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Abstract: 

One of the most important manufacturing processes is surface modifying. 
In this work the common techniques for polishing glass and specially 
Fluid jet polishing and Abrasive slurry jet (ASJ) techniques were 
described. Also the theories of material removal from the surface were 
stated. Experiments were carried out on glass specimens under different 
parameters such as system pressure, nozzle feed rate, jet impact angle and 
nozzle stand-off distance by a direct ASJ machine. The surface roughness 
parameters Sa, Sdr, Sdq and Ssc were measured and calculated using an 
optical non-contact 3D profiler. The visual appearance of the specimens 
was graded as well. The visual appearance grades were plotted versus 
Sa,Sdq,Sdr and Ssc values and the correlation between them were discussed. 
Also the values of system parameters were plotted versus visual grades, 
Sa,Sdq,Sdr and Ssc  and the effects were discussed. 
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1 Notation 

a  Nozzle radius 

D Dimensional 

F Force 

H Hardness of the worn material 

k  Archad wear coefficient 

K Preston’s constant 

L  Nozzle stand-off distance 

P  Pressure 

r  Radial coordinate 

S Three dimensional surface roughness parameter 

T  Wall shear stress 

v  Relative velocity 

V Wear rate of surface 

W Wear of surface  

α Jet impact angle 

λ Wavelength 

Indices 

a Roughness average 

c Cut-off  

dq Root mean square gradient  

dr Surfaces area ratio 

max Maximum 

n Normal 

sc Mean summit curvature 
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Abbreviations 

AJM Abrasive jet machining 

ASJ Abrasive slurry jet 

AWJ Abrasive water jet 

CMP Chemical mechanical polishing 

DOE Design of experiments  

FJP Fluid jet polishing  

GLAFO  The glass research institute 

IR Infrared 

MRR Material removal rate 

UV Ultraviolet 
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2 Introduction 

A manufacturing process converts raw or unfinished materials to finished 
products, often using machines or machine tools. Injection moulding, die 
casting, stamping, milling, arc welding, grinding, painting, heat treatment 
and assembling are commonly called processes or manufacturing processes. 
The term process often implies a sequence of steps, processes, or operations 
for production of goods. Modifying or smoothing the surface of the 
materials is one of the important processes in manufacturing. Surface 
appearance and roughness depends on the applied process. 
  

2.1  Common processes for surface smoothing 

Generally the processes such as milling, grinding and polishing lead to 
smooth surface with good enough appearance.  

Milling is a machining process, which the workpiece is fed into a 
rotating multiple-tooth cutting tool. Sometimes the cutting tool is fed to the 
stationary workpiece. As the chip removal from the surface is progressive 
with a high rate and the surface flatness and finish is very good, milling is 
well suited and used for mass production. The typical average surface 
finishes that can be expected on free-machining materials range from 1.5to 
6.3micrometer. In milling, the average chip thickness is around 0.1mm [1]. 

  
Grinding is an abrasive machining which the material is removed 

from the surface due to interaction of the high speed abrasive with the 
workpiece surface. The chips that are formed resemble those formed by 
other machining processes. The abrasive particles may be close packed by 
bonding materials into grinding wheels. In surface grinding the workpiece 
is mounted on a table which moves back and forth against the rotating (with 
high speed) grinding wheel. The depth of cut is usually very small, 0.05 to 
0.1mm. Fine surfaces and close dimensional control can be obtained 
typically, down to 0.4 micrometer Sa value [1]. 

 
Polishing originates from the Latin word “polio”. In general it is a 

process to produce an even surface with high gloss or light reflection just 
by modifying the surface condition rather than the shape [2]. Polishing is a 
finishing process for modifying and smoothing the surface of the work 
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piece. In other words polishing is done in order to turn a rough surface into 
a smooth one by rubbing it with a fine abrasive or using a chemical action. 
In addition polishing is defined as the final manufacturing process where 
fine abrasives mechanically modify the surface to achieve a mirror-like 
appearance. Figure 2.1 shows the comparison of the surface roughness 
produced by milling, grinding and polishing.  

 
 

 

Figure 2.1 Comparison of the surface roughness produced by milling, 
grinding and polishing [1]. 

 
The surface of the work piece before polishing, magnified thousands of 
times looks like jagged valleys and mountains. For wear down those 
mountains until they look like flat and small hills, some polishing 
techniques such as Mechanical, Chemical, Chemical Mechanical and 
Fluid Jet can be applied. After wards the surface will appear smooth and 
shiny and will not dissipate the light, but instead reflect it. 
  
Each polishing technique will polish the material in its own way and the 
roughness of the polished surface depends on the type of the applied 
process. The traditional polishes remove a fine layer of the surface of the 
material to be polished. The most important thing in these techniques is that 
how the material is removed from the surface. 
  
In this work especial attention is given to polishing of glass, and a short 
introduction to glass is given in the following section. 
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2.2  Glass material 

Glass is a hard, brittle and commonly transparent substance, white or 
coloured, which has an important role in the human modern life. Glass is 
used everywhere around us such as windows, car windshields, computer 
monitor screens, optical glasses, light bulbs, mirrors and fibres optics. 
 
At high temperature minerals and sand melt together and combine glass. It 
is solid at room temperature and become softer at a higher temperature, 
which gives the possibility of forming it into various shapes by pressing, 
blowing and casting. In the following the optical glasses which commonly 
used are described. 
 

Soda Lime or Float Glass is a sheet of glass made by floating molten 
glass on a bed of molten tin to produce very flat surfaces and uniform 
thickness. It is common used and inexpensive and easily tempered to 
increase strength [6]. 

 
Zreodur is a glass-ceramic made by Schott AG. It is mainly used in 

optical devices such as telescopes and optical cavities require a substrate 
material with a near-zero coefficient of thermal expansion and excellent 
thermal shock resistance [6]. 

 
Bk7 is a barium borosilicate glass known for its high transmission and 

clean, clear appearance. It is often used as a standard of comparison for 
other glass materials and is the most common material for optical glass 
applications because of good optical properties and reasonable price [6]. 

 
Fused Silica is the purest form of Silicon Dioxide (SiO2) and can be 

shaped into many forms and sizes. This glass has superior transmission in 
the UV and IR spectra, a very low dielectric coefficient and excellent 
properties where fluorescence or solarisation is an issue. It has excellent 
resistance to non-fluorinated acids, solvents and plasmas. Where purity, a 
non-reactive, durable substrate is needed, this high quality material is the 
likely choice [6]. 

 
Borofloat	is a particular Schott Borosilicate Glass. It is characterized 

by excellent flatness and better resistance to heat which make it more costly 
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than float glass, but borosilicate retain shape and handle thermal shock 
better than other, less expensive glasses[6]. 

 
During the procedure of shaping or hole making in a glass workpiece, fine 
and coarse scratches are normally produced. Glass polishing is the process 
of removal of these scratches and mineral damages from glass surfaces 
using a series of abrasive and polishing actions. The process of glass 
polishing was first developed in France back in 1688 as a finishing stage in 
the production of plate glass.  At this time, the optical quality of glass left 
much to be desired. With the plate glass placed on large round tables, 
rotating iron discs and increasingly fine abrasive sands were used to 
remove scratches and blemishes from the glass surface before being 
polished with felt pads to complete the process.  By 1773, the French glass 
polishing system was adopted by the English at Ravens head and by 1800 a 
steam engine was used to carry out the grinding and polishing for plate and 
cast glass. As glass manufacturing developed and the quality of production 
improved, the need for glass polishing services in its traditional form, 
almost but disappeared. 
 
The surface of even glass, which is smooth, has some roughness and in 
other words it has hills and curvature. The most important thing will be 
how to define the roughness of the surface and decide how to choose which 
polishing process will be fit to the case. The process of polishing 
with abrasives starts with coarse ones and graduates to fine ones. Polishing 
normally uses abrasives firmly attached to a flexible backing, such as a 
wheel, belt or orbital motion tool. Polishing with very fine abrasive differs 
physically from coarser abrasion, in that material is removed on a 
molecular level (molecular interaction between the material to be polished 
and the abrasive material) and the rate of material removal is correlated to 
the boiling point rather than to the melting point of the material being 
polished. 

2.3 Glass history 

Naturally glass is occurred when some types of rocks melt and rapidly cool. 
 Stone Age societies used this natural glass to produce cutting tools. 
Archaeologists have found evidence of man-made glass, which dates back 
to 4000BC; this took the form of glazes used for coating stone beads. The 
first hollow glass container that was made by covering a sand core with a 
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layer of molten glass is dated to1500 BC. However the production of 
hollow glass shapes started around the sixteenth century BC in 
Mesopotamia, Egypt, Greece, China and North Tyrol. The first glass-
making manual dates back to around 650 BC. Instructions on how to make 
glass are contained in tablets from the library of the Assyrian king 
Ashurbanipal. Glass blowing for production of containers started from the 
First Century BC. The primary glass was coloured due to impurities, and 
then in the first century AD the colourless glass was produced. The Romans 
were the first to use glass for architectural purposes around 100 AD. From 
the year 1000 AD soda glass was gradually replaced by potash glass. Soda 
glass contains soda ash (sodium carbonate) which is usually derived from 
burnt marine vegetation, whereas potash glass contains potassium 
carbonate (usually derived from wood ash). Soda glass is cheaper but more 
soluble in water than potash glass. After the disintegration of the Roman 
Empire the technology of making glass spread in the Middle East and 
Europe.  
The Venetians, in particular, gained a reputation for technical skill and 
artistic ability in the making of glass bottles and a fair number of the city's 
craftsmen left Italy to set up lass works throughout Europe. 

In Britain, there is evidence of a glass industry around Jarrow and 
Warmouth dating back to 680AD, while from the 13th Century, there is 
evidence of having been a glass industry in the Weald and the afforested 
area of Surrey and Sussex around Chiddingford. 

A major milestone in the history of glass occurred with the invention of 
lead crystal glass by George Ravenscroft. He attempted to counter the 
effect of clouding that sometimes occurred in blown glass by introducing 
lead to the raw materials used in the process. The new glass he created was 
softer and easier to decorate and had a higher refractive index, adding to its 
brilliance and beauty, and it proved invaluable to the optical industry. It's 
thanks to Ravenscroft's invention that optical lenses, astronomical 
telescopes, microscopes and the like became possible. 

The modern glass industry only really started to develop in Britain after the 
repeal of the Excise Act in 1845 relieved the heavy taxation that had been 
enforced. Before that time, excise duties were placed on the amount of 
glass melted in a glasshouse and levied continuously from 1745 to 1845. 

Joseph Paxton's Crystal Palace at the Great Exhibition of 1851 marked the 
beginning of the discovery of glass as a building material. The 
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revolutionary new building encouraged the use of glass in public, domestic 
and horticultural architecture. Glass manufacturing techniques also 
improved with the advancement of science and better technology. 

By 1887 glass making developed from traditional mouth blowing to a semi-
automatic process when Ashley introduced a machine capable of producing 
200 bottles per hour in Castleford, Yorkshire - more than three times 
quicker than the previous production methods. 

Twenty years later, in 1907, the first fully automated machine was 
developed in America by Michael Owens from major glass manufacturers 
Owens of Illinois, and used at its factory in Manchester, Illinois making 
2,500 bottles per hour. 

Other developments followed rapidly, but it was not until the First World 
War, when Britain became cut off from essential glass suppliers that glass 
became part of the scientific sector. Up until then glass was seen as a craft 
rather than a precise science. 

Today, glass making is a modern, hi-tech industry operating in a fiercely 
competitive global market where quality, design and service levels are 
critical to maintaining market share [18]. 
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3 Characterization 

Characterization is the main factor for surface quality control. It depends on 
the surface measurement and analysis techniques. The surface appearance 
of an object is generally described as dark, mirror-like, rough, shiny or high 
gloss polished. These expressions have different meanings for the observers 
and can cause discussions if used when defining the surfaces in engineering 
applications. 

3.1 Surface features 

The workpiece surface geometrical features can be divided into three 
components; form, waviness and roughness. The term “form” refers to the 
primary profile. The long wavelength shapes is called "waviness" and the 
short wavelength features is called “roughness”. Figure 3.1 shows the 
surface geometrical features. 

 

 

Figure 3.1. Workpiece surface geometrical features [2]. 

The specific transition limits have not been defined for these features. If the 
surface can be measured, the surface quality can be evaluated 
quantitatively. Surface attributes are connected to specific surface features, 
which can be stated with the surface parameters. 
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3.2 Roughness parameters  

The various surface parameters are defined based on two and three-
dimensional measurements. Two dimensional (2D) roughness values are 
calculated on a profile or line and the three dimensional (3D) parameters 
are calculated on a surface or area. 2D parameters cannot describe the 
surface defects and pores which are located on other profiles of the 
surface. 3D parameters reflect better the topography reality and give more 
significant values when the measuring pitch is smaller and the 
investigation zone is larger. 3D investigation will be more appropriate for 
evaluating the surface quality as it better describes the surface feature over 
measured area [2]. 

In the following the roughness parameters which are used for surface 
roughness evaluation in this work are in detail described [16]. 
 

 The Roughness Average, Sa is an amplitude parameter and 
characterizes the surface based on the vertical deviations of the roughness 
surface from the mean plane. Sa is the arithmetic average of the absolute 
values of the data points. It can be calculated by relation (1), commonly in 
nanometer (nm) unit. 
 

 

  
    (1) 

The Mean Summit Curvature, Ssc is a hybrid parameter which 
states the average of the principal curvature of the local maximums on the 
surface. Ssc reflects the slope gradients and its calculations are based on 
the local z-slopes).It can be calculated by relation (2), commonly in 1/nm 
unit. 

  

 
     (2) 

  

The Root Mean Square Gradient, Sdq is a hybrid parameter 
which states the RMS-value of the surface slope (Root mean square 
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gradient of the surface) within the sampling area. It can be calculated by 
the relation (3), commonly in degree unit. 

 

  
(3) 

  

 The Surfaces Area Ratio, Sdr is a hybrid parameter which 
expresses the increment of the interfacial surface area relative to the area 
of the projected (flat) x, y plane (developed area ratio). It can be 
calculated by the relations (4) and (5). 

 

  

  
       (4) 

Where Akl  is defined as: 

  

  
(5) 
 

 
The parameters listed above are general and valid for any M x N 
rectangular image.  M = length  N= width 
  

3.3 Measurement and data processing 

Instrumentation and processing the measured data processing can directly 
affect the roughness parameters. The type of the measurement system 
selected and the necessary adjustments highly can influence the results. 
Generally the surface to be measured is nominally curved. Also the surface 
may be tilted relative to measuring instrument while measuring and data 
gathering. In both cases the underlying geometry should be recognized and 
removed to extract the primary profile. This can be done by fitting a line or 
curve as a geometric reference. The values above and below this geometric 
reference show the primary profile.  Figure 3.2 shows the raw data and the 
primary profile which was obtained by fitting a least square line. 
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Figure 3.2. The raw data from the measuring instrument and the primary 
profile [20]. 

Partitioning the primary profile into roughness, waviness and form is the 
most important and critical part of surface geometrical features analysis. 
The partitioning is done by filtering process. Using different filters in 
features analysis lead to different surface parameters. Filtering is the action 
of removing the data with the certain wavelength (cut-off wavelength λ c) 
from the primary profile. Cut-off of a filter separates roughness from 
waviness and determines which wavelengths belong to roughness and 
which ones to waviness. Lower λ c appears in the waviness profile and the 
higher frequencies fall into the roughness profile.  Figure 3.3 presents the 
waviness and roughness profiles for a surface which has been filtered with 
long and short cutoff. The profiles on the bottom clearly show that the 
longer cutoff gives the higher roughness value. The standard cutoff values 
can be found in ASME B46.1-2002 as well as ISO 4288-1996 [20]. 
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Figure 3.3. Effect of cut off value on the roughness and waviness [20]. 

Also the different surface images and the surface parameters obtained by 
different filtering with different cutoff are shown in figure 3.4 

 
 

Surface roughness parameters values[nm] 

(a) 

Original 

surface 
 

(b) 

Filter cut-off λ c 

500 µm 
 

(c) 

Filter cut-off λ 

c 

250 µm 

Sa 34.4 Sa 8.82 Sa 4.58 

 

Figure 3.4. Effect of cut-off on surface appearance and roughness [2]. 
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3.4 Subjective Surface quality evaluation 

An internal standard for evaluating the polished surface quality is used at 
“The Glass Research Institute” (GLAFO) is used to classify the polished 
glass surfaces into six levels. The polished surface quality is judged 
visually in an enclosed area with black background and light coming from 
above. The scale is from 0 to 5, where for 0 means that hardly any 
improvement is seen from the original state and 5 is as well polished as an 
acid-polished surface [15].  

This evaluation and categorizing is not sufficient for today’s manufacturing 
requirements and it should be related to quantitative parameters such as the 
surface roughness. In order to achieve this goal, the surface roughness 
parameters should be measured and processed. 
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4 Polishing techniques for glass 

 Some main polishing techniques are used for making surface smooth and 
fine and to decrease the hills and valleys on the surface on a glass. These 
techniques, which are shown in figure 4.1, are defined for a better 
understanding and for selecting the best way to polish glass or other 
materials. 

 
Figure 4.1. Main methods for glass polishing.  

In this thesis the most focus is on Fluid jet Polishing of glass and the 
different techniques that can be applied to have smoother surface and the 
mechanism of material removal will be described. 

4.1 Common Methods 

Among the various polishing methods, three methods are more common for 
polishing the surface of glass materials. In mechanical and mechanical 
chemical polishing, the surface is rubbed with a hard abrasive and in acid 
polishing the surface is processed directly by using an acid and a chemical 
reaction. In methods which based on melting, a very thin layer of the 
surface is melted with a heat source to create a smoother surface. 
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4.1.1 Mechanical polishing 

In this method the surface is polished with a suitable sand paper, which is 
installed on a rotating tool e.g. a drilling machine. Various sand papers with 
different abrasives and hardness are available in market. Also ointments or 
oils containing abrasives are used in the same way for polishing surfaces 
containing fine scratches. Usually liquid or wet abrasive agents that might 
react chemically with the surface material are not used. A disadvantage of 
this technique is that the temperature of the glass surface will increase and 
may affect the glass properties. 
 

4.1.2 Acid polishing  

In simple the meaning of Acid polishing is, the use of acids to polish a 
glass surface. For polishing with acid, glass has to be absolutely clean. It 
should also be noted that acid polishing does not smooth the material 
surface and will only polish it. If you have a rough surface you will end up 
with a polished rough surface. By the action of the acid on the glass, a thin 
crust is formed consisting of calcium fluoride, probably with some sulfate 
of lead and sodium of potassium fluoride. This is removed by brushing with 
water, after which the pieces are washed off in clean water and dipped 
again in the acid. Acid polishing, uses potentially harmful chemicals such 
as sulfuric and hydrofluoric acid. It requires extensive attention to proper 
safety procedures. Not only are acid burns a possibility, toxic fumes must 
also be dealt with and controlled. In addition, the acid bath works best 
when heating slightly, adding to the potential risk [21]. 

In simple the meaning of Acid polishing is, the use of acids to polish a 
glass surface. For polishing with acid, glass has to be absolutely clean. It 
should also be noted that acid polishing does not smooth the material 
surface and will only polish it. If you have a rough surface you will end up 
with a polished rough surface.  Acid polishing, uses potentially harmful 
chemicals such as sulfuric and hydrofluoric acid. It requires extensive 
attention to proper safety procedures. Not only are acid burns a possibility, 
toxic fumes must also be dealt with and controlled. In addition, the acid 
bath works best when heating slightly, adding to the potential risk. 

In the typical acid polishing process, the material to be polished is dipped 
into an acid bath, and then cleansed in water. In some cases a series of 
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immersions is used rather than a single dipping. Only a very short 
immersion in the acid is necessary to produce a matte finish; longer periods 
of time in the acid bath will yield a more polished appearance. Despite the 
effectiveness of acid polishing, its potential dangers outweigh the benefits 
for most warm glass artists. It should only be undertaken by those with the 
appropriate safety equipment and experience. 
 

4.1.3 Chemical mechanical polishing 

The free abrasives polishing commonly called the Chemical mechanical 
polishing (CMP) is achieved by the means of two necessary and sufficient 
elements, very fine abrasive grains as the cerium oxide powders and 
precision polishing pads as the polyurethane. The cerium oxide (CeO2) is 
the polishing compound used actually to polish a great variety of the optical 
materials. The effectiveness of the polishing slurry is closely related to the 
work conditions and specially the cerium oxide abrasive grains behaviour 
during the polishing process [4]. 
Generally, CMP systems consist of three main components: a polymeric 
polishing pad, the slurry with abrasive particles, and, of course, the surface 
to be polished (wafer). Ideally, CMP should produce high material removal 
rates up to 800 nm/min, global planarity and good surface finish [3]. 

 
 

 

Figure 4.2. Principle of CPM polishing process [17]. 
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Moreover, (CMP) process has become the essential technique and it is 
generally known that CMP involves both chemical and mechanical 
mechanisms. Figure 4.2 shows the principle of polishing process. The pad 
accomplishes the removal of materials by relative motions between the pad 
and the wafer (surface to be polished) attacked by the slurry. Therefore, the 
pad structure and its material properties are important in determining polish 
rate and planarity of a CMP process. Meanwhile, the pad conditioning is 
used to regenerate the pad surface by breaking up the glazed areas. The 
absence of a pad regeneration process causes the properties of the pad to 
deteriorate during polishing, which results in reduced removal rates and 
poorer planarity. It is generally agreed that the changes in pad porosity and 
surface roughness will affect the slurry transport, removal of material away 
from the wafer surface and the area contacted by the pad on the wafer 
surface during polishing. 

4.1.4  Methods based on surface melting 

There are also some other polishing techniques which based on melting a 
fine layer of the surface material such as Laser polishing, flame and fire 
polishing processes, These techniques are based on melting a thin layer of 
the surface instead of removing a layer of it. 

4.1.4.1 Laser polishing 

This technique is based on melting a thin layer of the material surface and 
smoothing it under surface tension. Lasers are applied to the surface of the 
material and melt the mountains and valleys on it to make a flat surface. 
The depth of the melted zone is 20-100 micrometers and the surface tension 
of the melted material ensures that it will reset evenly. The peak-to-valley 
of the roughness should not be higher than the depth of the melted zone and 
the surface should be kept molten for enough long time duration. The result 
is a shiny surface but not as smooth as what may be achieved by hand 
polishing.  

There are many applications for this technique but it is mainly developed 
for use simply on the inside surfaces of the molds which cannot be polished 
by hand or other techniques. The molds can be polished by lasers ten times 
faster than polishing by hand which has a rate of 0.1 cm2/min. It is also 
suitable for glass materials, which can be polished in a short time 
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comparing to other techniques. This process requires no abrasives or 
surface adapted tool for polishing [5]. 

The advantages of this process are: 

• Automated processing of 3D surfaces 

• Polishing results independent of labourer 

• Short machining times, especially in comparison to manual 
polishing 

• Selective polishing of limited areas 

• Polishing of milled, turned or grinded surfaces 

• Force-free polishing due to non-contact process 

• No pollution impact from polishing wastes 

• No contamination of the material with abrasives 

Disadvantages of this process are: 

• More expensive equipments 

• Special adjustment 

4.1.4.2 Flame polishing 

This technique is generally used for polishing the surface of glass materials 
and thermoplastics (thermoplastics: the plastics that change to mouldable 
state above a specific temperature). It is based on fast melting of a thin 
surface layer of glass. The surface tension on the molten layer removes 
small surface faults such as marks created by the mould, sharp edges and 
cut marks and makes the surface with shining brilliance. A burner should 
be used for creating required heat and apply it on the surface to be polished. 
For obtaining a surface which is not contaminated, the burner should create 
a hot and clean enough flame. The flame should be sharp and blue with low 
luminosity.  
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When polishing a glass material, the edges and surfaces should be Flame-
polished without excessive heating of the body of the glass part. The 
polishing system can be a portable gas generator which produces an oxygen 
and hydrogen mixture from distilled water. The mixture is passed through a 
filter to a torch tip. Various torch tips may be used to vary the precise size 
and direction of the flame for optimum results. The flame geometry and 
quality can be changed for complete combustion and oxidizing. Recessed 
areas, holes, grooves and intricate shapes can be easily polished. Significant 
labour and cost savings is the advantages of this technique. Also large 
pieces can be polished in-situ and no polishing compounds are necessary. 
Figure 4.3 shows the flame polishing tool. 

 

 
 

Figure 4.3. The flame polishing tool [19]. 

 

Before explaining the Fluid jet polishing, it is useful to know about the 
conventional techniques which are used for precision glass polishing 
applications. 

Advantages: 

• In- situ polishing of large pieces  

• No polishing compound is needed 
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• Polishing the whole workpiece after fabrication 

Disadvantages: 

• High labour cost 

• Low efficiency 

4.2 Precision polishing for optical Glass 

Precision glass polishing processes are mostly developed for optical 
application where the precise complex flat and sphere glass materials 
should be fabricated and polished [6]. 

4.2.1 Pitch Polishing 

Pitch is a complex material with mostly proprietary compositions which 
has been used in polishing from long years ago. It is generally understood 
that the material consists of various amounts of the following: residues 
distilled from tar, oil, or wood; rosin, a derivative of turpentine which 
comes from sap of pine trees or stumps, to increase melting point and 
tackiness; beeswax or linseed oil to lower melting point; asphalt; flake 
shellac; paraffin wax; wood flour; or walnut shell flour [6]. 
In Pitch Polishing a spherical visco-plastic lap is made from Pitch material 
within and fitted to the workpiece. A slurry containing abrasives such as 
Silicon Carbide, Aluminium oxide and compounds like cerium oxide and 
zirconium oxide are used between the lap and workpiece. Aluminium oxide 
is used for surface fine grinding and Silicon Carbide is used for rough 
grinding. The relative motion of the lap and work piece applies higher 
pressure on the high spots and removes them from the surface. The lap 
should be frequently checked dimensionally and modified. The advantage 
of this process is high material removal rate and the disadvantage is that 
pitch is volatile and sometimes acts as a fluid, the abrasive media used can 
sometimes be reactive with the surface.  

4.2.2 Polyurethane Polishing 

In this technique a lap made of highly wear resistant polyurethane is used 
instead of pitch. The desired shapes of the work piece are already created 
on the lap surface and during polishing process this shape is copied to the 
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surface of the work piece within a short time. Other components of the 
polyurethane polishing such as the slurry, supporting tools and applying 
tangential force are the same as in pitch polishing. The lap material is rigid 
enough that does not change during polishing hence a large number of work 
pieces can be polished by one lap before modifying its dimensions and 
surface quality. This process is mostly developed due to the high speed and 
more accuracy needed in manufacturing. Figure 4.4 shows the basic setup 
of the polyurethane polishing machine. 

 

 

Figure 4.4. Basic set up of polyurethane polishing machine. 

 

Polyurethane may perform better than pitch from the viewpoint of the 
material removal rate and surface roughness (RMS less than 1 nm). The 
advantages are respectable material removal rate compared to pitch 
polishing, better surface obtained compared to pitch polishing and the 
disadvantage is occasionally small pits and depressions [6]. 
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4.2.3 Teflon Polishing 

Teflon Polishing is developed for fine polishing. In this technique a lap 
made of Teflon which is installed on a Zerodur substrate is used instead of 
pitch or polyurethane lap. The lap is made by cutting two sets of parallel 
grooves at right angles to each other to produce facets approximately. Then 
a thin layer of Teflon mounted on top of the facets and the existing residual 
thickness difference of the Teflon layer from facet to facet is eliminated by 
rubbing with a conditioning plate (ground-glass). The roughness of the flat 
ground-glass plate abrades the Teflon surface and no abrasive is used. 
Before starting the polishing operation, a flat Teflon surface should be 
produced because Teflon, unlike pitch, does not flow; once the lap is flat it 
will remain flat for long periods. Also before polishing operation, The 
Teflon must be pitch polished in order to remove all the imperfections and 
all the grinding marks to prevent the abrasion of Teflon due to the residual 
roughness for the surface. Polishing process begins with the conditioning 
plate ground initially with a 70μm abrasive and continues with successively 
finer abrasives down to 15 μm. Finally the conditioning plate will produce 
a specularly reflecting surface at normal incidence on the Teflon lap. 
In this technique the material is removed at a low rate and the abrasives 
used in pitch polishing can be used here. Figure 4.5 shows Teflon lap and 
its setup with a work piece in the holder. The advantages of this process are 
long life of lap and stable surface shape, no restriction on type of polishing 
agent, inert so does not enter polishing agent and the disadvantages are lap 
production takes days and low material removal rate. 
The surface average roughness that can be achieved is 1.8A for Zerodur 
with Al2O3 abrasive and 47.8 A with CeO2, 0.8 A for BK7 with Al2O3 [6]. 
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Figure 4.5. Teflon polishing machine [6]. 
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4.2.4 Float Polishing 

In this technique a fast rotating thin lap is used. The lap is bonded to 
stainless steel backing plate and is floating in wet slurry consisting of 
colloidal silicon oxide. The lap and slurry are located in a bowl for 
retaining slurry. The bowl is mounted on the lower spindle-driving plate. 
Although the materials such as stainless steel, Copper, aluminium, glass, 
and plastic can be used for the lap, but a thin layer of high quality 
nonporous is more efficient. The work piece is installed on the steel holding 
and driving fixture. The power for driving the work piece is applied 
through a spindle driving spline. The advantages of this process are the 
better surface generated and efficient for mass production and highly 
reactive with some surfaces is its disadvantage. The average size of the 
abrasive particles is 4 –7 nm which are smaller than the abrasive particle 
size used in other conventional processes (1 μm). Figure 4.6 shows the 
basic set up and the essential parts of Float polishing machine [6]. 

 

 

Figure 4.6. The basic set up and the essential parts of Float polishing 
machine [6]. 
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4.2.5 Bound Abrasive Polishing 

In this technique the laps made of plastics which are highly charged with 
sub-micron abrasive are used. Pure water is also used as a lubricant. The 
suitable bound-abrasive polisher consists of 60-90% polishing agent, 5-
25%, binder, and 5-15% erosion promoter (weight percentage). CeO2 can 
be used as the polishing agent for polishing soft and moderately hard 
glasses. 
Comparing to polyurethane polishing, the advantages of this technique is 
that no chemically unreliable slurry is needed in addition to polishing 
efficiency (high material removal rate per stroke of polisher, MRR), 
temperature stability, low cost of consumables, compatibility with 
computer controlled machines reduces overall production times when 
employed in mass production. The disadvantage is that the tool has to be 
dressed frequently (tool life is in hours and has to be checked for shape 
accuracy frequently. Since the material removal rate is high, this technique 
is suitable for high volume production of lower quality lenses with 
diameters up to 20mm. The average RMS that can be achieved is 2 nm [6]. 
Figure 4.7 shows the schematic bound abrasive polisher. 

 

 

Figure 4.7. Schematic of Bound abrasive polishers. 
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4.3 Fluid jet polishing (FJP) 

When a pressurized fluid passes through a nozzle or an orifice, according to 
Bernoulli equation the velocity of the flow will be increased to form a fluid 
jet (fast moving fluid). This jet stream can travel a certain distance and be 
projected on a material surface. When the fluid jet impacts a solid material, 
some of the material is removed from the surface by erosion. Various kinds 
of no deformable agents (abrasives) can be added to fluid to significantly 
increase more material removal [7]. Fluid jet can be used for cleaning, 
cutting, machining and polishing the surface of the materials. Generally 
water or a gas is used as the fluid. In the following the common techniques, 
which act basically by fluid jet, are described. 

4.3.1 Abrasive jet machining (AJM) 

AJM is an inexpensive technique for machining hard and brittle 
materials such as glass and ceramics. In this technique the abrasive is added 
to a pressurized inert gas, which passes through an orifice and forms a jet. 
The focused jet of the abrasive transfers the momentum to the material 
surface and remove a thin layer of it. The small mass of the abrasive 
particles produces a micro scale chipping action on the work piece material. 
This makes AJM ideal for processing hard, brittle materials, including 
glass, silicon, tungsten, and ceramics. It is not compatible with soft, elastic 
materials [1]. 

 

4.3.2 Abrasive water jet (AWJ) 

AWJ is used for cutting and polishing hard materials. In this 
technique the abrasive is added to the fluid when it is passing through the 
nozzle to form a jet of the mixture. Water is used as the fluid and various 
kinds of abrasives with different weight percentage are added to it. The 
optical glass (BK7) can be polished by this technique to decrease the 
roughness to 25 nm RMS. [14] Figure 4.8 shows the principle entrainment 
of AWJ. The kinetic energy of the abrasives is distributed over the mixing 
nozzle cross section which is ten times more than the area in WJ. Although 
the abrasives power density in AWJ is less than WJ, more material is 
removed from the surface due to the focused power on the work piece by 
the tips of the abrasives. Figure 4.9 shows the major components of AWJ. 
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Figure 4.8 Principle of AWJ [8]. 

 

 

Figure 4.9 Major components of AWJ [8]. 

The distinct advantages of AWJ polishing comparing to the traditional 
processes are as follows: [14]  

 The physical characteristics will not be changed and will not induce 
heat damage 

 The slender jet will be less restricted by the shape or space of work 
piece and it will be suitable for polishing various complex surfaces 
and cavities 

 The temperature of the work piece will remain constant due to the 
recycling of the slurry  

 The generated debris during process is moved out automatically  
 The slender jet will produce very small machining spot and 

consequently has little edge effect, 
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4.3.3 Abrasive slurry jet (ASJ) 

ASJ from the direct pumping system is a technique for shaping and 
polishing hard materials such as metals and glass. The abrasives and water 
are premixed to form a suspension (slurry) in order to increase the power 
density comparing to the AWJ process. The increasing of power density is 
due to the fact that the momentum transfer between the water and the 
abrasives is more efficient. ASJ is 5 times faster than AWJ [7]. Figure 4.10 
shows the comparison of the power density of the three processes WJ, AWJ 
and ASJ as a function of the pressure. 

 

Figure 4.10  Comparison of the power density of WJ, AWJ and ASJ 

versus pressure [7]. 

 
Two ways based on type of pumping the premixed abrasive suspension can 
be used form an ASJ process. 
 

4.3.3.1 Bypass system 

In this system about ten percent of the water flow is pumped through a 
storage vessel to bring the abrasives out of it. The bypassed water and the 
abrasives join the main water flow and make the final slurry. Figure 4.11 
shows the principle of Bypass system. 
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Figure 4.11 Principles of Bypass ASJ generation [8]. 

 

4.3.3.2 Direct (continuous) pumping 

In this system the slurry is made by mixing the abrasive and water. A 
simple stirring system may be used to suspend the abrasive particles in the 
storage tank containing the slurry. Then the slurry is directly pumped 
through the nozzle. Figure 4.12 show the principles of direct pumping 
system. 
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Figure 4.12 Principles of Direct ASJ generation [8]. 

Direct pumping system is preferred to be used due to the lower wear 
comparing to the bypass system.  

ASJ process with has the following advantages comparing to AWJ: [8] 

 Since most of the energy which gives to ASJ process is realized as 
the cutting or polishing power at the nozzle, it is more energy 
efficient than AWJ at low operation pressures 

 ASJ system is more compact and the nozzle used in ASJ system is 
simple  

 Since entrained air in the slurry jet flow is eliminated a minimal 
expansion in jet may occur 

In the following of this report, Fluid jet polishing (FJP) is used for the 
ASJ 
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5 Material removal theory 

Three theories were stated for surface material removal in glass polishing. 

5.1 Hypothesis of abrasion 

Hypothesis of abrasion or wear theory which was stated by Newton and 
Rayleigh says that in polishing like grinding, the mechanical wear of the 
glass surface and the abrasive particles cause the surface polishing. 
Grinding is a process to produce a surface as possible as close to the desired 
roughness to minimize the subsequent polishing process time. Fracture 
occurs on the surface of work piece and a significant amount of material 
removes comparing to polishing process. Generally the surface is also 
wavy, and the larger material removal will result a flat surface. A rigid tool 
(lap) usually from brass is used to apply pressure on the surface of glass. 
Also a thin layer of slurry (usually a composition of Al2 O3 and water as a 
coolant and for removing the removed particles) fills the gap between the 
lap and the glass surface which have relative motion. The material removal 
rate is 3 – 90 μm/min for abrasion particle size 5-100  
μm/min. [9] Figure 5.1 shows the grinding process. 
 

 

 

 
 
 

Figure 5.1. Principle of grinding process. 
 
The force goes through the rigid lap and the abrasive particles to glass 
surface and fractured will occurred. The stress is distributed over the glass 
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surface area and the material removal is over the entire surface. Wherever 
the contact between work piece and the lap is small and locally, the glass 
removal is more due to higher stresses. 

Preston’s equation:  

Preston stated an equation for material removal rate prediction. This 
equation can predict the wear of the surface W [8]. 
 

 K. P. v  

 Surface removal rate 

K= Preston’s constant determined empirically (m3s2/kg) 

P = Pressure applied to the lap (Pa) 

v = Relative velocity of the lap and glass (m/s) 

The surface wear can be found by integration material removal rate over 
time t  
 W=  

Archad wear equation:  

This equation states that the wear rate V is directly proportional to the 
sliding surface X and the normal force in the contact, and inversely 
proportional to the surface hardness H of the wearing material [2]. 

V =  

k = Archad wear coefficient 

Fn = normal force 

X = Sliding distance 

H = hardness of the worn material 
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5.2 Flow Hypothesis 

Flow hypothesis or flow theory which was stated by Beilby, says that the 
polishing compounds can be used to form amorphous layer of glass that can 
be smeared to fill the voids of the glass surface [6]. Also Abiade stated that 
the flow mechanism suggests the glass surface flows from peak to valley 
regions during polishing, until a smooth surface is achieved [3]. 

5.3 Chemical Hypothesis 

Kaufman et al. [10] proposed a mechanism based on the chemistry-aided 
mechanical abrasion which states that the material removal of the softened 
layer at the wafer surface is achieved through abrasive plowing of the slurry 
particles. But Cook emphasized more on the chemical reactions on the 
wafer surface which is the critical region of the object being polished [11]. 
Chemical hypothesis or chemical theory which was stated by Preston and 
Grebenshchikov, says that the chemical durability of glass is the main 
factor in surface material removal. Izumitani [6] stated that the soft 
hydrated layer instead of bulk material is removed from the surface. There 
is a chemical reactivity between glasses, sometimes the lap and always with 
the polishing compounds that is a mix of water, polishing powder and 
additives. But as the wear on the polishing pads takes place, the amount of 
energy put in is reduced and hence the material removal rate. The SiO2 film 
surface is first reacted with Cerium Oxide (CeO2) particles and bonding of 
Si-O-Ce is formed. Then there is mechanical tearing of those bonds leading 
to SiO2 removal instead of removal of lumps of Silicon Hydroxide (Si 
(OH)4) [6]. 
 
A unified mechanism of material removal was stated by J. Xin et al. [12] 
which say that the non- Newtonian slurry flow induces strong shear stress 
which removes the material at the wafer surface. The following three steps 
involved in the proposed mechanism: 
 

 1- Slurry chemicals after adsorbing onto the wafer surface react with 
molecules and change the structure of it and make a weakened protective 
thin layer. 
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2- Strong shear stress due to the high shear rate at local removal spots 

and the greater effective non-Newtonian viscosity of the fluid (rather than 
its bulk value) removes the molecules of the modified layer through the 
slurry particles. 

  
       3- Removed molecules from the surface are transported away 
downstream by the slurry flow and the material removal repeats on the 
fresh surface. 
Also Sparks [13] described in the synopsis technical report that Colloid 
science has three chemistry processes:  wetting and corrosion of glass 
surface, redeposition of silica during polishing and surface charging of the 
glass. Two mechanisms were stated for surface charging: preference of the 
glass surface to accept either positively-or negatively-charged ions from the 
slurry fluid (differential adsorption) or the ionization of surface groups, 
which is driven by the slurry pH.  

Zhaoze Li et al. [14] states that the material removal in polishing by ASJ is 
a complicated and contains collisions and shearing actions between the 
abrasive particles and work piece. Material removal includes brittle 
removal and ductile removal In the case of brittle removal, the applied 
increasing load to the surface causes a growing permanent impression on it 
which removes the material. Ductile removal is due to shearing actions. 
Owing to that jet polishing belonging to low-speed jet finishing, only 
ductile removal occurs. Collisions result in shear stress between abrasive 
particles and workpiece under the actions of impact pressure and horizontal 
velocity. When the shear stress is big enough, it will remove the material of 
the work piece directly. Figure 5.2 shows the schematic drawing of 
parameters in ASJ. 
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Figure. 5.2. Schematic drawing of parameters in ASJ [14]. 

 

Assuming incompressible fluid turbulent flow motion, the relation of the 
distribution of wall shear stress T is: 
 

  
 
T = wall shear stress 
Tmax = maximum shear stress 
L = nozzle stand-off distance 
r = radial coordinate 
 
The shear stress value appears annular and has an M-form distribution over 
the jet impact zone. It has a minimum value at the impingement stagnation 
point and linearly increases with the radial distance from the centre to the 
maximal shear stress and then decreases until zero. 

Also the material removal footprint is annular and the removed material has 
a W-shape profile through the spot centre with a least amount in the centre 
of the polishing zone which shows that the main factor in material removal 
is the radial shear stress. At 60° angle of attack the material removal 
distribution has an irregular single-peak in the cross section. With the attack 
angle of 45°, the annular distribution changes to crescent shape [14]. 

Figure 5.3 shows the surface shear stress distribution and the material 
removal over the jet impact area for the jet attack angle equal to 90 degree. 
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Figure 5.3. Surface shear stress and material removal distribution over the 
jet impact area for the jet impact angle equal to 90 degree. (a) Shear stress 

distribution (b) Material removal shape [14]. 

 

Also figure 5.4 shows the annular shape of material removal on the 
processed surface of a steel workpiece. 

 

 

 

Figure 5.4. Annular shape of material removal on steel surface. 
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6 FJP system and components 

A specific mixture of water and abrasive particles, the slurry is prepared 
and stirred in a tank. The slurry is passed through a filter to ensure about 
the particle size and then is pressurized in a pump. Then it goes through a 
nozzle where its potential energy converts to kinetic energy and the 
resultant jet impacts the surface to be shaped or polished with higher 
velocity. The jet impacts the surface of the work piece with no physical tool 
contact. Figure 6.1 shows the system and its main components.  

 

Figure 6.1. FJP system and its main components. 

 

Both roughness reduction and shape corrections are possible with this set 
up. The basic setup is inexpensive and can be set up fast. The work piece 
and the nozzle can have relative translation and rotation. The accurate 
motion control is necessary in many applications which increase the cost. 
The process has no pollution impact on the environment because the slurry 
may be recycled. Friction and the recycling of the slurry may increase the 
temperature but the water itself acts as coolant for the work piece. In order 
to build a satisfactorily working setup, the pump pressure should be 
stabilized until an acceptable fluctuation is reached. The setup will wear 
due to the abrasives. The wear can be minimized by replacing or repairing 
some parts of the system on a regular basis. 
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6.1 Important parameters 

The parameters which can mostly affect the material removal from the 
surface and the roughness of the polished surface are introduced and 
described in table 6.1 [9]. 
 

Table 6.1. Important parameters in FJP 

Parameter Description Unit 
Typical 

range 

System pressure The pressure of slurry  bar 20 - 100 

Abrasive type    

Particle size Average particles diameter µm 0.05 - 250 

Particle shape 
Flat, round, irregularly, shaped, 

elongated etc 
  

Compound of 

slurry 

Percentage of abrasive in the 

slurry 
% 20 - 70 

Nozzle area Jet exit area mm2 0.5 - 2 

Jet impact angle 
Angle between the nozzle and 

the surface 
degree 45 - 90 

Nozzle stand- off 
The shortest distance between 

the nozzle exit and the surface 
mm 5 - 50 

Nozzle feed rate Relative velocity of nozzle  mm/s 2 - 12 

Temperature Temperature of slurry Co 20 - 40 
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The jet positioning parameters including the angle of impact, stand-off and 
also the nozzle exit radius is shown in figure 6.2.  
 
 

 

Figure 6.2. Jet positioning parameters, the nozzle radius a, the 
stand-off distance L and the angle of impact α [9]. 

 

6.2 Nozzle shapes 

The material removal depends on the impact of individual particles in 
slurry. The velocity distribution of the abrasive particles in slurry is 
determined by the shape of the nozzle and the applied pressure. Various 
types of nozzles have been developed for vast applications. 

 Solid stream nozzle that is the flow from it is a solid stream. A solid 
stream means that the water flowing from the nozzle does not 
diverge, and no air is mixed into the stream. 

 Solid steam spray nozzles can be split up into a number of 
categories, depending on the shape of the spray such as flat fan 
nozzles, hollow cone nozzles, full cone nozzles  

Flat fan nozzle diverge the slurry in one direction only, and not in the other 
direction, this results in a line shaped contact area. A hollow cone nozzle 
sprays the slurry away in the directions of the outer wall of a cone, and not 
in the centre. A full cone nozzle sprays the slurry uniformly in the shape of 
a cone. In these nozzles that distribute the water over an increasing volume, 
air must be mixed into the slurry.  
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A disadvantage of a full cone nozzle is that the water flowing from one part 
of the nozzle obstructs the water flowing from some other part of it on the 
surface to be treated. To avoid this full cone simulation nozzle can be 
constructed from which water flows in one direction only, as in the solid 
stream case. By rotation of the nozzle in two directions the flow will 
resemble that of a full cone nozzle.  

Other nozzle shapes are also possible, e.g. a converging nozzle could be 
made by directing a stream towards the central axis of rotation of the nozzle 
itself. Figure 6.3 shows the different types of nozzles. 

 

 

Figure 6.3. Different types of nozzles used for FJP a) A cylindrical nozzle, 
b) flat fan nozzle, c) hollow cone nozzle, d) full cone nozzle, e) full cone 

simulation nozzle, f) converging nozzle [9]. 
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7 Common abrasives used in polishing 

An abrasive is a hard material that can cut or abrade other substances. 
Various types of abrasives exist for polishing applications. Hardness which 
is the ability to resist penetration is the key property for an abrasive. Also 
diameter of abrasive particles and mesh size are important factors in 
polishing process. Particle diameter and mesh size of some abrasives are 
shown in table 7.1.  

Table 7.1. Particle diameter versus mesh size of some abrasives [9]. 

Mesh 

size 

Particle 

diameter

(μm) 

Mesh  

size 

Particle 

diameter

(μm) 

Mesh  

size 

Particle 

diameter 

(μm) 
SiC#60 250 SiC F320 29 Al2o3#1500 0.7 

SiC#80 177 SiC F360 23 Al2o3#2000 0.3 

SiC#100 125 SiC F400 17 Al2o3#2500 0.1 

SiC#120 105 SiC F500 13 Al2o3#3000 0.05 

SiC#150 88 SiC F600 9 Opaline 1 

SiC#180 74 SiC F800 7 Ceri 2035 2.5 

SiC#220 63 SiC F1000 5 Ceri 1800 7.5 

SiC 

F230 
53 Si C F1200 3 Ceri 

3000G 
1.2 

SiC 
F240 

45 Al2o3#600 30   

SiC 
F280 

37 Al2o3#1200 1   
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Four main powders which are used for polishing purposes are: ferric oxide 
(Fe2O3), cerium oxide (CeO2), aluminium oxide (Al2O3), and putty 
powder (tin oxide).  

For polishing applications the abrasives should not be too soft (then they 
will only deform and not remove material) and they should not be too hard 
either. The hardness of the polishing particles has to be equal to the 
hardness of the hydrated layer of the glass that is processed. 
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8 Experimentation 

Experiments are often used to evaluate the factors, which have a significant 
impact on the process output, and achieving a desired result of the level of 
those factors.  Since the experimentation needs time and also the cost of it 
is considerable, investigation of the factors that affect the processes using 
try and error is not the correct method and the required experiments have to 
be designed. 

8.1 Design of experiments 

Design of experiments (DOE) is used to draw valid and definitive 
conclusions from data with a minimum use of resources and enable 
designers to determine simultaneously the individual and interactive effects 
of many factors that could affect the output results in any design. DOE 
which also referred to as Designed Experiments or Experimental Design is 
an effective tool for maximizing the amount of information gained from a 
study while minimizing the amount of data to be collected. It investigates 
the effects of many different factors by varying them simultaneously 
instead of changing only one factor at a time. It is a structured and 
organized way of conducting and analyzing controlled tests to evaluate the 
factors that are affecting a response variable. Designed experiments are 
much more efficient than one-factor-at-a-time experiments which involve 
changing a single factor at a time to study the effect of the factor on the 
product or process. One-factor-at-a-time experiments are easy to 
understand but they cannot show the effect of a factor on product or process 
in the presence of other factors. 

 

8.2 Selecting important parameters 

Based on the results of previous tests, which were done in collaboration 
with GLAFO, four parameters and their ranges were chosen for the study. 
The feed rate of the nozzle relative to the work piece and the system 
pressure have the largest influence on the roughness parameters Sdr, Sdq and 
Ssc and jet impact angle and nozzle standoff distance have a small but 
significant influence [15]. The selected parameters and the levels which 
were used in the experiments are shown in table 8.1.  
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Table 8.1. Selected parameters and their levels 

. 

Parameters 
Level1  

(high) 

Level 2  

(low) 

Level 3  

(medium) 

Pressure      ( bar) 45 20 32.5 

Feed rate       (mm/s) 12 2 7 

Standoff distance  
(mm) 

50 6 28 

Impact angle  ( deg) 90 45 67.5 

 
Other parameters such as abrasive material, slurry compound and nozzle 
type and area were kept constant during the experiments in this work. For 
each experiment, the nozzle passed two times over the specimen surface in 
opposite directions. 

  

8.3 Material and instruments 

The polishing experiments were performed on the surface of float glass 
samples which was pre-grinded manually with a 25 μm grinding wheel. 
The slurry combination was 50 percent aluminium oxide powder 
(mesh#600 equal to 30 μ m) and 50 percent water. The polishing process 
was carried out by a Fluid Jet polishing machine based on the direct 
pumping principle; see section 4.3.3.2, with a nozzle with diameter of 1.3 
mm. The pump is driven by an electronically controlled motor providing an 
accurate speed regulation. The motor velocity is directly related to the 
pressure for a given slurry and nozzle. Figure 8.1 shows the system which 
was used in the experiments. 
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Figure 8.1. Photo of the FJP machine used in the experiments.  

 

 

For the surface evaluation, the surface roughness of polished glass samples 
including Sa, Sdr, Sdq and Ssc were measured by “NPFLEX” optical non-
contact 3D profiler produced by Bruker Company. The measurements were 
made with a magnification of 2.7 and the measured area was 1. 7 x 2. 3mm.  
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9 Results 

The 18 numbers of experiments were designed and carried out on the glass 
specimens. The surface appearance of the specimens was evaluated visually 
and also the roughness values Sa, Sdq, Sdr and Ssc were measured in Glafo. 
The final results are shown in table 9.1. 

 

Table 9.1. The conditions and results of the 18 experiments. 

 

The surface image of one of the workpieces and the X and Y profiles are 
shown in figures 9.1 and 9.2. 
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Figure 9.1. Optical profiler 3D image of a track with operating parameters 
2 mm/s, 45 bar, 50 mm and 90 degree as specified in table 9.1. 
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Figure 9.2. The roughness X and Y profiles.  
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Best 
Worst appearance 

The worst visual appearance grade is 0, which assigns to a surface without 
any polishing. This grade is not among the results in table 9.1 and shows 
the effectiveness of the polishing technique. 

 

Grade 0 1 2 3 4 5 

 

 

The visual appearance grades were plotted versus Sa, Sdq, Sdr and Ssc values, 
to observe the correlation between them and select the better parameters for 
surface evaluation. 

 

 

Figure 9.3. Visual appearance grade versus surface roughness parameters 
Sa. The numbers in the plot dots show the test number according to table 

9.1. 

The highest and lowest Sa values have the same visual appearance grade 4 
and the distribution of Sa values over the visual appearance grades shows 
the disagreement of Sa and visual grades. The correlation between visual 
appearance grade and surface roughness parameter Sa is not acceptable for 
surface evaluation and judging polishing effect. 
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Figure 9.4.a. Visual appearance grade versus surface roughness 
parameters Sdr . The numbers in the plot dots show the test number 

according to table 9.1. 

 

Figure 9.4.b. Visual appearance grade versus surface roughness 
parameters Sdq. The numbers in the plot dots show the test number 

according to table 9.1. 
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Figure 9.4.c. Visual appearance grade versus surface roughness 
parameters Ssc. The numbers in the plot dots show the test number 

according to table 9.1. 

 

Better correlation between visual appearance grades and Sdq Sdr and Ssc 

values are observed in figures 9.4.a to 9.4.c. This shows that these three 
surface parameters can be selected for better judgment of surface quality. In 
order to have a better understanding of the correlation level of the surface 
roughness parameters to each visual grade (under the test conditions), the 
ranges of them were extracted and the related standard deviation were 
calculated and shown in table 9.2. 
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Table 9.2. Range of Sdq, Sdr and Ssc and standard deviation for visual 
grades. 

Visual 
appearance 

grade 

Sdr 

 

Sdq 

 

Ssc 

 

Range SD Range SD Range SD 

1 
0.374 to 

0.667 
0.1316

4.98 to 
6.71 

0.7752
35.1 to 

37.7 
1.1121 

2 
0.308 to 

0.325 
0.012 

4.54 to 
4.66 

0.0849
34.2 to 

34.4 
0.1414 

3 
0.220 to 

0.283 
0.026 

3.94 to 
4.32 

0.2316
30.4 to 

32.7 
1.027 

4 
0.097 to 

0.145 
0.0274

2.52 to 
3.09 

0.3291
21.7 to 

27.1 
2.9366 

5 
0.004 to 

0.012 
0.004 

0.5 to 
0.9 

0.2013
2.4 to 

4.8 
0.9809 

 

The values in table 9.2 show that there is not a significant difference 
between Sdr and Sdq as criteria for surface roughness evaluation and visual 
grading. Also for the lower visual grades, Ssc correlates better than Sdr and 
Sdq. 

Visual appearance grade was plotted versus the test parameters to find out 
how these parameters influence the visual appearance. 
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Figure 9.5. Visual appearance grades versus system pressure. The numbers 
in the plot dots show the number of the grade occurred.  

 

 

Figure 9.6. Visual appearance grades versus Nozzle feed rate. The numbers 
in the plot dots show the number of the grade occurred.   
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Figure 9.7. Visual appearance grades versus Jet impact angle. The 
numbers in the plot dots show the number of the grade occurred.   

 

Figure 9.8. Visual appearance grades versus Nozzle Stand-off distance. The 
numbers in the plot dots show the number of the grade occurred.  
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Figures 9.5 and 9.6 show that when the nozzle feed rate or the system 
pressure keep constant while other parameters change in the range 
according to table 4, the visual appearance grade varies within the certain 
values. At 20 bar system pressure the most of the specimen surface 
appearance evaluated as grade 1 and 3. The grade 5 was not achieved as 
well. Also most specimens which were polished under 45 bars have the 
visual appearance grades 4 and 5. In addition the grades 1 and 2 were not 
achieved. Figures 9.7 and 9.8 show that the dispersion of results over the 
visual grades is smooth and as a result the jet impact angle and the nozzle 
stand-off distance do not significantly influence the visual grades. For the 
industrial polishing where simplicity on adjusting the polishing machine is 
important, these parameters can be fixed to suitable values. Table 9.3 show 
the visual grade ranges for system pressure and nozzle feed rate values. 

 

Table 9.3. Range of Visual appearance grade for pressure and nozzle feed 
rate. 

Test parameter 
Visual appearance 

grade 

Nozzle feed rate (mm/s) 
2 3 - 5 

12 1 - 4 

System pressure (bar) 
20 1 - 4 

45 3 - 5 

 

In order to find out the effects of the test parameters changes on the surface 
roughness parameters values, Sa, Sdq, Sdr and Ssc were plotted against the 
system pressure; nozzle feed rate, jet impact angle and nozzle stand-off 
(figures 9.9 to 9.24). 
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Figure 9.9. System pressure versus Sa. 

 

Figure 9.9 shows that there is not a good correlation between the system 
pressure and Sa and as a result the effect of pressure change on Sa is not 
clearly known.   
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Figure 9.10. System pressure versus Sdq. 
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Figure 9.11. System pressure versus Sdr. 

 

Figures 9.10 and 9.11 show that when the system pressure is increased 
while other parameters keep constant the Sdq and Sdr values significantly 
decrease.   
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Figure 9.12. System pressure versus Ssc. 

 

Figure 9.12 shows that when the system pressure is increased while other 
parameters keep constant the Ssc value significantly decreases.  At nozzle 
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feed rate of 2 mm/s the amount of Ssc value decreasing is mostly more 
comparing to the state when the nozzle feed rate is 12 mm/s. 

 

 

Figure 9.13. Nozzle feed rate versus Sa. 
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Figure 9.13 shows that there is not a good correlation between the nozzle 
feed rate and Sa and as a result the effect of nozzle speed on Sa is not clearly 
known.   

 

 

Figure 9.14. Nozzle feed rate versus Sdq. 
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Figure 9.15. Nozzle feed rate versus Sdr. 

 

Figures 9.14 and 9.15 show that when the nozzle feed rate is increased 
while other parameters keep constant the values of Sdq and Sdr significantly 
increases.   
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Figure 9.16. Nozzle feed rate versus Ssc. 

 

Figure 9.16 shows that when the nozzle feed rate is increased while other 
parameters keep constant the Ssc value significantly increase. This Ssc 
increasing value is higher at system pressure of 45 bars comparing to the 
state when the system pressure is 20 bars. 
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Figure 9.17.  Nozzle Stand-off versus Sa. 
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Figure 9.18. Nozzle Stand-off versus Sdq. 
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Figure 9.19.  Nozzle Stand-off versus Sdr. 
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Figure 9.20.  Nozzle Stand-off versus Ssc. 

 

Figures 9.17 to 9.20 show that there are not good correlation between the 
nozzle stand-off and Sa, Sdq, Sdr and Ssc and as a result the effect of stand-
off values change on these parameters cannot be clearly stated.   
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Figure 9.21. Jet impact angle versus Sa. 
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Figure 9.22.  Jet impact angle versus Sdq. 
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Figure 9.23. Jet impact angle versus Sdr. 
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Figure 9.24.  Jet impact angle versus Ssc. 

 

Figures 9.21 to 9.24 show that increasing the jet impact angle from 45o  to  
90o, mostly causes an increasing in the values of the surface roughness 
parameters. Comparing to the effects of other parameters such as system 
pressure and nozzle feed rate, changing the jet impact angle values does not 
significantly influence the roughness parameters.  
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10 Conclusion 

The aim of this thesis is to describe techniques for polishing of glass 
materials. In addition special focus is on fluid jet polishing where the 
process is described thoroughly. 18 experiments have been conducted and 
after visual grading, the roughness parameters were measured. The results 
were analyzed and show that FJP is capable of affecting glass surface in a 
positive way. Certainly the nozzle feed rate and system pressure 
significantly influence the surface quality and it is also clear that the other 
parameters such as nozzle standoff distance and jet impact angle do not 
affect the results.  

 In the future, it is suggested to do more experiments for better validation of 
results, checking robustness and stability and the interaction between the 
system parameters. Also more studies related to the influence of the 
abrasive size and a more detailed theory describing the removal of material 
would be of high interest. 
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