces.
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where p(X, yrepresents the pressure or force per unit afgayyis the velocity of the
tool relative to the workpiece surfaégs a constant depends on the material of the tool

and workpiece surfacande h(x, y)is the rate of material removed
1.2.3 Influence of MSF on functional surfaces

Spatial frequency has influence on the performance of functional surfavespatial
frequency referso thesurface form, which cabe easily controlled or corrext by
many surface process technique§+® High-spatial frequency refers to the
roughness or surface textuRRegardless of the complexity of the surfacghtspatial
frequency couldoe improvedby many surface finishing techniques, such as shear
thickening polishing!” ¥ However, current technique could not eliminate the-mid
spatial frequency errors, even for the excellent smoothed optics, such Hsitible
Space Telescope primary mirté? Thereforejn this sectionthe discussion is focused

oninfluence ofthe midspatial frequency errors.

Foran optical system witlower frequency erroro( form error$, the peaks and nodes
of point spread functio(PSF)are retainegwhile high frequency erromsould scatter
the light out of the system, decreasthg overall light intensityThese errors can be
easly compensatethter in image processing. However, the MSF eroosle the peaks
and nodes of the point sad functioff?, which reduces the signal to noise ratio and

influences the contrast of the imadshown inFigure 1.3 andFigure 1.4).



Figure 1.3: Pointspread function with uncontrolled and controlled MSF effdrs.

By comparing thd®>SFresult of a mirror with MSF error of 9 nm RMS aaderfect
mirror in a simulation experimerKrist and Hook have demonstrateétbF errors cald
significantly affect themage. Theencircled energy ahe PSF reflected by the perfect
mirror is 30% more than the one reflected by the mirror with MSF dffbliscan be

seen fronFigure 1.4, how much the MSF errors could affect the contrast of the image.

Figure 1.4: Images observed with and without MSF errors on the telescope nfifror.

Accordingto the research of Jin Luo and-aworkers, the MSF errors will also affect
the quality of coating. In their report, a polished surface with MSF errors of 0.05 nm

leads to the coatingith PV of 25 nm and uniformity of 99.5%, while the polished
8



surface with MSF of 0.2 nm could only generate a coated layer with PV of 99 nm and

uniformity of 98%!24

The performance of other functional surfaisalso affect byifferent ranges dfpatial
frequenciesSincethe highspatialfrequency (roughness) and lespatial frequency

errors (surface form) can Ibeduced, the control of the MS&ffror becomes the key

For example, the MSF errors hawbfferent effects for an aircraft turbine blade.
According to Bai and Liuthe total pressure loss coefficient of cascade can tgath
129% forbladeswith spatial frequenciesomparing with smooth blades an aircraft

turbine, which leads to thiecrease of fuel consumptiotf®

Spatial frequency on the surface of as aircraft wing would leadstta momentum
lossesand increase of thearasite dragThe overall lift force on an aircraft wing with
spatial frequency could be reduced to only 50% of that omell smoothed wing

surface?® Moreinfluence of MSF errors on functional surfaces are listdthble 1.3.

Table 1.3: Influence of MSFon functional surfaces.

Surfaces I nfluence of MSF to functional surfaces

Affect the contrast of the image due to the light diffraction
reduce the uniformity of film coating for large optié%.
Loss of pressureoefficientand increase the fuel
consumptiori?®

Leads toextra momentum losses in the boundary |ayet
reduce the lift forcé?®

Optical surface
Surface of wurbine

Air craft wing surface

Artificial joint surface  Increasdriction during the limb movemert?

Mould surface Reduce the surface textuaad induce the same spatial
frequency errors to theroductsurface?®

Silicon Carbide catalyst Reducecatalyst efficiency??



It is worthemphassing that ruman eyes areery sensitive to MSF errors. Apart from
the influenceof MSF errors introduced abowmjd-spatial frequenciealsoreducethe

customer appreciation and tpetential value of the product.

1.3 Motivati on

It has been introducedhat midspatial frequency couldignificantly affect the
performance of a functional surface, but the generation of the MSF errors carbleardly
avoidedduring the manufacturing predures, especially for the workpiece with large
surfaces. Thus, it is critical to control the MSF in the manufacturing procedures.
However, itis demonstratemh Chapter 2 that current technologies could not effectively

reduce the MSF on functional surfacgith aneconomial method.

Grinding procedure usually introduce MSF errors to the functional surfaces. Some
techniques lack themoothability to control mid-spatial frequencies, such Bsnnet
polishing Magneterheological finishingandFluid jet polishing Stresed lap orpart
polishing @e not suitable for processing smiaihctional surfaceand cannot process
surfaces with steep curvatur®ther metods are either time consuming wery

expensive (lon beam figuring elctive atomic plasma technojdg

This research aisito develop areconomial techniqueo effectively control the MSF

errors on functional surfac@sas little time as possihle

10



1.4 Outline of this thesis

Chapter 1 articulates the problem foMSF control in manufacturing functional
surfacesand briefly explains the importance to control the Mi®Fpromote the

performance of the functional surfaces.

Chapter 2 summarises variouprocessing techniqudsr manufacturing functional
surfacesandintroduces the MSF errors control respesiyvThe metrology equipment
used in this thesis are introduced, including their uncertainty and applicafioas.
overview demonstrates thatig widely recognizedhat MSF errors aga hardly be

controlled during the processioffunctional surfaces.

Chapter 3 describe thgrolishingtechniqueand implements this technique usnngjd

tools with looseabrasive tocontrol midspatial frequency on flat surfaces

Chapter 4 presents the grolishing technique usagigid tool with bounetliamond
padsto contol the mid-spatialfrequency with faster volumetric material removal rate

andbettersurfacetexture.

Chapter 5 characteses the visceelastic propertya non-Newtonian material and
introducesthe simulation conducted inMSYS atmosphere aguidancefor research

on aspherical surfaces.

Chapter 6 demonstratethat grolishing technique usingn-Newtonianconformal tool

could successfully control the mgpatial errors oasphereand freeform surfaces.

Chapter 7 summaises the workprovides conclusiorsndsuggest thefuture work.

11
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Chapter 2. Overview of Mid -Spatial

Frequency Control in Manufacturing

2.1 Introduction

It hasbeen discusseth chapter 1 that it is a critical issue to controid-spatial
frequencies in the nmaifacturingof functionalsurfacedecause these MSF errors could

significantly affect the performance of functional surfaces used in various fields.

This chapter reviewseight different manufacturing technaes for processing
functional surfaces. The wking principle of theséechnologiesre firsty introduced
and thencomparedbased on their performanaa different aspectsn practical

applicatiors, especially for the abilityor controlling MSF errors.

The advantages and disadvantages of thesefawning methodsre comparedh
this chapter. It concludes thatrrent technologies could not effectively reduce the MSF
on functional surfaces with a fast amcbnomial approach and a new technigue needs

to be developed to fill this blank.

13



2.2MSF Control for Manufacturing Techniques

In this section, differemhanufacturing methods for processing functional surfaces
introduced Based on their working principles, the ability for controlling MSF errors

during the fabrication are discussed and coexbar
2.2.1Grinding

The grinding procedurés commonly introducetb machining the part rapidly to the
nearfinal shape, thickness, and curvatli Compared to the fingrinding or
polishing process, this grimey procedure normally uses diamond impregnated tools.
Theexposed diamond particles on the grinding tmalldremovematerial rapidly from

the workpiece surface on the scale of tens of midfidrid.

These grinding toolare clasgied into two configurationscup wheels and peripheral
wheels(shown inFigure 2.1). Cup wheels are used to process the surface of the part,
while peripheral wheelare normally usetbr trimming the edgesawing,andbevelling.

The conventional grinding procedsrare conducted by hand or oa single axis
machineThis processing techniqus suitable for gemating spherical anflat surfaces.
However, it is extremg time-consumingto fabricatea part withaspheical or free

form surface,because the surface needs todwmeasionally measureduring the
fabrication procedure tguide further processingrhe traditional surfacegrinding
techniqueis done by hanéndheavily depends on the experienced operators;hwhi

increases the processing raakd limits the part size

14
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Figure 2.1 O Diamond grinding wheeldhere are two types of grinding tool used for processing
functional surfaces: cup wheels and core drills are commonly used to generate curvatures and drill
holes on the surface of the workpiece, wHile peripheral wheels, witliamond on their edges,

are used for edging and sawif9.

In order togenerate aspherical and friiee@m surfacesthese grinding toolsre mounted
on computer numerical controlled NC) machines with multig axes which makes
the processing irgpendent from thenanualoperation andmproves the fabrication

efficiencyand extends size of the product.

For example, BoX grinding machines, research and development by Cranfield
University**3¥ have been used for procegpih4 m offaxis aspherical segments for

the European Extremely Large Telescope (HEL

The grindingmachine was designed with high static andatgic loop stiffnesgo
obtain low subsurface damage depth. The repeatable error is control within mieton lev

to ensurethe accuracy of surface form. Unfortunately, due to its material removal

15



mechanism, regardless of the positioning accuracy, it is inevitable to introduce MSF

errors to the workpiece surface.

Big OptiX machine

Figure 2.2: Cranfield UniversityBoX grinding machiné*

Diamond tuning used a single point diamond asutting tool to process the part

surface. The pars turnedaround thediamondtipped lathe tootluring the fabrication.

This technique has a few advantages, includingrsutametrelevel surface finishes

which could be directly measured by an interferometer, anehsctometreform

accuraciesThe term pidgle point diamond turning63'7 § LV DOVR XVHG VRPHW

express the processif§3d

Unfortunately, this technique also haproblemfor the midspatialfrequency control
on part surface Especially for processing a large part, when the heavy part is rotating
around the diawnd tool, the vibration would affect the uniformity of local material

removal and lead to MSF errors.
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Figure 2.3: MSF errors generated by the grinding procedfire.

Cheung and Lé# generated a grinding mod® estimatethe surface profile after
diamond tuning in 200Q This modelwas base@n a surface simulation generated by
grinding using a conventional cutting tool. The radiugh&f conventionalgrinding
cutting toolwas replacetby the cutting radius of diamond tunirighe "scallop” shape

generated bthis grinding modkeis shownin Figure 2.3.

2.2.2Lapping

Lapping is acontrolled mechanical sanding or polishing prodesshich two surfaces
are rubbed together with an abrasive between them, by hand movemssihg a

maching40 44

Two kinds of lapping using different toase introducedh this section. One uses pitch
tool combined witha slurry abrasive of cerium oxide and the other uses metal tools
working with aluminium oxideln the lapping processhé pressure and dwell timare
controlledby hand, which makes the accuracy and efficiency of the process dapend

uponthe experience of the operator.

17



2.2.2.1Lapping with pitch tools

A pitch layer is one of the most historic surfaces for a polistongfj and it hasbeen
suggestedhat Isaac Newto(iL6421727) might be the first person to use a pitch lap to
fabricate an optical lens in 16684 Pitch is a combinationfalifferent viscoelastic
polymers which could be natural or extracted frphants, petroleum, or coal tar. Pitch
has a low softang point of 5570 and a much lower hardness compared with silicon
carbide, glass or metal. Therefore, during processiniggtatpol could closely contact

the surface without changing the shape of the part.

The pitchtools are usuallypplied together with cerium oxide working on spherical
and plane surfaces. The material is removed using a combination of mechanical motion

andchemistry to produce surfaces with surface texture to nanorf@tres.

Thepitchtool is widely used to remove mgpatial frequency in the polishing process
dueto its good smootimg ability. The surface form maye changedn the lapping

procedurebut it can be easilgorrected again inorresponding polishing techniques.

However,the material removal rate féapping with pitch tool is lowlt commonly

takes lours to remove about 1 micron depths of material from a glass part depending
on the size of the tool and part surfaoeaddition due to the lack of flexibility, a pitch

tool canhardly beconformal to an aspherical or fré@m surface. Although its vie-
elasticity allows the pitch to deform slowly to adapt to the surfagtjn practical
application forgeneratingaspherical or freéorm surfaces, the misfit can hardbe

completely eliminatedwhicheasily introducéVISF errors to the workpiece suréac

18



Figure 2.4: Lapping process usingtchtool and cerium oxide.

For processing metal surfaces, different slurries, including oxidiser agents and different
acids*® 471, need to be applied to the lapping procedures.rifdterial removal is also

based on the chemical mechanical mechanism.

2.2.2.2L apping with metal tools

Usingmetaltools with aluminium oxide can substantially increase the material removal
rate for lapping process. The size of the abrasive usuallygdraya 3 microns to 50
microns, and the volumetric removal rate could be improved up to a few hundred times

faster than theitch tool.

However, the rough abrasive would reducedhbality of surface finishingBasedon
WKH DXWKRUYV HEBdrih ehaenBandpublicatois by Bennethe
surface textur¢Surface Averagegfter lapping by aluminium oxide ranges from a few

hundred nanometres to one micf&h.

Based on the features described above,tdthnique is used following the grinding
procedure to control the MSF errors generated and rapidly rematezial from the

layer including subsurface damage.
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Figure 2.5: Lapping procedure using a flat brass tool working on a piece of borosilicate glass.

Similar to the pitch tool, the lapping tool made of metdso lacks the ability tadapt
to an asphere or frderm surface. The material is rigid anduld only be applied to

control MSF errors on spherical or flat surfaces.

2.2.3Bonnet polishing

An inflated bonnet toolvas first appliedLQ WKH p3MMWJHBROUNVKRKQQJ WHFKQR
developed in the early 1990s acmmmerciased by Zeeko Company in the late 20

centuryt**54 This technology is a deterministic, uMpaecision surfaces processing

technique based on computer controlled polishing techniguerepolishing and

correcting 2D and2%D forml'6 5262 This techniquewas appliedto processing

telescope mirrof& %4 and other functional surfaces

Zeeko IRP series polishing machinas shownin Figure 2.6. The size of the
workpieces ranges from 50 mm to 1600 mm in diamé&®#.2400 andRP 3000 are

still in research and development stage.
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IRP 1000-1200

IRP 400
IRP 200

IRP 50-100
IRP 1600, IRP 2400 and IRP 3000

Figure 2.6: ZeekolRP polishing machingsanges from 5600 mm (IRP 2400 and IRP3000 are still
in research and development)

In the21st century, histechnology had breakthroughs in the field of edge control and
supersmooth surface finishinr large optical and mechanical surfat%é$? But this
technology does not show advantages for the MSF control for its flexibilibhedbbl.

Mid-spatial .
P Rigid Tool Flexible Tool

Frequency error

Figure 2.7: Schematic diagram of the problem for MSF error control.

It is shownin Figure 2.7 that a flexible tool coulaasily conform to the workpiece
suface and removal material uniformly during the processing. But this prkeeps
the original topography of the surface and cannot remove existing MSF errors. A rigid

tool, on the other side, could bridge over the peaks of surface errors and remove the

mid-spatial frequency.
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7R VROYH WK Lriisl8rig aOimrBduged as the intermediyrocedure to
control MSF errors. lvas reportethy Hongyu Li and Guoyu Y& 9 thata brass button
glued on the inflagbonnet was used to control rsgatial frequency on large optical

parts, whichis shownin Figure 2.8.

Figure 2.8: Grolishing tool mounted oapolishingmaching? 9

It was discusseih the article that the todalearly exhibitsaspherical misfit whichis
mainly caused by two reasarsthe misfit as the tool moves along the tool pajtthe
misfit caused by the rotation of the todhe firstcan be effectively reduced by the
natual tool wearand the second maye managedy using the optimisedsize of

abrasives, which is sufficiently larger than the misfit.

This method is not suitable fprocessing freéorm surfaces and aspherical surfaces
with stee curvature. Because on these working surfaces, the tool does nenhbagh
timeto wear and adapt to tkarface. If reducinthe transverse timé,is likely to leave

water mark on the part surface and seriously change the surface profile.

2.2.4 Stressed lap polishing

Stressed lap polishing was computer numerical controlled surface processing

technology firstly developedby the Steward Observatory Mirror Laboratory at
22



University of Arizon&® 7. This method enatd¢o process an aspherical surface using
a rigid tool by bending and twisting tleelge of the tool to deform tocanverse form

to the local area of the working surface. The stressed lap compiresesetal disk with
actuators attached to top and coated to the lower face witinatfigonal squares of
pitch X4 During processing, the tods pressedaganst the working surface, and the
actuatos induce the correct change in foaecordirg to the precomputedorogramme

so that the polishing tool can conform to the local surface of the workpiece surface.

The stressed lap polishing enables to processga Espherical surface using a rigid
polishing tool, which could effectively removal material and a large range of spatial
frequency errors. This technology has beenliegpas a core technique in the
fabrication of segments f@5 m Giant Magellan Telescep(GMT).[¢87d The final

surface texture coulde achievedbetter than 1 nm using this technoldgy.

The stress lap is very complex and needsbhéo carefully maintainedThe tool is
designed especially for each part and needs to Hbeiltefor a new process. This
technologyis especially developetbr processing large optical surfaces. It could
produce sements for GMT with 15 mm peak to valley aspheric depdfflirbut have
difficult to processing the offixis aspherical surfaces with deeper curvature or complex

free-form surfaces.
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Figure 2.9: A stressed lap tool used for polishing an 8.4 m diameter segment for the Giant
Magellan Telescopé?

MSF errors could be effectively be removed using the stressed lap for it natural
smoothing ability. Butlue to the complexity of the polishing tool, the possible range

of the tool size is ited and not suitable for processing small parts.

2.2.5 Stresed mirror polishing

Unlike stressed lap polishing, the stressed mirror polishingxagtly the opposite

approachthemirror is deformedduring the process rather than the tool.

This technolgy was first invented by Lubliner and Nelsorto fabricate
nonaxisymmetric mirrors 198072 73 Stress is applied to a mirror blank and deforms
elastically to generate a spherical surface, which could be politesdly by a pitch

tool with the same radius curvature of the pAg the misfit hadbeen eliminatedthis
procedure could effectively control the MSF errors left by previous processing.
According to the computing results, when the force is released, the part surface could

relax back to the desired asphere or-fizen surface.
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A fixture used in stressed mir polishingis shownin Figure 2.10. During the
fabrication procedure, number ofixtures are applied under the part to bend the mirror

to a spherical form. This technology hlasen successfully applieir producing
segments for the primary mirrors of Keck and European Extremely Large Telescope
(E-ELT).'> "™ However, the high frequency error is veryfidiilt to bend thus
reducing the overall surface form accuracyvdis reportedhat the surface form error

of more than 200 nm RM%/as achievedfter the stressed mirror polishing. The

residwal error was corrected using ion beam figuring technol@y.

Similar to the stressed lap polishing, the stressed mirror polishing procedure does not
introduce new miespatial errors and could effectively remove these errors. But this
technology hamitation to manufacturing part made of metadastic or other material

with plasticity. Because these materials could not relax to the original form and will
generate irgrnal press during the manufacturing procedavenfor workpieces made

of optical glass, this technology also has requiresfenthe shape of the part. Usually,
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the thickness of the workpiece needs to be considerably smaller than its length and

width. Otherwise, the glass may break duringgtressegrocedure.

2.2.6Magneto-rheological finishing (MRF)

Magnetorheological finishing (MRHp firstly inventedby a research team led by
William Kordonski’” 78 at Luikove Institution of Heat and Mass Transfer in the late
1980s. It was then developed by Ja&6d and ceworker at tle Centre for Optical

Manufacturing since 1993 amommercialsed by QED Technologies Irié?

The MRFis a deterministic method for processing functional surfaces with a variety of
materials, including glass, cen&cs and typical semiconductor materialfie MRF
technology could control the accuracy of the surface form to less than 50 nm and surface

roughness less than 1 nfA.

MRF is a small tool surface finishing process, which combines with metrology with
interferometry, precision equipment and numerical computer controltddtinology
bases on a magnetbeological fluid with Nano size abrasive particlggpically
carbonyl iron) The polishingfluid could be stiffened by a controlled magnetic field
Material is removedn the area where the optic is immersetb the stiffeed fluid
ribbon (or removal function). Usually, a raster tool pashusedfor the surface
processing, and it could albe completedby rotating the working surface through the

polishing fluid 838

This technology has great advantage for improving the surface tetdreanbe
charactesed to high precision. The stiffened fluid could easily conform to complex
surfaces, providing the flexibility for procasg workpiece with spherical, aspherical

and freeform surfaces.
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However, this technology is not suitable for form correction for its low material
removal (typical 0f0.033 mn¥/min)®8. The workpiece needs to be nonmagnetic to
avoid the negative affection to the magnetic field that control the fluid. The safety issue

and high cost of Magnetdeological fluid are also the disahtages of MR

lectromagn

MRF Fluid Conditioner

Figure 2.11: The procedure of MRF processitig.

This technologyis not commonly usedor controlling MSF errors.This process
technique may introduce new rmgatial frequency because of the overlap of the
influence functiong® If it is very demanding for controlling MSF errors, pitch t@l
commonly usedfter this processingd simulation has proved thah¢é MSF maybe
further restrainedby reducing the track spacing of the raster tool BAttbut it will

significantly increase the overall processing time.

Research has been conducted byaHd ceworkerst®®, using a novel random tool path

to restrain the MSF errors on a flat work piece with 98 mm in dianétenbvious

MSF errors is found after one MRF polishing. This result only demonstrates that using
a random toepath may not introduce new MSF onteetsurface, but not remove

existing midspatial frequencies.
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2.2.7Fluid jet polishing

Fluid jet polishing (FJP) technologyas first developedt Delft University at 198,191

It is a surface processing technique, which is capable of making form corrections and
improve the surface texture of workpieces made of glass or other materials. During the
process procedure, liquid and fine abrasive premixed by a vibrator and guided a
streamof slurry to the hand holder, and thgorayed from a nozzle to the workpiece
surface at a low pressufé. The materials removedy collision and shearing effect

between the abrasive and the part surféibe.process is shown fgure 2.12.

Filters

Powder supply

Pressure
regulator

Gas

Supply
control

valve

Figure 2.12: Overview of the Fluiget processing setup?

It was reportedhat using the fluid jet polishing technology the surface roughness of
the pregrinded glass surface could be reduced from dmbto 5 nm. For the pre
polished workpiece, the surface texture could be further reduce to 1°8 hiwas also
demonstratethat this technology is suitable for polishing complex surfémesis not

affected by misfit problems.

The material removal rate of this technologyoi so that it is commonly used at the
final surface finishing to improve the surface roughness. The fluid jet polisampt

28



also precisely control the influence fumen during the processing, which reduce the
stability of material removal rate. Thus, this technology is not suitable for form

correction or edge contr&f!

This technology haveen appliedo Magneterheological finishing, whiclprovides a
long standoff distance between the workpiece surface and the nozztables to
process surfaces with a steep curvatwtach is hardly reaching usy a MRF wheel
based tool®® The technology is most attractif@r the finishing of complex surfaces,
such adreeform optcs, steep concaves cavities.This technique also increases the
material removal rate asigh fluid flow may generate sufficient surface shear stress in

the regime of chemical mechanical polishitfy.

Similar to the MRF process, théuid jet polishing lacks the smooth ability amdhs
consideredhat it is not suitable for MSF control. Bitvas claimed byA. Beaucam|§”
and ceworkers that marks left by diamond turning colbld removedby fluid jet
polishing technique applied on a Zeeko polishing machine. The analysis results of

power spectrum density (PSB)shownin Figure 2.13.

Figure 2.13: PSD analysis gbartsurface before (left) and after (right) fluid jet polishif.

As can be seen fronfrigure 2.13 that surface frequency at 200/mm has been

significantly reduced by the fluid jet polishing proceduks. introduced before, the
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definition of the midspatial frequency is a vaguwencept andthe frequency range
depends on thparameters of thpractical applicationsuch as surface size, tool size,
track spacing and so oRor a surface topography processeddiamondturning is
already verysnmooth, so that an error with frequency of 200/mm colddregarde@s
mid-spatial frequency. Howeveas explained before in Chapter fdy most of the
surface processintggchnologiesthe midspatial frequency ranges from 0.02/mm to
1/mm® 9. 200/mm is usually regarded as high frequency and can be removed by other

conventional polishing methods.
2.2.8 lon beamfiguring

lon beam figuring is surface processirtechnology forvariety of applicationsusing
a type of charged particle beam consisting of .idhsould be divided into ion beam

sputtering, ion beamemoval ion beam adding and reactiva beamfiguring.[°8 %%

2.2.8.1 lon beam sputtering

lon beam sputtering typically usedor silicon-bagd semiconductor manufacturing.

In order tocreate certain patternsn a subsate in nanometrescale. A layer of
photoresist is deposited averagely on the target surface. Then an ion beam is used to
bombard the target surface through a mask with certain paftf@ma positive
photoresist, the processed area cdutdeasily remowtin the following chemical
process. Thus, the pattaefformedon the substratdt is similar to spraying paint to a

substrate but using individual atoms to ablate a target.
2.2.8.2 lon beam removal and adding

A focus ion beans usedor ion beamremoval and ion beam adding procedurBsth

of these techniques have be used for processing optical surfaces.
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As shown inFigure 2.14, in ion beam removal technique, the surface errors could be
removed by a raster &g of a focus ion beam across the part surface, according to the
dwell time map. The material coulde removedirom the bombardment between
accelerated ions and the atoms on the part surface. Thisdretkbeen usefbr more

than B yeard10%1%2 Early experiment has been conduchgdMeinel and cewvorkers

to figuring optical surfaces in 196%2 The surface roughness of the surface processed
by this technology could be reduced to 5 nm RNI&e ion beam removal technique

has been successfully applied on the final surface finishing on the primary mirror of

Keck Telescop&3
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Step 1: Deterministic material adding Step 2: Deterministic material removal

Figure 2.14: The schematic illustration of ion beam adding and removal préééss.

On the other side, instead of removal material from the working surface, the focused
ion beam could also be used to add material to deterministicéily tocal low position

on the functional surfaces to get rid of surface ernatgch is shown in thé&igure

2.14. It hasbeen reportedhat the ion beam adding technology applied on optical

surfaces could maintaiand even improve the original surface fotff.
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The material removal or adding rate is extremely slow, which makes this technology
not able to change the form of the surface on a large $ealexample, it took more
thantendays to correct the residue error tore of the segment for Keck Telescope
after polishing proceduré¥! In practise, ion beam removal and addmgsually used

for final surface finishing. The cost of thischnology is also very expensive.

2.2.8.3Reactive ion beam figuring
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Figure 2.15: Principle of reactive ion beam figurifty3

Reaction ion beam figing usea stream of reactive atoms, which is directed to the
working surface and produce volatile gas, to assist the material removal prod¢edure.
is also called Reactive Atomic Plasma Technology (RAPT) in some publicdtions.

an important extensiamat uses chemical reactivity to enhance the physical sputtering
effect. It has been claimed by Arnolthiat using reactive atomic plasma technology,

removal depths of son®0 P FDQ HDVLO\¥H DFKLHYHG

Plasma etching is also a typical methakd to process semicondugtimaterials that
used fa thefabrication of electronics. Small features can be etched into the surface of

the semiconducting materied increasehe surface area or providingraore efficient
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electrons pathwayThis could promote the efficiency or enhance certain properties

when used in electronic devicE§?
2.2.8.4MSF control

lon beam figuringtechnique does not introduce new rsjghtial frequency to the
working surface for its ability to remove or add materials at the molecular levidl. Un
now, the ion bearfiguringis not regardeds one of the optimal methofis controlling

MSF errors on the surfac€his is probablybecause that it is too expensive and time
consuminglon beam sputtering has the potential ability to smooth a functional surface,
but alsodegrade the surface form and reduce surface roughffégsirthermore, the
alignment seems to be another problem for the practpgaication. It is extremely
difficult to ensure the alignment accuracy within a few nanometres. Otherwise, the MSF

errors can nevdye completely removed

2.2.9Comparison ofthe manufacturing techniques

In this section, the advantages and disadvantagbese manufacturing technologies
for processing functional surfaces are compared beloWabie 2.1. The ability for

mid-spatial frequencies control listedseparately in the table.

Overall, it is difficult toeliminate the miespatial frequencies in the manufacturing of

asphere and frelmrm surfaces in a fast and economical way using current techniques.
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Table 2.1: Comparison of different manufacturing techreg.

Manufacturing Techniques Advantages and Disadvantages MSF Control

Fastmaterialremoval rate; Variety of Cannotavoid orremove MSF
Grinding materials. errors it also introduces
Subsurface damage; Introduce MSF. subsurface damad#.¥
Good surface texture for pitch toéligh Could effectively control MSF
material removal rate for metal tools. in spherical offlat surfaces,
Lapping Serious misfit for processing aspherical FDQYW EH DSSODbH
surfaces free-form surfaced*®
Goodsurface texture; High surface form Does not introduce MSF, but
Bonnet Polishing accuracy; Large rang of part size can remove existed MSF
Tooflexible to remove MSF errors errorst® 64
Good surface texture and surface form
Magneto-rheological accuracy. Time consuming taontrol MSF
Finishing Low material removal rat&jon-magnetic part; errorst?
safety issue;
Good surface texture and surface form Effectively control spatial errors
Fluid Jet Polishing accuracy. _ at high f.requencyume
Low material removal rate, unstable tool consuming taontrol MSF
influence function. errorst®?

High material emoval rate and surface textur
Stressed Lap Polishing = Doesnot applies to small pagpecially
designed tool for each part.
Good material removal rate, good stability. = Effectively remove MSF errors,
Stressed Mirror Polishing  Requirement for workpiece shape and limite but limited tothe size and shapt

Effectively remove MSF errors,
but suitable for small part¥!

material selection. of the partg®
Very good surface texture and form accuracy It hastheability to control MSF
lon BeamFiguring Expensive and time consuming. errors, but extremely time

consuming and costif4
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2.3Measurement Equpment Used in This Thesis

2.3.1Talysurf Profilometer

SURILORPHWHU LV DQ LQVWUXPHQW WR PHDVXUH D VXUI
form and roughness of the surfate.order to measure the surface of large optics, a

Form TalysurfProfilometel!®d, as can be seen figure 2.16, is used for its long
transversgange of 300mm. Stitching software has been developedhause, which

has been used to measure the form of parts up to 500mm diaiffeteneasurement

accuracyof this equipmenteaches 12%5m, which delivers form as well as surface

finish measurement capability fprecision forming and other applicatigh?

-

T

Figure 2.16: Long Range Form Talysurf Profilometer.

This equipment is typically used to measure the surface profile and roughness of
workpieces before polishinghe system noise is less than 2 nm drebverall noise

of the measurement results depends on the roughness of the Biffaeerder to
observe MSF errors from the results, timeseneeds to be controlled below the PV of
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the MSF errors. In this case, the MSF errors with PV larger than 125 nm could be

measured by this equipment.
2.3.24D interferometer

Interferometer is aetrology equipmenising the technique, in which electromagnetic
waves are superimposed causthg phenomenon of interference in order to extract
information(*¥ Conventional interferometry is very sensitive to vibration,vimg
parts and turbulent airflombecause thdata are taken at different times and vibration
causes the @se shifts between the datarhes to be different from whistdesired*'3
In order to reduce the vibration effects, in 4D interferometer, alllthleaseshifted

framesare takersimultaneouslywhich is shown irfFigure 2.17.1113

Test Mirror / (B Light Source

}_
4Diowoy  PhaseCam v —

(2x,2y) (2x+1,2y) Pixel Q
Mask § |
Sensor
/ | | Array

?% Intensity Pattern
et

on Array

(2x.2y+1) (2x+1,2y+1)

Figure 2.17: 4D interferometer and its working principle to reduce vibration effééts.

The accuracy of the measuren for RMS of this equipment coudethieve 10m 112
It requires good surface finishing (Sa less than 100 nm) of the part to be measured.
Therefore, thewgfaces are usually polished to achieve good surface texture before they

are measured by this equipment.
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2.3.3 White light interferometer

White light interferometer is a metrology equipment based oorecontact optical
method for surface height measussth It is named by the fact that relies on
spectrallybroadband, visiblevavelength light (white light) The measurement
accuracy of this equipment is 20 nm in RWMS.Due to the small detection range (less

than 1 mm), it is commonly used for the metrology of roughness.

Figure 2.18: White light interferometer (left) and analysis system (right).

2.3.4ROMER Absolute Arm

ROMER Absolute Arm is a product froMexagon Manufacturing Intelligeng&15
It is a portable measuring arm, which does not require referencing before measuring. It

is shown inFigure 2.19.
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Figure 2.19: ROMER Absolute Arni*8

This equipment has a point repeatability of 16 microns and volumetric accuracy of 23
microns$*”, which gives it the ability to measure the surface profile of a complex

surface and providing directions for thégaiment of workpieces and tools.

24 Summary

The metrology equipment to be used in this thesis are introduced in this chapter. The

accuracy specification and relative application of these equipment are descripted.

Eight different manufacturing technolegi for processing functional surfaces have
been introducedDue to their different processing principles, the performance also
varies in different key indicators, including material removal rate, surface roughness,
surface form accuracy and cost. Howewadlrof these techniques do not have the ability

to control MSF errors for aspherical and ffeem surfaces with different size in a fast

and economical way.
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The grinding process could shape the workpiece surfaces close to the required form
quickly, but aso introduced MSF errors, which could significantly affect the

performance of functional surfaces and needs to be reduced by other techniques.

Conventional lappingould effectively reduce MSF errors, but are limited to flat or
spherical surfaces. For agwh or freeform surfaces, this technique would introduce
new MSF errors due to the misfit between workpiece and tool surfaressed tool
and stressed mirror polishirggpuld be applied to aspherical surfaces to control MSF
errors, but they cannot beads for all the parts. The application is limited by the

requirements of the workpiece size and shape.

MRF and fluid jet polishingcould remove residual MSF errors, but the material
removal rate is very slow, which increase the overall processing timeedon figuring
techniques could produce surfaces with good surface texture and form acbutasy,
application for MSF control is restricted by its high cost and problem of alignment

before processing.

The bonnet polishing using a flexible tool lacks #moothing ability and cannot

remove MSF errors left by previous processing procedures. The grolishing technique
developed from it could reduce the nsgatial frequency, but it is also very easy to

introduce new MSF errors to the surface because of teft mioblem. Thus, a new
WHFKQLTXH QHHG WR EH GHYHORSHG WR NHHS WKH WRIF
misfit betweenworkpiece and tool surfaces, which is introduced in the following

chapters.
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It hasbeen introducgin Chapter 2 that migdpatial frequencyMSF)is a critial issue
for surface processing, as it is difficult be removedy polishing methods. Most of
the CNC polishingechngues have soft tool interface to improve the surface finishing.

However, it is difficult to control the MSF using such tools.

In this chapter, @olishing experimens introduced firstly to demonstrate theblem
of using a flexible tool to control MSerrors. Then, grolishing experiments using rigid
toolsare presented wuccessfully removed MSF errors on a flat surface. The PV of the

mid-spatialis controled within 10 nm.

During the manufacturing ofunctional surfacesA layer of material needs tbe
removed before foragorrection polishing t@liminatethe subsurface damage (SSD)
introduced by the grinding procedure. This procedure is usually callepbfpsaing

and could be timeonsuming limited by the material removal rate of the polishing
procedure. Grolishing experiments introduced in this chapter also aims to increase the

volumetric material removal rate to reduce the overall processing time.

Rigid tools attached withdifferent metal buttos are comparedin the grolishing
experimers regardng the material removal rate and surface texture. Two material

removal mechanisgareintroduced in this chapter to explain the results.
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3.1 Mid -spatial Frequency Control with Flexible Tools

3.1.1Aim

It is widely recognizedhat it is difficult to remoe midspatial frequencysing a
flexible tool. A fewexperiments have been conducted to support this opifiiélAs
this is one of the most importabpasesof this thesisin this sectionexperimerdg were

repeated to validate this conclusion.
3.1.2Experiment procedure

In this experiment, a flat hexagonal borosilicate glass (gather to corner dimension
of 400 mm)was usedMid-spatial frequenciesvere generatedn the surface on
purpose. It was then polished using Zeeko IRP 600 by an inflated flexible bonnet tool.

Thesurfaceprofile of the pat was measurebefore and after the polishing.
3.1.2.1 Generating midspatial frequency

Firstly, mid-spatid frequencies were generateding a rigidcast irontool, with the
diameter of 100 mmmismatching to the part surface. Raster tool pak usedvith

10 mm track spacing.
3.1.2.2Metrology before polishing

The surface profile of the paras then meased before polishing. Aorm Talysurf
profilometer introduced before in Chapter®as used, whicis shownin Figure 3.1.

This equipment has measurement accuracy of 16 nm and a traverse range of 300 mm.
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Figure 3.1: Metrology usingong Range Form Talysurf Profilometer.

3.1.2.3Polishing

A ZeekoIRP 600was usedor polishing the parttrying to remove or reduce mid
spatial frequenciesA raster tool pathwas usedwith track spacing of 1 mm and
perpendiculato the tool path for generating maatial frequencie®A polyurethane
polishing cloth was attached a bonnet, and used in this experimdilite experiment

was conductedith the following parameters shownTable 3.1.

Table 3.1: Parameters for the polishing experiment.

Surface feed Slurry Spindle speed Bonnetsize Time  Processangle

1000 mm/min  Cerium oxide 800 rpm 80mm 2 hours 15e
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Figure 3.2: Polishing procedure trying to remove nsdatial frequencies.

3.1.2.4Metrology after polishing

The part surface was measured again after the polishing experiment by tharigag
Form Talysurf Profilometer. The results were compared to find out whether the mid

spatial frequencies coulik attenuatear removedby a bonnet flexible tool.

3.1.3Results analysis

The surface profile of the part before and after the polisisrghownin Figure 3.3.

The polishing spotlid not contact the edge of the measwaeshso that the edgeas
consideredas reference position. Wwas clearly showrthat during the polishing
procedure, more than 2 mier depth of material halleen removedrom the centre

area of the part. However, the rsgatial frequencgontentwas noobviously reduce.

Peaks and valleys had remained on the surface, which validate the conclusion that
flexible bonnet tool can hardlyemove midspatial frequencies from a workpiece
surfacelt is due to the compliance of the toolth@ local surface thalives bonnet tool

the ability to conform to the spatial frequencies.
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The PSD analysis iRigure 3.4 shows that the peak appears at/tm before and after

the polishing processing, which also demonstrates that flexible tool could be reduce the

MSF errorsThe MatLab code of PSD analysis is listed in Appendix A.
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3.2Mid -spatial Frequency Control with Rigid Tools

It has beerdemonstratehat a flexible bonnettool can hardly remove misgpatial
frequencies. In this section, a rigid tool was used trying to removesmpaidal
IUHTXHQFLHY 7KLV SURFHGXUH ZDV QDPHG mJUROLVKL!
LOQWHUPHGLDWH SURFHGXUH EHW¥HHQ pJULQGLQJY DQG |

3.2.1Introduction

Unlike the grolishing experiment conducteckviouslyby Yu and LI® 9, a new tool
interfacehas beemlesigned and used in this experimeavttichis shownin Figure 3.5.
Thisdesign allowedhe tool to float freely on the workpiece surface, which is likgly

to introduce new migpatial errors to the surface.

A Fanuc robot armnvas usedn this experiment instead of using a bras$ton tool in

a polishing machine.fis choice hae few advantagdistedas below.

(i) It gives a potential possibility tacontrol the midspatial frequency fully
automatically in the future, whiahitigates risk and reduces dependency on highly

skilled staffl119121

(ii) It is easier tacontrol the contaminationsing a separate equipment for polishing

procedure and coarse grinding.

(iif) A robot arm has lower purchase amdintenancerice compared with &NC

polishing machine.
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Figure 3.5: Fanuc robofleft) and the too(right) used for grolishing experiment.

3.2.2Grolishing Experiment proceduresand result analysis
3.2.2.1Experiment procedures

This experiment pradurewassimilar to the previous polishing experiment procedures.

It was dividedinto four parts: 1. Firstly, midpatial frequenciesere generatedn the

workpiece surface; 2. Then the workpiece surface was measured by Form Talysurf
SURILORPHWHU HM*UROLVKLQJY H[SHULPHsaial ZDV FRQC
frequenciegienerated on the workpiece surface using a rigid floating tool with Fanuc

robot; 4. At last, the surface profile of the part was measured again and compared with

the result measured before grolishing.

In this experiment, the grolishing tool pathspergendicular to the MSF errois order
to separate the marks left on the workpiece surface in each proceteemisfit
between the rigid tool and workpieceutd be reducedbecause of the working wear of

the tool.The parameters of this grolishing expegntare showrnin Table 3.2.
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Table 3.2: Parameters for grolishing experiment.

Surface feed Slurry Spindle speed Track space Time
1500mm/min 9 pum Al>O3 800 rpm 10 mm 15 min
Tool material Tool size Tool weight Part material Part size

Brass 100 mm 2 kg Borosilicate 400 mm

3.2.2.2Result analysis

This experiment is similar to thgrolishing experiment conducted by Yu and&.{,
using a bonnet tool attached with a brass buRather than using a Zeeko IRP machine,
this experiment is conducted by using a Fanuc robot arm, vdoictributes to the

application of automateprocessing.

The surface profileresult show that the midspatial frequencies pigenerated on the
workpiece surface & beenreducedafter the grolishing experiment with a rigid
floating brass tool.The surface profiles before and after grolishingdaté that this

tool could effectively remove material anthde the surface more symmetrical.

Thesurface forms changed to be more symmetric after the grolishing process, which

may be caused by the rimbetween the tool and workpiece surface.
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Figure 3.6: Surface profile measured before and after grolishing experiment.

The PSD analysigshown inFigure 3.7) presentghat the peak disapgprsat 10/mm
(reciprocalof the track spacing to generate M@Rer the grolishing experiment, which

validates the conclusion that the rigid floating brass tool could reduce MSF errors.
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Figure 3.7: PSD analysis of the surface fite before and after grolishing.

However, considering the accuracy of this profilometer (125 nm in PV)spatal

frequencies with PV less than 125 nm can hardly be obsdtveahbe observedhat
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the surface profile after grolishing was routiltoud eitherbe inducedy the noise of
measurement, a true reflection of the surface texture or MSF errors. Furthdogyetro

needs to be conducted using an interferometer with better metrology accuracy.

3.2.2Validation metrology

In order toconfirm whethe the grolishing procedureould control the MSFerrors
down toPV less tharl25nm, a 4D interferometewas used to measure the workpiece

surfacebefore and after grolishing experiment

The wakpiece was prgolished toa specularsurfacebefore each metlogy test The
polishingraster tool path wagrientatedat a45 e angle tothe grolishing toopath so

that thesource of thanid-spatial frequencyould be identified A 4D interferometer

with a180 mm diametelbeam expandaewvasusedin order tomeasurehe flat surface.

As introduced in Chapter 2, the accuracy of this interferometer is better than 10 nm, so

that MSF error with PV above 10 nm could be detected by this equipment.

Figure 3.8: 4D interferoméer with beam expander.
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To remove thesystem error of the metrologg reference flat sampigas neasured
before measuring the workpiete obtain a reference interferogram. Titederence
interferogranwassubtractedrom the workpiecenterferogram teliminatethe system

error. More detailare recordeth Appendix B.

It is clearly showrin KIB ! Z® *E+X$A A that, MSF errors ha beenremoved by

the grolishing procedure using a rigid toahd this procedurdo not intraduce new

MSF errors to the workpiece surfadéis is because that the rigid tool could bridge
over the peaks of MSF errors. The working wear of the tool also reduce the misfit
between the tool and workpiece surfadggsnsidering the metrology accuracytbé

4D interferometerthe PV of the MSF errorecontrolledwithin 10 nm.

265 mm

v

»d
L]

A

Figure 3.9: Interferogram measured by 4D interferometer beflef® and
after (right) the grolishing experiment.

The P® analysis of the surface profile before and after the grolishing processing are
is shown inFigure 3.10. The peakvalueis significantly reduce at 1mm, which is
the reciprocal of the track spacing to geneM&F errors. It demonstrates that this

grolishing processing could effectively remove MSF errors on a flat surface.

51



— before grolishing
6 — after grolishing

A

102 107! 10°
spatial frequency (1/mm)

Figure 3.10: PSD analysis of thmterferogram cross section before and after grolishing.

Similar method can be used to control the MSF on spherical surfaces using a rigid tool
with the same diameter of radius. However, the misfit cammaioidedvhen working

on an aspherical or frderm surfce.

3.3Comparison betweenBrass and Aluminium Tools

3.3.1 Am

It has been demonstrate that a rigid floating tool can effectively removefid® a
glass sample surfac&his section aira to comparethe performance of thedeo

grolishingtools regardingnaterial removal rate and surface texture.
3.3.2 Experiment Procedures

In this experiment, brass aatlminiumalloy tools wereused to grolish a hexagonal

borosilicate glass, 400mm in diameter, with differ@otninium oxide abrasives @9,

52



C15 and C2@with the size of Am, 15um and 2@m respectiely). Both of the tools
were grooved so that it is easier for the slurry to flow into the centre of the tool surface
during the processinggoth tools had the same size of 100 mm in diam&faterial
removal rateand surface texture of these grolishingp@imentswere comparedand

analysed

Figure 3.11: The Brass and Aluminium buttgbhoth 100 mm in diametetsed in the experiment.

Theprocedures of the experimeare briefly introduceas below:

(i) Thepat surface was premooth using C9 for 30 min &nsurethe same starting
condition The surface profile of the part was the measured by the Form Talysurf

Profilometer.

(i) These grolishing experiments warenductedusing the Fanuc NROA robot. The
edge ofhe part was not grolishenh orderto leave an absolute reference datiom

the metrology. The blue zone showrFigure 3.12was leftas unprocessed.
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Figure 3.12: Schematic diagram of the grolished area on the part.

The parameters used in these grolishing experinagatistedn Table 3.3.

Table 3.3: Parameters fagrolishingexperiments.

Surface feed Spindle speed Track space Time Tool weight Tool size

800 mm/min 1500 rpm 10 mm 1 hour 2 kg 100 mm

(i) The surface profile of the part was measured again by the profilometer. The
material removedni the grolishing experiment waslculatedby subtracting the

two profiles before and after these experirsent

(iv) The surface texture of the part after each grolishing experiwesntestedby a
white light interferometelintroduced in Chapter 2. The procedurshswn in Kl

B!1Z® E+X$AA .

54



3.3.3Result and analysis

The results othe materiaremovalrate are listed ifable 3.4, from which we can see
thatlarger abrasive size g#¢ higher material removal rate, as expeddthough the
same parametavere used in these experimenising abrasstool couldimprove the
removal rate compared witihe aluminium tool The reason was believéd bethe

different material removal mechanism during the grolishing procedure.

Table 3.4: Material removal rate.

C9 C15 c20
AL 4.8 mm3/min 14.2mmé/min 36 mm¥/min

BRASS @ 45.6mm*/min 46.8mm?/min 57 mm¥/min

Grolishing is similar to the conventional lapping proceBsere are two material
remowal mechanisms for the lapping process with loose abrasive and carrier fluid. In
this experiment, the abrasive is aluminiaxide and the carrier fluid is water. The
rolling abrasive could removal material from the workpiece more effectively than the

sliding abrasive, while sliding could create better surface texture than réffing.

e B Ny
". B ... .. Abrasives [} . . ..

Figure 3.130Schematic diagramfa@olling (left) and siding (right) mechanisrin grolishing.

The hardness of the aluminium-22 in Mohs scale) is less than brasst(® Mohs
scale) and duminium oxideabrasive has a hardness of 9 in Mohs dé&leThus, it is

easieffor the abrasive to embed into the soft aluminium tool and slides on the workpiece
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surface.On the other hand, the abrasive prefersotbbetween the brass tool and the

workpiece during the grolishing experiment.

% Aluminium 9 pm g
# Sa=298 nm

Brass 15 pm [0 ST 0 “ Z Aluminium 15 pm P8
Sa= 586 nm ¥ Sa=417 nm

% Aluminium 20 pm
Sa= 448 nm

Figure 3.14: Surface texture of the workpiece surface after grolishingrédgs andluminium

tools with differant abrasiveof 9um, 15m and 2@m (shown with the same scale)
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Table 3.5: Surfaceaverage of thevorkpiece surfacgafter grolishing

C9 C15 C20

Aluminium 298 nm 417 nm 448 nm
Brass 318 nm 586 nm 591 nm

The surface averageas measured for it could represent the overall roughness on the

surface The resultsareshown inFigure 3.14 and

Table 3.5. The surfacequality deterbrates with the increase of the abrasive size. For
the same abrasivihealuminium toolleavesabetter surfacéexturethan the brass tool.
The reason habeen discussethat rolling mechanisndominatesprocessingwhen
using the brass tool. It removes teréal moreeffectively but makes more damage to
the surfaceBrass and aluminium toolare complementary, arbth have itsown
advantage for grolishing and shoul® selectedaccording to theprocess step

considered

3.4 Conclusion

In this chapter,polishing experimerst are reported to demonstrate the common
perceptiorthat it is difficult to remove MSF errorssing a compliantodl. This leads

to the uility of a rigid toolto control MSF errorsas also reporteid this chapter.

MSF errorsare succesfully removedby a rigid floating tool. Metrology Habeen
conducted to prove that the PV of ngfatial frequency cahe contrdied down to
10nm according to themeasuringaccuracy of the interferometefo find out the
optimised naterial for the grolising tool, brass and aluminium tooksre compared

regarding to the material removal rate and surface texfime.results indicate that
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using the brass tool can improve the material removal rate, while the aluminium tool
can give a better surface finishTwo material removal mechanisms have been

introduced teexplain the experiment results.

Although it hasbeen showrhat a rigid floaihg tool can effectively reduce the mid
spatial frequencfrom a flat (or possibly a spherical) surface, it is always aatitssue
to control MSF errors on an aspherical or ffeen surfaceMore research needs to be

conducted toesolvethis problem.
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4.1 Introduction

The previous chapter has demonstrated thleagtblishing procedure using rigndetal
tools and loose abrasiveould successfull remove MSF errors on flagurfaces.
However, due to the limitation of tool flexibility, it is impossildeeliminatethe misfit

duringmanufacturing for the workpiece Wiaispheric surfaces.

In this chapter, boundiamond padsvith variable flexibilityare introducedo control

the MSF errorsin the bound diamond pads, the abrasive (diamond particles) are
embedded into the resin layer attached to the surface of themda \dose abrasives,
these diamond particles are not free to méuging the processing, sliding mechanism
dominates the procedure, so that tesults showed better surface texttivan using

the same size aluminium oxidérasives

Material removal rees were measuredusing bounediamond pads with different
diamond sizeThe flexible diamond pad showed better performance for removing
material, especially for the aggressive 250 micron diamond pad, of which the
volumetric material removal rate was mobarn 200 times faster than a polishing

procedure using bonnet tools.

MSF errors weresuccessfully controlled using a 3 micron diamond pad with track

spacing of tool path less than 2 mm. However, this tool had problem to process
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aspherical surfaces due teetnonuniform pressure distribution caused by the misfit

between tool and workpieces surfaces.

A glazing effectwas discovereth the grolishing experiment with diamond pad finer
than 9 microns. This phenomenisnntroducegand its potentiaimpactis discussedh

this chapter.

4.2 Grolishing Experiments Using Rigid Diamond Pads

KGS Speedlin diamond pad$?? were used in the grolishing experinetrying to
control midspatial frequency on@re-smoothedorosilicate glasdt was suggested by
the KGS sales departmehatthis padseries with rigid resin could effectively remove

material from a ceramic part.

The grolishing experiment procedugebriefly introducedand the surface profile of

the partwas measureldefore and after the experiment.

4.2.1 The first trial of grolishing usingrigid KGS pads

Theaim of the first trial using this rigid KGS pad is to test the removal ability of the

tod and whether this tool will introduce new MSF errors on the workpiece surface.
4.2.1.1 Preparation

The borosilicate part used in this experiment wasspreotted by hand using C9
Aluminium oxide abrasive for 1 hour to remove poterMi&F errors left ontie part

surfaceThe surface profile was then measured by a profilometer.

The diamond pdwas gluedon a brass metgdad using Loctite Adhesivewhich is

shownin Figure 4.1. During the bonding process, the pad wasssed against a flat
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surface until the glusolidified. Diamond particleare boundvith resin in this pad. The

size of the diamond particle for this KGS Speedline® series ranges fr@®iR03 to

250 P In the first grolishig experiment, a pad cahing20 P GLDPRQG SDUWLFO
was usedThis pad was conditioned by hand on a flat glass workpiece before the

experiment(Another conditioning method is also introduced®grction 4.2.2)

Figure 4.1: A KGS diamond pad attachéd a metal pad used for grolishing experiment.

4.2.1.2Grolishing

This experiment followed the previogsolishingprocedures. Only the central zone of
the part was grolished, which leftr@ference area fanetrology which is showrin
Figure 4.2. A Fanuc robot was used ¢tonduct tlis experimentusing the parameters

shown inTable 4.1.

Loose abrasives (such as aluminium oxide or cerium oxide) weteused in this
experimentas the diamondsre bounavithin the resin of the pads. Wateas useds

coolant
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Table 4.1: Parameters for Grolishing experiment with a rigid KGS pad.

Tool Head Surface Feed Time Tool Track Diamond

Diameter  Speed Weight Spacing size

100 mm 500 rpm 1500mm/min 30 min 3 kg 10 mm 20 P

Figure 4.2: Schematic diagram of the grolished area on the part.

4.2.1.3Metrology result and analysis

The surfaceprofile was measuretiefore and after the grolishing experingeat the
same positiomnthe part A total of 3 experiments were conductéiccanbeindicated
from one of the experimentalesuls shown inFigure 4.3 (the other 2 repeated
experimental results are recordedAppendix C) that the madrial removal for this
grolishing experimen wasnot uniformly distributed and MSEontentcan be found in
some positioa This may have beeninduced by the misfit between the tool and
workpiece surface. Uike the grolishingool with a metal button, thisgid padmade

of hard resindoes not wear easily during the conditioning and working procedure.
Therefore,it is more difficult to adapt to the workpiece surface profiiecro scale

misfit can lead tamon-uniform pressure distribution and affect thefarmity of the
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overall material removalt may need more time or a new method for conditioning the
tool before the grolishing experimetd reduce thenisfit and achieve intimate contact

between tool and part.

\\\ Before Grolishing _ : y
N o After Grolishing s S

Surface Profile (mm)

A

0 50 100 150 200 250
Transverse Position (mm)

Figure 4.3: Surface profile of the pabtefore (red) and after (purple) the grolishing experiment.
4.2.2Conditioning KGS padsby a grinding wheel

To reduce the mismatch between the pad and working sutfesepads need tobe
properly conditionetbefore useAccording to previous experience in the resedeem,
a rigid tool needs to bground tofit the workpiece surface. In this experimeat{GS
pad wasconditioned by a grinding wheel usinlge IRP 600 before the grolishing

experiment.
4.2.2.1Experiment procedures

Although anominalflat partwas usedn the grolishingexperimentijt still had asmall
spherical errarThe part surface profile was measured Bypan TalysurfProfilometer,
and its bestit sphericaradus was calculatedThe result indicatel that the workpiece

surface had a convex surface of 200adius
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Figure 4.4: The process for conditioning KGS pad in IRP 600.

This conditioning procedure was similar to polishing a workpieséh spherical
surface. The difference was that in this procedure the KGS dianoohdvas not

polished but ground

A concave surface of 200 mvas designed and the corresponding tool path was
generatd in theZeekoTool Path GeneratoifPG) software During the conditioning
process, the grindingheel remaird stationary on the C axend the pads rotatedat
100rpmon the H axisAs the tool movedilong the X axis of theolishingmachine
repeatedly, the surface of the pad will gradually approactidbgnedsurface At the
end of this conditioning procedure, the IRP 600 machine h@®ughly cleanedo

avoid the cross contamination.

The pad surfacevasconditiored by hand and the grinding wheslshownin Figure
4.5, from whichit was indicatedhatmore material is removeatcording to the colour
change As the designed tool path followed the same profile based on the workpiece

surface, the misfit between tool the workpiece was reduced.
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Figure 4.5: The surface of the KGS pad after conditioning by hand (left) and a grinding wheel (right).

The diamondswere in the bulk of the pad, the new diamonds were exposed after

removing the resin near the surface in theditioning process.

The same grolishing experiment was repeafed 3 times using the KGS pad
conditioned by this procedur@he surface profils of the partbefore and after the
grolishing process @re measured. Then the part surface was polidietbe to the
grolishing orientatiorand measured by an interferometer with beam expdaodeok

for MSF errors.

4.2.2.2Results and analysis
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Figure 4.6: Surface profiles before and after the grolishing experiment
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One of the results are showrFigure 4.6, the other two measuring results are recorded
in Appendix C. Unlike the surface profiles shown previbusafter a grolishing
experiment using th@ad conditioned by hakh the removal appeardd be more
uniform, and no midspatial frequencies coulde observedafter the conditioning
process using a grinding whe€hisindicatel that the mismatch between KGS pad and

glass surface haoeen reduced

Unfortunately, MSFcontent was found in thenterferogramclearly. The distance
between the adjacent peaks of these-spiatal frequency foot waves was 10 mm,

which was the same #ge track spacing of the raster tool path.

PSD analysis was also conducted using MatLab, thie gmé#d be observed clearly at
the frequency of T&mm, which is the reciprocal of the raster tool path. The analysis

results validated the conclusion that this KGS Speedline pad would introduce MSF

errors to the part surface.

| A .
10™ 10°
spatial frequency (1/mm)

Figure 4.7: Interferogram of the workpiece surface after grolishing and poligkeftyand PSD
analysis of the interferogram (right)
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Another issue washat the removal rate (0.2 nifmin) was much lower than the
grolishing usingloose abrasive (4:87 mm¥/min), which increases the overall

processing time.

This problem hadeen discussewith Anthony Beauamp a ceresearcherwho had
experience using KGS diamond paHeg suggestethat a more flexible diamond pad

with smaller pdkt size shoulde usedor the grolishing experiment.

4.3 Grolishing Experiments Using Flexible Diamond BRds

This work draws on the development of the Shape Adaptived®g (SAG) process
by Beaucamet.al*?412d  put deployed on a robot rather than a polishing nm&chi
These pads were mounteid a comphntlayeron rigid metal button® give ability to
adapt to an aspheric profffé? The aim of this experiment wasore effectively to

control MSF errors with higher material removal rate and better surface finishing.

4.3.1Material removal rate

Firstly, grolishingexperimenusing flexible diamond pads were cootkd to measure
the material removal rate. 250 micron and 20 micron diamondwadsusedvith a
more massivéool, in order toachieve the working condition of the diamond pads and

alsoincrease the removal rate.

4.3.1.1Experiment procedures

The removalexperimentsvere conductedby a robot working on a borosilicate glass
workpiece. The workpiece was psenoothon a conventional single axis machimg

C9 aluminium oxide to remove potential MSF errors left by previous processing.
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Surface profile of the pawas measurebefore and after thexperimerg by a Talysurf
profilometer A white light interferometer was used to measure the surface texture of

the part &#ter each grolishing run.

Figure 4.8: Removalexperiment using flexible KGS diamond pads.

4.3.1.1Results and analysis
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Figure 4.9: Surface profiles beforedd) and after grolishing with 250 micropyrple and20
micron plue) diamond pads.
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Thesurface profilesare shownn Figure 4.9, from which he overall material removal
was calculated The metrology noise wasignificantly higher after grolishing with
extremely aggressive 250 micron diamond B8) compared with the benign 20
micron padD20). The flexible pads were easier to adapt to the workpiece suaiade

the material removal was much more uniform compared with the rigid diamond pads.

It is shownin Table 4.2 andFigure 4.10that hevolumetric material removal rate was
increased using this bowdiamond padsompared with the rigid diamond pads
Especially for the aggressive 250 micron diamond pad, the edmade was more than

200 times higher than the conventional polishing procedure (almof/min(t27). The

part grolished by 20 micron diamond pad had a better surface texture (392 nm) than the

part grolished by 20 micron ADs loose abrasive using a brass tool (591 nm).

Table 4.2: Resuls using flexible KGS boundiamond pads.

Abrasive 250 @n diamond pad 20 &@n diamond pad
Vol. Removal Rate 267 mme/min 45 mm*¥min
Texture (nm) 1150mmé/min 392mmé/min

Figure 4.10: Removal profiles with 250 micron diamond pad (left) and 20 micron (right)
200rpm spindle speed, applied force 8.2KgF, time 2m 30s.
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4.3.20bservation for M SF using flexible diamond pads

A 3 micron diamond pad (D3) was used to grolish a part smooth Bu@tnium
oxide using an epicyclitool path.The part was measured by an interferomattar
every 20 min of processingheFigure 4.11shows thenterferogram of the workpiece

surface as it evolved

It is generdly believedthat conventional lapping or smooth proceduwa@nnot make a
surfacedirectly measureable by a visibiaterferometer.In order to achieve an
interferogram, the surface needs to begwkshed before the metrology. However, the
results demorigate that the surface can be measured by an interferometer directly after
the grolishing process, whighotentiallyimproves the overall production efficiency.

This may be related to the glazing effect, which is discussed laB#dtion4.4.

Figure 4.11: Interferogram measured after grolishing with 3 micron diamond paDfarin, 40
min and 60 min using raster tool patlwith 10 mm track spacing.

MSF erroris very sensitive to the track spacing o# ttaster tool pathlwo grolishing
experimentsvereconducted on a flat part using different track spa¢iigmm and 2

mm) of the tool path. Then the part was measured by the interferometer with a beam
expanderResults inFigure 4.12 shows thaMSF errorsvasnot introduced to the part
surface process by the 2 mm track spacing grolishing process, while on the contrary,
MSF errors couldbe observedn the part surface grolished with tool track spacing of

10 mm.
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Figure 4.12: Comparison of the MSF errors introduced by grolishing using raster tool path with
different track spacing of 10 mm (A) and 2 mn).(B

The conclusion above is also validated by the PSD aisglyrom which it indicates

that the peak is reduced at“®m using 2 mm track spacing in grolishing experiment.

— 10 mm track spacing
—2 mm track spacing |

! |
A

107 10°
spatial frequency (1/mm)

Figure 4.13: PSD analysis of the workpiece surface after grolishing with differentri t

spacing of 10 mm and 2 mm.
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4.3.3 Grolishing on an aspherical surface using diamond pad

with flexible foam layer

An experimentvas conducted using the tool with flexible diamond pad on an aspherical
borosilicate partThe flexible layer surfaceaschangedo abestfit spherical surface
to the part in order to redutee misfit The tool path was generated by Zeeko TG

this aspherical surface.

Duringthe experiment, the tool surface could deform to adapt to the workpiece surface
to reduce thenisfit gap. But the pressure between the tool and workpiece surface could
not be distributed uniformly, and this almost caused serious damage to the workpiece

surface especially the edge surfackiring the grolishing procedure.

To solve this problenthe thickness of the flexible lay&ras increasetb reduce the
pressure distribution differenceer thetool | Surface. Then, the same experiment was

conducted again on the same aspherical suriResults are shown rigure 4.14.

®

Figure 4.14: Interferogram of the surface after grolishing by diamond pad with flexible layer.

A
A
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The MSF errors are also shown in the R$Ehe frequency of 18mm, which indicates

that he using this KGS tool with a flexible layer does not solve the misfit problem.

127

107" 10°
spatial frequency (1/mm)

Figure 4.15. PSD analysis of the surface after grolishing by diamond pad with flexible layer.
4.4 Glazing Effect

The glazingeffect was discoveretthiroughthe material removal rateducingfor some
KGS diamond padsver processing time. Thigcurred folgrolishing usingadiamond
pad with grit size smaller than 9 microfggure 4.16 shows the surface préds of the
part measured after succesgivelishing rurson the same part suing the same diamond

pad.

This phenomenon was also discovereddynsorandintroduced irhis PrD thesis*?3
It was explaine¢h this thesis that this effeatcurs when the material on the pad surface
could notbe wornaway sufficiently fastin other words, the abrasive pad surface could

not refresh rapidly esugh to expose new effective diamargstals
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Figure 4.16: Surface profiles othe part surface measured before and #iteegrolishing
experimerd usinga D9 diamond pad

It has beerorncluded by Johsonthat glazing is not desirable in the optical processing

because itiltimatelystops material removéi3 However, glazing could also improve

thesurface texture. Previous experimeintsoduced this thesisave proved that a D3

diamond pad could produce a surface measurable for the interferometer, whaeh redu

the oveD OO IDEULFDWLRQ WLPH $FFRUGLQJ WR -RKQVRQT
procesgloes not introduce any swirface damage and surface errors, it may be used

at the end of a process to improve the surface finishing.

4.5 Conclusion

Overall, tre MSF errors coulle effectively controllety using flexible diamond pads.
The volumetric material removal rateuld beraised upto 267 mni/min usng a 250
micron diamond paaf diameter 100 mmThe surface texturas improved to be
measurable by anterferometer directly after the grolishing process using a 3 micron

diamond pad.
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Experiments were conducted trying to apply this technique to aspherical surfaces for
MSF control However this tool failed to work orthe aspherical surface due to

inadequat compliance.

Glazing effectwas discoveredn the grolishingexperiment and its initiationwas
introduced The author also introduces the opinion of Jsbmand discusses his
conclusion. Rather than completely denying tisefulnessof this phenomenora
potential applicatiorof the glazing effect in surface processimggintroducedin this

chapter.
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Chapter 5. Characterization of a non-
Newtonian Materials and Simulation for

Influence Functions

5.1 1ntroduction

The previous chapters of this thesis have introduced the grolishing nvethoagid

tool interfacego remove miespatial frequenciesrrors onflat surface. However,as

has been discussed in Chaptgh2re are compelling market demaialsnake aghere

and freeform surfaces optics to reduce the lens or mirrors numbers in an optical system.
However, unlike processing spheaicsurfaces, it is never possilite a rigid toolto
conform to anaspherical or freéorm surface The misfit between the @b and
workpiece surface can lead to seripesiodicsurface errors and affect the performance

for functional surfaces.

It hasbeen introduceth Chapter 3 an€hapter4 that the tool needs to be conditioned
even before using on flat surfaces. Otherwtise misfit down to microscale can affect
the quality of gunctional surface. The misfit between a rigid tool and aheascal or
free-form surface can be millimetres. Thus, in pract@mamplianttools are select for
processing these surfaces, includimigated bonnets, stressed Japagnetorheological
fluid and so on. But thestools ardimited to theirsmoothing ability to remove the MSF

errors.

Althougha grolishing tool with conformal layer and flexible diamond pads had been
introduced to work onraaspherical surface, the result was not satisfactory due to the

nontuniform pressure distribution.
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In this chapter, anon-Newtonianmaterial Silly Putty™[*?9 is introduced forthe
surfaceprocessing aspherical and friem parts This material can maintain a solid
form at room temperaturel KH <RXQJYV ORGXOXV RI WKibyo® DWHULDO

the frequency of external forces, which gives a simible layer for the tool interface.

In order toguide theapplicationof this non-Newtoniantool for the practical surface
processing, simulation experiments were condudtexking for the réationship
between the tool influence functions and tool spindle speed on flat sufsaetscal
tool influence function experiments were conducted to valifateotherwise)the
modelling resultsA characterizatiorexperiment was also conducted to meaghe
<RXQJTV 0R G X O XNewhiahatevialQWigh provided essential data for

the numericasimulation.

5.2 Material Characterization of non-Newtonian materials

5.2.1StressStrain Curve

In order todetermineW KH <R XQJYV 0R G X @hX $reRsstrBin eudw/df ik D O

material needs to be measureds lisually conductely stretching or compressing the

materials with a constant speed. With the progress of the deformation, more force needs

to be applied to the material to keiepxtendng or compressing with the same speed.

For a typical structural material dHZWRQLDQ PDWHULDO WKH <RXQJT\

slope of stress divided by strain, which presém stiffness of this material.
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Figure 5.1: A stressstrain curve for a typical structural st€éf!

However, for nonNewtonianPDWHULDO WKH <RXQJTfV ORGXOXV FKD
the external force frequencies. On the sts#smn curve, the slope of the cusvehange
along with the deformation7 KH <RXQJYV ORGXOXV DW WKLY FHUWDLQ

definedas the average slope of the curve.
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Figure 5.2: One group of the stressrain curves measured for Silly Putty (by author)

5.2.2Experiment Preparation and Procedures

This experimentvas conductedvith the INSTRON 5900 aAdvanced Composite
Training and Development Centtmsed in BroughtonSilly Putty sampleswere

preparedas cubes ofmaterial before the test. These cubadmples had theame
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bottom surface of 40m h 40mm, but with different heightfi@0mm, 40mm and 80mm.
These samples wetieenimmediatelymountdon thesampleholder of thdNSTRON
5900becaus¢his non-Newtonianmaterialcould deform significantlygven onlyunder
gravity. It was for the same reason thath this experiment, the samples were

compressed rather than stretched.

Figure 5.3: One of the Silly Putty sampleeforms under the gravity within 10 mieft) and the
test procedure to achieve stragsin curves (right).
In order todetermineWKH <RXQJTV PRGXOXV RI 6LOO\ 3XWW\ ZLWK
the compression testgere testeavith different strain speeglwhich includé.%6gs?,
1%gs?, 5%gst and 186gs?. As 3 samplesvere testedh this experiment, 12 stress

strain curves in totalere achievedbr furtheranalysis
5.2.3Characterization Resultsand Analysis

The stresstrain curvesvere testedor the three silly putty samples with differentash
rats 7KH <RXQJT WaB Rehi¥xvedyVcalculating the average slope of the
FXUYHV W WXUQHG RXW WKDW nMrKawtorivtmatéfg OR G X O X\

increased with the addition of the strain ranel this trend applied to all the samples.
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Figure54. 7TKH <RXQJTV OmeENewtohianMatdrials with different strain rate.

5.3 Simulationfor Generating Influence Function usingnon-

Newtonian tool

5.3.1 Aim

Theaim of this simulation wat find the relationship between the tool spindle speed
and the tool influence functipwith the purpose ajuidingfuture practical experimest

A tool was designethfilled with non-NewtonianMaterialin order toreduce the misfit
during the processin@hemodel for this snulation was generated by SaNrks and

thefinite element analysi@~EA) was completed bANSY S software.
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5.3.2 Simulation procedures

Themodelling experiment was to simulate the practical experiment for generating tool
influence functimswith different tool rotation speed of 33 rpm, 100 rpm andrdd@
Usually, these experimerdse conductety loweringa rotating tool oo a part surface

with a definedslurry. By comparinghe surfae profile before and after the processing
the maerial removal of this area cdre determinegwhich is also known a$V Krbolu

Influence Functior

This simulationwas divided into threesteps.1) The first stepis conducted with
Solidworks to generate the 3D model of the tool and workpiece surfci the
second step, the model was imported into tINGXS sditware for FEAIn order to
calculate the pressure distribution of the rotation tool. This procedure included
definition of materiapropertiesconnectionsetup, mesh, initiatonditionssetupand

final calculation.3) Simulated tool influence functions were calculated using MatLab

DFFRUGLQJsWaR™MUHVWRQY
5.3.2.1Generation of the tool model

The model generated bgolid Work was assembledy 4 parts, whichis shownin
Figure 5.5. The glass provided a flat working surface for the simulation experiment.
The diaphragmis madefrom a flexible naterial fabricated byMarsh Bellofram
Corporatioht3d. Non-Newtonianmaterial was infilled to théelloframto reduce the
misfit. A tool back plate was used to seal ti@+Newtonianmaterialin place, and

provided a tocinterface
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Figure 5.5: The separated parts (up) and assembly (bottom) farah®lewtoniantool working
on a flat surface.

5.3.2.2ANSYSFEA simulation
1) Define material properties

It was necessary to importaterial propHUWLHY LQFOXGLQJ <RXQJYV ORG
hardnessetc, into the FEA software before setting other parameters. In this simulation,

WKH <RXQJTV foREatavimbRetial was not a constant and could not be

set by entering a certain value. Iratethe stresstrain curves measured with different

strain ratewere importedand the ASYS software was able to define then

Newtonianmaterial propertieander different conditions
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Figure 5.6: Importing stressstrain data to NSYSFEA software.

2) Connectionssetupbetween each part

The nonNewtonianmaterial was seih the modelto deform freely between the tool
back plate andiaphragm The tool back plate arslaphragmwere bounded together
to sealthe nonNewtonianmaterial within the tool. The connection between the flat
glasssurface and theéiaphragnwas set to be frictional with coefficient of 0.2 according

to the typicaloefficient of friction between rubber and glass.

In practicea part suiace was nopolishedwith rubber but with a flexible pad stuck to
the rubber. In this simulation, the thin polishing pad was not generated to simplify the

model in order to reduce the overall calculation time and reduce the probability of errors.
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Figure 5.7: Set connection relationship between each part.

3) Mesh

There were three options for the mesh of the model: fine, medium and doansker
to reduce the system error of the modellitigg mesh was seléed to befine in this

simulation experiment.

z
0.000 0050 0.100 (m) \
[ SEm—  SS—
0025 0075 %

Figure 5.8: Mesh of the modalsingfine cells

4) Conditions setup
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Practically, the rotating tool is floating on the work@esurface and remove material
unde its own weight. In this simulation a force equé&b the gravity of the toolvas

applied on the top of the tool so that the tool was able to remove material.

The initial rotatiorspeedvas appiledo the tool back plate before the final calculation.

As thediaphragmand tool back plate were bonded together indinmulation, the whole

tool was be able to rotawth the specified speg@3 rpm, 100rpm and 30pm).

X
0.000 0.050 0.100 {m) L]
N .
0.025 0.075

ST

Figure 5.9: Set pressure (up) and rtiten speed (down) as thisitial conditions.

The processing time for each simulation experimed showrin Table 5.1. In order

to achieve similar overall material removal. The run time was set longer for slower
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spindle speed. The results of the multiplication between Spindle Speed and Run Time

are equal.

Table 5.1: The time set for each simulation experiment.

Run Time ‘ 180s ‘ 60 s ‘ 20 s ‘

5) Calculationsfor pressure distribution

Then the pressure distribution of the tool vtdifferent rotating speedas calculated

by the FEA softwareThe data wsexported for further analysis.

5.3.2.3 Calculaion for the Simulated Tool InfluenceFunction

Once the pressure distribution of the te@s achievedthe datavas importedo a
MatLab code written by the author to caldaléhe material removal by integrating the

pressure times the velocity over tinféde code detailare shownn the Appendix D.

5.3.3 Simulated Results

5.3.3.1Simulated Pressure Distribution

Thepredictedpressuralistribution of the tool surface withdifferent rotation speed
shownin Figure 5.11. The results showekthat the pressurés distributed evenly on the
tool surfaceat rotation peed below 100 rpm. However, pressure conceiriréae
peripheral zonat the higher tool rotation speed of 300 rpwhich may be explained

by theWeissenberg effect
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The Weissenberg effeds a phenomenon that occurs whespaning rodis inserted
into nonNewtonianfluid. Instead of being thrown outward, the solution is drawn

towards the rod andses uparound itl1*2

Figure 5.10: Spinning Newtonian (left) andon-Newtonian(right) fluid.[*33

This phenomenon is related to thasticity of the fluid Soto, Enriqué and ce
workers also reported that not only with a spinning rod, the 3&elserg effect was
also observed without a rod has been tested that both Newtonian@or@dNewtonian
fluid were put at the centre afspinning diskor comparison. The Newtonian material
fluid trended to flowfrom centre to the side of the disk, whda the other hand, the

nontNewtoniarfluid flowed to the opposite direction and emerged from the disk centre.

In this report, the rotatingneA HZWRQLDQ WRRO H[KLELWHG VRPH SURSS
W R R O fie nen@&vtaviianmaterial in this rotatig tool had the tendency to leave a
vacancy at the bottom centr&€herefore,the pressure on the centre reducedl

concentred on the edgeer the increase of the rotation speed.
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Figure 5.11: Simulaed pressure distributicof the non-Newtoniantool working onaflat
workpiecesurface with differentotation speedf 33 rpm, 100 rpm and 300 rpm.



5.3.32 Simulated tool influence function

Theresults of simulated influence function generated by Ma#ralshownin Figure

5.12. The contact area has a diameter of 100 Atr33 rpm rotation speed, tipeessure

was evenly distributedver the tookize and the influence function appeared to be flat.

At higher rotaion speed of 100 rpnthe removal depth started to have fluctuation but
did not have significant concentration. At 300 rpm, the remwaal concentredt the

edge of theool, and other place on the centre did not have obvious material removal.
The influerce function at 300 rpm was like being generated by a ring tool. It will be
discussed later in Chapter 6 that this will reduce the mismatch between the tool and

workpiece surface.
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Figure 5.12: Simulated tobinfluence functions with different tool rotation speed.
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5.4 Validation Experiments

5.4.1 Experiment Procedures

Three experiments were conducted to generate tool influence functiora wah
Newtoniartool. The resultsverecompare with the simulatedifluence functions. The
procedures for conducting these experiment were the same as the one introduced
previously in Chapter 3The experimergwere conducteavith same parameter used

for simulation experiments, shownT@able 5.1. A diamond pad100 mm in diameter)

with a centre hole of 20 mm in diameter was attached to the diagraph in these

experiment.

Figure 5.13: The tool withnorntNewtonianmaterials used to condt validation experiments.

5.4.2 Comparison of Experiment and Simulation Results

Results of validation experiments and simulated influence functicmsompareth
this sectionSurface profiles shown in red represents the measurement results and the

reailts shown in blue comes from the simulation experiments.
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Figure 5.14 OThe Influence Foctions conducted bynon-Newtonianmaterial toolwith different

spindle speed of 33 rpm, 100 rpm and 300 rpm.
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The diamond pad used in validation experiments had a hakecentre, whichmeans
thatthe removal rate was close to z€because the velocity was close to zeanjl
pressure was concentrated around the edge of this hole. However, in the simulated
mode] the tool surface was a compleliscso that the centre of the influence functions
were not comparedrhis might affect thesimulated material removal and lead to a

mismatch of the results achieved from the simulation and practical experiments.

In order to qualify the difference of the curvegasured in the practical experiments

and calculated in the simulatiothe standarddeviation of each pair of curves are

calculated and shown|ifable 5.2

Table 5.2: The standard deviation of the measured and simulated curves.

Standard Deviatio

4.3% ‘ 7.7 ‘ 9.8% ‘

As shown irfFigure 5.14{andTable 5.2| the simulated influence functionsveeathe

samerend from low rotation speed of 3m to higher speed of 300 rpithestandard
deviation increases withthe spindle speedThis may be caused bythe stress
concentration, which leads to the increased fiealalley value of the curves from 33

rpm to 300 rpm.

The standard deviations undtifferent rotation speed are no more than 10%, which
means the measured and simulated curves match well with eachlTote@omparison

hascreated enough confidence for the simulated results to be accepted.
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5.5Conclusion

A non-Newtonianmaterial (4y putty ™) wascharacterizeéh this chapter to measure

LWV <RXQJYV ORGXOXV ZLWK GLITHUHQW H[WHUQDO IRUFF
simulation of influence function usingn-Newtoniantool. According to the simulated

results, the pressure ttibution of the tool surface changes over the increase of rotation

speed. The pressure trended to concentrate on the edge of the tool at highsqmation

and thenon-Newtoniantool performed like a ringool. Thisis helpful for applying the

nortNewtmiantool to thepracticalsurface processing.

Validation experiment had proved the correctness of the simulated ré&satstandard
deviations of the measured and simulated curved are no more than 10%mehith
the theses curves matches well withhreather.The increased standard deviation over
the spindle speed may due to the stress concentration of tidemdonian tool surface

during processing.

The next Chapter will introduce the implicationradn-Newtoniantool to the surface
processing, espidly for aspherical and freorm surface. It showed obvious
advantage as the misfit between tool and workpiece surfaces coudifietiévely

controlled.
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6.1 Introduction

The previousexperiments introduced in chapter 3 ahtlave demonstrated that the
grolishing technique using tools with metal button or diamond pad could effectively
remove midspatial errors on flat optics faster than polishingsiwatchbetween the
surfaces of tochnd workpiece will introduce new periodic errors onto the surface. This
phenomenon cabe controlledby either presmoothingthe metal tool to match the
surface form orapplying an extra flexible layer for the tool using diamond pad.
However t has nobesn demonstratethatthis grolishingechniquéhasability to work
effectivelyon aphericalor freeform surface. A tool with a metal surface can never
properly conform to thesphericalsurface even when is trimmedto the nearest
spherical form The tool with flexible layer used ichapter 4 hadeen demonstrated
that it has difficulty to adapt to the curved surface propeslyich generates new

surface errors

In order toreduce the misfit between tool and workpiece surfaces, silly pfittyas
usedas thenon-Newtonianmaterial to insert between the tool surfatgerialand back
plate. The flexibility of this materials changes along with the frequency of external
force. For this experiment, the tool spindle speed controls the misfit betweendool an
workpiece surfaces. In this chapter, ttashniques appliedto a thinglasswith free

form surfacegyenerated by a glass bending rig to control the-gpatial frequency

errors.
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When the tool works on an aspherical ptrere are two kinds of misfduring the
processingOne is due to the rotational of ttwol, and the other is due to the transversal
along the surfacén this experiment, thenajority misfitis causedby the rotation of the

tool. This is because that ieads to high forcdrequencyand the non-Newtonian
material cannot deform quickly enougto properly conform to the surface This
phenomenon has been simulated and explained by Kim and Bugiwérsity of
Arizona To reducethe rotationalmisfit, a nonrotating orbital tool waslesigned
andtested on an aspherical part to demonstrate that it does not introduce new MSF
errors.This technique was also successfully appliedemove the migpatial errors

on an aluminunoff-axisaspherical parfThe mechanism of this independent design

introduced and its performance are commented in this chapter.

6.2 Grolishing with a non-Newtonian Tool on Glass with

Free-form Surfaces

6.2.1 Experiment setup and procedue

6.2.1.1 Bending Rig

In this experimentthe glass wadert by the equipment shown |iF|igure 6.1 To
generate fredorm surface. A piece of thiglass with thickness of 3mm wagached

to an aluminium plate anshounted on a stainless steel supporter. A cuboid bar attached
to the platas conneatd with a screwand the glass wasert by turn the screw nut
underneath the equipmeiithe degree of curvature is decidegthe number of turns
,6232 1@, a flexible polyester material, wassed to fill the gap between
aluminium plate and the supporter. This material ha@sasacterizatioto becoméiard

after airdry for 30 min, which makesgerfect supporting layer with the same curvature
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of the aluminium plate to reduce uneven stress and further deformation of the glass

during processing and metrology.

/

Figure 6.1 OThe schematic diagram of gkabending equipment.

6.2.22 Pre-metrology and Grolishing procedure

The stressed mirroequipmentwas usedfor generating thesaddle shapefree-form
surfacesAfter being adheretb the bending equipment, the 3mm thick glass first
smoothedvith 9y alumina abrasive to remove potential residue texture on the surface
It wasthen prepolished by Zeeko 1200 mm and measured by-&@Dinterferometer

to ensure the surface do not have any-spdtial erros left from previous procedure.

As can be seen fro the interferograrshown inKIB ! Z ® * E+X$A A , there are not
anyvisible spatial errors left on the surface. Thus, if any surface error are discovered
after the experiment, itan be confirmed that these errare introducedduring the

grolishing procedure.
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Figure 6.2 QlInterferogram ofjlass surface before grolishifigft) and measurement result of the

glasssurface form on the stressed mireguipment(right)

Then, theglass surface form waseasured by thBeekoprobing techiqu, which

is also used to measure the tilt of the vpoeke surfacelhe uncertainty of this method

is within a few micronsZeeko IRP 60@vas usedor the metrology of this freeform
surface. A probe has been attached to the polishing arm and measured the relative height
of a 4x4 matrix of points on the freefm surface. The sellt data was exported by
Zeeko TPG softwar and then plotted udihgtLab, whichis shownn KIB ' Z® " E

+X$A A The surface form looks like a saddbepositiors (A, B and C)wereselected

from thecorrer, edge and centre of the surface. The surface slope changes quicker at A
than B and B than C. So during the surface processing, thesmatdfitese3 positions

are expected to have the followimglationship: A>B>C. Interferogram at the8e

positions ater each run haseenmeasured and analysed.

Grolishing experiment&ereconductedvith differentspindle spee@rpm 33, rpm 100
and rpm 300) andaster tool pathrack spacingf 10 mmusing Fanuc robot. The tbo
pathwasgeneratedgupposinghat this fre-form sample has a flsurfaceso that we
can test ability of thision-Newtoniantool deforms to fill the gap between tool and

workpiece surfaces.
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(@) (b)
Figure 6.3: a) Grolishing experiment on glassressed mirroequipmenusingFanuc robot and
non-Newtoniantool; b) Polishingwith IRP 600 machinas the final finishing procedure (right)

The glass wasginally polished bya Zeeko polishing machineo m&e the surface
spealar to enable measurement by32-8rm interfeometer(with beam expander)

looking for midspatial errors
6.2.3 Results andanalysis

The sample surface waseasured byhe interferometeat positiors of A, B and Cof

the glass with spindle speeti33rpm, 100 rpm and 300 rpnithe resultare shownn

Table 6.1 The dimension of the measurement area is 60 mm and a cross section shown

below each interferogram.

As expectedthe midspatial error is the most sermat A compared with B and C.
According toKIB ! Z® * E+X$A A , the slope of the surface changes more quickly at
A, compared with B and C, whidbads to higher external force frequertyA during

the processindt is eaier to have mormisfit, if the tool cannot deform quickly enough

to adapt the surface form.

With increase of the spindle speed, tlmgrNewtonianmaterial becomes le$iexible
andit shows thathe midspatial frequency becomekearer at rpm 100 thapm 33.

Interestingly, the migpatial erroproduced by the toddlecomes less serious at rpm
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300.This couldbe explainedy the Weissenbergfect, which has been descripted at
Chapter 5. The simulation shows that with higher spindle speedpthewtorian
material tend to climb up around the central axis of the Wah high spindle speed

up to 300 rpm,His effect leads to the contaatea between the tool and workpiece
becomes a ring rather than a round diskasbeen demonstrated by experimeugsng

ring tool to compare with the round disk tool. The result shows that the misfit of the
ring tool is much less than the round tddlisis believed to be the reason that the-mid
spatial error becomes more serious with increase of the smpdkd,but finally

become less at higher spindle speed.
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Table 6.1: The results measured by beam expander at different position of the glass with spindle
speed of 33 rpm, 100 rpm and 300 rpm.

RPM A B

33

v
A
v

A
v
A

100

\ 4
A

A
v
A

300

v
A
v

A
v
A
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6.3MSF control on aspherical surfaces with anon-rotating

tool filled by non-Newtonian material

6.3.1 Aim

Misfit between tool andvork piecesurface is always a criticédsue for processing
asphere stiaces.Imperfect contact betweent@rfaces can lead to periodiefecs, i.e.
mid-spatial frequencies, which adédficult to be removed by polishing procedarBy
using a nortNewtoniantool, the tool surface can graduaklylaptto the workpiece
surfaceand reduce the misfiHowever, undeforcevariations at-10 Hz thepolymer
chains inside theon-Newtonianmaterialare limited in the abilityo deform andeduce
the misfit. During theprocessingrocedure, the external forceinducedby thelocal
curvature and the curvature alorthe tool path. The force frequencieme
correspondngly decidel by tool rotating speed and surface feed riteoractise the
line velocity of the rotation toas 5100 timedarger than the surface feed rate, which
makes a rotatingool more difficult to adapt to amgphere surfaceompared with aon
rotaing tool. Thus,a nonrotating tool is applied in the grolishing procedurging

reduce the misfit anctemove midspatialfrequencies
6.3.2First Designof Non-rotating Orbital T ool

As discusse®.3.1, rotation is the mjar factorthatleads to the misfit betweennan
Newtoniantool and workpiece with an aspherical surfaceorder topromote the
performance of th@on-Newtoniantool to adapt to the asphericalrface, the tool
shouldbe keptnonrotating while moving orbitally around a centre point. It is like a

satellite revolvearound a planet without rotation.
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Three gears are uséa keep one tool fim rotating. A cardboard model was made to

demonstratéhe mechanismAs shown i+Figure 6.4| the first gear is concentric with

the back plate, fixed to the centre shaft and cannot reketesecondnd thethird gear

arefree to rotate and move along with the rotatingkbalate.

Figure 6.4: Cardboard model of theonrotatingorbital tool to explain its operatinginciple
(left) and CAD design for theon-rotating tool (right)

Table 6.2: Specification of theon-rotating tool.

Contact Diameter Max. diameter Weight Thickness ofnon-Newtonian layer

50 mm 90 mm 1.5 kg 14mm

In theexperiment using theonrotating tool with thespeification listed inTable 6.2

the tool tiledsignificantly when the robot modelong the tool path. The tobbdyon

the sidetrailing the tool path could almost touch the glass surfabewn inFigure

6.5).
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Figure 6.5 OProblem of tilting duringhe experimat: the bol body almostouching the

workpiece aspherical surface (left) and the tilt tool moving along the tool path (right).

6.3.3Possible ®lutions

In order tomake thenon-rotating tool tooperate satisfactoyi it requires that

0] Minimum friction providing sufficient articulation to enable the té@lely to

float on a curved asphere surface

(i) Optimization of thenon-Newtonianlayer thickness to ensure that the layer is
sufficientflexible to adat totheasphee surface and not over thick to make the

tool tilt.

(i)  Lower the virtual pivot (ideallybut impracticallyjust on the top ofthe

workpiece surface) to minimigee momenof the toof

(iv) A restoringforce applied between gearbox and toottmnpensate the td0 § V
orientation with equal to the surface whée non-Newtonianmaterial treds

to form a wedged

For the first requirement, the towhs remachinedo trim the joint and apply proper

lubrication to the joint.
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According to experimental testing, the kness ohonNewtonianlayer haseen
reducedrom 14mm to 8 mmThisis the minimum thickness for thn-Newtonian
layer to keep sufficient flexibility to defornthe thicknesss reducedso that thenon

Newtonianmaterial trend not to form a wedged dspion easily.

To meet he other two requirementsioredesign was proposed aadalysed
a) Lower the virtual pivot using the current design
b) Spring metal flexure

This methodcanlower the virtual pivot position and applies more pressure onto the
workpiece sirfaceusing the elasticity of the spring metal flexusat requires more

accurate alignment and may vee the flexibility of the tool.

Figure 6.6: An example of spring metal flexure (up) and assemkdyvidrg (down).

c) Correction force

Permanentnagnes or springsare placedetween gear box and 1od his method
appliesadditional force between the gear box and thestofaceof the tool to keep
the tool vertical to the workpiecsurface during the prossing.Considering the

relative movement between gearbox and,tpetmanent magnets are used to avoid

the contact frictionAs can be seen from tffegure 6.7 when the tool tilts, one

side of the tool gets clostr the gear box which lead to more repulsion force, while
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the distance on the other side increasetleads to lesgpulsionforce.Overall the

system generate a momeplls the tool abacko be vertical to the workpiece

surface

Figure 6.7: Schematic diagram of applying reinforcement between gearbox and tool.

d) DogClutch

A dog clutch is a type of clutch that couples two rotating shafts or other rotating
components not by friction but by interferencheTwo parts of the clutcre designed

such that one will push the other, causing both to rotate at the same speed and will never

slip.

This methods can easily lower the virtual pivot, but not be able to provide more pressure
rather than the tool weightery significant frictioncan hardly keep the tool to freely

float on he workpiece surface armdfect the force distribution.

Figure 6.8: An example of dog clutch.
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e) Hex socket withBall driver

This design can be similar with dadutch, but providing more articulation to flban

a curved surface. The ball driver needs to insert into the socket deep enough to drive

the tool move along tool path without slip.

Table 6.3: Comparisorof different design t@ptimizethe non-rotatingtool.

Design Virtual Pressure Articulation Restoring force  Floating
pivot distribution
Lower pin and )
ot Good Require Good Poor Good
slo
spring
Spring metal _ .
Good Good Medium Medium Poor
flexure
Permanent _
Poor Medium Good Good Good
magnet
Dog Clutch ) .
Good Poor Medium Poor Medium
Hex socket & :
Good Poor Good Poor Medium

Ball driver

6.3.4 Modified tool design

The modifiednonrotating tool hasetained the basidea of the original design, which

makes it be able to float on the wpilce surface and easy to adjust to thesfit with

a flexible layer infilled withnon-Newtonianmaterial.In addition the position opivot

hasbeen loweredo that the tool is less likely to title when it goes along the tool path

on an optical sample.

Rigure 6.9

both of the pictureare takenwhile thetool is

working along a rastéool path. Itis clearly showrthat the tilt problem hdseen solved

for thenonrotating tool after this modification.

107



Figure 6.9: A comparisorof the nonrotating toolbefore ad after the first modification working
along the raster tool path on borosilicate glass.

Beforeworking on an asphere sample, th@rotating tool hadeen testedn apre-

polished3 m radius sphere borosilicate sample ab@moval ratestability andexture.

6.3.5 Generating Influence Functions

An experiment for generating anfluence function has beemronductedusing the

parameters shown|ifable 6.4] The samplesurfacehasbeen measurdokeforeand after

the influence function experiment by Talysurf and iti&terialremoval is calculated

and shown iEigure 6.10| After analysing the measurement results, the overall material
that hasbeen removedn this experiment is 12 minwhich makes the volumetric

removal rate to be 0.4 n¥min.
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Table 6.4: The parameters for genérey an influence function with modifiembn-rotating tool.

Duration Spindle Slurry Grolishing Working
Time Speed Pad Weight
30 min 60 rpm Cero oxide Borosilicate Polyurethane 400 g for

(1.02 g/cmp (50 mm) each

As can be seen frofhrigure 6.10] the surface texturen the workingarea petween

60mm110mm and 60mr240mm) is inferior tothe rest of the plac&his occurs with

afixed tool workng on a workpiecsurface because a lack of smoothing duedtetal

motion If the rotating tool moves along a tool path over the whole sutfaesurface
texture @anbeimproved such as grolishing tool working along a raster oliayglic

tool path.The overall volumetric material removal ra@4 mn¥/min, is calculated by

the software based on MatLab. Based on previous experience, if the tool surface can
properly adapt to the workpiece surface, with this material removal rate, the tool can

effectively remove migpatial frequencies on a glass part.

Figure 6.10: Materials removal for the influence functierperiment using theonrotating tool.
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In order todemonstrateéhat the grolishing procedure using thisnrotating tooldoes
not produ@ new mid-spatialfrequency defeston the surface, we uddhe tool to
grolish a prepolished spherical surface using epicyclic tool péththe same timea
selected position on the surfagastestedby a test plate before and after the grolishing

processing to find out this tool introduce mor#SF errors onto the part.

However, it appearetthat the robot arm hadifficulty to perform with the corredbol-
angle orthogonal to the local working area of the pastthis Fanuc robot hadnly
been used working on flaurfacegpreviously,this problem hadotbeen raliseduntil
the preparation of this experimeir order to solve this problem, the robot arnda

tool setip were calibrated as introduced in the next section.

6.3.6Calibrating Fanuc Robot Arm for Processng Non-flat

Surfaces

The Fanuc -2000B robot arms usedfor grolishing an gsherical surface, but it
appearedhat the robot auld only go to the specified positions correctly but with the
wrongtilt angle orthogonal to the local working area of the.@dréerror couldbe up

to 25% for example, the robot was instructedog to a certain position with angle of
8 erelativeto the Xaxis, but the angle wamly 6ein practisg. It wasbelieved that

this problem may be induced bye setumf robot arm andool interface.

In this section the mechanical setting, including motor, motor frame, geanarx,
rotating orbital tool interface, atthedto the end the robot armvastestedin order to
ersure the whole tool setting wasrticaly aligned and concentrto the platdy which
could effectively attached to the robdthe test wasonducted with the help &fuan

Cheng Li, a Ph.D. student of the research team.
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The calibration of the setup for the Fanuc Robot is conducted through measurement

data collectedoy the Romer Absolute Arpmshown irfFigure 6.11] a product from

Hexagon Manufacturing Intelligenc&he equipment has been introduced previously
in Chapter 2The 3D coordinates of the tool setup attached to thau€ robot is
measured and analysed including: A: Reference plate; B: Tool frame; C: Gear box; D:

Top of the tool cylinder; E: Side of the tool cylindEhe measurement results is shown

in|Table 6.5

Figure 6.11: The Romer Absolute Arm (left) and the setup of Fanuc robot (right).

It was indicated by the measurement dhtd the tool has a tilt about 0.2 degree and a
noticeable ecentricity errombout 1 mm. The theerrorwas corrected to complete the

calibration.

The robot arm was tested after the calibration to jog to a few test positions. It appeared
that the tool attached to the robot arm could job to the specified position with correct

angles.
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Table 6.5: Tabulation of the alignment measurement data

MM Gearbox Location

AX Nominal Mean Deviation
X 0 0.682 0.682

Y 0 -0.861 -0.861
MM Tool Location

AX Nominal Mean Deviation
X 0 0.784 0.784

Y 0 -1.032 -1.032
DEG Tool Plane

AX Nominal Mean Deviation
A 180 179.784 -0.216
MM Motor Box Location

AX Nominal Mean Deviation
X 0 0.27 0.27

Y 0 -0.389 -0.389

6.3.7Non-rotating epicyclic Tool Working on 3-m Radius

Spherical Glass Part

Oncethe Fanuc robt wascalibratedto work onnonflat surfacesgxperiments were

conducted tovalidate that thenon-rotating epicyclic tool does not leave migpatial

frequency defect on the surface

A pre-polished sphere part surface wassted by a standard test pldiefore the

experimentand the result is shown

Figure 6.13

To make the surface texture good

enough for testing after thexperiment this sphere part wagolished rather than

grolished by thenonrotating orbitaltool with cero oxide slurry fot h. As describeé

previously, to reduce the toolisfit, an epicyclic tool patlwasusedin this experiment.
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Figure 6.12: Theparametersf the epicyclic tool path for grahing the400mmsurface of the 3
m radiussphere part witimon-rotatingorbital tool.

Both of the test resultsdfore and after grolishing showsthooth concentricircles
which indicatedhat this grolishing procedure dimbt leave midspatial frequencion
the surfaceOtherwise, smalbumps will be noticeable along the concentric circlés
white line on the picture is the gap in tape the back of the part to protect it from

being scratchednd the dark lings a referencenarkdrawnon theworkpiecesurface.

Figure 6.13: Test keforeand after polishingisingnon-rotating tool
for 60 minwith epicyclic tool path.
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6.3.8Non-rotating Orbital Tool Working on an off taxis Parabolic

Spherical Aluminium Part

This techniquewas applied in a project to manufacturing aoff-axis parabolic
aspherical aluminium part with diameter 50 mm. The part was machined using
diamond turningo a surface form close to the design. This procedure was considered

to introduceconcentric MSF error to the surface.

In this experiment, polyurethane polishing padse gluedn the surface ahenon
Newtoniantool with ceriumoxide to removed MSF errors introduced by demond
turning procedure.A spiral epicyclic tool pth was specially generatefbr this
experiment.The surface was tested befaed afterthe experiment using a $BA

interferomet, an equipment with specification accuracy better than 10Amd

experiment procedure and metrology results are shqWwigime 6.14landFigure 6.15

Figure 6.14: Polishing theoff-axisaspherical aluminium part usimgnrotating orbital tool.

Due to themadequate surface texture, the interferognaas not achievedompletely

But accordig to the concentric rings shownkingure 6.15(left), it demonstrated that

there wadVISF error on theworkpiece surfacéeforeprocessingMSF could also be

noticed by careful observation using naked eyes.
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The interferogram measured after the polishing experimatéoshownin|Figure

6.15|(right)

Figure 6.16. PSD analysis of the workpiece surface before and thigepiral polishing by a nof
Newtonian tool.

To compare the MSF errors before and after processing, PSD analysis was colnducted

using the same programme code introduced in Chapter 3. The results can be seen from

Figure 6.16. The peak at f0mm is reduced from 0.4n’mm to no more thah

0.05dn’mm. Since the accuracy of the interferometer is within 10nm, the PV of|MSF

error is controlled no more than 10 nm.

. Althoughthere wassignificantcoma caused by the imperfect metrology settirtgs, i
wasstill demonstratethat this spiral polishing procedure had successful removed the

mid-spatial errors from the aluminium surface.
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Figure 6.15. Metrologyinterferogranmbefore(left) and after (rightjhe spiral polishing bthe
non-Newtoniantool.

Figure 6.16: PSD analysis of the workpiece surface before and thitepiral polishing by a non
Newtonian tool.

To compare the MSF errors before and after processing, PSD analysis was conducted

using the same programme code introduced in Chapter 3. The results can be seen from

Figure 6.16| The peak at 0mm is reduced from 0.4n’mm to no more than

0.054n’mm. Since the accuracy of the interferometer is within 10nm, the PV of MSF

error is controlled no more than 10 nm.
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6.4 Conclusion

A nonNewtoniantool hasbeen introducedh this clapterin order toremove MSF

errors from aspherical and fré®m surfaces. Due to its vis@asticity, the hardness

of the tool changes with the spindle speed. Itheen demonstratetat at lower tool
spindle speed, theon-Newtoniantool is easier t@dapt to the saddighape fredorm
surface and reduce MSF errors. However, with higher spindle speed at 300 rpm, the
Weissenberg feect was observed and made the contact area between the tool and
workpiece surface to become a ring rather than a disiake the tool easier to conform

to the workpiecesurfacebut may affect the stability of the material removal rate.

In order toreduce the rotation misfit, (which dominates the overall misfit during the
manufacturing), between theon-Newtoniantool and p& surface, anonrotating
orbital tool was applied to control MSF errors on aspherical surféicethe first
experiment trial, the tool tiltegignificantlyand failed to complete the process. A few
modification plans was proposed and comparedisndmpter After lower the gravity
position, the new tool could properly work on a spherical surface. After comparing test
result before and after the polishing procedure usingribwsrotating orbital tool, it
indicated that this procedure could effectivebyntrol MSF errors on spherical surfaces.
This technique was then applied to remove MSF errors from aaxisffaspherical
aluminium part. Th@V of MSF has been controlled within 10 nm, whidmonstrate

the ability of this technique to control MSF es@n aspherical surfaces.
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7.1 Summaryof Conclusions

It has been articulatedt the beginning of the thesis Chapter 1that midspatial
frequency errors couldignificantly affect the performance of functional surfaces

Outline of this thesis is presented at the end of Chapter 1.

Chapter 2 introducedifferent manufacturing technologies for processing functional
surfaceslt concludes thatcurrent technology has difficyito control MSF errorsvith

a fast and economicapproach, which leads to the research for cont@IMSF errors
that described in this thesMetrology equipment used in this thesis are descripted and

their accuracy specifications and relative applications are introduced.

Chapter 3lescribe ayrolishing technique using rigid tools and loose abrasive based on
Fanuc robot arm. The results indicatattthe PV of MSF errors aontrolled within
10 nm on flat or sphere surfaces, but this technique could be remove MSF errors on

aspherical surfaces due tetmisfit problem.

Chapter 4 introducethe application of a flexible bourdiamond pad in grolishing
technique. It improves the material removal rate up to 267/mim and keep the
smoothing ability to control MSF errors on flat and sphere surfaces. Gleffact is

discovered and discussed in this chapter.

Chapter 5 introduces simulation experiments using aNewtonian tool and its

validation experiments. The measured results matches well with the modelling results
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with standard deviation no more tha@%%. It provides theoretical guidance for the

following practical experiments.

Chapter 6 demonstrates that using a+Ngwtonian compliant tool could remove MSF
errors on aspherical or frderm surfaces. The PV of ¢hmidspatial frequency is

controlled namore than 10 nm.

7.2 Main Contributions of This Thesis

The contributions to knowledge of this research are listed below:

1. Results and analysis AANSYS FEA simulations to understand the working
mechanism of the neNewtonian material under different stsesonditions.The
standard deviation of the results is no more than 10%rovides guidance for

selecting parameters in practical manufacturing applications.

2. A non-Newtonian toolis developed andsedin a novel wayto reduce the misfit
between an asphieal workpiece and the tool surfad&eakto-valley MSF error on
an offaxis aspheric pattas beefetter tharflO nm has been achieved stressed
mirror technique has been developed providing a universal platform for aspheric

experiments.

3. Using bonded @mond @ads, with various diamond sizésQ D pJUROLVKLQJY SURI
to achieve extremely high material removal rates (up to 2672/min), which
improves the overall processing efficiency. TM8F errorsare controlled within

10 nm peako-valley, on flat aml spherical surfaces
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4. Glazing effect is discovered and discussed in this thesis, which proardes
aspherical surface after grolishing by ang&rons diamond pad, with texture of
sufficiently quality to be measuretirectly by an interferometer, which ually be

achieved only after polishing.

5. Introducing robots in the process of controlling MSF errors, which contriboites

the automation of the entire surfgm®cessing system

7.3 ProposedFuture Work

7.3.1 ANSYS Simulations for non-Newtonian tool working ona

cylinder surface

As introduced in Chapter 5, a simulation has been generated udigy & FEA
software to predict the performance af@+Newtoniantool working on a flat surface
with different rotation speed. dluidesthe following practical exp@anent to choose the

suitable experiment parameters.

Asdiscussed previousiy Section 61, there are two kinds of misfit between the tool

and workpiece surfaces in the manufacturing of aspherical antbfraesurfaces. One

is local misfit induced by theotation of thetool, and another is transverse misfit due

to the changing curvature along the workpiece surface. The rotation line speed is
usually much faster than the transverse speed, which makes the local misfit dominates

during the surface procesgin
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Figure 7.1 OFEA modelof anon-Newtoniantool on a cylinder surface.

A modelwas generatedsing the samenon-Newtoniantool working on a cylinder
surface to trying to find out if theon-Newtoniantool was able to conform to the
working surface with different rotation speed. A cylinder surface was selected for it

obviousrotationlocal misfit compared with conventional aspherical surfaces.

Unfortunately, the simulation experimewas not completedue tothe unexpected
unconverted function errors. It migh¢ causedy the complex contact area between a
flat tool and cylinder working surface. This work should be competed ifuthee
because nvouldbevery helpful for us to understand the performance ratatinghon

Newtoniantool conforming to a complex working surface.

7.3.2 Grolishing with non-Newtonian slurry

Asintroduced in Chapter &e application ohon-Newtonianmaterial as the conformal
layer has successfully solve the contradiction betvilegibility and smooth ability of
the tool. ltwas considerethat usingnon-Newtonianslurry may have similar effect for
the MSF control. Preliminary experiments héaen conductedand corresponding
experiment procedures and resudte introducedin this section.In the relative

literatures, this technology is also call shear thickening polishing (STP).
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7.3.2.1 Experiment Procedures

The nonNewtonianslurry was first generatedy mixing corn flourand conventional
cerium oxide polishing slurry witholume ratio of 2:1. Then, mixtureas stirred
evenly. Thenon-Newtonianslurry is too thick to be used in the recycling system during
the polishing experiment, so the paras immersedn a tank filled with thisnon

Newtonianslurry.

A borosilicate part (30 mnmx150 mm)was locatedat the bottom of a plastic tank.
pipe with little holeis wrappedarownd the part at the bottonthen, the slurrywas
pouredinto the tank over the part surfatgh pressureitrogenwas importednto the
pipe. The gas leakeout from the small holes on the pipe and kept the slurry even

during the experiment.

Figure 7.2: Experiment settings.

Thepartwas then polishedn the Zeeko IPR 600 machine for 1 hour. The edge area of

the partwas not polisheds the reference for the metrology.
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Figure 7.3: Polishing procedure withon-Newtonianslurry.

The slurrywas then storeith a ventilated and dryoom, but it turned bad after 48urs.
In the future experimenpreservativenay need to be applied to the slurry to extend the

expiry time.

7.3.2.2 Result and analysis

The surface profiles of the part before and after polishing are measured by a

profilometer and the material removad calculatedwhichis shownin|Figure 7.4

Figure 7.4: Surface profiles measured before and after polishing (left); Material removal during
the polishing processight).

It is shownin the results that the aerial removal was not uniform in this processing.

This may be induced by the precipitation of #larry, so that the polishing abrasive
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was not evenly distributedt seems that this procedure also introdaee MSF errors

to the part surface, which may be caused bytredeterministicprocessing.

It is suggestedhat dispersant agerdhould be added to the slurry tbesiate the
precipitation phenomenon. More effective slurry mixing system shouldakspplied

to the manufacturing processing.
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Appendix A

The programme code for PSD analysis of 2D surface profiles is presented as below.

functionresult = PSD/calculate PSD
[filename, pathname] = uigetfilé(csv,'Please select the fig'
name = strcat(pathname,filename);
M = csvread(name,1,0);
datax = M(;,1);
datay = M(;,2);

%  datay = datay / 1e3;

minx = min(datax);
maxx = max(datax);

% confirm N
N = size(datax,1);

deltax = (max»x minx) / N;

y = datay;
y =y-min(y);

m = 0 : floor(N/2);

n=0:(N-1),
n=n}
PNm=n*m;

PNm = expf2 * pi * 1i * PNm / N);

forf=1:N
PNm(f,:) = PNm(f,:)*y(f);
end

PN = deltax / (N + 1) * abs(sum(PNm,1)).”2;
% PN=1/(N+ 1) *abs(sum(PNm,1))."2;
fm = m / (maxx- minx);

semilogx(fm(1,2:end),PN(1,2:end))
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%

%

%

end
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semilogx(1./fm(1,2:end),PN(1,2:end))
xlabel(spatial frequency (1/mmn))’

xlabd('wave length(mm)")
ylabel(PSD{"2 mm)' )

ylabel('PSD(mm~2 )"
grid on
fm =fm"
PN = PN
result.k = fm;
result.PN = PN;

dataSurfaceShape(:,1) = result.k;

dataSurfaceShape(:,2) = result.PN;

tabledata = table(dgaSurfaceShape(:,1),dataSurfaceShape(:,2));
[FileName, PathName] = uiputfile({*.csv'});

newname = strcat(PathName, FileName);
writetable(tabledata,newname);



Appendix B
Remove System Errors for Metrology Using 4D Interferometers

Systen errors of the 4D interferometer is caused by the optical aberration induced by
the lens in the beam expander order toeliminate the system errorsflat reference
surface, with surface average (Sa) less than 1 nm, was measured by the interferometer

and the resuls shownin Figure B.1.

Figure B.1: The interferogram of the reference flat surface.

As the reference was nearly a perfect flat surface, the concentric rings and noises shown
in Figure B.1 were the reflection of the system error. Thi®ifegrogram is called the

error interferogram.

The errors caie considerably reducdxy subtracting the measured interferogram by

the error interferogram, whidl shownin Figure B.2.
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Figure B.2: The interferogram before and after the subtractiornbeitror interferogram
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Appendix C

Therepeated experimental results before and after grolishing using a rigid KGS pad are
shown in this sectiorkigure C.1 shows the surfaces before and after grolishing by an

unconditioned KGS pad an#figure C.2 shows the results after grolishing by a

conditioned KGS pad.

Transverse Position (mm)

Transverse Position (mm)

Figure C.1: Repeated experimental resultsdrefand after grolishing usiregKGS

pad without conditioning.
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Transverse Position (mm)

Transverse Position (mm)

Figure C.2: Repeated experimental results before and after grolistsimg a KGS

pad after being conditioned.
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Appendix D
Calculation for the Simulated Tool Influence Functions

The MatLab code for calculating the simulated tool influence functions are listed as

below.

x=ww(;,1A; % ww is the data exported from ANSYS
y=ww(;,2 A;
z=ww(;,3A;

x=1000*x; % change the unit from m to mm
y=1000*y;
=z,

x=X-(max(x)+min(x))/2;

y=y-(max(y)+min(y))/2;

[X,Y,Z]=griddata(x,y,z,linspace(min(x),max(x),200)" sipace(min(y),max(y),200),
v4);

[THETA,RHOQO] = cart2pol(X,Y); % Convert to sperical coordinate system
Z=7.*(3.14*33*180*RHO);

RHO(find(RHO>50))=NaN;

RHO(find(RHO<7.5))=NaN;

[XX,YY] = pol2cart(THETA,RHO);

Z=7*0.25*10"(-12)
surf(XX,YY,-2);

A=XX(100,);
B=YY(100,:);
C=Z(100,:);

n=find(abs(A)>45);
C(n)=0;
plot(A,-C);
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