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Samenvatting

De optische industrie krijgt steeds grotere interesse in de toepassing van kunst-
stoffen als optische componenten. De reden hiervoor is dat er kunststoffen met
steeds hogere brekingsindex ontwikkeld worden en dat deze bovendien een lagere
soortelijke massa hebben dan glas. Het is mogelijk om kunststoffen tot optische
kwaliteit te draaien in één opspanning: dit is een proces dat in de contactlenzen-
industrie al toegepast wordt. De voordelen hiervan zijn kostenbesparing, omdat
er minder machines nodig zijn en verhoogde nauwkeurigheid door afwezigheid
van omstelfouten.

In dit onderzoek is gekeken naar het precisiedraaiproces van glasachtige
(transparante) kunststoffen. In het algemeen worden voor het precisiedraaien
mono-kristallijne diamantbeitels gebruikt. Voor procesoptimalisatie van het ver-
spaningsproces van kunststoffen is het van groot belang dat men weet in welke
fase zich het kunststof bevindt tijdens het draaien en hoe de relatief hoge dia-
mantslijtage ontstaat.

In de literatuur op het gebied van precisiedraaien van kunststoffen wordt
aangenomen dat men de beste oppervlaktekwaliteit behaalt als men een tempe-
ratuurstijging tot de glastransitietemperatuur (Tg) van het polymeer kan bereiken
door meer adiabatische verspaningscondities toe te passen. De oppervlakte-
kwaliteit werd in alle onderzoeken direct gekoppeld aan het wel of niet bereiken
van Tg. Ook zijn er afschattingen van de temperatuurstijging gemaakt tijdens het
verspanen, maar hiervoor zijn nooit daadwerkelijk krachtmetingen uitgevoerd.

In het eerste deel van deze dissertatie wordt het aangepaste temperatuurmo-
del van Hahn toegepast. De invoer voor dit model zijn de verspaningskrachten,
die in dit onderzoek daadwerkelijk gemeten zijn. De belangrijkste aanpassing
van het temperatuurmodel voor dit onderzoek bestaat uit de toevoeging van de
conversieratio η van mechanische arbeid naar warmte. Op basis van literatuur en
uitgevoerde temperatuurmetingen blijkt dat deze voor kunststoffen op 0,5 gesteld
mag worden tijdens het verspaningsproces.

Door toepassing van het temperatuurmodel blijkt dat de temperatuur tijdens
het verspaningsproces van kunststoffen niet de glastransitietemperatuur bereikt.
Dit geeft aan dat de behaalde oppervlaktekwaliteit na diamantdraaien niet be-
invloed wordt door de hoogte van Tg. Een andere implicatie is dat naast ther-
misch geactiveerde vloei een deel spanningsgeactiveerde vloei optreedt tijdens
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het verspanen. De spanningsgeactiveerde vloei kan ketenbreuk in de primaire de-
formatiezone tot gevolg hebben, wat bij PMMA het geval is en bij polycarbonaat
(PC) niet.

Het temperatuurmodel is ook gebruikt voor de bestudering van de invloed
van diverse verspaningsparameters. Hieruit blijkt bijvoorbeeld dat een verhoging
van de snijsnelheid weinig invloed heeft op de maximale temperatuur in de
primaire deformatiezone. Wel leidt een grote negatieve spaanhoek (−20◦) tot een
aanzienlijke temperatuurstijging. Echter, deze is ook niet voldoende om Tg te
bereiken tijdens het draaien van PC.

Zowel gestoken als vlakgedraaide oppervlakken zijn bestudeerd. De opper-
vlakken na het steken (met een rechte snijkant) van PC vertoonden sterke over-
eenkomsten met plooien gevormd in een viskeuze laag op een viskeuze matrix
belast onder compressie. PMMA vertoonde dit gedrag niet, wat verklaard kan
worden door het feit dat PMMA een gesegmenteerde spaan vormt en PC een
volledig ductiele spaan.

Alhoewel plooivorming een significante invloed kan hebben op de opper-
vlakteruwheid tijdens steken, is dit effect verwaarloosbaar bij het precisiedraaien
met radiusbeitels vanwege de zeer kleine spaandoorsnedes. Het blijkt dat de
oppervlakteruwheid van precisiegedraaide kunststof oppervlakken gedomineerd
wordt door de beitelafdruk en optimalisatie kan hier het beste toegepast worden
middels aanpassing van de voeding.

De thermo-mechanische geschiedenis van een kunststof is niet van invloed op
de haalbare oppervlaktekwaliteit. Daarnaast blijkt ook de crosslinkdichtheid géén
direkte factor voor haalbare oppervlaktekwaliteit te zijn. Dit is onderzocht met
behulp van verschillend gecrosslinkte PMMA materialen. Weliswaar veranderde
de oppervlaktestructuur bij toenemende crosslinkdichtheid, maar de Ra waarde
bleef nagenoeg gelijk. Het lijkt erop dat niet zonder meer verondersteld mag
worden dat thermoharders niet tot optische kwaliteit te verspanen zijn.

Het tweede deel van deze dissertatie beschrijft de twee dominante slijtage-
mechanismen tijdens het diamantdraaien van kunststoffen. Voor tribo-elektrische
slijtage is een sterke oplading nodig met een bepaalde polariteit. Als de beitel als
anode fungeert kunnen positieve Lichtenberg figuren in de beitel ontstaan. Als de
beitel als kathode fungeert, zijn er veel grotere veldsterktes nodig om Lichtenberg
figuren te laten ontstaan. Hierdoor hoeft tribo-elektrische slijtage dan niet als het
dominante slijtagemechanisme aanwezig te zijn.

Een ander dominant slijtagemechanisme is tribo-chemische slijtage. Experi-
menten hebben duidelijk gemaakt dat het hier om een oxidatief etsproces gaat.
Dit etsen leek alleen op te treden bij kunststoffen die makkelijk hydrolyseerbaar
zijn. Als spaanvlak wordt veelal de (110) oriëntatie gebruikt, welke naar een (111)
vlak toeëtst. De invloed van de relatieve luchtvochtigheid is hierbij een belang-
rijke parameter en dit duidt op een OH-stabilisatie tijdens het etsen. Er is een
reactiemechanisme opgesteld voor de oxidatie tijdens het diamantdraaien van
kunststoffen met als basis een nucleofiele aanval op een carbonyl getermineerd
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diamantoppervlak, uiteindelijk resulterend in CO-desorptie en OH-terminatie
aan het diamantoppervlak. Op deze manier kan etsen als dominant slijtageme-
chanisme optreden.

Berekeningen hebben aangetoond dat er voldoende energie vrijkomt om dit
etsproces te laten verlopen en dat er ook voldoende nucleofielen aanwezig zijn
om dit proces te kunnen initiëren.
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Abstract

Optical industries become more and more interested in the application of optical
polymers. The reason for this is that polymers can be made with high refractive
indices and that polymers have a low specific mass. It is possible to precision
turn polymers to optical quality on one turning machine, which is already done
in the fabrication of contacts. The benefits are: lower production costs and higher
accuracies.

This research investigated the precision turning process of optical, glassy poly-
mers. In general mono-crystalline diamond tools are used for the turning process.
For process optimisation it is necessary to know in what phase the polymer is du-
ring turning. Another aspect is how the diamond tool wears during turning of
these polymers.

Literature shows that it is assumed that the best surface qualities can be achie-
ved when the glass transition temperature (Tg) of the polymer is reached. Es-
timates of cutting temperatures have been made, but true cutting temperature
measurements were not found.

The first part of this thesis applies the modified temperature model of Hahn.
The input parameters of this model are the cutting forces, which have been mea-
sured in this research. The most important modification of the model is the
introduction of the work to heat conversion ratio η. Based on literature and
experiments it was found that in diamond turning of polymers this value is 0.5.

The application of the temperature model shows that in polymer turning for
the investigated polymers Tg is not reached. This indicates that it is not the height
of Tg that determines whether optical quality can be achieved in diamond turning
of polymers. Another implication of not reaching Tg is that not just thermally
activated flow, but also stress activated flow is important in polymer turning.
Stress activated flow may result in chain scission in the primary shear zone,
which is probably the case during turning of PMMA. For polycarbonate (PC), no
chain scission was found to occur during turning.

Also, the temperature model is used for studying the influence of several
turning parameters. It was found that an increase in cutting speed has little
effect on the temperature rise in the primary shear zone. A large negative rake
angle (−20◦) has more effect, but is not enough for reaching Tg in PC. Also, crack
formation in front of the tool becomes important.
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Experiments with both faceted (straight cutting edge) and radius tools have
been used for studying surface formation. Surfaces formed in plunge turning with
a straight cutting edge and a rake angle of 0◦ on PC showed strong resemblance
with fold formation in a viscous layer on a viscous matrix under compression.
PMMA did not show such behaviour, which may be explained by its segmented
chip type, while PC has a fully ductile chip.

Although fold formation can have a significant influence on the achievable
surface roughness value, it is not of importance in the precision turning pro-
cess. The main reason for this is that in precision turning only small uncut chip
thicknesses are used. It appears that in precision turning operations the sur-
face roughness is dominated by the footprint of the radius tool and optimisation
should be performed by this.

The thermo-mechanical history of the polymer does not have any influence
on the achieved surface roughness. The influence of crosslink density was in-
vestigated by differently crosslinked PMMA grades. With increasing crosslink
density the surface structure changed, but the Ra value remained approximately
the same. Simply saying that thermosets cannot be machined to optical quality is
therefore not correct.

The second part of this thesis described the two possible dominant wear
mechanisms of the diamond tool in polymer turning. For tribo-electric tool wear to
be dominant, a sufficiently high charge with a certain polarity has to be produced.
When the tool acts as an anode in the cutting system positive Lichtenberg figures
can be created, damaging the tool and possibly the cutting edge. This way, tribo-
electric tool wear can be dominant.

Tribo-chemical tool wear is another dominant wear mechanism in polymer
turning. It was found that oxidative etching of the diamond tool can occur. It
appeared that polymers that can easily by hydrolyzed (polymers containing es-
ters) resulted in much tribo-chemical tool wear. In diamond turning, the rake face
is generally the (110) orientation, which will etch to a (111) orientation. Experi-
ments showed the influence of relative humidity, meaning that OH stabilization
occurs. A hypothesis for the oxidative etch mechanism during diamond turning
of polymers is given. It starts with a nucleophilic attack on the carbonyl group on
the diamond surface, finally resulting in CO desorption and OH stabilization on
the diamond surface. This way, tribo-chemical wear can be dominant.

Calculations showed that during the diamond turning process enough energy
is present for oxidative etching to occur, and that enough nucleophiles are present
to initiate the etching process.
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Chapter 1

Introduction

This chapter describes the increasing use of polymeric materials for optical ap-
plications. Further, it will give some general background information about the
turning process and in particular the diamond turning process, polymer material
behaviour, and a short literature review on polymer turning. Finally the research
goals will be presented.

1.1 Polymers for optical applications

1.1.1 Lens production

Polymeric optical materials are increasingly used in optical applications. Examples
are car lights, traffic lights, displays of mobile telephones, contacts, spectacle
lenses, laser lenses, micro-structured arrays, projection lenses and drums in co-
pier machines. A lot of these products are manufactured in mass production and
therefore it is convenient to produce them by injection moulding. However, some
products have to be produced customer-specific. The example here is the produc-
tion of lenses. Contacts, intra-ocular lenses (IOL’s) and spectacle lenses have to be
produced according to the eye dioptry of the customer. People needing spectacles
or contacts have different eye dioptries and they also have different wishes for
their lenses, such as bi- or multi-focal. Multi-focal lenses have a large range of
changing dioptries on their contour, especially designed for people who want to
use their lenses for both near and far sight viewing. This means that all these
lenses have to be produced customer-specific.

The current production process of lenses consists of rough cutting the so-called
”blank”. This process creates the rough form of the lens, but not the correct optical
quality. If the surface roughness of the rough cut blank is too high for immediate
polishing, the blank is first transported to a grinding machine. After grinding
a better surface quality is achieved, but still not the correct optical quality. To
achieve this the blank is transported to the polishing machine for polishing to
optical quality.

The process of transporting and fixing the blank on other machines introduces

1
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inaccuracies in the final product [1]. Another source of inaccuracies originates
from the grinding and polishing processes itself. The use of fixed stamps for
grinding and polishing results in contact pressure distributions over the blank
[2, 3]. At higher contact pressures more material is being removed than at lower
contact pressures. This inherently leads to a flattening of high spots and round-off
at the edges [4]. This attributes to form and shape uncertainties.

Also, the above mentioned manufacturing process has the disadvantage of
being environmental unfriendly. Use of grinding and polishing powders pollutes
the water that is used in these processes. It is obvious from the foregoing that the
manufacturing process of these optical lenses can be improved.

The precision cutting process enables a high flexibility in the production pro-
cess [5] and an increased production rate of asymmetric products [6]. Especially
the non-rotational symmetric lenses can be produced with high flexibility by using
a so called ”fast tool servo” [7]. Higher form and shape accuracies can be achieved
by the turning process than with conventional grinding and polishing techniques
[8, 9, 10]. It may be obvious that performing rough cutting and precision cut-
ting on one machine will decrease the uncertainties of the final product and can
increase the throughput.

1.1.2 Optical properties

Most common optical materials used for spectacle lenses are mineral glasses,
and polymers such as allyl diglycol carbonate (ADC) and polycarbonate (PC).
The biggest benefit of ADC and PC, which are polymers, is their relatively low
specific mass. Their specific masses are approximately 1300 kg/m3, which is half
the density of glass.

In Europe, mineral glasses have a share of approximately 35% in spectacle
lenses and PC approximately 5%. Looking at the United States of America,
no mineral glasses are being used for spectacle lenses, while PC has a share of
approximately 35%. The rest are mainly ADC’s [11]. These polymers are low
index materials (< 1.55). Also higher index (> 1.6) polymers can be found, up
to refractive indices of 1.74. In fact, PC is a mid index material with a refractive
index of 1.58, but it has a bad chromatic aberration. Chromatic aberration arises
from the fact that the refractive index is a function of the wavelength of the light,
n = n(λ). The thin-lens equation is given by Hecht [12] as:

1
f
= (nl − 1)

( 1
r1
− 1

r2

)
(1.1)

with f the focal length of the lens, nl the refractive index of the lens material, and
r1 and r2 the radius of curvature of the two lens surfaces. Since the refractive index
is a function of wavelength, it can be seen that the focal length of a lens, see the
thin lens equation, is dependent on the wavelength too. In general n(λ) decreases
with wavelength over the visible region, and thus f (λ) increases with λ [12].

At this moment also polyamides (PA) and polyurethanes (PU) are more and
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Figure 1.1: The optical properties of a lens are determined by refraction,
reflection, absorption, diffusion and diffraction.

more applied for optical lenses. These materials have good impact resistance and
better optical properties than PC.

The following five optical properties can be distinguished.

• Refraction When a light beam travels non-perpendicular from one material
to another material that has a different refractive index, see Figure 1.1(a), the
light beam changes direction according to

sin ι = n · sinθ (1.2)

with ι the angle between surface normal and incident light beam, n the
refractive index of the material and θ the angle between surface normal and
refracted light beam. The refraction index n of a material is determined by
n = c/vm in which c is the speed of light in vacuum and vm is the speed of
light in the specific material, therefore n > 1.

The refractive index is dependent on the wavelength of the used light. A
different wavelength results in a different vm, since vm = f · λ with f the
frequency of light and λ the wavelength. The dependence between n and λ
is called dispersion and results in chromatic aberration. It is characterized
by the Abbe number Vd and defined as [12]:

Vd =
nyellow − 1
nblue − nred

(1.3)
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with nyellow, nblue and nred the refractive indices for yellow (λ = 587.6 nm), blue
(λ = 486.1 nm) and red (λ = 656.3 nm) light. When a material has a low
Abbe value, it has a lot of dispersion and chromatic aberration. Generally,
in optics the dispersion is not a big influence parameter [13], however, PC
is known as a material with a bad chromatic abberation: its Abbe number
is approximately 30, which is bad. This in contrast to the thermoset CR39,
which is an allyl diglycol carbonate (ADC). It has an Abbe value of nearly
60, which results in less chromatic abberation [13].

• Reflection Reflection, shown schematically in Figure 1.1(b), always occurs
on a surface and is also material dependent. The higher the refractive index,
the higher the reflection. In [13] can be found that for an n=1.5 material the
reflection for a perpendicular incident light beam is 7.8% and for an n=1.9
material the reflection increases to 18%. A way of omitting this reflection is
applying an anti-reflection coating on the surface.

• Absorption Atoms and molecules contain electrons. It is often useful to
think of these electrons as being attached to the atoms by springs. The
electrons and their attached springs have a tendency to vibrate at specific
frequencies, called their natural frequencies. When a light wave of a gi-
ven frequency strikes a material with electrons having the same vibrational
frequencies, these electrons will absorb the energy of the light wave and
transform it into vibrational motion. During their vibrations, the electrons
interact with neighbouring atoms converting the vibrational energy into
thermal energy. Subsequently, the light wave with that given frequency is
absorbed by the object, Figure 1.1(c). Absorption is a material property.

• Diffusion Diffusion appears at the surface of a material. Therefore, this
is not a material property. It is dependent on the surface roughness. An
incident light beam ”scatters” at the surface, see Figure 1.1(d). The reflected
light does not totally leave the surface under the same angle as the incident
beam, but leaves the surface under all angles.

A relation between diffusion and surface roughness is given by the total
integrated scatter (TIS) equation [14, 15]:

TIS =
(

4πRq
λ

)2

(1.4)

In this equation, TIS is the amount of scattered light with respect to the
total intensity of the incident beam on the surface, Rq is the root mean
square roughness of the surface, and λ is the wavelength of the incident
beam. It may be obvious from this equation that the TIS value is highly
dependent on the used wavelength, and that for larger wavelengths, the
amount of scatter becomes negligible. However, for the visual spectrum,
with its shortest wavelength of approximately 300 nm, an Rq roughness of
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2.4 nm has to be achieved to have only 1% loss of intensity by scattering.
Therefore, high surface qualities are needed for optics that are to be used in
the visual spectrum.

• Diffraction Diffraction is the bending and spreading of waves when they
meet an obstruction. It may be a result of regularly spaced patterns with di-
mensions in the order of the wavelength of the used light. In fact, diffraction
is an interference phenomenon that can only occur for coherent light waves.
Diffraction for optics is best described by the far field solution, defined as
Fraunhofer diffraction. It is described by the grating equation for oblique
incidence [12] as:

sinθ = sin ι +
mλ
d

(1.5)

with m the order of the interference line (m = 0,±1,±2, ...), λ the wavelength
of the used light, d the grating distance, ι the angle between surface nor-
mal and incident light beam, and θ the angle between surface normal and
diffracted light beam.

Diffraction is given schematically in Figure 1.1(e). When a white light ray
incidents on a surface with a regularly spaced pattern a ”rainbow” image
can be seen. This is also a problem for turned optics, since a regular pattern
is formed by the footprint of the tool during turning. If a constant feed rate
f was used, it holds that d = f . This way, the amount of diffraction can be
calculated using Equation 1.5. Notice that when a feed rate smaller than
the wavelength of light is used, no diffraction occurs. However, this means
increasing production times for optics.

From the above description it is clear that the different optical phenomena can
either be determined by material properties or manufacturing properties. This is
summarized in Table 1.1.

Table 1.1: Influencing properties on optical phenomena.

phenomenon material property manufacturing property
refraction ×
reflection ×
absorption ×
diffusion ×
diffraction ×

Equations 1.4 and 1.5 can be used for the determination of turning parameters
that should be used to achieve certain optical properties with respect to the amount
of allowable scattering and diffraction of an optical system.
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1.2 The turning process

1.2.1 Precision turning lathe

This thesis describes aspects of the diamond turning process of glassy polymers.
An important factor in diamond turning is the precision lathe used [16]. The
experiments described in this thesis were all performed on a precision turning
machine, called ”Colath”, that was developed at Philips Natlab [17] in the 1980’s.
The used configuration is an upgraded version from the original turning lathe.

The setup of the machine consist of two hydrostatic slides and an air bearing
spindle. The slides were actuated by linear motor actuators (LIMA’s) [17] and
recently upgraded with voice-coil actuators for higher accuracy. Also, the laser
interferometer measurement system has been replaced by Heidenhain nanometer
scales. The accuracy of the Colath is better than 1 µm [17].

1.2.2 The precision turning process

The precision turning process with a nose radius tool is schematically shown in
Figure 1.2. It can be seen that the tool penetrates the workpiece at a certain depth
of cut h with a relative cutting speed vc with the workpiece. Further, the tool
moves perpendicular to its cutting speed and parallel with the workpiece surface
to be cut. This is the feed rate f . Because the tool penetrates the workpiece, a chip
is formed that slides over the rake face of the tool, as depicted in Figure 1.3. The
chip formation process is a process with strong plastic deformation. True strains
of 1-3 are normal in the turning process [18]. The strain rate during cutting can
be estimated by [19]:

γ̇ =
vc

hcu
· γ (1.6)

with γ and hcu the shear strain respectively the uncut chip thickness. Using
common precision turning parameters it can be calculated, see Equations 1.16
and 1.17, that the uncut chip thickness is approximately 1 µm. Generally cutting
speeds vc > 1 m/s are applied. For such cutting speeds it can be calculated that the
strain rates in the precision turning process are of order 106 s−1 or higher. These
high strain rates will result in an adiabatic process. This has some consequences for
the turning process. Adiabatic conditions raise the temperature in the deformation
zone. For metallic materials it is known that temperature rises of several hundred
degrees Celsius may occur. This results in a softening behaviour of the material
in front of the tool.

In most precision turning processes diamond tools are being used, since they
can be made accurately and have sharp cutting edges. Because of the temperature
increase in front of the tool and because of frictional heating at the rake face,
thermal wear of cutting tools may occur. This is one of the reasons why diamond
wears so quickly when machining steel, since the cutting temperatures exceed
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Figure 1.2: Cutting geometry in precision turning operations.

the oxidation temperature of diamond (> 500 ◦C) and rapid tool wear occurs e.g.
[20].

The turning process is generally simplified as an orthogonal cutting process.
In orthogonal cutting the cutting edge direction is set orthogonally to the motion
of the tool and orthogonal to the generated surface. If, in this orthogonal cutting
process a large ratio exists of cutting width to undeformed chip thickness, the
cutting can be considered as plane strain, or two dimensional, see Figure 1.3(a).

This figure shows the plane strain setup of the turning process, represented

(a) (b) (c)

tooltooltool

workpieceworkpieceworkpiece

chipchip

chip

rake

clearance

x

z

vc

ϕ

spring-
back

γh rn

Figure 1.3: (a) Orthogonal cutting process, an ideal situation, (b) and (c) the plou-
ghing action of a tool with negative rake respectively a tool with a
cutting edge radius of size depth of cut.
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Figure 1.4: Figure (a) shows the different shear zones encountered in turning ope-
rations. Figure (b) shows the stress zones in turning operations.

by the dotted line at an inclined angle ϕ, the shear angle. This figure shows an
ideal turning process: the workpiece layer to be cut is totally removed. In reality
this will not be the case, because of the finite cutting edge of the diamond tool.

Deformation zones Generally the turning process is modeled as shearing de-
formation in a narrow zone. However, cutting processes are more complicated
than that. This is illustrated in Figure 1.4(a) showing the deformation zones en-
countered in turning operations. Since the main deformation mechanism in these
zones is shear, these deformation zones are generally called shear zones. Besides
the primary shear zone that is generally modeled for analytical calculations, a
secondary and tertiary shear zone are formed.

The secondary shear zone originates from friction between chip and rake. The
tertiary shear zone originates from the material transported underneath the tool.
The size of the tertiary shear zone depends on the cutting edge radius, but also
on the amount of flank wear [4].

It can be seen in Figure 1.2 that a chip with an increasing thickness over its
cross-section is produced in the diamond turning process. At the smallest chip
side, the undeformed chip thickness is of the order of the size of the cutting edge
of the tool. This means that one can no longer assume that a sharp cutting edge
exists in that part of the cutting zone. Still, the exact influence of this region
on the surface to be formed is not well understood. It may be understood that
the workpiece material is transported underneath the tool, while at the bigger
undeformed chip thicknesses the material is being sheared into the chip. The
effect of relative bluntness of the tool is bigger when a negative rake angle is used
or a large cutting edge radius, see Figures 1.3(b) and (c). The material that is
transported underneath the tool will be deformed and elastic springback behind
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the tool will occur; this material rubs on the clearance face of the tool [21, 22].
When cutting polymers, this rubbing can be substantial, because the polymer
will be heated above the glass transition temperature by the friction between cut
surface and clearance face, which was shown clearly by Carr and Feger [21].

Not only the material at the smallest chip side will be transported underneath
the tool, but this occurs over the entire chip width too. Research about the
thickness of the layer to be transported underneath the tool was carried out by
e.g. [23, 24, 25]. Also the resulting springback layer, resulting from elastic recovery
of the material transported underneath the tool has been modeled, e.g. [4, 24, 25].

Figure 1.4(b) shows schematically the stress fields in precision turning [26].
This stress field solution follows from the line force FR acting on a half space.
The line force FR is the combined action of main cutting force and thrust force.
The stress field is radial, with compressive and tensile stresses occurring in front
respectively behind the tool, of a line projected normal to the line force FR. Plastic
deformation zones occur in the shaded zones (based on Von Mises criteria). In
the tensile stress field, mode I fracture can occur along the crack trajectories.

It is known from metal cutting that different kinds of chips can be formed in
turning operations. Figure 1.5(a) shows a homogeneous flow chip. Wavy chips,
see Figure 1.5(b), are formed by an oscillation of the shear angle. The segmented
or shear chip, see Figure 1.5(c), is formed by adiabatic shear localization. Brittle
materials lead to discontinuous chips in turning, see Figure 1.5(d). The segments
are fully separated from each other by (brittle) fracture of the material in or in
front of the shear zone.

It is generally known that when continuous (ductile) chips, Figure 1.5(a), are
produced better surface qualities are achieved than when discontinuous (brittle)
chips, Figure 1.5(d), are produced. Generally when brittle materials like ceramics
are cut, a crack is produced in front of the tool, which causes a fractured surface
and a bad surface quality. If one knows how to achieve ductile and stable cutting

(a) (b) (c) (c)

Figure 1.5: Schematic representation of chip types known from metal cutting [27]:
(a) homogeneous flow chip, (b) non homogeneous wavy chip, (c) non-
homogeneous segmented or shear chip, and (d) non-homogeneous dis-
continuous chip.
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Figure 1.6: Tool force diagram for orthogonal cutting [31], with main cutting force
Fc, thrust force Ft, resultant force FR, shear plane force Fs, shear plane
normal force Fsn, frictional force on the rake face Ff and normal force
on the rake face Fn.

conditions, one is capable of achieving high surface qualities and high accuracies.
From cutting research on highly brittle materials, such as single crystal silicon
[28], germanium [29] and quartz [30], it is known that there is a brittle-to-ductile
transition. This means that there is a depth of cut where the process changes
from brittle to ductile. It is known that a brittle-to-ductile transition occurs if the
hydrostatic pressure in front of the tool is high enough to favour a ductile chip
formation instead of a brittle one.

1.2.3 Tool force models

Figure 1.6 shows a model that can be used for the prediction of cutting forces.
The figure shows a chip that is considered to be in equilibrium. The equilibrium
forces are a resultant force on the chip at the rake face of the tool and a resultant
force at the base of the chip on the rake face. From the figure it can be seen that
the resultant force FR can be subdivided in different pairs of forces. In general the
main cutting force Fc and the thrust force Ft can be measured by a dynanometer.
From the figure it follows that:

�FR = �Fc + �Ft = �Fs + �Fsn = �Ff + �Fn (1.7)

with Fs the shear plane force, Fsn the shear plane normal force, Ff the frictional
force on the rake face and Fn the normal force on the rake face. For these forces the
following geometrical relations can be derived with the aid of the cutting force
diagram given in Figure 1.6.
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Fs = Fc cosϕ − Ft sinϕ (1.8)
Fsn = Fc sinϕ + Ft cosϕ (1.9)
Ff = Fc sinα + Ft cosα (1.10)
Fn = Fc cosα − Ft sinα (1.11)

with α the rake angle and ϕ the shear angle. From these equations and Figure 1.6
it becomes clear that the key parameter in the turning process is the shear angle.
If the shear angle can be predicted (and the shear flow stress τy is known), the
cutting forces can be determined:

Fc = τy · b · h · cos
(
β − α)

cos
(
ϕ + β − α) sinϕ

(1.12)

Ft = τy · b · h · sin
(
β − α)

cos
(
ϕ + β − α) sinϕ

(1.13)

with width of cut b, depth of cut h and friction angel β defined as β = Ff/Fn. In the
past several analytical cutting force models have been derived. One of the best
known models are Ernst and Merchant’s [32] and Lee and Shaffer’s [33]. These
models assume the occurrence of a maximum shear stress on the shear plane.
Using different assumptions, different solutions were derived for the shear angle:

ϕ =
π
4
− β

2
+
α
2

(1.14)

and
ϕ =

π
4
− β + α (1.15)

with Equation 1.14 and 1.15 Ernst and Merchant’s respectively Lee and Shaffer’s
solution. Ernst and Merchant’s model is known as an upper bound model [18].
The derivation of turning forces in the precision turning process may differ from
these derived for conventional turning. This will be described in the next section.

Applicability of tool force models for precision turning

One of the problems concerned with the precision turning process is the use of
radius tools that result in a varying uncut chip thickness along the radius of
the tool, see Figure 1.2 and 1.7. The maximum uncut chip thickness (dimension
perpendicular to the cutting edge) is defined as:

hcu = R −
√

R2 − 2 f
(
b − f

)
, with (1.16)

b = R · arccos
(
R − h

R

)
(1.17)
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This means that the chip thickness in precision turning increases from zero to ap-
proximately 1.3 µm at the uncut surface at ”normal” precision turning conditions
with feed rate 10 µm/rev, depth of cut 10 µm and tool nose radius 1 mm. The
value of the cutting edge radius for a newly lapped diamond tool is approxima-
tely 50 nm (see Appendix B). Because of this finite cutting edge radius it may be
understood that the influence of the cutting edge can be significant at the smallest
chip cross-section in precision turning operations. Because of this cutting edge
radius the conventional analytical models may not be applicable for precision
turning processes, since they assume a sharp cutting edge radius.

In general it can be said that the energy in conventional turning is dissipated by
chip formation (shearing in the primary shear zone and friction in the secondary
shear zone) and by sliding occurring from flank wear and/or elastic recovery of
the workpiece material. When using a negative rake or a finite cutting edge, see
Figure 1.3, an additional ploughing occurs contributing to the energy dissipation.
During precision turning the effect of the cutting edge may result in an additional
ploughing when the chip thickness becomes the size of the cutting edge radius
[25, 34, 35, 36].

The question is how much this ploughing effect will be present. In Lucca and
Seo’s research [35] a tool with a cutting edge radius of 250 nm was used. They
measured that during precision turning of Te-Cu significant differences occurred
in the specific energy for uncut chip thicknesses below 1 µm. The used cutting
edge radius was relatively large compared to newly lapped mono-crystalline
diamond tools of approximately 50 nm. Taking a rough estimate, this could
mean that the specific energy for precision turning with sharp tools increases
significantly for depths of cut below 4 · 50 nm = 200 nm. Considering the above,
it will be assumed in this research that the normal tool force models can be applied.

1.2.4 Surface formation

Surface formation can be considered as the most important aspect of the precision
turning process. The reason for this is that turning is a material removing process
to obtain a finished product. This means that the surface quality has to fulfill
certain requirements. Generally, precision turning is used when a high surface
quality is needed, such as optical quality with Ra roughness values less than
10 nm, but preferably below 5 nm.

Surface formation is a process that is generally considered as a two dimensional
problem. Looking at Figure 1.7(b) it can be seen that the tool leaves a ”footprint”
at the cut surface. For the ideal cutting process the following relation holds for
the theoretical Rt roughness during diamond turning for R >> h [31, 37]:

Rt =
f 2

8R
(1.18)

with f the feed rate and R the tool nose radius. The Ra roughness is defined as the
arithmetic mean of all absolute deviations from the profile in respect to its mean
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Figure 1.7: Figure (a) shows the diamond turning process on scale with a tool nose
radius of 1 mm, depth of cut 10 µm and feed rate 10 µm/rev. Figure (b)
shows an exaggerated schematic view.

line. In the case of a nose radius tool, the mean line is Rt/8 from the bottom of the
profile. Using this mean line, the arithmetic roughness Ra is defined as [38]:

Ra ≈ 0.032 · f 2

8R
(1.19)

Notice that these two equations give theoretical values. In practice, these rough-
ness values will generally be higher. The reason for this is that the cutting process
is a complex process. No ideal material removal will occur and the cutting process
is always accompanied by vibrations, either from the surroundings or the chip
formation process itself. Concerning the effect of vibrations on surface formation,
modelling is presented in [37], while a good overview of chatter is described in
e.g. [39].

Looking at the influence of the chip formation process, it can be said that a
brittle or ductile process influences the surface formation to a large extent. Using
the split-workpiece technique of Arcona [24] the photos shown in Figure 1.8 were
made. The figure shows cross-sections of a thermosetting ADC material and a
thermoplastic PC.

It can be seen in figure (a) that the ADC material behaves rather brittle, resul-
ting in a discontinuous chip formation process. Cracks originate at the tool tip,
advancing the tool. In an ideal situation these cracks would propagate toward
the free surface. However, as can be seen, the cracks may also propagate below
the depth of cut, resulting in a fractured surface after cutting. This results in a bad
surface quality after diamond turning. PC in figure (b) shows a ductile flow chip.
In contrast to the ADC material, no cracks are formed in front of the tool. Due
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(a) (b)

50 µm50 µm

Figure 1.8: Brittle chip and surface formation of a thermosetting ADC (a), and
ductile chip formation in thermoplastic PC (b) at a cutting speed of
2.5 mm/s. These pictures were taken using Arcona’s technique for chip
visualization [24].

to the ductile chip formation process, a better surface roughness can be achieved,
as shown in the figure. Generally when ductile chips are produced, good surface
qualities can be expected [28].

1.2.5 Diamond tool wear

In precision turning processes the tools are generally made of mono-crystalline
diamond. Mono-crystalline tools are preferred above poly-crystalline, since they
can be manufactured with sharper and more accurate cutting edge radii. Mono-
crystalline diamond tools can be manufactured with edge radii of approximately
20 − 75 nm, see Appendix B. Poly-crystalline diamond tools are made of small
grains with radii of approximately 2 µm. The cutting edge of a poly-crystalline
diamond tool will always have a certain waviness as a result of these grains.
Although mono-crystalline diamond tools can be made with sharp edge radii,
tools will always become dull during turning. Depending on the workpiece
material the tool will wear only little, e.g. copper [40], or a lot, e.g. steel [20].

Not only the initial cutting edge is important for achieving high quality pro-
ducts, but tool life also. When a tool wears, the accuracy of the product becomes
questionable, unless the tool wear behaviour is known and can be predicted. A
good example of this is the use of synthetic mono-crystalline diamond tools in the
production of contacts. These tools have a more predictable tool life behaviour
than natural diamond [40, 41] and therefore it can be very well predicted how
many lenses can be turned. Natural diamond tools show more spread on their
tool lives, making it harder to predict their tool life. This indicates the economical
importance of the knowledge of tool life behaviour.

Kobayashi mentions in [42] that ”cutting edges of tools used in the [cutting]
process have failed by chipping or have worn excessively, limiting their further
use”. Kobayashi concludes that frictional heat (in conventional cutting!) causes
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Figure 1.9: Scanning electron microscope photo of diamond tool wear. This pheno-
menon, a so-called ”Lichtenberg tree”, is ascribed to electric discharging
resulting from tribo-electric charging between polymer and diamond.

softening and annealing of the high speed steel (HSS), and is responsible for the
high amount of tool wear during conventional cutting of a polymer. This indicates
that thermal wear may be important. However, from the contact lens manufactu-
ring industry it is known that tribo-electric tool wear may be an important wear
mechanism for diamond tools.

Figure 1.9 shows damage that would occur after discharging between work-
piece and tool. Although it is believed that this damage occurs because of dischar-
ging and it is known to occur more in winter when the air is dry, it seems difficult
to reproduce this wear. Another known wear mechanism is the presence of hard
particles in the base material of contacts for achieving higher oxygen transport
through the lens. These hard particles may cause abrasive wear to the diamond.
Looking at literature, it can be stated that little is published on tool wear pheno-
mena during diamond turning of polymers. For instance, no literature is found
about a wear description of tribo-electric tool wear during turning of polymers,
although industry claims this is a problem during diamond turning of polymers.

1.3 Material behaviour of polymers

In the precision turning process the material in front of the tool is deformed. This
section will describe some material properties of glassy, amorphous polymers
during deformation.

1.3.1 Linear deformations

Generally, glassy polymers are solid at room temperature, this is called the glassy
state. Figure 1.10 shows the elasticity modulus as a function of temperature. It
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Figure 1.10: Elastic modulus as a function of temperature for a glassy polymer. For
Tg values, see Table C in Appendix C.

can be seen that the polymer has a relatively high Young’s modulus (E) in the
glassy state. In the glassy state only side-group motions are possible. When the
temperature is increased, a transition region occurs. This is the region around the
glass transition temperature Tg. This transition region is the onset of main chain
segmental mobility of the polymer chains. It is characterised by its visco-elastic
behaviour. The polymer comes into the rubber state upon further heating. In this
region the rubber plateau is caused by the entanglements between the polymer
chains. By further heating, the polymer enters the region where the chains are
capable of full reptation. This is called the flow regime. Where this flow regime
occurs is dependent on the molecular weight (Mw) of the polymer, as can be seen
in Figure 1.10.

In literature on polymer turning, e.g. [21, 44], it is generally said that the
polymer can reach the glass transition temperature and enters the flow regime
during turning. Notice, however, that it is not the flow regime that the polymer
enters, but the rubber plateau, which should be seen as a softened state instead of
a flow state. When the polymer comes in the flow regime, the molecular weight
of the polymer chains should become important for the description of the cutting
mechanics. At very low rates of deformation polymer melts have a Newtonian
behaviour. The shear viscosity of the polymer melt is then characterized by
the symbol η0, the zero shear viscosity. Figure 1.11 shows the influence of the
molecular weight on this zero shear viscosity.

If the polymer chains have a molecular weight smaller than the polymer’s
critical molecular weight Mc, then the zero shear viscosity scales by the first
power of the molecular weight. When the polymer chains have a molecular
weight above Mc, then the zero shear viscosity scales by a power of 3.4 of the
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molecular weight. For the zero shear viscosity, the following relation holds:

η0 = η0(Mw) (1.20)

The stress necessary for linear deformations is then defined by:

σ = η0(Mw) · γ̇ (1.21)

which indicates that higher stresses are needed with increasing molecular weights
for small linear deformations. However, in turning processes large deformations
occur [18], and also material separation in front of the tool. The next sections give
more information on these two topics.

1.3.2 Plastic deformation in the solid state

In previous research on polymer turning, e.g. [21, 44], it was concluded that
polymers can be machined in the thermal flow regime. However, before adiabatic
heating can occur, the polymer deforms in the solid-state.

Intrinsic material behaviour

Figure 1.12 depicts the solid-state material behaviour of a polymer during defor-
mation. When the polymer is strained, it will first deform (visco-)elastically, until
the initial yield point is reached. In fact, this yield point can be seen as a stress
induced mobility of the polymer chains. It is the onset of main chain segmental
mobility.

The polymer network is formed by physical and/or chemical entanglements.
Beyond the yield point, the polymer chains under stress have segmental mobility.
During deformation the chains align in the direction of the applied stress, which
leads to a decrease of chain entropy, and results in a rubber-elastic stress contribu-
tion. Therefore, the entanglements forming the polymer network result in strain
hardening during deformation.

During plastic deformation of polymers, another effect has to be taken into
account: physical aging. When a polymer is in the molten state it is in a ther-
modynamic equilibrium. This means that the polymer chains can freely move
by main chain motion and stay in a stress-free situation. During cooling, around
Tg main chain segmental motion becomes too slow, and the polymer gets out
of its thermodynamic equilibrium. Figure 1.13 shows this behaviour by plot-
ting the specific volume as a function of temperature. When the polymer is out
of its thermodynamic equilibrium it will strive in time for this thermo-dynamic
equilibrium. This process is called ”physical aging” [45].

Physical aging is known to lead to an increase in initial yield stress. From
Meijer [47] it is known that during physical aging the local attraction of indivi-
dual atoms to their neighbours in the polymer material increases, leading to an
increasing enthalpy peak near the glass transition temperature. This peak has to
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Figure 1.14: Influence of thermal history on the compressive behaviour of PC, re-
produced from van Melick [48]. Physical aging leads to increasing
initial yield stress.

be overcome to have segmental mobility of a polymer chain. This can be done by
thermal energy or by deformation energy. If segmental mobility is increased, not
by temperature but by stress, this can be envisaged as an increase in initial yield
stress for overcoming the increasing enthalpy peak, see Figure 1.14.

Softening

Figure 1.14 shows that physical aging leads to an increasing initial yield stress.
It can also be seen that with increasing physical aging the stress drop behind the
initial yield stress increases too. This stress drop is called ”strain softening” or
shorter ”softening”, see Figure 1.12 too.

The amount of softening has its consequence for the macroscopic material
response of the polymer [49]. Intrinsic strain softening leads to a localization of
strain. The evolution of the localized plastic zone depends on the stabilizing effect
of the strain hardening, i.e. the polymer network. When a localized deformation
zone cannot be stabilized by sufficient strain hardening the material will fail in
a macroscopically brittle way. A good example is PS, which has a strong strain
softening and a very low strain hardening. Therefore, upon stretching PS will
fail macroscopically brittle. The opposite case is PC, which has a moderate strain
softening, and a strong strain hardening behaviour. PC will generally behave
ductile [48, 49].
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Thermo-mechanical treatments

It was described that polymers are susceptible to physical aging and that this
process leads to a changing macroscopic material behaviour. Generally, aging
can take a long time, but it can be enhanced by a thermal treatment called ”an-
nealing” or ”aging”. During this process, the polymer is heated to a temperature
approximately 20 ◦C below its Tg and slowly cooled to room temperature again.

When the polymer is aged, the initial yield stress is raised, as shown in Figure
1.14. Aging does not influence the post-yield behaviour, and therefore strain
softening increases. This will lead to strain localization and subsequently, if strain
hardening cannot stabilize the strain localization, to a brittle material response.
Aging can even lead to brittle fracture in PC [48, 49].

The opposite of aging is ”rejuvenation”. Rejuvenation is generally performed
by a thermo-mechanical treatment. Quenching is only a thermal treatment, in
which the polymer is rapidly cooled from a temperature above to far below its
glass transition temperature. Mechanical rejuvenation is performed by applying
a pre-deformation to the material [50, 51]. Quenching and thermo-mechanical
rejuvenation lead to a lower initial yield stress, decreasing the strain softening,
and leading to a more ductile macroscopic response of the polymer during defor-
mation, see e.g. [48, 50, 51].

When the polymer is further strained, see Figure 1.14, the influence of thermo-
mechanical history is erased by plastic deformation. This means that strain har-
dening is not influenced by the thermo-mechanical history of the polymer.

Influence of strain rate

Figure 1.15 shows true stress-true strain curves of PC for different strain rates. It
can be seen that with increasing strain rate the yield curves shift upwards. This
means that at higher strain rates higher stresses are needed for deformations to
occur.

1.3.3 Fracture

In cutting, in front of the tool, material separation has to occur, since a chip has to
be formed. When a polymer is strained, it can fail by two possible mechanisms:
1) by disentanglement, or 2) by disentanglement and chain scission. Distinction
has to be made here between microscopic and macroscopic behaviour.

Microscopic behaviour

The main interest in dealing with the microscopic failure behaviour of polymers is
the interest in whether chain scission occurs during failure. A theoretical review
of maximum strain is given.

From [46] it is known that the root mean square end-to-end distance of an
unperturbed freely-jointed chain is:
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Figure 1.15: Influence of strain rate on the compressive behaviour of PC [52].

〈
r2
〉1/2

f
= n1/2 · l (1.22)

where r is the end-to-end distance of the freely-jointed polymer chain, n is the
number of segments of the polymer chain, l is the bond length (for C-C bonds
l = 0.154 nm). The subscript f indicates that it is the end-to-end distance for the
freely-jointed chain. It has to be noted here that 〈〉 indicates an averaged value
with respect to time. Taking into account the structure of chemical bonds, this
equation is adapted to:

〈
r2
〉

f a
= n · l2 · 1 − cosθ

1 + cosθ
(1.23)

where subscript f a indicates chains whose bonds rotate freely about a fixed bond
angle θ, i.e. the valence angle between two bonds. In general, 180◦ > θ > 90◦,
resulting in cosθ to be negative and therefore

〈
r2
〉

f a
>

〈
r2
〉

f
(1.24)

For C−C back bone bonds, θ ≈ 109.5◦, from which it follows that cosθ ≈ −1/3.
Then, it can be derived that for polyethylene (PE), the RMS end-to-end distance
increases by a value of approximately

√
2.

Another factor that has to be taken into account is the steric hindrance. Equa-
tion 1.23 is then adapted to [46]:

〈
r2
〉

0
= n · l2 · 1 − cosθ

1 + cosθ
· 1 − 〈

cosϕ
〉

1 +
〈
cosϕ

〉 (1.25)
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and
〈
cosϕ

〉
is the average value of steric hindrances. Due to short-range steric

hindrances,
∣∣∣ϕ∣∣∣ < 90◦ are favoured [46], so that

〈
cosϕ

〉
is positive and

〈
r2〉

0 is
greater than

〈
r2〉

f a. Equation 1.25 is quite often expressed as:
〈
r2
〉

0
= n · l2 · C∞ (1.26)

where C∞ is called the characteristic ratio, defined as [46]:

C∞ =
1 − cosθ
1 + cosθ

· 1 − 〈
cosϕ

〉
1 +

〈
cosϕ

〉 (1.27)

Using Equation 1.26, it is possible to estimate the maximum extension ratio
λmax of a polymer chain:

λmax =
Lmax

L0
=

n · l · cosα

〈r2〉1/20

=
n · l√

C∞ · n · l2
· cosα =

√
n

C∞
· cosα (1.28)

with L0 the initial end-to-end distance and Lmax the maximum length of the
stretched chain. This maximum extension ratio is dependent on cos(α), and
α = 90◦ −θ/2, with θ the valence angle between successive bonds. For θ ≈ 109.5◦,
cosα ≈ 0.8.

It has to be noted here, that this relation is only valid if the entanglement
points are considered as fixed points [53]. From this equation it becomes clear
that fracture of a chain during extension scales with the number of monomers
between entanglements. With Me the molecular weight between entanglements
and M0 the molecular weight of the chain, n is defined as:

n =
Me

M0
(1.29)

For thermosets, Me is to be replaced by Mc, the molecular weight between chemical
entanglements (crosslinks).

Looking at this equation, it can be understood that a heavily crosslinked
material, like ADC, will only have a small λmax since n is small. For ADC Mc

is estimated to be 800 − 1600 g/mol and M0 is approximately 274 g/mol. Using
Equation 1.29 it can be calculated that 3 < n < 6. From [54] it appears that C∞ is
always larger than 2. Then, using Equation 1.28, for ADC λmax � 1.4.

From several references [48, 53, 54, 55, 56, 57] and some calculations with the
above equations Table 1.2 can be derived.

Looking at this table, it can be seen that when a polymer has a low entangle-
ment density νe, a high maximum extension ratio λmax between entanglements
can be achieved. When this segment becomes strained to its full extension, the
molecular bonds will be subjected to more intense stress. When this stress exceeds
the bond strength chain scission will occur.

PS shows, according to Table 1.2, a large extension ratio. This is in contrast
to the general observation that PS behaves brittle in tension. However, this
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Table 1.2: Material properties for several glassy polymers.
Material ρ in νe in Me in M0 in n C∞ λmax

kg/m3 chains/m3 kg/mol kg/mol (theoretical)
PS 1050 0.35 · 1026 17851 104 172 9.9 3.7

PMMA 1180 0.77 · 1026 9200 100 92 6.9 3.0
PC 1220 2.94 · 1026 2495 254 10 2.4 1.6

PSU 1240 2.37 · 1026 3150 443 7 2.0 1.5

behaviour is a macroscopic behaviour. On microscale, so-called crazes are formed.
Crazes are super drawn fibrils. Thus, on a microscopic level PS behaves very
ductile.

Macroscopic behaviour

Looking at the research of Vincent [58] and van Melick [48], it can be said that
when the polymer has an initial yield strength that is higher than the fracture
strength, it will show a brittle macroscopic fracture. This does not automatically
mean that the main chain bonds of the polymer are broken by chain scission.
Chain slip may also result in a brittle failure, which is known from PS.

Figure 1.16 shows experimental data from References [58, 59, 60]. Fits are
made according to the relationship [59]:

σ = σ∞ (1 −Mc/Mn) (1.30)

with σ the tensile stress, σ∞ the limiting tensile strength for high molecular
weights, Mc the critical molecular weight (defined as Mc = 2Me), and Mn the
number averaged molecular weight.

It can be seen in this figure that an increasing molecular weight increases the
brittle strength of the polymer to a certain maximum value, which is polymer
specific. It can be understood that at this brittle strength the polymer fails macro-
scopically. Whether this failure appears by disentanglement and/or chain scission
cannot be concluded from this figure.

In Figure 1.16, two curves for PS are given. One for room temperature and
one for T = −196 ◦C. The time-temperature equivalence principle states in its
simplest form that the visco-elastic behaviour at one temperature can be related
to that at another temperature by a change in time-scale only [61]. Based on the
time-temperature equivalence principle, it can be said that the curve of −196 ◦C
corresponds to the same curve taken at room temperature, but with a strain rate
several decades higher. As a rough approximation, it can be said that 10 ◦C de-
crease in temperature corresponds to an increase of one decade in strain rate. This
would imply that the curves given for a temperature of −196 ◦C can correspond
to the strain rates encountered in precision turning (ε̇ ≈ 107 s−1).
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Figure 1.16: Influence of molecular weight on the macroscopic tensile strength of
several polymers. Above the curves brittle fracture occurs. Measure-
ment data are derived from References [58, 59, 60].

Section 1.3 gave a short overview of polymer material behaviour. This section
can be used as a reference through the rest of this thesis.

1.4 Short literature review on polymer turning

Several researches about cutting behaviour of polymers have been performed.
The first researchers were Kobayashi and Saito e.g [62]. Their research focused on
the influence of the visco-elastic effect of polymers. When cutting at low speeds
(order mm/min), the viscous part of the material behaviour is applied and a
smooth and ductile chip can be achieved. By increasing the speed, the elastic part
of the polymer will become more important, resulting in a more brittle process.
Notice that this research was focussed on the conventional turning process and
not on the diamond turning process.

Smith’s research [44] focused on the relationship between the glass transition
temperature of the polymer and the achievable surface roughness. Better surface
qualities can be achieved if a ductile chip is formed during turning [28]. Since po-
lymers behave more ductile around Tg, Smith’s hypothesis was that an increasing
cutting speed results in more adiabatic heating and therefore a more thermally
ductile chip being formed. This hypothesis was proven by measured surface
roughness values of several polymers (PS, PMMA and PC) after turning with
different cutting conditions. Also, estimates of the temperature increase in the de-
formation zone during different cutting conditions were made using Boothroyd’s
model [63], supporting her research. Smith’s research is a very good reference for



26 Introduction

the different types of surface structures that can be formed in diamond turning
of several glassy polymers. Since the diamond turned surfaces of this research
were similar to those given by Smith, the reader is referred to Smith’s research for
pictures of diamond turned PS, PMMA and PC.

Carr and Feger [21, 64] investigated several polymers. They interpreted the
research of Kobayashi and Saito [62] on the precision turning process, mainly by
applying the time-temperature equivalence principle. Carr and Feger showed
the effect of the time-temperature equivalence principle by turning Vespel, a
polyimide, over a large range of cutting speeds. They described that when the
cutting speed was increased, the increased adiabatic temperature rise resulted in
a more viscous effect (i.e. lowered the deformation rate). However, with more
increased cutting speed the deformation rate became too high and the elastic effect
of the polymer prevailed, resulting in a fractured surface and increased surface
roughness.

Also, Carr and Feger [21] investigated the influence of the rake angle on the
resulting surface finish for the brittle material Vespel. It was shown that the rake
angle influences the direction of the resulting cutting force FR. When the rake
angle is large and negative, FR points into the workpiece and the cut material will
show a lot of pits. When the rake angle is almost zero, the force vector FR will be
directed along the uncut surface. The best effect is reached when the rake angle
is slightly positive (around +2◦). The reason is that FR is pointing slightly to the
uncut surface. Cracks that are formed in front of the tool will not penetrate the
cutting plane, leaving a nice cut surface. When the rake angle is further increased,
”islands” will be formed in front of the tool, because of the cracks, and they are
pressed underneath the tool, resulting in a worse surface topography.

Based on the results of Smith [44], Carr and Feger also investigated the in-
fluence of molecular weight on the achievable surface roughness. When a poly-
mer is cut in the thermal flow regime, the viscous effect will play a significant
role in the cutting process, since viscosity is dependent on the molecular weight
(Mw) of the polymer, see Figure 1.10. Carr and Feger [21] argued that with increa-
sing molecular weight higher surface roughness values should occur. Therefore
they cut different PMMA grades with narrow molecular weight distributions
(Mw/Mn ≈ 1), and showed that with increasing molecular weight a higher surface
roughness value was achieved. Based on these results they concluded that cutting
of polymers occurs in the thermal flow regime.

An interesting aspect in all literature found on diamond turning of polymers is
the big absence of a tool wear description, although industry claims that this is a
major problem, e.g [41]. Carr and Feger [21] hardly described it, half a page on
a total of 17 pages. However, they remarked that the (qualitative) diamond tool
wear was five to ten times higher in polymer turning than in copper turning under
the same turning conditions. The observed diamond tool wear was attributed to
a thermally induced wear.

Notice that this remark of Carr and Feger is in contrast with the research of
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Paul et al. [65], who showed that no wear is to be expected during diamond
turning of polymers, since polymers do not contain unpaired d-electrons.

1.5 Research goals

The main objective of this research is to find out which parameters can be used
or adapted to improve the precision turning process as a finishing process for
polymeric optics. To investigate this, the problem is split up in two parts: 1) the
description of the precision turning process of polymers and the relation to cut
optical quality, typically defined as Ra < 5 nm, with respect to material properties
and cutting conditions, and 2) the description and reduction of the relatively high
amount of diamond tool wear, during precision turning of glassy polymers.

Literature shows that some polymers can be cut in the thermal regime above
Tg, and that certain parameters may influence this cutting state. From Smith [44]
it is known that polycarbonate (PC) cannot be cut in this thermal regime because
of its high Tg. The application of a thermal model can give some new insights
about the thermal state of polymers during precision turning and the influence of
cutting conditions on the thermal state during turning. In Smith’s research [44] no
cutting forces were measured as input for the thermal model. In this research they
will be measured and the forces will be used as input for the thermal model. Also,
the thermal model will be verified by true temperature measurements during
diamond turning of polymers.

Another important factor determining the applicability of diamond turning
for optics is tool life. Based on the fact that diamond is the hardest material
known and that polymers are (relatively) soft, no tool wear could be expected,
but industry considers tool wear as the main problem in diamond turning of
polymers. More specific: industry says that tool wear by discharging is a major
problem [41]. Since little is found in literature about diamond tool wear in polymer
turning, this research focussed on possible wear processes.

1.6 Outline

The introduction, about precision turning process, polymer material behaviour
and known literature about diamond turning of polymers, was given in Chapter
1.

Chapter 2 presents the thermal model known from metal cutting. It is shown
that it needs an adaption for the application of polymers. Input for the model are
cutting force measurements. Also, cutting temperature measurements are given
for the validation of the thermal model.

The influence of changing cutting conditions is described in Chapter 3. The
thermal model is used here for visualizing the temperature contours. Besides
the adaption of cutting parameters, also the influence of the thermo-mechanical
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history, and the crosslink density of a polymer is investigated. The achieved
surface qualities will be described.

In Chapter 4 tribo-electric tool wear is described. Besides measurements of
electrostatic charging, luminescence observations are presented. It is described
when tribo-electric tool wear can be dominant in diamond turning of polymers.

Another possible dominant diamond tool wear mechanism, tribo-chemical
wear, will be described in Chapter 5. Also, it presents tool wear rates, estimated
from measurements. Several wear patterns for different polymers are shown in
this chapter. A description and calculation of the possible chemical wear reactions
are presented at the end of this chapter.

Conclusions and recommendations about the diamond turning process of
polymers are given in Chapter 6.



Chapter 2

Properties of polymer turning

Current literature on polymer turning e.g. [21, 44] states that the most important
aspect for achieving an optical surface quality in polymer turning is the adiabatic
heating in the primary shear zone. If the temperature rise is enough for reaching
Tg, a more ductile chip should be formed and a good surface quality should result
from this.

Smith [44] made some estimates of the temperature rise in the primary shear
zone. However, she did not make any force measurements. This chapter will
first discuss some differences between metal and polymer turning. Then some
force measurements for different polymers are presented, which will be used in a
thermal model. The thermal model is derived from metal cutting, but is adapted
for the polymer turning process.

The thermal model will be used in Chapter 3 for investigating the influence of
cutting parameters on the temperature rise in the primary deformation zone.

2.1 Differences between metal and polymer turning

Cutting temperatures Perhaps the first thing that comes to mind about diffe-
rences between polymers and metals is the difference in melting temperatures.
Metals generally have a melting temperature in excess of 500 ◦C, while glassy
polymers generally have a melting, or better said a thermal flow temperature,
around 250 ◦C (PS respectively PC has a thermal flow temperature of approxima-
tely 200 ◦C respectively 300 ◦C).

Figure 1.10 showed that when Tg is reached, the rubber plateau is reached. This
can be considered as a temperature region where the polymer is in a softened state
and can be more easily deformed. It is this region that is generally assumed to be
reached in polymer turning, see references [21, 44], and not the melt temperature.

Better surface qualities can be achieved when a ductile chip is produced during
turning [28]. Since polymers are more susceptible to plastic deformation close
to the glass transition temperature, surface qualities should improve when the
cutting temperature reaches Tg. In Smith’s research [44] it was concluded that

29
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an increase in cutting speed, and therefore an increase in adiabatic heating in the
cutting zone mostly led to a better surface roughness for PS and PMMA, but not
for PC. The latter has the highest glass transition temperature and the adiabatic
heating could not reach Tg. Smith made an estimate of the temperature rise in
the shear zone using Boothroyd’s model [63], although she did not perform force
measurements. She used three amorphous polymers, PS, PMMA and PC, all
having different glass transition temperatures. The cutting conditions and results
are summarized in Table 2.1.

Table 2.1: Estimates of temperature rise by Smith [44].

Smith’s vc/(m · s−1) R/mm f/(µm · rev−1) h/µm Temperature rise in
set PS PMMA PC
1 0.3 3.175 50.80 12.7 59 K 50 K 70 K

1.5 3.175 50.80 12.7 91 K 88 K 92 K
2 0.3 0.762 50.80 12.7 64 K 64 K 65 K

1.5 0.762 50.80 12.7 97 K 97 K 103 K
3 0.4 0.762 10.16 12.7 42 K 25 K 23 K

4.0 0.762 10.16 12.7 88 K 85 K 87 K
10.0 0.762 10.16 12.7 96 K 100 K 105 K

5 0.4 0.762 3.81 12.7 7 K 5 K 1 K
4.0 0.762 3.81 12.7 73 K 66 K 68 K
10.0 0.762 3.81 12.7 91 K 90 K 94 K

It can be seen in this table that for some materials and conditions the predicted
temperature rise is close to Tg. Notice however, that all calculated temperatures
are well below the thermal flow temperatures of these polymers, which are around
or above 200 ◦C. It can therefore be concluded that all polymers and metals are
cut by plastic deformation and not by a thermal viscous flow.

Cutting forces Another important difference between metals and polymers is
their difference in initial yield stress. For non-ferrous metals initial yield stresses
are typically more than 100 MPa and for glassy polymers typically less than
100 MPa. Table 2.2 on page 34 shows the initial yield stresses (σy) of several
glassy polymers.

It was described in Section 1.3.2 that the value of the initial yield strength of
a polymer is dependent on its thermo-mechanical history. The consequences of
the thermo-mechanical history of the polymer on the cutting behaviour will be
discussed in Chapter 3.

Tool wear During metal cutting a built-up edge (BUE) may form. The work-
piece material that builds-up, will strain harden and heavily stick/adhere to the
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diamond tool. At some point this BUE will become unstable and may damage
the diamond tool by a fracture of the tool material. BUE formation is ascribed to
strong strain hardening, high friction and possible other factors [18]. It is assumed,
since glassy polymers generally show strain softening prior to strain hardening,
that tool wear due to unstable BUE formation will not appear in polymer turning.
Also, it was not observed during this research.

Abrasive tool wear may occur in diamond turning of some metals such as
copper [66]. When polymers containing hard abrasive particles are diamond
turned, they might show abrasive tool wear. Budinski reports such wear on steel
dies [67].

For the diamond tools used in precision turning it is known that high tempe-
ratures (> 500 ◦C) are needed for thermal wear to occur [68, 69]. Since polymers
have a lower thermal flow temperature than metals it is expected that thermal
tool wear does not play an important role in the wearing process of the diamond
tool. Ferrous metals cannot be cut, because of the affinity of carbon (C) with iron
(Fe), which is a carbide former [20, 65, 70]. This results in a dramatic diamond
tool wear. Glassy polymers do not contain such carbide formers and therefore
this kind of chemical tool wear cannot occur.

A big difference between metals and polymers is the electrical conductivity.
Polymers are electrical insulators. Since the used natural diamond tool is an
electrical insulator as well, static electrification may occur during diamond turning
of polymers. Tribo-electric tool wear can generally be assumed to be absent in
metal cutting.

Carr and Feger [21] mentioned that the diamond tool wear can be five to
ten times as high in polymer turning than in copper turning during the same
conditions.

Energy dissipation In metal cutting it is generally assumed that in the defor-
mation zone approximately 100% of the mechanical work is converted into heat
[31]. However, for polymers lower values are known. Adams and Farris [71]
found values of only 50-80% of the work of deformation being dissipated as heat.
The remainder of the work is being stored in the material as a change in internal
energy. They found that the amount of work to heat conversion was strain rate
dependent. However, values differ in literature between different researchers, as
can be read in [53] and [72].

In Godovsky [72] possible contributions of energy storage in amorphous po-
lymers are given. These storage mechanisms in polymers can be more diverse
than in metals and can be summarized as:

1. Mechanism of internal dissipation. It can be described as energy needed to
overcome intermolecular attraction forces between the polymer chains. It
consist e.g. of disrupture of hydrogen bonds and change of conformation.

2. Entropy changes. Deformation results in polymer orientation, which means
that energy is used to decrease the entropy of the system.
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Figure 2.1: Heat dissipation factor for PMMA after Boyce et al. [73]. (o) Data from
Boyce et al. The solid line is the fit and extrapolated line for 25 ◦C, and
the dashed line is the shifted line from 25 ◦C to 50 ◦C.

In general, conversion rates in literature are given for relatively low strain
rates (10−6 − 10−3 s−1) compared to the strain rates that occur in precision turning.
Therefore the research of Boyce et al. [73] is used. In this research relatively
high strain rates of deformation are investigated, namely up to 102 s−1. It is
described that the amount of dissipation is dependent on strain, strain rate and
temperature. In fact, the amount of dissipation increases with increasing strain
rate and decreases with increasing temperature and strain.

Figure 2.1 shows data derived from [73] for PMMA at a true strain of 1.0
and at different strain rates and different temperatures. It also shows the fitted
least-squares curve for 25 ◦C which has been extrapolated to higher strain rates
as encountered in precision turning (> 106 s−1).

It will be shown later by measurements (Section 2.4) that a work to heat ratio of
η = 0.5 can be assumed during diamond turning of polymers. This value differs
from the extrapolated value of η = 0.85 derived from the research of Boyce et al.
[73] in Figure 2.1.

Summary Several differences can be expected between metal and polymer tur-
ning. Although a brief description is given of these differences, this research
does not try to resolve these differences, but tries to find a better understanding
of the diamond turning process of glassy polymers. The main problem in this
description is the occurring cutting temperature that determines whether cutting
is performed in the solid state or in the thermal flow regime.

The next section deals with the cutting forces in polymer turning. These are
necessary for the heat input for the used model in Section 2.3.
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Figure 2.2: Schematic representation of the used cutting setup for force measure-
ments.

2.2 Cutting forces in polymer turning

In literature on diamond turning of polymers, e.g. [21, 44, 74, 75], only little
references are found with cutting force data. Since force data are required for the
analytical estimation of cutting temperatures in Section 2.3, force measurements
have been performed.

Setup The measurement data are obtained by cutting the polymers with a
faceted, mono-crystalline diamond tool, rake angle α = 0◦ and clearance angle
γ = 15◦. The cutting forces were measured using a three-component Kistler
dynanometer (type 9251A) in plunge turning conditions, see Figure 2.2. The
following cutting conditions were used: cutting speed vc = 0.3 m/s, depth of cut
h = 10 µm and width of cut b = 0.5 mm. Dry cutting was applied. Also, the chips
were collected for measuring the chip length, necessary for determining the chip
compression ratio.

Results The results of these measurements can be found in Table 2.2, where
the main cutting force Fc, thrust force Ft and resultant cutting force FR are given
(see also Figure 1.6). The resultant cutting force FR was determined using Equation
1.7. The result of PMMA is in agreement with the value of the specific cutting
force found in literature [76].

The reciprocal of rc is the chip compression ratio. The value of rc can be found
as:

1
rc
=

hc

h
=

L
Lchip

=
vc

vchip
(2.1)
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Table 2.2: Measured cutting forces during diamond turning of several polymers
(vc = 0.3 m/s, h = 10 µm and b = 0.5 mm).

Material σy/MPa Fc/N Ft/N FR/N rc

PS 100 1.27 0.64 1.91 0.57
PMMA 115 2.46 0.63 3.09 0.67

PC 70 2.20 1.35 3.55 0.61
PSU 75 2.10 1.42 3.52 0.50

PS

PMMA
PC

PSU

σy/MPa

F t
/N

,F
c/

N

70 90 110

3

2

1

0

Figure 2.3: Graphical representation of main cutting force Fc (o) and thrust force Ft

(♦) versus initial yield strength σy.

with hc chip thickness, h depth of cut, L length of cut, Lchip length of the deformed
chip, vc cutting speed and vchip speed of the chip.

Figure 2.3 shows the measured main cutting force Fc (o) and thrust force Ft (♦)
in respect to the initial yield stress σy known from literature for these polymers
[57]. It can be seen that there is no linear relationship between cutting forces and
initial yield stress. This is also known from Drescher’s research on specific cutting
forces [4]. He states that it is not only the initial yield stress that is important for
the (specific) cutting force, but the combination of material ductility and strength.
In this thesis, the relation between the mentioned combination and specific cutting
forces was not investigated.

2.3 Thermal model of the polymer turning process

2.3.1 Introduction

Section 1.4 described in short what is known about the diamond turning process of
polymers. Based on this literature it can be said that polymer turning is performed
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in the thermal flow regime. Smith [44] made an estimate of the temperature rise
in the primary deformation zone by application of Boothroyd’s model [63]. She
made the following assumptions:

1. No cutting forces were measured, therefore an estimate was made based on
the hardness of the polymers multiplied by the cross-section of the undefor-
med chip.

Using Smith’s hardness values for PS, PMMA and PC, given as 155, resp. 199
and 186 MPa, the following cutting forces can be derived for a cross-section
of the uncut chip of 0.5 mm × 0.010 mm: 0.78 N resp. 1.0 N and 0.93 N.
Looking at the measured values in this research, the estimated values given
by Smith [44] seem to be underestimated.

2. The friction force on the rake face is estimated as Ff = µFc with µ = 0.2. The
cutting force was derived from the hardness as described before. The value
of 0.2 lies in the range of friction coefficients for diamond mentioned in Wilks
and Wilks [69]. Therefore, this seems a reasonable assumption. From the
force measurements in this research and Equation 1.10 for the calculation of
the friction force, the following µ = Ff/Fc is derived for PS, PMMA, PC and
PSU: 0.50, 0.27, 0.61 respectively 0.68. This could mean that the assumed
friction coefficient was too low in Smith’s research.

3. Smith used Boothroyd’s thermal model, which incorporates Weiner’s solu-
tion for the estimation of the fraction of heat B that is conducted into the
workpiece. Using Smith’s set 2 conditions, see Table 2.1, with vc = 0.3 m/s,
a heat partition fraction of approximately 0.4 can be estimated. Section
2.3.2 will show that the fraction of heat conducted into the workpiece for
the given cutting speed of 0.3 m/s is approximately B = 0.2 for polymers.
Therefore, Smith overestimated the heat partition fraction, resulting in an
overestimate of the temperature rise.

4. A mean undeformed chip thickness is assumed. However, a radius tool is
used, implying a changing chip thickness over the cutting zone, see Figure
1.2. This may have overestimated the calculated temperature rise values.

5. A conversion of mechanical work to heat of 100% is assumed. As described
in Section 2.1 a conversion of 50% can be assumed for polymers in diamond
turning applications. This indicates that she overestimated her temperature
rise with this assumption as well.

The influence of the work to heat ratio η is not considered in Smith’s research
[44]. Therefore, it was thought that temperature rise values may have been
significantly different than those calculated by Smith. The research of Komanduri
and Hou [77, 78, 79] is used at the base of this research. Their research considers
the effects of two heat sources in the cutting process:
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1. The heat generated in the primary shear zone, and

2. The heat generated at the rake face caused by friction between chip and rake
face.

The model will be made applicable for polymer turning by using the assumed
dissipation factor η given in Section 2.1. Then verification experiments will be
presented for the validation of the adapted model.

2.3.2 Shear plane temperature

Smith used Boothroyd’s model for estimating the temperature increase in the
deformation zone. However, most thermal models for cutting, including Booth-
royd’s, assume the material on either side of the shear zone as two separate bodies
in sliding contact. This is of course not the case, since the material in front and
behind the shear (heat) zone is the same. The main differences in thermal models
are the used assumptions, such as the nature of the heat source, the estimation of
the heat partition fraction, the direction of the motion of the heat source and the
applied boundary conditions. For a good summary of the many models that are
known and their pros and cons the reader is referred to Komanduri and Hou’s
research [77].

Model

The heat generated at the shear zone is considered as an oblique moving band
heat source with the uncut surface. Komanduri and Hou [77] use an adapted
model from Hahn [80], which will further be referred to as ”Hahn’s model”. The
model is depicted in Figure 2.4(a).

Shown is a moving coordinate system with X − z axes. This model assumes
that the moving band heat source oA of length L is divided into infinitely small
differential segments dli. Each of these segments is considered as an infinitely
long moving line heat source (i.e. perpendicular to the plane of the drawing).
The solution for calculating the temperature rise at any point M, caused by a
differential segment dli is [81, 82]:

ΘM =
q̇l

2πλ
e−Xiv/2κ · K0 (Rv/2κ) (2.2)

where ΘM is the temperature rise in any point M, expressed by the coordinates
of the moving coordinate system at time t, of the coordinate system given in
Figure 2.4(a). Xi is the projection of the distance R in the direction of motion, v
the speed of the moving heat source (here v = vc), κ the thermal diffusivity, λ
the thermal conductivity and q̇l the heat generation intensity, i.e. the amount of
heat generated in the primary shear zone by the cutting action. K0 is the modified
Bessel function of the second kind and order zero. Equation 2.2 is the solution for
steady-state conditions, which are reached in cutting in approximately 0.1 s for



2.3 Thermal model of the polymer turning process 37

Φ Φ
A

(a) (b)

image heat source

o
o

M(X,z) M(X,z)

R
R1

R2

primary
heat source

X X

z z

adiabatic
boundary

dl
i

dli

dl
i

l i

li

l i

L L

v v

Xi

zi

tool

Figure 2.4: Figure (a) shows the schematic of an oblique moving heat source oA in
an infinite medium. Figure (b) shows the application of an image heat
source when an adiabatic boundary is present.

continuous chip formation [77]. Therefore this equation can be used as the base
of the thermal analysis of the cutting process.

However, the equation has to be adapted for the amount of mechanical work

that is converted into heat, defined by η = amount of heat generated
amount of work done . Then Equation

2.2 becomes:

ΘM = η · q̇l

2πλ
e−Xiv/2κ · K0 (Rv/2κ) (2.3)

Consider a segmental oblique moving line heat source as depicted in Figure
2.4(a). Using Equation 2.3, the heat generation intensity of this heat source q̇l =
q̇pl · dli. When the heat source is positioned at an angle Φ, the distance R between
point M and the segmental line heat source is given by

R =
√

(X − li sinΦ)2 + (z − li cosΦ)2 (2.4)

The projection of R on the X-axis is then

Xi = X − li sinΦ (2.5)

The temperature rise at any point M(X, z) caused by any of the segmental line heat
sources can then be derived by substituting Equations 2.4 and 2.5 into 2.3. This
results in

dΘM = η ·
q̇pl dli
2πλ

e−(X−li sinΦ)v/2κ · K0

[
v

2κ

√
(X − li sinΦ)2 + (z − li cosΦ)2

]
(2.6)
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From this the temperature rise at any point M for the entire oblique moving heat
source can be determined as

ΘM = η ·
q̇pl

2πλ

L∫
li=0

e−(X−li sinΦ)v/2κ · K0

[
v

2κ

√
(X − li sinΦ)2 + (z − li cosΦ)2

]
dli (2.7)

This equation is Hahn’s solution for an oblique plane heat source moving in an
infinite medium. However, in orthogonal machining the shear plane heat source
is moving in a semi-infinite medium with the work surface and the chip surface
being the boundaries of the semi-infinite media. Therefore, Hahn’s oblique mo-
ving heat source solution has to be modified with consideration of the boundaries.

The uncut surface of the workpiece and the free side of the chip can be conside-
red as adiabatic boundaries in the (dry!) turning process. This means that no heat
is lost at these surfaces. Looking at Hahn’s model applied to the cutting process,
this means that at the adiabatic boundary of the semi-infinite body an image heat
source with the same heat generation intensity can be applied, see Figure 2.4(b).
Using this figure, the following solution for the temperature rise at any point M
caused by moving heat source and image heat source can be derived:

ΘM = η ·
q̇pl

2πλ

L∫
li=0

e−(X−li sinΦ)v/2κ · [K0 (R1v/2κ) + K0 (R2v/2κ)] dli (2.8)

and

R1 =
√

(X − li sinΦ)2 + (z − li cosΦ)2, and R2 =
√

(X − li sinΦ)2 + (z + li cosΦ)2

(2.9)
When Hahn’s model is being applied to the cutting process, the problem is

split up in two separate problems. This is depicted in Figure 2.5. Figures (a) and
(c) show the moving shear plane heat source for the workpiece part respectively
the chip part. Although a separation is made in the calculations, the oblique
moving band heat source model considers the material in front and behind the
heat source as a continuous body. To achieve this an imaginary part eocd is
introduced in Figures 2.5(b) and (d).

Figures 2.5(a) and (b) show the shear plane heat source moving continuously
with the cutting velocity vc at an oblique angle Φ = −(90 − ϕ). Figures 2.5(c) and
(d) show the shear plane heat source moving continuously with the chip velocity
vchip, but in opposite direction with the chip. It moves at an oblique angle, defined
as Φ = (ϕ − α).

By applying the correct boundary conditions and subsequently the correct
image heat sources, the temperature rise can be determined for polymeric mate-
rials.
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Figure 2.5: Schematics of Hahn’s oblique moving heat source model for continuous
chip formation, from [77].

Thermal model applied to polymer turning

The cutting force data of Table 2.2 and the equations of Section 1.2.3 have been
used for the determination of the input for the thermal model. The shear angle in
cutting can be determined by the relation

tanϕ =
h cosα

hc − h sinα
(2.10)

For zero rake angle this equation becomes tanϕ = h/hc. The heat generation
intensity of the heat source is defined as q̇pl = Fsvs/(Ls · b) with Fs, vs, Ls and b the
shear force, shear velocity, length respectively width of the shear plane. For the
analysis of the temperature rise in the chip, the chip velocity is determined by
vchip = rc · vc. Using the cutting force data from Table 2.2 the parameters for the
thermal model were determined and they are given in Table 2.3.

Using this cutting data, the temperature rise isotherms of Figure 2.6 were
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Table 2.3: Input for thermal model of shear plane temperature distribution.

PS PMMA PC PSU
vc 0.26 m/s 0.28 m/s 0.27 m/s 0.27 m/s
h 10 µm 10 µm 10 µm 10 µm
b 0.5 mm 0.5 mm 0.5 mm 0.5 mm
ϕ 30◦ 34◦ 31◦ 27◦
rc 0.57 0.67 0.61 0.50
Lc 50 µm 80 µm 30 µm 50 µm
L = Ls 20.2 µm 18.0 µm 19.2 µm 22.4 µm
η 0.5 0.5 0.5 0.5
q̇pl 2.3 · 107 W/m2 6.4 · 107 W/m2 3.9 · 107 W/m2 3.4 · 107 W/m2

made by calculating the temperature rise for workpiece and chip separately and
combining the plots without the imaginary parts. The thermal properties of the
polymers have been corrected for the temperature increase. In [83] the following
relation for change of heat capacity with temperature for solid polymers is given:

1
cs(298)

dcs

dT
= 3 · 10−3 (2.11)

with cs the heat capacity for the solid polymer. This relation is based on mean
values derived for several polymers. For polymers above Tg the following mean
relation holds:

1
cl(298)

dcl

dT
= 1.2 · 10−3 (2.12)

with cl the heat capacity of the polymer above Tg. The heat capacity can be used
for determining the heat conduction of the polymer as:

λ = ρ · c · u · Lthermal (2.13)

with u the velocity of sound in the material and Lthermal the distance between
adjacent thermal layers. For the thermal diffusivity the following relation holds

κ =
λ
ρ · c (2.14)

It can be seen in Figure 2.6 that for all cases the glass transition temperature Tg

is not reached during cutting. This indicates that for the given turning conditions
no thermal flow regime is reached. Therefore, chip formation is also dominated
by stress activated flow, which was described in Section 1.3.

It can also be seen that steep temperature gradients exist in front of the tool.
This is the result of the low thermal diffusion of polymers. The heat affected zone
is less than 30 µm below the cut surface. The maximum temperature behind the
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Figure 2.6: Calculated temperature rise isotherms during polymer turning with η =
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tool is not sufficiently high for thermal flow to occur behind the tool at the cut
surface.

The calculated temperature rises in the chip are higher than those in the work-
piece, which is mainly caused by the lower chip velocity. Notice that this is not
interesting for determining whether cutting is performed in the solid or thermal
flow regime. However, it can be interesting for tool wear research. It can also be
seen that the isotherms in the chip at the shear zone do not totally overlap with the
isotherms of the workpiece. This can also be seen in the research of Komanduri
and Hou [77]. The reason is given by Komanduri and Hou [77] who indicate that
this is caused by the non-uniform temperature distribution encountered in the
chip during turning operations.

Heat partition fraction The use of the described thermal model does not require
an a priori assumption regarding the partitioning of heat between workpiece and
chip, although other models generally require this heat partitioning [77]. The
calculated mean temperature rise in the chip (Θchip) can be used to calculate this
heat partition fraction B of the workpiece and (1 − B) of the chip. Notice that
the heat partition value obtained in this way, includes all the heat, namely by
conduction and by heat energy flow due to material flow.

The mean temperature rise can be used to calculate the heat necessary for
causing this temperature increase as:

Q̇ = ṁ · c ·Θchip (2.15)

with Q̇ the heat rate, ṁ the mass rate, c the heat capacity of the material (assumed
to be constant), and Θchip the mean temperature rise in the chip. This can be
rewritten to the heat flux:

q̇ = ρ · c · vchip ·Θchip (2.16)

Then the heat partition fraction follows from:

B = 1 − q̇
q̇pl

(2.17)

Using these equations for calculating the temperature rise in the chip, Table
2.4 was constructed.

Table 2.4: Calculated heat partition fractions.

Material Θchip B (1 − B)
PS 51 K 0.19 0.81

PMMA 80 K 0.24 0.76
PC 66 K 0.21 0.79
PC 66 K 0.22 0.78
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Figure 2.7: Schematics showing the used model for calculating the effects of the
frictional heat source at the chip-tool interface, from [78]. Figure (a) is
used for the chip and (b) for the tool.

It can be seen in this table that the heat partition fraction B of the workpiece,
i.e. the amount of heat conducted into the workpiece from the shear zone, is
approximately 0.2. Approximately 80% of the heat produced in the shear zone is
removed by the chip.

Looking at the values calculated by Komanduri and Hou [77] for diamond
turning of aluminium (experimental data of Ueda et al. [84]), it can be seen that
aluminium had a heat partition fraction of the chip of only 0.35, and this was even
found for a cutting speed of more than 8 m/s! These results clearly indicate that
during turning of polymers most of the heat generated in the primary shear zone
is removed by the chip.

2.3.3 Temperature rise at the chip-tool interface

Model

Besides the heat generated in the primary shear zone, there is generally an ad-
ditional heat source at the chip-tool interface. Because of friction between chip
and rake face, see e.g. [18, 31], heat is generated in this zone. The solution of this
heat problem changes, since we are now dealing with two different bodies: (1)
the moving chip and (2) the stationary tool.

Figure 2.7(a) shows the model with appropriate coordinate system for the
chip side. For the calculation of the temperature rise at the chip side, the same
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approach will be used as in the previous section. For the frictional heat source at
the moving chip side, Jaeger’s semi-infinite solution on an infinitely long moving
line heat source is used [78, 81] for calculating the temperature rise, supplemented
with the dissipation factor η:

ΘM = η · q̇l

πλ
e−Xiv/2κ · K0 (Rv/2κ) (2.18)

This equation for the differential temperature rise at any point M(X, z) caused by
the differential segmental line heat source, located at a distance li from the origin,
is used for the calculation. Taking into account the image heat source, since the
frictional heat source is located at the boundary of the body, the following relation
is derived from [78] with addition of the work to heat conversion ratio η:

dΘM = η ·
q̇pl dli
πλ

e−Xiv/2κ · [K0 (R1v/2κ) + K0 (R2v/2κ)] (2.19)

where q̇pl = q̇l dli and

R1 =

√
(X − li)

2 + z2, and R2 =

√
(X − li)

2 + (2hc − z)2 (2.20)

Then the total temperature rise in the chip at any point M(X, z) caused by the
chip-tool interface frictional heat source and the appropriate image heat source is
given by

ΘM = η ·
q̇pl

πλ

L∫
li=0

e−Xiv/2κ · [K0 (R1v/2κ) + K0 (R2v/2κ)] dli (2.21)

For the stationary tool, Jaeger’s stationary rectangular heat source solution is
applied. Here the effect of the clearance face will be taken into account [78]. The
interface frictional heat source is considered as a stationary rectangular heat source
with width W and length L. Considering the heat partition fraction of the tool to
be (1− B), then the heat generation rate (1− B)q̇ of the stationary rectangular heat
source is considered to be transfered totally into the tool. Therefore, the interface
is considered adiabatic and the solution used is that for a semi-infinite body. The
semi-infinite solution is obtained by multiplying by two the value of the infinite
solution.

Further, the clearance face should be considered adiabatic as well. Therefore
an image heat source is used as depicted in Figure 2.7(b). The heat generation of
this image heat source is the same as that of the frictional heat source.

The objective of the analysis is to determine the temperature rise at any point
M(X, y, z) in the tool. Referring to Figure 2.7(b), the chip-tool interface heat source
of length L and width W and its image heat source can be considered as a combi-
nation of series of differential segmental line heat sources of width dyi and length
dXi. Each segment dXi × dyi can then be considered as a point heat source with
heat generation intensity q̇point given by
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q̇point = q̇0 dXi dyi/(L ·W) = η · q̇pl dXi dyi (2.22)

where q̇0 is the heat generation intensity for the rectangular heat source. The
semi-infinite solution of a continuous point heat source is [78, 81]

Θ =
q̇point

2πλR
(2.23)

Using this solution, the differential temperature rise at any point M(X, y, z) caused
by one of the point heat sources located at (Xi, yi) is given by

dΘM = η ·
q̇pl

2πλ

( 1
R1
+

1
R2

)
dXi dyi (2.24)

where

R1 =

√
(X − Xi)

2 +
(
y − yi

)2
+ z2 (2.25)

and

R2 =

√
(X − 2L + Xi)

2 +
(
y − yi

)2
+ z2 (2.26)

The total temperature rise at any point M(X, y, z) in the tool caused by the whole
stationary rectangular interface heat source and its image heat source is then given
by

ΘM = η ·
q̇pl

2πλ

W/2∫
yi=−W/2

dyi

L∫
Xi=0

( 1
R1
+

1
R2

)
dXi (2.27)

for cutting with a sharp tool.
Considering Blok’s heat partition principle [85], the calculated temperature

rise on both sides of the interface should be the same. Using Equations 2.21 and
2.27 and considering z = 0, the local temperature rise can be calculated for both
sides of the interface, using an assumed heat partition fraction B. An iterative
procedure results in a correct value of B for equal average temperatures on both
sides of the interface.

Application to PMMA

The model has been applied for PMMA with the cutting forces mentioned in Table
2.2. Table 2.5 summarizes the parameters used for the input of the thermal model.

By an iterative procedure, a heat partition fraction B = 0.005 is found for the
PMMA chip and diamond tool combination. This seems a reasonable value if one
considers that κpolymer << κdiamond. The calculated temperature rise for the moving
chip and the stationary tool are given in Figure 2.8. It can be seen that the mean
temperature rise is less than 0.5 K at the interface.
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Table 2.5: Input for temperature rise calculations at the chip-tool interface for dia-
mond turning PMMA.

Input for the chip-tool interface model
vchip = vc · rc 0.19 m/s
hc = h/rc 15 µm
b 0, 5 mm
ϕ 33.8◦
L = Lc 80 µm
η 0.5
q̇pl = Ff · vchip/(b · hc) 4.7 · 106 W/m2
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Figure 2.8: Calculated temperature rise at the chip-tool interface for the frictional
heat source (η = 0.5).

The low temperature rise caused by the frictional heat source indicates that
only little heat is transported here. From Tables 2.3 and 2.5 it becomes clear that
the amount of heat generated at the chip-tool interface is only 7% of the heat
generated at the primary shear zone. Based on this result, no further effort is put
in shifting the local heat partition value for matching the temperature curves of
the tool and the chip side, as was done by Komanduri and Hou in [78].

Since the frictional temperature rise is small compared to the temperature
rise in the shear zone, this effect will be neglected. This is in agreement with
Komanduri and Hou [79] who showed that in diamond turning generally the
primary shear heat zone has the biggest contribution to the temperature rise in the
tool. The next section describes the model used for determining the temperature
rise in the tool.
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Figure 2.9: Schematic showing the used model for calculating the effects of the
frictional heat source at the chip-tool interface, from [79].

2.3.4 Temperature rise in the diamond tool

The research of Komanduri and Hou [79] described the combined effect of shear
plane heat source and frictional heat source. For diamond turning of PMMA,
and probably for most polymers, the temperature rise caused by the frictional
heat source can be neglected, as was shown in Section 2.3.3. Therefore, the model
presented in this section is simplified for the application of polymer turning.

Model applied to diamond turning of PMMA

For ease of application, the model given in Section 2.3.2 will be given in another
coordinate system, see Figure 2.9.

The temperature rise at any point M(X, z) in the chip, including the points
along the chip-tool interface, using the solution of an infinitely long moving line
heat source for an infinite medium was given by Equation 2.8. In Section 2.3.3 it
was shown that the frictional temperature rise at the chip-tool interface was less
than 1 K. Therefore, this temperature rise will be neglected for the calculation of
the temperature rise in the chip. For the new coordinate system it can be derived
that the temperature rise for any point M(X, z) in the chip, neglecting the frictional
heat source, is given by:
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ΘM = η · q̇pls

2πλ

hc/ cos(ϕ−α)∫
wi=0

e−(X−Xi)v/2κ·
{
K0

[ v
2κ

√
(X − Xi)2 + (z − zi)2

]
(2.28)

+K0

[ v
2κ

√
(X − Xi)2 + (2hc − z − zi)2

]}
dwi

where η is the work to heat conversion ratio and q̇pls is the heat generation of the
shear plane. Further,

Xi = Ls − wi sin
(
ϕ − α) and zi = wi cos

(
ϕ − α) . (2.29)

Although the shear zone can be considered as a moving heat source for the
calculation of the temperature rise in the chip, this is not the case for the calculation
of the temperature rise in the tool. The reason for this is that the shear zone has
to be considered as a stationary heat source in respect to the tool. Therefore, the
above equations cannot be used for the calculation of the temperature rise in the
tool, since they are based on a moving heat source.

A heat transfer method for the calculation of the temperature rise in the tool,
caused by the shear plane heat source, is to consider that part of the heat coming
from the shear plane heat source through the chip and the chip-tool interface
into the tool, acting as a stationary heat source located at the chip-tool interface.
This heat source can then be considered as an induced stationary rectangular heat
source [79].

The total temperature rise at any point M(X, z) in the tool caused by the induced
heat source is given by [79]:

ΘM =
Bind · q̇pli

2πλ

W/2∫
yi=−W/2

dyi

L∫
Xi=0

( 1
R1
+

1
R2

)
dXi (2.30)

where R1 and R2 are given by Equations 2.25 and 2.26, and Xi = li. Bind is the
fraction of heat flow to the tool caused by the induced heat source, and q̇pli is the
average intensity of the induced heat source.

Initially, the heat intensity q̇pli of this induced heat source is unknown. But
the average temperature at the chip-tool interface is known from Equation 2.28.
Assuming that Bind = 1, the computer program that was developed for the calcu-
lations of Section 2.3.3 can be used for the calculation of the average intensity of
the induced heat source q̇pli, and it was found to be 3.0 · 108 W/m2.

Due to continuity of the heat flow, the mean temperature on chip side and tool
side have to be the same, resulting in an estimate of Bind. It was found that the best
fit occurs when Bind = 1. No better distribution can be found by the application of
non-uniform distributions. The average temperature rise at the tool/chip interface
is found to be 52 K.

Using these values, the isotherms of the temperature rise in the tool can be
calculated, see Figure 2.10.
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Figure 2.10: Isotherms of the temperature rise in the tool during diamond turning
of PMMA with vc = 0.3 m/s, h = 10 µm and b = 0.5 mm.

It can be seen that a maximum temperature rise of approximately 50 K occurs
near the cutting edge. Further, a steep temperature gradient can be seen in the
diamond tool, which is in accordance with the high thermal diffusivity of diamond
(4− 11 cm2/s). These low temperatures indicate that thermal wear is not an issue
in polymer turning.

2.4 Experimental verification

In the previous section the analytical temperature rise in diamond turning of
PMMA was determined. To verify the adapted thermal model, temperature
measurements were performed.

2.4.1 Development of a tool with embedded thermocouple

Diamond has a high thermal conductivity. In diamond, thermal conductivity is
caused by lattice vibration, instead of electron transport as is the case in metals [86,
87]. Diamond conducts heat very quickly and this makes it an interesting material
for applications where a high heat conduction is needed. Therefore, it is believed
that diamond is a very good material for a tool with an embedded thermocouple,
since a short time constant can be achieved and a stable temperature profile in the
tool can be achieved quickly.

For the production of dies for the wire-drawing industry holes are drilled in
diamond by excimer laser technology. These holes have the shape of a cone. For
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Figure 2.11: (a) Dark field photo of the diamond tool with embedded thermocouple,
and (b) shows the assembly of the tool.

the production of the embedded thermocouple tool a synthetic mono-crystalline
diamond tool was used. A faceted tool geometry was chosen in order to get a
good two dimensional heat profile in the tool. Figure 2.11(a) shows a dark field
microscope photo of the developed diamond tool with embedded thermocouple.
For the placement of the thermocouple, holes were drilled from both side faces
of the tool and the cones intersect in the middle of the tool. In this intersection
plane a J-type thermocouple is placed and fixed by a thermally conductive epoxy.
The diameter of the threads of the thermocouple is 25 µm and the junction is
approximately 75 µm. In the photo the two cones are clearly visible, intersecting
each other almost in the middle of the tool. The smallest diameter of the hole is
approximately 100 µm, positioned at approximately 200 µm from the cutting edge
and approximately 150 µm under the rake face. Out of focus are the two leads
at the side faces of the tool. Also visible is some dust on the rake face. Because
the threads of the thermocouple are fragile they are led to a connector near the
tool, see Figure 2.11(b). From this connector a connection is made to a data-
acquisition system. A calibration method is necessary to estimate the error that
originates from the distance between cutting edge and thermocouple. This can be
found in Appendix D. It is described in the appendix that the calibration has to be
performed on a material with approximately the same thermal properties as those
of the workpiece material to be cut. This was done prior to the measurements.

2.4.2 Verification experiments

The embedded thermocouple is used for the verification measurements of the
thermal cutting model described in Section 2.3. Table 2.6 shows the measured
temperatures during turning of PS, PMMA and PC, with the error estimation of
the fit found by the calibration procedure. It shows the calculated temperature



2.4 Experimental verification 51

rise at the chip/rake interface and the shear zone for a work to heat conversion
ratio η = 0.5 too. The fifth column shows the ratio of measured temperature rise
and the calculated temperature rise for η = 1, which is equal to 2 ·Θη=0.5.

The value in the fifth column indicates how good the assumption of η =
0.5 was. Taking into account the error of the calibration data for the actual
temperature measurement, for PS and PMMA a reasonable agreement is found
between calculation with η = 0.5 and thermocouple measurement. For PC, a
relatively high value of η is found, compared to PS and PMMA. Notice that the
value of η = 0.5 is at the lower side of the values reported in literature e.g. [71, 73],
where η is given as 50-80%.

Table 2.6: Temperature measurements on PS, PMMA and PC.

Material Θmeasured Θchip/tool for η = 0.5 Θshear zone for η = 0.5 Θmeasured
2Θchip/tool

PS 21 ± 4 K 26 K 37 K 0.40
PMMA 58 ± 4 K 52 K 75 K 0.56

PC 45 ± 4 K 33 K 52 K 0.68

Although the measured values can be related to conversion rates of mecha-
nical work to heat known from literature, a second verification experiment was
performed to find out if the thermocouple tool and calibration procedure were
correctly applied for measuring the cutting edge temperatures.

2.4.3 Infrared measurements

The additional measurement is performed with an infrared (IR) camera. This
measurement consists of measuring the cutting process of PMMA simultaneously
with the embedded thermocouple tool and an IR camera. Although polymers can
be highly transparent for IR radiations, PMMA has a high absorption in the
wavelength range of approximately 7.8 − 8.8 µm [88]. This is in the spectral
range of the used camera (Flir Systems, type Thermovision A40). The setup is
schematically shown in Figure 2.12(a). The infrared camera was positioned under
a small angle with the uncut surface and almost perpendicular to the chip’s free
surface. For the infrared measurements an emissivity value of 0.84 was taken [89].

The same cutting conditions as described in the previous section were used,
except width of cut. The width of cut in this experiment increased from 0.36 mm
at the beginning to 0.64 mm at the end of the experiment. This means that a width
of cut of half a millimeter is reached in the middle of the cutting time.

Figure 2.12(b) shows the results of the measurements. The temperature given
by the embedded thermocouple tool is the temperature at the cutting edge as
derived by the application of the calibration data. The temperature measured
by the infrared camera is the maximum temperature at the chip’s free side in
the shear zone region. It can be seen that the temperature at the cutting edge as
derived by the thermocouple and the chip free side as measured by the IR camera,
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Figure 2.12: Verification experiment on PMMA. Figure (a) showing schematically
the used setup, and (b) showing the measurement result for vc =
0.3 m/s and h = 10 µm.

are in accordance with each other. The thermocouple tool shows a time constant
in the beginning of the measurement, while this is absent in the IR measurement,
which is logical.

Also, peak fluctuations can be seen in both measurements. Since these peaks
were not present in measurements with other cutting conditions, it was concluded
that the peaks are a result of the turning process, and mainly the chip formation
process.

Both measurements give comparable temperatures and trend, therefore it is
assumed that the temperatures measured with the embedded thermocouple tool
and the IR camera are the temperatures as they were in the cutting process.

The results of the calculations and the different measurements are summarized
in Table 2.7. For the calculated values, see also Figure 2.6(b).

Table 2.7: Comparison of temperature rise calculations (η = 0.5) and measurements
for PMMA.

Chip-tool interface Chip’s free side
Calculated Measured Calculated Measured

by thermocouple by IR
Θ = 52 K Θ = 58 K Θ = 115 K Θ = 73 K

Looking at this table, a big difference can be seen: the big overestimation of
the thermal model of the temperature rise at the chip’s free side in respect to the
IR measurement. Whether this is an artifact of the assumption of the adiabatic
boundary in the thermal model should be investigated. Another possibility is that
the emissivity value of the PMMA was higher than that used in the measurement.
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However, this does not yield such a big difference.

In Section 2.3.4 the temperature rise distribution in the tool was calculated.
Looking at the point

(
X = −200 µm, z = −150 µm

)
, a temperature rise of 11 K was

found. This point is approximately the spot were the embedded thermocouple
was positioned. Looking in the appendix at Figure D.1 the calibration profile is gi-
ven for an applied temperature at the cutting edge of approximately 60 ◦C. In that
case a temperature rise of approximately 10 K can be seen for the thermocouple.
The difference between theory and experiment is acceptable.

Although a big difference exists between calculated temperature rise at the
chip’s free side and measured temperature by IR, the trend of the measurements
seems good. Also taking into account the agreement between calculated tempe-
rature rise of the thermocouple and that actually measured, the adapted thermal
model derived in this chapter is considered applicable for polymers.

2.5 Conclusions

In this chapter a thermal model was used for determining the temperature rise
during turning. The model was based on a thermal model for metal cutting
operations, but was adapted for calculations of polymer turning processes. This
was done by the introduction of the heat dissipation factor η in the model. It was
shown, using this adapted model, that the temperature rise in polymer turning is
in the order of several ten degrees.

For the used model no heat partition fraction has to be assumed a priori . This
heat partition value can be determined from the calculated temperature rise in
the chip. It was shown that for the given diamond turning process of polymers
typically 80% of the heat formed in the primary shear zone is removed by the
chip. Only 20% of this heat is conducted into the workpiece.

Using a heat conversion ratio of mechanical work to heat of η = 0.5 in the
model, which is in agreement with literature and performed experiments, it was
found that for the investigated polymers a temperature rise below Tg occurred.
This is in contrast with other researches [21, 44], however, in this research cutting
forces were actually measured as input for the thermal model and verification
experiments were performed to validate the results of the applied thermal model.
The influence of a change in cutting conditions on the temperature rise will be
described in chapter 3.

It was calculated with the adapted thermal model that approximately 20% of
the heat formed in the primary shear zone is conducted back into the workpiece.
This indicates that 80% of the heat is removed by the chip for the given conditions.
Notice that these values were obtained as part of the outcome of the calculations
and that they are not based on an a priori assumption.

A diamond tool with embedded thermocouple was developed for measuring
the temperature rise during polymer turning. A calibration procedure was used
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for determining the error between cutting edge temperature and the tempera-
ture of the embedded thermocouple. It was described in Appendix D that the
thermal contact resistance is important for the calibration procedure. The measu-
rements with the embedded thermocouple tool were in good agreement with the
calculated cutting temperatures. Besides measurements with the embedded ther-
mocouple tool, measurements with an infrared camera were performed. These IR
measurements indicated a higher temperature at the chip’s free side, which was
in accordance with theory, but the temperature was approximately 30 ◦C lower
than calculated. Despite the big difference between calculated and IR measured
temperature rise at the chip’s free side, the trend of the measurements seems
good. Based on the agreement between thermocouple measurement, IR measure-
ment and calculated temperature rise, the adapted thermal model derived in this
chapter is considered applicable for polymers.

Using the embedded thermocouple tool, it was shown that the used heat
dissipation factor in the thermal model is chosen properly. For turning processes
of polymers a work to heat conversion ratio of 0.5 can be assumed. Notice that
this is different from the metal cutting process where almost 100% conversion of
mechanical work to heat can be seen.

From this chapter it follows that care has to be taken with the interpretation
of the available literature that is known on polymer turning. The main reason for
this is not taking into account the storage of internal energy during deformation of
polymers. This can be as high as 50%, thus lowering the final cutting temperature
reached in the primary shear zone during turning. Also, the heat partition fraction
B to the workpiece is smaller than that used in the calculations of Smith [44],
indicating that until now overestimates were made.



Chapter 3

Influence of cutting conditions and
material properties

3.1 Introduction

This chapter describes the influence of several cutting parameters on the results
of the diamond turning process of glassy polymers. For the investigation of
machining modifications the thermal model derived in the previous chapter is
used for visualizing the temperature profiles. Besides changing cutting condi-
tions, also workpiece material modification is investigated. It includes changes
of thermo-mechanical history and crosslink density of polymers.

The next section deals with two different turning setups, namely a plunge
turning setup where a straight cutting edge is used, and a face turning setup that
uses a nose radius tool. Section 3.3 presents the influence of thermo-mechanical
history of the workpiece material on the surface quality. The effect of increasing
crosslink density is investigated in Section 3.4. The chapter ends with conclusions
about the diamond turning process of polymers.

3.2 Turning parameters

One of the most used methods for improving surface quality is the adaption of
cutting parameters. It is the easiest way of improving cutting results, such as
surface quality.

This section is split in two parts with different turning setups: 1) plunge
turning with a faceted, straight edged diamond tool, and 2) face turning with a
nose radius tool.

The plunge turning is used for investigating the effect of cutting parameters
on the temperature rise. It is known from the previous chapter that the glass tran-
sition temperature was not reached for the given turning conditions. However,
in literature about polymer turning such as Smith’s research [44], it is assumed
that with an increase in cutting speed, more adiabatic heating results in a higher

55
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Figure 3.1: Schematic representation of the used cutting setup for the plunge tur-
ning experiments.

temperature rise. This will be investigated in the first part of this section. Also, it
includes aspects of surface formation.

The face turning setup is used for investigating the effects of changing turning
parameters on achieved surface quality. In this process a nose radius tool is used,
since it is the most used tool in precision turning operations for optics.

3.2.1 Plunge turning

A. Experimental

The plunge turning setup was given in Figure 2.2, but is depicted again in Figure
3.1. It is mainly used for investigating the influence of cutting parameters during
turning of PC. A faceted, natural, mono-crystalline diamond tool was used. Dif-
ferent rake angles were used for the (110) oriented rake face, see Table 3.1. In all
sets, the clearance angle was 15◦, however, for sets 6 and 7, see Table 3.1, the tool
was rotated to achieve the required rake angle, thus changing the 15◦ clearance
angle likewise.

The cutting forces were measured using a three-component force transducer
(Kistler type 9251). The main cutting force Fc and thrust force Ft were used as
input for the thermal model given in Chapter 2. Also, the length of the chip Lc

after cutting was compared to the theoretical length of cut L. This gave the rc

value given by Equation 2.1, needed for determining the shear angle as given by
Equation 2.10.

Sets 1 to 5, given in Table 3.1, were chosen for investigating the effect of
cutting speed and depth of cut on the temperature rise distribution. Set 8 was
chosen to investigate how a large negative rake angle influences the temperature
distribution. Smith [44] used in her research the same negative rake angle of−20◦,
but did not make any temperature estimate for it, although her assumption was
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Table 3.1: Turning sets used for PC.
set α vc/(m · s−1) h/µm b/mm Fc/N Ft/N rc

1 0◦ 0.3 10 0.8 3.20 2.05 0.60
2 0◦ 0.3 5 0.74 1.30 0.65 0.58
3 0◦ 0.3 2 0.8 0.83 0.51 0.56
4 0◦ 3.0 10 0.8 2.85 1.65 0.63
5 0◦ 3.0 2 0.8 0.67 0.37 0.63
6 3.6◦ 0.3 10 0.75 2.00 1.03 0.65
7 − 3.6◦ 0.3 10 0.72 2.25 1.40 0.59
8 − 20◦ 0.3 10 0.8 5.00 4.80 0.57

that such a negative rake angle would increase the temperature rise significantly.
Since some interesting surface effects were seen in the experiments of sets 1 to 5,
sets 6 and 7 were also introduced.

B. Cutting forces

Figure 3.2 shows the measured cutting forces for sets 1, 3, 4 and 5. For clarity,
these forces are depicted as

F∗c =
Fc

b · h and F∗t =
Ft

b · h (3.1)

It can be seen that the cutting forces for 2 µm depth of cut are higher than
those for 10 µm depth of cut. This is in accordance with literature about specific
cutting forces, such as [34, 76].

It can also be seen that with an increase in cutting speed, the measured cutting
forces decrease. Although this may be expected intuitively, this does not have to
be the case, since the volumetric work energy is independent of the cutting speed
[4]. It was shown by Moriwaki and Okuda [90] that for copper, the cutting forces
do not change over a cutting speed range of 2 − 20 m/s. Drescher [4] mentions
that only at high speeds material softening may affect the cutting forces. Possibly,
softening influences the cutting forces for the investigated PC. Whether this is
thermal or intrinsic softening cannot be concluded from these results.

C. Thermal aspects

C1. Cutting speed For the investigation of the influence of cutting speed on
the cutting temperature distribution, cutting experiments were performed with
different cutting speeds, namely vc = 0.3 m/s and vc = 3 m/s. From Smith’s
research [44] it is known that an increase in cutting speed should result in an
increased temperature rise in the primary shear zone.

Figure 3.3 shows the isotherms of the calculated temperature rise for different
conditions, sets 1, 3, 4 and 5. It can be seen in this figure that a steep temperature
gradient occurs in front of the primary shear zone. At high cutting speed vc =
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Figure 3.2: Cutting forces F∗c and F∗t as a function of cutting speed for plunge turning
of PC, sets 1, 3, 4 and 5.

3 m/s the tool movement is too high for thermal diffusion to occur in front of this
shear zone. Also, a temperature gradient occurs behind the tool at the cut surface.
A possible consequence of this will be discussed later on page 67.

Table 3.2 gives the maximum calculated value in the shear plane found by the
thermal model given in Section 2.3.2.

Table 3.2: Calculated maximum shear plane temperature rise during diamond tur-
ning of PC with different vc and h.

set vc/(m · s−1) h/µm Θsp/K
1 0.3 10 70
2 0.3 5 65
3 0.3 2 70
4 3.0 10 75
5 3.0 2 70

It can be seen in this table that the maximum temperature at the shear plane
is approximately the same for all situations. This is in contrast with the available
literature on polymer turning, and specifically Smith’s calculations as given in
Table 2.1. It is generally assumed that an increase in cutting speed results in more
adiabatic heating of the cutting zone [21, 44].

This contrast is also visible in Figure 3.4 that shows the temperature rise
isotherms for PMMA cut with vc = 0.3 m/s respectively vc = 3 m/s and depth
of cut 10 µm. It can be seen in this figure too, that an increase in cutting speed
does not result in an increase in temperature rise in the primary shear zone. The
glass transition temperature is not reached in the primary shear zone for both
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Figure 3.3: Isotherms of calculated temperature rise for PC (η = 0.5) cut with (a) set
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Figure 3.4: Calculated temperature rise distributions (η = 0.5) during turning of
PMMA with h = 10 µm, b = 0.5 mm, and cutting speed (a) vc = 0.3 m/s
and (b) vc = 3 m/s.

machining conditions. In fact, the temperature rise is less for the high speed
situation, and the maximum calculated chip temperature is lower too. The latter
is caused by the higher chip removal speed and the amount of heat moved away
from the shear zone by material flow. This is also reflected in the heat partition
fraction of workpiece and chip for the higher cutting speed: B = 0.11 respectively
(1 − B) = 0.89. For the lower cutting speed these were determined as B = 0.24
respectively (1 − B) = 0.76, see Table 2.4.

These values confirm that the heat diffusion is too small to influence the
material in front of the tool. This indicates that the turning process of PC and
PMMA will consist of the combined action of thermal and stress activated flow in
the narrow primary shear zone. In fact, for higher cutting speeds of order meter
per second, the thermal diffusion is too small to result in more adiabatic heating.
The thermal layer at the cut surface decreases with a factor three for the higher
cutting speed.
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Figure 3.5: Infrared thermography measurement results on PMMA for different
cutting speeds vc = 0.3 m/s respectively vc = 0.9 m/s, and width of cut
approximately 0.5 mm.

Figure 3.5 shows the results of IR thermography on PMMA. It shows two
measurements for vc = 0.3 m/s and one measurement at an increased cutting
speed vc = 0.9 m/s. The measurements were taken at a room temperature of
20 ◦C. It can be seen that a higher temperature is achieved in the latter case.

The IR measurements show a trend of increasing cutting temperatures with
increasing cutting speed. However, this cannot be seen in the results of the
calculations made by the thermal model, as given in Figures 3.3 and 3.4 for PC
respectively PMMA.

Possible explanations for these errors can be:

• Measurement error of the chip length after cutting. This influences directly
the determination of rc and ϕ. The shear angle ϕ is used again in the deter-
mination of q̇pl through q̇pl = Fsvs/(Ls ·b). Calculations showed, however, that
with a measurement error of the chip length of ±10 mm, the total calculated
temperature rise error is only 10 K.

• Changing cutting speed means changing strain rate. Figure 2.1 showed that
an increase in strain rate results in an increase in the work to heat ratio η.
Assuming a strain rate increase of one order for the different cutting speeds
(Equation 1.6), this would increase η by approximately 0.02. This is to less
to cause a dramatic increase in calculated temperature rise too.

• The used workpieces with rills, given schematically Figure 3.1, were manu-



62 Influence of cutting conditions and material properties

factured manually. During the fabrication of these rills by turning, frictio-
nal heating at the side walls may have caused different heating effects per
rill, resulting in different thermo-mechanical histories. A different thermo-
mechanical history has its influence on the cutting forces, which are neces-
sary for the calculation of the temperature rise.

• During temperature measurements overlapping cuts occur. From the cal-
culated temperature rise distributions it becomes clear that a heat effected
zone exists at the cut surface behind the tool. If cooling of this zone does not
occur quick enough within one revolution, this offset temperature will be
present in the IR measurement, while this is not included in the calculation
for the temperature rise. This may result in a higher temperature measured
for overlapping cuts at the higher cutting speed.

The above showed that different initial conditions may have been present
in the different workpieces, leading to differences in measured and calculated
temperatures. The difference between the two IR measurements made at vc =
0.3 m/s is already 10 K. Unfortunately only one IR measurement was made at a
cutting speed of 0.9 m/s, which temperature rise is approximately 10 K higher as
the highest temperature measured with vc = 0.3 m/s.

Based on the previous considerations, and mainly the possible higher tempe-
rature offset of the workpiece material at higher cutting speeds, it is assumed that
the temperature model predicts the accurate values, since offset temperature is
not included in the temperature rise calculation.

An interesting aspect is whether chain scission occurs in front of the cutting
edge, since stress activated flow is also present. If chain scission occurs in tur-
ning, the molecular weight of the material in the chip must be lower than the
molecular weight of the bulk material of the workpiece. To measure this, gel per-
meation chromatography can be used. Gel permeation chromatography (GPC)
can determine the molecular weight of a polymer by using a size-exclusion tech-
nique. For further reading about this technique, see e.g. [83]. Although the
measurement error is smaller than 2%, variations in the bulk material may be
larger (up to 10%).

The molecular weights of the bulk material prior to cutting and the collected
chips after cutting were determined. This was done for PMMA and PC. Table 3.3
shows the results of the used PMMA and PC for cutting conditions vc = 2.4 m/s,
f = 0.25 µm/rev and h = 5 µm.

It can be seen that the cut PC has a higher Mn than the uncut PC, but this can
be ascribed to variations in the bulk. Uncut PMMA has an Mn-value higher than
106 g/mol, since it was not measurable by the used GPC instrument. However,
after cutting the GPC distribution was measurable, showing a decreased molecu-
lar weight for the chip material. The results clearly indicate that chain scission
occurs during turning of this PMMA grade and not during turning of this PC
grade.
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Table 3.3: Results of GPC measurements.

Mn/(g ·mol−1) Mw/(g ·mol−1) PDI
PC uncut 16.3 · 103 41.5 · 103 2.54
PC cut 16.7 · 103 43.2 · 103 2.58
PMMA uncut > 1.0 · 106 -
PMMA cut 38.9 · 103 284.5 · 103 7.31

C2. Depth of cut Figure 3.3 on page 59 showed the calculated isotherms of the
temperature rise for different depths of cut. It can be seen that the temperature
profiles are approximately the same for 2 µm and 10 µm. This is confirmed by the
maximum values of the calculated temperature rise in Table 3.2 on page 58. This
is in contrast with the trend given by Smith [44] for decreasing chip thickness.

However, the following should be considered: the specific cutting forces for
depth of cut 2 µm are higher than those for 10 µm, see Figure 3.2. Using Merchant’s
equation for the shear stress [34]:

τ =
Fc sinϕ cosϕ − Ft sin2 ϕ

b · h (3.2)

and looking at the data given in Table 3.1, the values given in Table 3.4 can be
used for calculating the shear stress in the primary shear zone:

Table 3.4: Calculated shear stresses for set 1 and 3 conditions.
set 1 3
h/µm 10 2
b/mm 0.8 0.8
Fc/N 3.20 0.83
Ft/N 2.05 0.51
ϕ 31◦ 29◦

τ/MPa 108 145

It follows from this table that the calculated shear stress is approximately 1.5
times higher for the smaller depth of cut (set 3). This also becomes clear from the
amount of heat liberated in the shear zone, as derived in the thermal model: for
set 1: q̇pl = 1.9 · 107 W/m2, and for set 3: q̇pl = 2.5 · 107 W/m2.

The increase in shear stress can be attributed to a higher specific cutting force,
but also to the fact that γ̇ ∝ h−1, indicating that at smaller depth of cut the strain
rate is higher. Figure 1.15 showed that the yield stress of polymers increases with
higher strain rates. These effects were not taken into account in Smith’s research
[44] and may explain the difference in trends as predicted in Smith’s research
and in this research. They also indicate that with decreasing depth of cut the
temperature rise does not have to decrease as well.



64 Influence of cutting conditions and material properties

A depth of cut of 2 µm in these experiments shows similarities with the maxi-
mum uncut chip thickness in precision turning, see Section 1.2.3. Figures 3.3(c)
and (d) can therefore be regarded as representative for the achieved cutting tem-
peratures in the precision turning process of PC with a radius tool of R = 1 mm,
and turning conditions f = 10 µm and h ≈ 20 µm. In that case the biggest uncut
chip cross-section is 2 µm.

C3. Rake angle Figure 3.6 shows the temperature rise contours in the workpiece
calculated with the aid of the thermal model derived in Chapter 2. It can be seen
that the temperature rise for rake angles deviating little from zero are approxima-
tely the same. However, when a large negative rake angle (−20◦) is used a higher
temperature rise is determined, see Figure 3.6(d). This is in accordance with lite-
rature on polymer turning, like Smith’s [44]. It confirms Smith’s statement that a
negative rake increases the amount of heating in the shear zone. It also confirms
that even a large negative rake cannot raise the temperature high enough to reach
Tg during diamond turning of PC.

A remark has to be made here on the temperature rise calculated for set 1
conditions, see Table 3.5. For set 1 conditions, the temperature rise is 10 K lower
than that given for set 1 in Table 3.2. The most probable reason for this is the use
of a different workpiece, giving rise to different cutting forces, necessary for the
input of the thermal model.

Table 3.5: Calculated shear plane temperatures for different rake angles.
α set Θsp/K

3.6◦ 6 50
0◦ 1 60

− 3.6◦ 7 55
− 20◦ 8 90

D. Surfaces in plunge turning

D1. Cutting speed From the calculations of the thermal model it follows that
both PC and PMMA are not cut in the thermal flow regime for set 1 and 4
conditions. The temperature rise distributions for PC were given in Figure 3.3(a)
and (b) and for PMMA in Figure 3.4(a) and (b). Based on these results only little
differences in surface quality should be expected.

However, looking at Figure 3.7 it can be seen that for set 1 and 4 conditions, a
wavy pattern originates at the surfaces of PC and PMMA. Table 3.6 shows some
roughness values for the shown surfaces. It can be seen that for PC the roughness
decreases with increasing cutting speed, while for PMMA the opposite is the case.
Looking at the wavelength of the patterns, it can be seen that both decrease with
increasing cutting speed. This means that the frequency of the pattern increases.
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Figure 3.6: Temperature rise contours for PC (η = 0.5) cut with vc = 0.3 m/s and
h = 10 µm.
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(a) (b)

(c) (d)
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Figure 3.7: Surfaces of PC (upper) and PMMA (lower). Photos on the left were
obtained with set 1 conditions and on the right with set 4 conditions.
Direction of cut is indicated by the arrows.

Table 3.6: Surface characteristics for set 1 and 4 conditions for PC and PMMA.
PC PMMA

cutting speed vc/(m · s−1) 0.3 3 0.3 3
roughness Ra/nm 256 11 18 69
amplitude A/nm 923 33 91 220
wavelength λ/µm 46.7 17.4 13.0 10.4
frequency f/kHz 6.4 172 23 290
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The increase in frequency was independent of the increase in rotational speed of
the spindle of the turning machine.

The difference in surface pattern and response to an increase in cutting speed
of PC and PMMA may originate from differences in chip formation: Table 3.3
showed that PC forms ductile chips without chain scission, while PMMA forms
semi-ductile/segmented chips accompanied with chain scission in the cutting
zone. This indicates a difference in chip formation process, which can be a reason
for the observed differences in cut surface and the different response to an increase
in cutting speed.

Tool vibration It is expected that the combination of frequencies and amplitudes
cannot be ascribed to machine vibrations. An estimate is made for the volume
of the material that should vibrate for achieving a pattern with an amplitude of
frequency 6.4 kHz. The frequency of a vibrating machine part is given by:

f =

√
C
m

(3.3)

with C the stiffness and m the mass. For an estimate of the total mass moving,
this can be rewritten to

m =
C
f 2 (3.4)

Now assuming that C = 107 N/m, which is a common stiffness used in machinery
design, specific mass ρ = 7.8 · 103 kg/m3 for steel, and m = ρ ·V, then the volume
that should be moving at a frequency of 6.4 kHz is calculated as:

V =
C
ρ · f 2 =

107

7.8 · 103 · (6.4 · 103)2 = 3.1 · 10−5 m3 (3.5)

This volume (31 cm3) can have dimensions that are approximately equal to a part
of the force measurement system. Assuming this stiffness, and looking at the
thrust force activating this eigenfrequency, an amplitude of A = Ft/C = 2/107 =
2 · 10−7 m (200 nm) can be calculated. This is less than the measured amplitude of
923 nm for PC turned with set 1 conditions.

Viscous folding Another explanation for the surface characteristics after turning
PC can be found in viscous folding. Since chain scission (non-ductile failure)
occurs during cutting of PMMA a different surface formation mechanism can be
active.

Viscous folding can occur in two situations. Figure 3.8(a) shows the first
situation where a matrix material with viscosity ηM and a top layer with visco-
sity ηL < ηM are compressed with a compressive stress σcompr. Folds as shown
schematically in gray will form.
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Figure 3.8: Schematic representation of viscous folding as a result of a viscosity
difference between layer and matrix (a), and a viscosity gradient caused
by a thermal gradient in the polymer (b). Figure (c) shows a preliminary
result of Feldman [91] created with setup (b). Figure (d) shows a similar
surface structure, but after turning PC. For (c) and (d) the direction of
strain was in the horizontal plane of the page.

Another situation that can result in viscous folding is when a material, like a
polymer, has a temperature gradient over its thickness H. This can be caused by
applying two different temperatures at the upper and lower side of the material.
Figure 3.8(b) shows such a setup. Due to the temperature gradient a viscosity
gradient dη/dH will occur as well. When this material is subjected to a compressive
stress folds will be formed at the surface. Figure 3.8(c) shows such a folding pattern
(preliminary result of Feldman [91]) that originated by applying a temperature
gradient (and therefore a viscosity gradient) over a polymer.

Figure 3.8(d) shows a similar pattern as in (c), but it was formed by plunge tur-
ning PC with set 3 conditions. Figure 3.3 showed the calculated temperature rise
isotherms during cutting of PC. It can be seen that behind the tool a temperature
gradient is present in the top layer of the workpiece. This is a similar situation
as depicted in Figure 3.8(b), indicating that viscous folding can occur in turning
processes of polymers. Notice that compressive stresses are present behind the
tool when the tensile region behind the tool , see Figure 1.4(b), has passed and the
material returns to a ”stress-free” state again.
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(a) (b)

200 µm200 µm

Figure 3.9: Cut surfaces of PC with cutting speed vc = 0.3 m/s, and depth of cut
(a) h = 10 µm and (b) h = 2 µm. Cutting direction is indicated by the
arrow.

D2. Depth of cut Figure 3.9 shows the surfaces obtained after turning with two
different depths of cut on PC in plunge turning setup (set 1 and 3). It can be
seen that a decrease in depth of cut results in a decrease of wavelength. Table 3.7
shows measurement data for set 1, 2, 3, 4 and 5 conditions. It can be seen that
the Ra and λ values decrease with decreasing depth of cut, but also for increasing
cutting speeds.

Table 3.7: Surface characteristics for different sets after cutting PC.
set 1 2 3 4 5
cutting speed vc = 0.3 m/s vc = 3 m/s
depth of cut h 10 µm 5 µm 2 µm 10 µm 2 µm
roughness Ra/nm 256 76 52 11 15
amplitude A/nm 923 246 154 33 16
wavelength λ/µm 46.7 20.4 11.0 17.4 3.7
frequency f/kHz 6.4 14.7 27.2 172 811

Figure 3.10(a) shows a logarithmic plot of the calculated temperature rise at a
distance Ls from the cutting edge versus depth underneath the cut surface of PC
for cutting sets 1, 3, 4 and 5. The distance Ls is taken as a reference for comparing
the different conditions.

It can be seen in figure (a) that the maximum temperature rise is approximately
the same for all cutting conditions, however, the slope of the curves is different.
In figure (b) the slope of the curves, determined by a least-squares first order fit,
is given on the x-axis. It appears that an increasing slope, thus an increasing
temperature gradient near the cut surface, results in a decreasing amplitude of
the pattern. The same is true for the wavelength of the pattern.
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Figure 3.10: Influence of temperature gradient on the amplitude of the pattern. The
numbers correspond to the sets given in Table 3.1.
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Figure 3.11: Dependence between the thickness d of the Θ = 10 K layer and the
dominant wavelength in plunge turning. The solid line is an LSQ fit
and the dashed lines indicate the 95% confidence area.

In case of viscous folding, it is known from references [92, 93] that the dominant
wavelength of a folding pattern will always scale linear with the thickness d of
the viscous layer. Although the exact thickness of the viscous layer is not known,
the thickness of the Θ = 10 K layer is taken here as a reference. Figure 3.11
shows a plot of the thickness d of theΘ = 10 K layers, calculated with the thermal
model, for different cutting conditions. The fit given in the figure shows a linear
behaviour, indicating that viscous folding occurred in turning PC.
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Figure 3.12: Cut surfaces of PC at vc = 0.3 m/s, h = 10 µm, and (a) rake 3.6◦, (b) rake
0◦, (c) rake −3.6◦ and (d) rake −20◦. Cutting directions are indicated
by the arrows.

D3. Rake angle Figure 3.12 shows the surfaces obtained on PC for the different
turning sets 1, 6, 7 and 8. It can be seen that the surfaces cut with rake angles
of 0◦ and −20◦ have the worst surface qualities. The surface turned with a rake
angle of −20◦ shows a very irregular surface, formed by tearing/fracturing of the
workpiece material in front/underneath the tool. The surface formed by cutting
with a zero rake angle shows the possible viscous folding pattern.

The gradients of the temperature rise profiles at a distance Ls are given in
Figure 3.13 for the three different rake angles of sets 1, 6 and 7. Since no continuous
chip is formed for set 8 conditions (α = −20◦), this is not used for comparison.
From Figures 3.6 and 3.13(a) it is clear that there is little difference between the
temperature gradients behind the tool for the different rake angles of sets 1, 6 and
7, and that the depth of the Θ = 10 K line is approximately the same for these
three sets.

In contrast with this similarity in temperature rise is the big difference in sur-
face structures seen in Figure 3.12. The measured amplitudes of the patterns are
given in Table 3.8. It was expected that a positive rake resulted in a decreasing
temperature gradient, while the negative rake was expected to result in an increa-
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Figure 3.13: Influence of temperature gradient on the amplitude of the pattern. The
numbers correspond to the sets given in Table 3.1.

sing temperature gradient. This should have decreased respectively increased
the folding behaviour. Instead, a small non-zero rake angle decreases the folds
significantly, indicating that possibly the turning process changes dramatically. A
big decrease in surface roughness value can be seen in Table 3.8 for small non-zero
rake angles, whether they are positive or negative.

From the previous section it could be stated that viscous folding can be im-
portant in diamond turning, but the results also indicate that the process is very
sensitive to changes in rake angle, or better said, changes in cutting geometry.

Table 3.8: Surface characteristics for different rake angles when cutting PC at vc =
0.3 m/s and h = 10 µm.

rake α 3.6◦ 0◦ −3.6◦

roughness Ra/nm 10 256 16
amplitude A/nm 34 923 28
wavelength λ/µm 5.9 46.7 2.4
frequency f/kHz 50.8 6.4 125

3.2.2 Face turning with a radius tool

A. Experimental

Face turning experiments are performed, since face turning is a normal finishing
operation, although the optical industry mostly applies face turning operations
as a contouring operation. Contouring operations are necessary for producing
lenses. The difference between face turning and contouring is that in contouring,
a part or the whole of the perimeter of the radius tool is used, while in face
turning only one spot on the perimeter is used. For the investigation of the
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Figure 3.14: Schematic representation of the used cutting setup for face turning
experiments.

turning process and its response to changing cutting parameters, the face turning
operation satisfies.

The experimental setup is shown in Figure 3.14. In these experiments a natural,
mono-crystalline diamond tool was used. It had a nose radius of 1 mm. Unless
stated otherwise, rake angle α = 0◦, and clearance angle γ = 15◦. No force
measurements were performed. Surfaces were studied with Nomarski DIC and
by atomic force microscopy. For a good description of surface patterns formed
for PS, PMMA and PC, the reader is referred to Smith’s research [44].

B. Surface formation

B1. Cutting speed The influence of cutting speed was investigated for PMMA
and PC. The cutting conditions that were used are given in Table 3.9. Since a
constant rotational speed ω was applied, the cutting speed in the center of the
workpiece equals zero. Evaluation of the surface roughness was performed from
nearly the center of the workpiece to the outer diameter.

Table 3.9: Cutting speed variation in face turning.
nose radius R 1 mm
cutting speed vc 0.14 − 5.7 m/s
feed rate f 10 µm/rev
depth of cut h 10 µm
workpiece diameter d 60 mm

Figure 3.15 shows the results of the cutting speed variation during turning of
PMMA and PC. It can be seen that the surface roughness values of PC are higher
than those of PMMA. Both materials cannot be machined to the theoretical value
given by Equation 1.19. It can also be seen that for PMMA the surface roughness
values at higher cutting speeds (above 2 m/s) are lower than those at lower cutting
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Figure 3.15: Ra values versus cutting speed for precision turned PC and PMMA
( f = 10 µm/rev, h = 10 µm and R = 1 mm).

speeds. This is in contrast with the results for the faceted tool. The results are,
however, in agreement with the results of Smith [44] concerning the increase of
surface quality with increasing cutting speed for PMMA. But, notice, that this
does not say anything about the achieved cutting temperatures in the shear zone.

For PC there appears to be no relation between increasing cutting speed and
achievable surface roughness in the investigated range of cutting speeds. This is
also in accordance with the research of Smith [44].

B2. Depth of cut Figure 3.16 shows the influence of the depth of cut on the
surface roughness of precision turned PC and PMMA. It can be seen in this figure
that the depth of cut has little effect on the achieved surface roughness for PC
and PMMA, although the exception seems to be 0.5 µm depth of cut for PC. In
general it can be said that a change in depth of cut in the range 1−10 µm cannot be
used as a parameter for increasing surface quality of a precision turned polymer
workpiece.

B3. Feed rate Figure 3.17 shows the influence of changing feed rate on the
surface roughness after precision turning PC and PMMA. According to Equation
1.19 the relation between Ra roughness and feed rate is quadratic. Both for PC
and PMMA fits are made according to the relation:

A · f 2

8R
+ B = Ra (3.6)

Using a least-squares fit, and with R the used tool nose radius, this results in
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Figure 3.16: Ra values versus depth of cut for precision turned PC and PMMA
(vc = 1, 18 m/s, f = 10 µm/rev and R = 1 mm).
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Figure 3.17: Ra values versus feed rate for turned PC and PMMA. (vc = 1.18 m/s,
h = 10 µm and R = 1 mm). Also given are the fits according to Equa-
tion 3.6 and the 95% confidence intervals for PC (solid) and PMMA
(dashed).

the parameters given in Table 3.10. The offset values of the fits are 20 nm for PC
and 12 nm for PMMA. The figure shows the 95% confidence intervals of the fits
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Figure 3.18: Ra values versus rake angle for turned ADC, PC and PMMA, vc =
1.18 m/s, f = 10 µm/rev and h = 10 µm.

too. It can be seen in this figure, that PMMA can more easily be machined to an
Ra value of less than 10 nm than PC.

Table 3.10: Fitted parameters for PC and PMMA for a tool nose radius R = 1000 µm.
These values are only valid if f and R in Equation 3.6 are expressed in
µm.

A B/µm
PC 1.3776 0.0202

PMMA 0.2865 0.0118

B4. Rake angle It was described in Section 3.2.1 that a small non-zero rake angle
in plunge turning of PC resulted in a significant decrease in surface roughness.
Figure 3.18 shows the results of turning experiments with different rake angles on
PC and PMMA. The results of ADC, a thermoset that is often used as a material
for spectacle lenses, are given too. The following cutting conditions were used:
vc = 1.18 m/s, f = 10 µm/rev and h = 10 µm.

It can be seen in this figure that for ADC, a positive rake angle has a positive
effect on the achievable Ra value. However, the surface is still too bad for optical
quality to be achieved. How the effect of a rake angle of e.g. 20◦ would be has to
be further investigated.

Looking at PC, it can be said that with a rake angle α = 0◦ the best surface
quality is reached. In fact, it is just below 20 nm, which was less than the values
given in Figures 3.15 and 3.16. The exact reason for this is not known, but it may be
attributed to a different workpiece. However, when a small positive or negative
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rake angle is used, not such a significant effect as described in the plunge turning
experiment, Table 3.8, can be seen. This indicates that in precision turning the
surface roughness determining factor appears to be in radial direction and not in
tangential direction.

For PMMA it can be seen that a small positive or negative rake angle works
beneficial for the achievable surface roughness.

3.3 Influence of thermo-mechanical history

In Section 1.3.2 it was described that the thermo-mechanical history of a polymer
determines its macroscopic material behaviour. Shearing deformation occurs
during cutting, but this does not influence the intrinsic material properties.

In general PS behaves brittle since it ages quickly [48]. The question arises
whether rejuvenated PS, which behaves ductile, behaves differently in the cutting
process than aged PS, or is process manipulation possible by changing the thermo-
mechanical history of a polymer? This is interesting to know, since generally good
surface qualities are achieved when cutting in a ductile regime [28]. To investigate
if process manipulation is possible experiments on polystyrene were performed.

3.3.1 Experimental

The materials used in these experiments were general purpose polystyrene Styron
648 and Styron 660 from Dow Plastics (Dow Chemical Company). Table 3.11
shows the molecular weights of these two grades. From this table it can be
concluded that Styron 648 has longer chains than Styron 660.

Table 3.11: Molecular weights of the used PS grades.

Material Mw/(kg ·mol−1) Mn/(kg ·mol−1) PDI
Styron 648 318 107 2.97
Styron 660 203 66 3.09

The two granulates were injection moulded to plates with a thickness of 3 mm
and surface 60 × 60 mm2. Half of the samples were cut into workpieces of ap-
proximately 20×20 mm2 and then placed into an oven at 80 ◦C for three days and
subsequently cooled to room temperature at a low cooling rate (5 ◦C/hr). These
samples are annealed, which means that they were thermally aged.

The rest of the injection moulded plates were rolled with a thickness reduction
of 30% in order to mechanically rejuvenate them [51]. After rolling the plates were
cut into workpieces of approximately 20 × 20 mm2 and immediatly tested, since
aging of PS is on a minutes time-scale [51].
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Figure 3.19: Tool movements for the experiments shown by the dotted arrows.

The idea of the used experimental setup for cutting originates from Arcona
and Dow’s research [94]. The idea is to have the spindle fixed and make the
cutting movement with the carriage. This is schematically depicted in Figure
3.19. Disadvantage of this approach is that only relatively low cutting speeds
can be achieved. In these experiments a cutting speed of 2 mm/s was used.
This cutting speed is approximately three orders lower than in normal turning
operations. The distance L that heat diffuses in a material is given by [95]:

L =
√
κ · t (3.7)

with κ the thermal diffusivity and t the time of deformation. The latter is given
by t = 1/ε̇ with ε̇ the strain rate. Isothermal conditions prevail if

ε̇ <
κ
L2 (3.8)

The strain rate encountered in cutting was given by Equation 1.6. Using these
equations, it can be calculated that with a cutting speed of 2 mm/s isothermal
conditions prevail, while in normal turning adiabatic conditions prevail.

The tool is moved to a certain depth of cut (from point 1 to 2) and then moved
in one stroke to position 3 (stroke of 15 mm). A dwell time is used before the tool
is moved backwards for 7 mm (point 4), where it is retracted from the workpiece
(to point 5). Since it is not known what the effect of the cutting process is on
the newly created surface (sub-surface damage may be present), the workpieces
are not precision turned to a flat surface prior to the actual experiment (this in
contrast with the research of Arcona and Dow). Another reason for not doing
this is that the aging process would go on while the surface would be turned flat.
This turning to a flat surface would take several minutes and the rejuvenated PS
would have become aged by that time.
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Figure 3.20: Measured cutting forces of PS Styron 648 and Styron 660 grades in
aged (A) and rejuvenated (R) condition.

The main cutting force Fc and thrust force Ft are measured during the expe-
riments with a 3D-component (Kistler 9251A) force transducer. Cuts were made
on 10 workpiece samples for each material and material condition.

3.3.2 Results

Force measurements

Since the surfaces were not flat during the experiment, the actual depth of cut
changed between 20 and 30 µm. The measured cutting forces are therefore divi-
ded by the depth of cut of the formed groove. The assumption here is that the
amount of springback is independent of the actual depth of cut, which is true
according to Equation 3.9 on page 81.

Figure 3.20(a) depicts the measured main cutting force F′c = Fc/h, and (b) the
measured trust force F′t = Ft/h. It shows the values for the two PS grades, both
in aged condition (denoted by A) and rejuvenated condition (denoted by R). This
figure shows the mean force values plus/minus one standard deviation of the
measurement data of all samples for that grade and condition.

It can be seen in Figure 3.20(a) that the cutting force Fc decreases as the material
is rejuvenated. This is true for both PS grades. The differences between the mean
cutting forces of the two grades was found to be caused by differences in initial
yield stress between Styron 648 and Styron 660, which were a result of different
cooling times in the injection moulding machine. Figure 3.21 shows the diffe-
rences in initial yield stresses for the PS grades. These curves were obtained by
indentation experiments and subsequent simulations. For the simulations the so-
called compressible Leonov model was used. This model uses elasto-viscoplastic
constitutive equations for describing the non-linear and rate dependent deforma-
tion behaviour of polymers [96]. It leads too far to discuss it here. For further
reading about the Leonov-model, see e.g references [50, 97, 98].
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Figure 3.21: Yield curves for both PS grades in aged conditions.

Table 3.12 shows some data of all these experiments. Looking at the calculated
ratios between the two grades, it can be concluded that the height of the initial
yield stress of a single polymer directly influences the resultant cutting force FR,
and the main cutting force Fc. Remember from Section 2.2 that it is the combination
of strength and ductility that determines the cutting forces. This means that for
a single polymer grade (like the Stryron 648 used here) the height of the initial
yield stress does determine the cutting force, since the post-yield behaviour is the
same for the rejuvenated and aged samples.

Table 3.12: Measured cutting forces for (mean) h = 25 µm.

Condition PS Styron 648 PS Styron 660 ratio
aged σy/MPa 93 103 0.90
aged F′c/(N ·mm−1) 76.5 82.9 0.92

F′t/(N ·mm−1) 30.5 38.8 0.79
F′R/(N ·mm−1) 107.0 121.7 0.88
β = F′t/F

′
c 0.40 0.47 0.85

rejuvenated F′c/(N ·mm−1) 66.0 76.1 0.87
F′t/(N ·mm−1) 31.1 42.0 0.74
F′R/(N ·mm−1) 97.1 108.1 0.90
β = F′t/F

′
c 0.47 0.55 0.85

It can be seen that rejuvenation leads to smaller cutting forces, while the ratios
between the two PS grades remain approximately the same. However, the ratio
for β, the friction angle, increases upon rejuvenation. This indicates that the
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thrust force increases (since α = 0◦). From Figure 3.20(b) a relative increase in
the measured thrust forces for the rejuvenated samples can be seen, although the
mean values are within each other’s standard deviation.

Concerning the differences for β between the two grades, it is interesting to
have a look at the amount of material transport underneath a tool. Arcona [24]
gives the following experimental relation for metal cutting operations:

δ = 43 · rn · HE (3.9)

When using H = 3 · σy, E = 3300 MPa and σy from Table 3.12, it can be seen that
the amount of material transport δ underneath the tool is only 10% smaller for
the 648 grade than for the 660 grade. Using the research of Zhang and Zhang [99]
the normal force on the clearance face (during cutting) due to material springback
can be described as:

N =
1
2
· δ · E∗ · b (3.10)

with E∗ the effective modulus and b width of cut. It is known that E∗ can decrease
as a result of cracks formed in the sublayer in the previous cut [99]. Combining
Equations 3.9 and 3.10 and assuming that H = 3 · σy, it can be derived that:

N = 64.5 · b · rn · σy · E
∗

E
(3.11)

Based on the 10% lower yield stress of Styron 648, it follows from this equation
that the normal force as a result of springback should also be 10% lower when
E∗ = E.

This equation yields N = 60 mN for Styron 648 (σy = 93 MPa) respectively
N = 66 mN for Styron 660 (σy = 103 MPa) with rn = 50 nm and an average
b = 200 µm.

Figure 3.22 shows that in the back stroke the rebound forces are higher than
those calculated: approximately 100 mN for Styron 648 and 250 mN for Styron
660. The differences in measured thrust forces and calculated ones can be a
result of a different cutting edge radius rn. The big difference between thrust
forces in backward stroke between the Styron 648 and Styron 660 may be caused
by a change in effective modulus E∗. For future research it will be necessary
to measure the cutting edge radius accurately prior to each cutting test. Also,
micro-indentations can be performed in the cut groove to find out if the effective
modulus deviates from the elastic modulus and if it varies per PS grade.

Chip and surface formation

One of the prime interests in the influence of thermo-mechanical history on the
cutting behaviour was the question whether aged PS would show a brittle chip
formation and rejuvenated PS would show a ductile chip formation, and whether
changes in surface quality could be observed.
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Figure 3.22: Measured thrust forces of an aged Styron 648 grade (solid) and an aged
Styron 660 (dash-dot) grade; vc = 2 mm/s, h = 20 µm and R = 1 mm.

No differences in chip morphology between rejuvenated and aged samples
were found by scanning electron microscopy (SEM). All chips, whether they were
aged or rejuvenated, were the ductile type. The back sides of the chips were all
very smooth; an example is shown in Figure 3.23. Therefore, it seems normal to
expect the same kind of surface quality independent of aging time. To validate this
one thermo-mechanically rejuvenated PS Styron 660 sample was used. It is known
that renewed brittle fracture occurs 1 hour after thermo-mechanical rejuvenation
[48]. Figure 3.24(a) shows the used setup. Surface 1, a stroke of 10 mm, was cut
6 minutes after the rejuvenation process. At the end of the stroke a groove was
cut, for defining the end of the stroke, and the beginning of the next stroke. All
strokes were cut with a radius tool R = 1 mm, cutting speed vc = 2.4 m/s, feed
rate f = 10 µm/rev, and depth of cut h = 30 µm. Surface 2 was cut 15 minutes
after rejuvenation and surface 3 one day after rejuvenation.

Figure 3.24(b) shows the results of these cuts. Although aging has its influence
on the cutting forces, no relation can be seen between Ra roughness and aging time
in precision turning conditions. Using atomic force microscopy on the turned
samples, no differences in topographies could be found. It can therefore be
concluded that thermo-mechanical treatments cannot be used for improving the
final diamond turned surface quality.
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Figure 3.23: ESEM photo of a ductile PS chip. No brittle/ductile differences were
found in the chip morphology between aged and rejuvenated PS
samples.

R
a/

nm

t/s

(a) (b)

1 2 3

1/4 hour 1 day

cut groove

cut surface

f

tool

ω

102 103 104 105 106
5

10

15

20

25

Figure 3.24: Figure (a) shows the used cutting setup. It was used for determining
the influence of aging time on achieved Ra roughness value for PS, as
depicted in figure (b).
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Table 3.13: Measured crosslink densities of several PMMA grades and estimated
crosslink density of ADC.

grade number Material crosslink density
1 PMMA 0.46 · 1026 m−3

2 PMMA 1.58 · 1026 m−3

3 PMMA 2.40 · 1026 m−3

4 PMMA 2.83 · 1026 m−3

5 PMMA 3.50 · 1026 m−3

6 ADC 5.10 · 1026 m−3

3.4 Influence network density

3.4.1 Experimental

As shown in Figure 1.8 chip and surface formation appear to be dependent on the
fact whether one cuts a thermoset or a thermoplast. In fact, Carr and Feger [21]
stated that thermosets cannot be machined with good surface qualities, because
of their brittle behaviour.

ADC materials, which are thermosets, are often used for spectacle lenses.
It is known that they behave very brittle and that they cannot be machined to
optical quality, not even by ultrasonic vibration cutting as researched by Kim and
Choi [100]. Still, ADC’s are interesting for the optical industry, because of their
good optical properties. Therefore it may be interesting to find out how crosslink
density influences cutting behaviour.

To investigate the influence of crosslink density on achievable surface rough-
ness, experiments were performed on differently crosslinked PMMA grades.
These grades have been made by adding ethylene glycol dimethacrylate (EGDM)
and initiators Trigonox C, AIBN and V70 to the MMA prior to polymerization.
This mixture was poured into a die and placed in an oven for polymerization. De-
pending on the amount of initiator the crosslink density of the resulting PMMA
differed. The amount of crosslink density for the PMMA grades was determi-
ned by Dynamic Mechanical Thermal Analysis (DMTA). The results are given in
Table 3.13. For ADC an estimate was made, based on data available from Nouriset
NS200, an ADC formerly supplied by Akzo Nobel.

Prior to cutting the grades were first heated above their Tg and subsequently
cooled to room temperature at a rate of 5 ◦C/hour in order to achieve samples
without frozen-in stresses. Cutting was performed with a diamond tool, rake
angle 0◦ and nose radius 1 mm. Cutting speed was 1.5 m/s, depth of cut 20 µm
and feed rate 10 µm/rev. The used samples were all rectangular (approximate
dimensions L×W = 30×10 mm2) and all mounted on the same workpiece holder
to enable the same cutting conditions, see Figure 3.25(a). This way, it was possible
to measure the cutting forces of all samples in one revolution. This was done with
a Kistler dynanometer, type 9251A.
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Figure 3.25: Figure (a) shows the used setup for force measurements on diffe-
rently crosslinked samples, for numbering see Table 3.13. Figure (b)
shows the measured force signal during one revolution. Fc is shif-
ted +0.3 N for clarity. Cutting parameters: vc = 1.5 m/s, h = 20 µm,
f = 10 µm/rev and R = 1 mm.

3.4.2 Results

From the unfiltered force signals in Figure 3.25(b), it is concluded that there is no
direct relation in force amplitude and crosslink density. The ADC signal, however,
shows significant chatter. This chatter signal is likely to originate from the very
brittle chip formation process, as shown in Figure 1.8(a), which is also evident
from the measured AFM topography of Figure 3.27(c).

The PMMA grade with the lowest crosslink density, Figure 3.27(a), shows a
surface that is very characteristic for normal thermoplastic PMMA. The surface
shows a tearing and smearing like behaviour and the footprint left by the tool
can be seen clearly. Since only little crosslinker was added to this material it
seems normal that it shows such a good similarity with thermoplastic PMMA.
Commercially available PMMA is known to have an entanglement density of
approximately νe = 0.77 · 1026 chains/m3.

Looking at the surface of the PMMA with the highest crosslink density in
Figure 3.27(b), one can see that the surface no longer shows the tearing and
smearing like behaviour. The feed marks of the tool are still visible, but the
surface shows more small craters, most probably resulting from a more brittle
cutting behaviour. Although the surface seems to be formed by a more brittle
process, this cannot be seen in the measured roughness value as given in Figure
3.26.
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Figure 3.26: Measured Ra roughness values for all crosslinked materials. ADC with
the highest crosslink density has an extremely high Ra value, compared
to the different PMMA grades. Cutting parameters: vc = 1.5 m/s,
h = 20 µm, f = 10 µm/rev and R = 1 mm.

Figure 3.26 shows that for all PMMA grades relatively low Ra values can be
achieved. It was expected that the Ra roughness was proportional to the crosslink
density. However, ADC shows a very high Ra value, which deviates significantly
from the expected proportionality. This is mainly caused by the huge amount of
cracks that were formed during the cutting process of ADC, see Figure 3.27(c).
Because of these cracks no optical quality could be achieved on this sample, only
a milky appearance at the surface, while all PMMA grades had a good optical
surface quality.

Carr and Feger [21] indicated that crosslinked materials cannot be turned to
a good optical quality, because of their brittle behaviour. However, the PMMA
with the highest crosslink density, resulted in a good optical quality and low Ra
value. Obviously another material ”parameter” than thermoplast or thermoset
defines the outcome of the surface roughness and surface quality. Which one that
is, needs to be investigated in future research.
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3.5 Conclusions

If one wants to manufacture polymeric optical lenses, it is interesting to know
which parameters can be adapted to obtain optical quality. One of the first and
most applied solutions is the adaption of cutting conditions, like cutting speed or
feed rate. Less thought of is the adaption of the workpiece material. This chapter
focussed on the influence of cutting parameters on the cutting temperatures and
the adaption of the workpiece material during diamond turning of polymers.
Surface properties after turning were described as well.

Looking at the adaption of cutting speed in literature, e.g. Smith’s research
[44], it is found that an increase in cutting speed will result in more thermal
softening. Generally this has always been concluded by the assumption that a
better surface quality is achieved when the thermal softening point of the polymer
is reached during turning. Section 3.2.1 of this thesis presented the results of the
adapted thermal model for polymer turning, and it was found that an increase
in cutting speed does not lead to a significant additional increase in temperature
rise in the primary shear zone. It was found that with increasing cutting speed
the amount of heat transported from the primary shear zone to the chip, which
is the combined action of heat conduction and material transport, increases up to
90%! This indicates that adiabatic heating is counteracted by the higher amount
of heat removed by the chip.

IR measurements indicated that a higher temperature rise may occur during
turning at higher cutting speeds. However, this higher temperature measured by
the IR system may have been caused by heating effects of previous cuts. Since
higher turning speeds were used, less time for cooling was present during the
measurements, resulting in a higher ”offset” temperature. This offset temperature
was not used in the calculation of the temperature rise. This makes it difficult to
compare the different results; further research would be needed for this.

The results of the adapted thermal model showed that a decreasing depth
of cut does not lead to a changing temperature rise in the primary shear zone.
Neither does the application of a small non-zero rake angle. A large negative rake
angle (α = −20◦) however, resulted in an additional temperature rise of 30 K in
the primary shear zone during plunge turning of PC. Still, this was too less to get
the PC into a thermal flow regime, which is in accordance with the conclusion of
Smith [44].

Gel permeation chromatography (GPC) on collected chips and bulk workpiece
material showed that the used PMMA grade formed chips by a combined me-
chanism of chain scission and chain slip, while the used PC did not show any
chain scission during turning. Firstly, this indicates that it is not the height of
the glass transition temperature that determines whether chain scission occurs in
turning operations. Secondly, it can be said that the PC chip is formed by a ductile
fracture mechanism. It also shows that stress activated flow is a very important
parameter in the description of the turning process, which may be a subject for
future research.
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Looking at the surfaces formed during turning operations on PC in plunge
turning, a new surface pattern resembling viscous folding (see Figure 3.8) was
observed. It was shown that for zero rake angle the wavelength of the surface pat-
tern scaled linearly with the thickness of the viscous layer, which is in accordance
with literature on the subject of viscous folding [92, 93]. However, the appearance
of viscous folding is very sensitive to changing cutting geometry, i.e. rake angle.

PMMA did not show viscous folding patterns after plunge turning. The
difference between PC and PMMA can be explained by the difference in chip and
surface formation processes: PMMA chips are formed by chain scission and chain
slip, while PC chips are formed without chain scission.

In face turning processes with a radius tool R = 1 mm, feed 10 µm/rev and
depth of cut 10 µm, an uncut chip thickness of 1.3 µm is achieved. Looking at the
folded surfaces of PC after plunge turning with depth of cut 2 µm, it can be said
that the effect of viscous folding in precision turning of PC, i.e. with maximum
uncut chip thicknesses smaller than 2 µm, will be small.

Face turning experiments with a nose radius tool and variation of cutting
speed, depth of cut, feed rate and rake angle, indicate that the best parameter for
improving surface quality is a decreasing feed rate. Further, it appears that for
PMMA a small change in rake angle from zero to non-zero seems beneficial. It
does not matter whether this non-zero rake angle is positive or negative. Notice
that Carr and Feger [21] showed that for turning Vespel a small, positive non-
zero angle was beneficial for the achievable surface roughness. For ADC, an
optics material and thermoset, a large positive rake angle decreases the surface
roughness, although optical quality is not achieved.

Looking at the adaption of the workpiece material, two material states/properties
have been investigated. The first is the influence of thermo-mechanical history
on the achievable surface roughness. It was found for two PS grades that the
thermo-mechanical history had its influence on the cutting forces, but not on the
cutting regime, i.e. brittle or ductile mode. Whether the material was aged or
rejuvenated, chip formation was always in a ductile manner. Also, the surface
roughness value was not influenced by the age of the polymer.

The second workpiece property investigated was the influence of crosslink
density. Differently crosslinked PMMA grades and one ADC material were cut in
the same experiment. Although a linear relation between crosslink density and Ra
surface roughness was expected, this was not found. For the PMMA grades, the
Ra value was found to be 21±13 nm for all PMMA grades. ADC, a thermoset with
a 1.5 times higher crosslink density than the PMMA with the highest crosslink
density, showed a four times higher surface roughness than was expected by the
difference in crosslink density with the PMMA. This indicates that it is not just
crosslink density, or the fact that a material is a thermoset, that determines the
outcome of the turning operation for thermosets.
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Chapter 4

Tribo-electric diamond tool wear

4.1 Introduction

Much research on diamond tool wear has been performed in the past, e.g. [20,
25, 40, 65, 66, 70, 84, 101, 102, 103, 104], but only few references are found on tool
wear mechanisms during diamond turning of glassy polymers [21, 40, 103, 104].
Evans [101] used the following classification for diamond tool wear: adhesion,
abrasion, tribo-thermal and tribo-chemical. In [40] and [104] tribo-electric tool
wear were added to the list for diamond turning of polymers.

Usually more than one wear mechanism is active. However, generally only
one is dominant for a certain tool/workpiece combination and a certain cutting
regime.

Adhesive tool wear can be excluded as a dominant diamond tool wear me-
chanism, since adhesive wear always occurs on the softer material of the two
adhering materials, which in this case is the polymer and not the diamond.

Looking at abrasive tool wear it can be stated that this can only be excluded by
chemical investigation of the polymer. It is known from the production of contact
lenses [105, 106] that relatively hard silicon particles can abrade the diamond tool
during turning. Appendix F describes the investigation of the wear behaviour of
Sil-O-Flex, a contact lens material, that was expected to result in abrasive wear.
However, no abrasive wear was found for this material. The materials that are
described in this chapter were chemically investigated by energy dispersive X-
ray (EDX) analysis and they contained no elements that could cause abrasive tool
wear.

Thermal wear of the diamond occurs in vacuum at approximately 1700 ◦C
[107]. At this temperature the diamond structure, which is meta-stable, converts
from diamond to graphite. In air thermal wear is enhanced by the presence of
oxygen, which causes the diamond carbon to oxidize into CO or CO2. Oxidation
of the diamond structure proceeds quickly above 500 ◦C [69]. In chapter 2 the
temperatures that occur in diamond turning of polymers were described. It was
shown that temperatures can increase to approximately 100 ◦C during turning.
This is not enough for thermal wear to occur, and therefore it will be excluded as

91
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Clearance face

Cutting edge

Rake face

2 µm

Figure 4.1: SEM photo of tribo-electric wear on a diamond tool. This phenomenon,
a so-called ”Lichtenberg figure”, originates from electric discharging.

a dominant wear mechanism too.
Tribo-electric tool wear can occur in two different ways:

1. Tool wear by discharging. This results in so-called Lichtenberg figures
[108]. A Lichtenberg figure that damaged a diamond cutting tool during
polymer turning is shown in Figure 4.1. Generally, these Lichtenberg figures
originate when a dielectric is irradiated with electrons. These electrons
get trapped inside the material and accumulate. The depth of penetration
is determined by the beam’s energy and the dielectric properties of the
material. A huge number of electrons accumulates in the material, forming
a space charge. As the material is an electrical insulator, the electrons cease
to move free in the material and become trapped. As the space charge builds
up, the electric field locally increases until the point is reached where the
breakdown strength of the material is reached. When the breakdown occurs,
fractal geometries are formed. This process is well known for producing
Lichtenberg figures in e.g. PMMA [109].

2. Another, and less instantaneous tool wear that may occur by the presence of
electric fields is the detachment of diamond atoms by impinging electrons or
ions. When an electric field is present, electrons and ions will be accelerated,
increasing their kinetic energy. Assuming that an electron or ion is present
in a uniform electric field, the energy U during acceleration of this particle
can be derived from the work done on that particle:

U = F · λ (4.1)

with λ the mean free path of the particle and F the force exerted on that
particle by the electric field E, given by:

F = E ·Q (4.2)
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with Q the charge of the particle. Then the energy of the particle acquired
by travelling a mean free path λ can be given by:

U = E ·Q · λ (4.3)

For an electron in atmospheric air the mean free path is λe = 10−5 m, and for
an ion in atmospheric air the mean free path is λi = 10−7 m [110]. The acqui-
red energy can be used for damaging the diamond surface by impingement
of the particle and detachment of a carbon atom, which requires an energy
of 7.4 eV.

Since the mean free path of ions is smaller than that of electrons, ions need a
higher electric field strength than electrons before they can damage a surface.
During discharges the electric field strength can easily be a factor 100 more
than calculated by Equation 4.3 [111]. This implies that the energy of ions
will be sufficiently high for damaging the tool by impact as well. Because
of the higher mass, ions can more easily damage a surface by impact than
electrons.

Equation 4.3 is at the base for quantifying tribo-electric tool wear. Therefore,
this chapter will present measurements for determining the electric field strengths
in diamond turning of polymers. It can be expected that turning parameters, such
as cutting speed, feed rate and depth of cut, will directly influence the electric field
strength during turning. Besides these turning parameters, workpiece properties
may also influence the amount of charging. The environmental effect of relative
humidity on charging is also known.

This chapter will present measurements that were performed to describe the
tribo-electric tool wear in diamond turning of glassy polymers. It presents the
influence of turning parameters on charging, the effect of material properties, and
the effect of relative humidity. The experiments described in this chapter indicate
when tribo-electric wear can be dominant.

4.2 Charging in polymer cutting

4.2.1 Charging at low cutting speeds

In this section the charges generated at the cut surface of PMMA, PC and PSU will
be derived. PMMA was chosen since it can easily be machined to optical quality
and it is quite often used. PC is known to be used as spectacle lens material. PSU
was chosen since it was observed to result in a clear luminescence in prior cutting
experiments.

In the experiment a relatively low cutting speed (100 mm/min) was used. Al-
though the cutting speed is relatively low compared with normal turning condi-
tions, this experiment creates the possibility of making non-overlapping cuts on
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Figure 4.2: Schematic setup for measuring surface potentials; (a) shows the cutting
of the grooves and (b) the measurement setup with the electrostatic
voltmeter.

one workpiece. This way, the reproducibility can be checked. The main idea of
this setup was to investigate the difference in charging of the used polymers.

Setup

Figure 4.2 shows schematically the used setup for these measurements. Prior
to the experiments, the workpiece surface is flattened by turning it twice with a
nose radius tool of 1 mm at a feed rate of 20 µm/rev and depth of cut of 20 µm.
Subsequently, the workpiece was discharged with a wet tissue and it was verified
that the measured surface potential was zero before the cutting experiment was
started. The spindle was fixated against rotation with a clamp, see Figure 4.2(a).
A faceted tool, width 2.7 mm, was used for making cuts at a cutting speed of
100 mm/min and depth of cut of 5 µm. Four single cuts were made per workpiece,
by rotating the workpiece after each cut.

After cutting the spindle was released, so it could rotate free again. A revo-
lution speed of approximately 0.25 Hz was used. This rotation speed was small
enough in comparison to the response time of < 2.5 ms of the used electrostatic
voltmeter: a Monroe Electronics Electrostatic Voltmeter, type 244A, in combina-
tion with a high resolution Kelvin probe (type 1017AEH). Such a Kelvin probe
can be used for determining surface charges at insulators [112].
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Notice that insulators are volume charged, but that they behave, as far as
their external field is concerned, as if they have surface charge densities on their
exterior surfaces. These quantities are referred to as ”projected” or ”effective”
surface charge densities. A Kelvin probe can only measure the effective charge
density and not the charge distribution withing the thickness of the insulator
[112].

The measurement of the electrostatic voltage was performed using a shielded
electrostatic voltmeter and a backing electrode for the polymer workpiece. This
is schematically depicted in Figure 4.2(b). The surface charges were determined,
using the equations presented in Appendix G.

From the surface charge σ the electric field strength E can be calculated using
Equation 4.4, which can be used for a uniform electric field between two infinite
parallel plates:

E =
σ
ε0εr

(4.4)

with ε0 the absolute dielectric constant in vacuum and εr the relative dielectric
constant, which is material dependent.

Results

Table 4.1 gives the results of the measurements and the calculations for deri-
ving the electric field strength. It can be seen that PMMA shows little charging
compared to PC and PSU.

Table 4.1: Measured surface charges and electric field strengths at vc =
100 mm/min, h = 5 µm, b = 2.7 mm and RH ≈ 50%.

Material σ/(C ·m−2) E/(kV ·mm−1)
PMMA −3.4 · 10−6 −0.4

PC −4.4 · 10−5 −5.0
PSU +6.8 · 10−5 +7.7

Further it can be seen, that both PC and PSU reach electric field strengths
above the critical field strength of air given by van Veldhuizen [113] as 1 kV/mm,
while PMMA stays below this critical value.

Notice in this table that the signs of the measured surface charge of PMMA
and PC are opposite to that of PSU. Based on the tribo-electric series and the value
of the relative dielectric constant of PMMA, PC and PSU, see Table 4.3, polymers
should charge negative when brought into contact with diamond. Although
relative humidity can have a significant effect on the relative dielectric constant
of a polymer, see [83], the RH-value in all experiments was 50% ± 2%. Therefore,
the different sign of charging for PSU must have another origin.

The best explanation derived from literature is the difference in polymer struc-
ture. Although no general rule is available yet, a summary is given next.
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Sharma and Pethrick [114] showed that PMMA grades with different tacticities
charge different and even with opposite sign with respect to each other. Tacticity
means the way side groups are positioned to the polymer main chain. This
positioning can be regular or irregular. When the side groups are regularly
positioned, meaning that they are positioned at one side of the main chain, the
polymer is called ”isotactic”. When the side groups alternate from one side of the
main chain to the other side, the polymer is called ”syndiotactic”. Full irregular
positioning of the side groups leads to an ”atactic” polymer.

The work of Sharma and Pethrick is partly supported by Dickinson et al. [115],
who came to the same conclusion concerning the effect of tacticity. However, they
performed experiments in vacuum, showing that water had no influence on the
sign of charging, which was in contrast with the results of Sharma and Pethrick.
This indicated that the sign and amount of charging is mainly determined by the
chemical structure of the polymer.

Taylor et al. [116] measured electrostatic charging during capillary extrusion.
They found that the sign of charging of PS was dependent on filler materials,
where impurities can have an influence as well. The presence of additives of
low molecular weight commonly found in commercial polymers [117] can also
be a reason. Besides frictional charging at an interface consisting of two different
solids, Taylor et al. [116] indicate that charge can also be generated by internal
slip in the polymer.

Shashoua [118, 119] concludes that whether a polymer charges positive or
negative is dependent on the decay of both negative and positive charges. The
slowest decaying one determines the sign of charging. This effect is polymer de-
pendent. Shashoua [118] also noted that this charge selectivity of the electrostatic
charging of polymers can easily be ”reversed through contamination by inorganic
and organic ions”.

Based on these findings, it can be said that the differences in charging can
be a result of differences in both polymer structure and contaminations in the
polymers.

Although most research seems to indicate that the sign and amount of charging
is dependent on the polymer structure, no general rule has been found yet. Further
research is needed for this, but for this research that was not necessary, since the
goal is to find out what parameter(s) determine(s) the amount of tribo-electric
tool wear.

4.2.2 Charging at higher cutting speeds

Charging at higher cutting speeds (1 m/s) and with overlapping cuts is investi-
gated, since this is ”common practice” in industry.

For the charge measurements at higher cutting speed only PMMA and PC
were tested. PSU was not tested in this setup, but results for PSU, turned under
different conditions, are presented within the next sections as well. Based on the
findings of the low speed cutting test, an estimate is made for PSU. These three
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materials are also used in the tool life tests described in Section 4.5.
The surface charges generated during cutting with a radius tool (R = 1 mm),

constant cutting speed 1 m/s, feed rate 2.5 mm/min and depth of cut 20 µm were
determined. The results are given in Table 4.2. It can be seen in this table that PC
charges more with these cutting conditions than PMMA.

Table 4.2: Surface charges for PMMA, PC and PSU after face turning with a radius
tool R = 1 mm, vc = 1 m/s, f = 2.5 mm/min, h = 20 µm and RH = 44%.

Material σ/(C ·m−2) E/(kV ·mm−1)
PMMA +8 · 10−6 0.9

PC +28 · 10−6 3.2
PSU −43 · 10−6 -4.8

Based on this table, it can be concluded that PMMA will most probably not
result in electric breakdown of air during diamond turning, since the electric field
strength is less than the electric breakdown strength of air. Based on the electric
field strengths found for PC and PSU it is expected that they result in electric
breakdown and luminescence. This will be discussed in the next section.

4.3 Luminescence observations

It has been shown in the previous section that the charges generated during cutting
can be sufficient for electric breakdown in air to occur during diamond turning
of polymers. If breakdown in air occurs, one should be able to see luminescence,
like lightning from the sky.

4.3.1 Observations

Table 4.3 presents some luminescence observations by the author during precision
turning of several polymeric materials. Not all materials showed luminescence
during the diamond turning process. PMMA was not observed to show lumi-
nescence during diamond turning with these conditions, but Grabchenko et al.
[120] did see it. The reason for this deviation is not known, but may be a result of
different polymer and/or turning conditions.

Cutting with a faceted tool on tubular PC (width of cut 2 mm) in a dark envi-
ronment resulted in the luminescence shown in Figure 4.3. This photo shows the
luminescence appearing near the cutting edge and at the rake face of the tool, but
it is not exactly clear where the luminescence appears, since the recording rate of
the camera was not high enough for shooting a ”stand-still” photo. Observations
of the recorded movies showed a very clear luminescence around the produced
chip and the rake face, and less intensity at the cut surface.

The luminescence observations of PC and PSU are in accordance with the
calculations of Section 4.2, indicating that for PC and PSU the breakdown strength
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Table 4.3: Luminescence observations by the author during diamond turning of
several polymers.

Material Luminescence? εr
PMMA no 2,6-3,7

PC yes 2,6-3,0
PSU yes 3,1

chip
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tool
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Figure 4.3: Luminescence during turning of PC.

of air was reached. For PMMA no luminescence was observed, confirming the
calculations too.

To verify that breakdown in air can occur during diamond turning of polymers,
spectral measurements were performed. The other reason for spectral measure-
ments is to find out whether luminescence occurs during turning of PMMA as
well, since spectrometers are very sensitive. Also, longer observation/registration
times can be used than by the human eye. The results of the spectrometer mea-
surements may concur the luminescence observations for PMMA of Grabchenko
et al. [120].

4.3.2 Spectral measurements

Prior to the spectral measurements the diamonds were placed underneath an
ultraviolet (UV) lamp. This was done to exclude diamonds having a band gap
excitation from the nitrogen inclusions at 5.5 eV1 [69]. When a diamond has such
a band gap excitation, this will be visible in the recorded spectrum as well, making
the analysis of the spectrum more difficult. The used diamonds did not have a
band gap excitation.

Spectral measurements are performed using a spectrometer (Ocean Optics

11 eV = 1.60219 · 10−19 J



4.3 Luminescence observations 99

in
te

ns
it

y(
co

un
ts

)

λ/nm

150 250 350 450 550 650

0

400

800

1200

1600

Figure 4.4: Full recorded spectrum during turning of PC (vc = 1.6 m/s, f =
10 µm/rev and h = 0.12 mm), mainly showing the peaks resulting from
excited nitrogen.

HR2000) with a measurement range of 171 nm to 624 nm and a resolution of ap-
proximately 0.2 nm. The spectrometer is used in combination with an optical fiber
and a collimating lens. The turning machine was shielded from environmental
light by a thick black polymer foil.

Measurements were made for both PMMA and PC with a mono-crystalline
diamond tool (R = 1 mm). No luminescence was detected during precision tur-
ning of PMMA, indicating that the electric field is indeed too small for discharging
to occur around the tool. As expected from the naked eye observations, PC shows
a spectrum. The recorded spectrum is shown in Figure 4.4 for a relatively large
depth of cut.

Analysis showed that this spectrum originates from excited nitrogen [121],
with a characteristic wavelength of 337 nm. This wavelength belongs to the
vibrational state of the nitrogen molecule [122], which is the so-called second
positive system of excited nitrogen [123]2.

The existence of excited nitrogen in the spectrum can only be ascribed to a
plasma in air, since PC has no nitrogen in its polymer chains. Therefore, it can be
concluded that the luminescence must occur from discharging and not from (de-
formation) mechano-luminescence in the polymer, as described by Grabchenko
et al. [120]. This is confirmed by the observations of Fuhrmann et al. [124]
who observed only little emission phenomena (photons, neutral and/or charged
particles) during shearing of PC.

Figure 4.5 shows a detail of a measurement from which it was concluded
that OH radicals are present in the spectrum [125]. The possible consequence

2The second positive system is ascribed to the C3Πu → B3Πg transition [123].
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Figure 4.5: Measured spectrum during diamond turning of PC, showing the OH
contribution to the spectrum. Vertical lines indicate characteristic wa-
velengths of OH radicals.
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Figure 4.6: Measured spectrum during diamond turning of PC, showing the N+2
peak at λ = 391.4 nm.
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Figure 4.7: Measured intensities at λ = 337 nm for different cutting speeds during
turning of PC ( f = 10 µm/rev and h = 0.12 mm). The solid line (least-
squares fit) is drawn as a guide to the eye.

of these OH radicals on tool wear will be discussed in Section 4.5.1. Another
detail of a measurement is given in Figure 4.6, where the peak at λ = 391.4 nm is
characteristic for the presence of the N+2 nitrogen ion [113].

Generally oxygen molecules cannot be visualized that easily, because of their
weak emission intensities. Ozone cannot be measured in emission, but only in
absorption. Therefore, nothing can be concluded from the spectral measurements
concerning the presence of reactive ozone.

Influence of cutting speed Figure 4.7 shows the relation between the recorded
intensity at a wavelength of 337 nm and the applied cutting speed. It can be
seen that there exists a linear relation between the applied cutting speed and the
luminescence that was detected. Notice that for this depth of cut and feed rate
there appears to be a certain critical cutting speed (vc ≈ 0.75 m/s) for luminescence
to occur. As will be shown in Section 4.4, the amount of electrostatic charging is
also depended of the applied cutting speed. Combining these results indicates
that a certain cutting speed is necessary for producing enough surface charge
for electric breakdown to occur. The observed dependence of the luminescence
intensity and speed was also observed by Nakayama for sliding experiments of
diamond on sapphire [126].

Nakayama et al. [127, 128] showed that no correlation exists between friction
coefficient and tribo-emission intensity. The reason for this is that tribo-emission
intensity is mainly dominated by the electrical resistivity of the solid. This was
concluded after measurements on different conductors, semi-conductors and in-
sulators. The experiment included the (crystalline) polymers teflon and nylon.
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They found that the amount of tribo-emission is dependent on the amount of
surface damage. The amount of damage was dependent on sliding speed, radius
of the diamond slider and the hardness of the tested material. They found a de-
creasing tribo-emission intensity with increasing hardness of the tested materials.

Based on the general assumption that the hardness of a material can be des-
cribed as:

H = 3 · σy (4.5)

and using σy given in Table 2.2, it can be seen that PMMA has a significantly
higher hardness value than PC and PSU. Therefore, from Nakayama’s point of
view, PMMA should show less luminescence than PC and PSU, which was indeed
observed.

4.4 Conditions influencing charging in polymer tur-
ning

This section presents measurements that were performed in order to obtain the
factors that influence the charging behaviour in the diamond turning process of
polymers. This can be used to decrease tool wear provided that tribo-electric tool
wear is dominant.

4.4.1 Influence of cutting speed

Surface charges for PSU were measured at two different rotational speeds, na-
mely 1000 rpm and 2000 rpm, on the same workpiece in subsequent turning
experiments. Turning was performed with feed rate f = 20 µm/rev, depth of cut
h = 50 µm, tool nose radius R = 1 mm and relative humidity RH ≈ 50%.

When plotting the measured surface charges against actual cutting speed ins-
tead of rotational speed the curves overlap, see Figure 4.8. This indicates that
cutting speed is indeed an important factor in the charging behaviour. It can be
seen that with increasing cutting speed the amount of generated charge increases
too.

A possible explanation is given by Taylor et al. [116] who indicate that in
extrusion processes charge is generated within the polymer. It is known that the
charging behaviour during capillary extrusion is speed dependent too. Increasing
speed may lead to an increased (internal) frictional charge generation. Such a
generated charge will be measured by the used electrostatic voltmeter. Another
explanation is given by Nakayama et al. [128], who indicate that the increase
in charging is a result of increasing surface damage with higher sliding speeds.
Turning can be considered as a process that continuously creates a fresh surface.
This can be considered as a damaged surface.

Kumar and Perlman [129] indicate that local heating effects facilitate charge
transfer too. From Chapter 3 it became clear that increasing cutting speed does
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Figure 4.8: Measured surface charges on PSU for f = 20 µm/rev, h = 50 µm, R =
1 mm and RH ≈ 50%.

not significantly influence the maximum temperature rise in the primary shear
zone. However, it influences the temperature rise distribution. This may have an
influence on the charging behaviour in cutting.

Notice in these experiments, that for smaller cutting speeds the sign of the
charge changes. This is in accordance with the low cutting speed measurements
of Section 4.2.1, where a positive charge was measured for PSU.

Another important aspect during these experiments was that the luminescence
disappeared at a certain distance from the center, or better said at a certain cutting
speed, since a constant rotational speed was used. Depending on the used rotatio-
nal speed, this location shifted. Therefore, it can be concluded that luminescence
is dependent on the used cutting speed. This was already shown for PC in Figure
4.7.

It was roughly estimated that, with the previously described turning condi-
tions for PSU, the luminescence disappeared at a cutting speed smaller than 2 m/s.
From Figure 4.8 it follows that the luminescence appears at surface charges above
20 µC/m2 for the used PSU. This is in reasonable agreement with the critical sur-
face charge value of 26.4 µC/m2, given in [130]3, before breakdown occurs above
the surface.

4.4.2 Influence of feed rate

Figure 4.9 shows the measured surface charges for PMMA cut with different feed
rates. The figure shows several measurements. The deviation on the measured

3This charge was derived for a breakdown strength of air of E = 3 · 106 V/m.



104 Tribo-electric diamond tool wear

signals is significant, however, the trend is clear: increasing feed rate results in an
increasing charge generation. This can be ascribed to a larger damaged surface
area [128].

4.4.3 Influence of depth of cut

The curves shown in Figure 4.10 give the measured surface charges for different
depths of cut after turning PSU. The gray curves and straight LSQ fit were derived
for depth of cut h = 50 µm and the black curves and LSQ fit were derived for smal-
ler depth of cut h = 20 µm. Notice the deviations for the 20 µm measurements.

From this figure it becomes clear that with a bigger damaged surface area, as
a result of the bigger depth of cut, more charge is generated. This is the same
response as for bigger feed rates.

4.4.4 Influence of humidity

The effect of humidity is known on surface charges: with high air humidities static
electrification becomes less, while at low humidities static electrification occurs
more easily. The amount of static electrification is dependent on the decay time of
the generated charge. From Shashoua [119] it follows that with increasing relative
humidity, the decay time of the charge present decreases by several orders.

From van Krevelen [83] it is known that the relative dielectric constant of
hydrophilic polymers, like PMMA, is very dependent on the relative humidity
(RH). This is mainly caused by the high relative dielectric constant of water
(εr = 80). In Table 4.3 it can be seen that for PMMA 2.6 < εr < 3.7. The lowest
value is for dry environment and the highest value for wet conditions. The
relative dielectric constant of hydrophobic polymers, like PS, is less susceptible to
RH values.

Looking at Equation 4.4, given as E = σ/ε0εr, it can be seen that with decreasing
surface charge, the electric field strength decreases too. Decreasing electric field
strength can also be obtained by an increasing relative dielectric constant εr. It
is interesting to notice that both a decrease in surface charge and an increase in
relative dielectric constant are a result of an increasing relative humidity. Thus,
if one increases the relative humidity of the cutting environment, lower field
strengths will be formed, resulting in less electrostatic tool wear. This effect on
electrostatic tool wear is also known from industry: at higher RH values (70%),
no significant electrostatic tool wear is observed [41].

To measure the influence of relative humidity on tribo-electric charging in
cutting, a shielding was placed on the turning machine. In this turning environ-
ment humid air was applied and the RH value was measured with a hand-held
hygrometer. The hygrometer had a measurement uncertainty of maximal 3% RH.
Deviations in relative humidity within the shielding were determined to be within
5% RH. The uncertainty of the measured RH value at the cutting edge is therefore
8% RH.



4.4 Conditions influencing charging in polymer turning 105

σ
/(

10
−6

C
·m

−2
)

f/(µm · rev−1)

2 3 4 5 6 7 8
0

2

4

6

8

10

Figure 4.9: Several measured surface charges on PMMA for vc = 1 m/s, h = 20 µm,
R = 1 mm and RH ≈ 50%. Increasing feed rate results in an increasing
surface charge.
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Figure 4.10: Measured surface charges on PSU for different depths of cut, f =
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Figure 4.11: Influence of relative humidity on the measured charge during turning
of PC.

Figure 4.11 shows the measured surface charges +/- one standard deviation
against the relative humidity of the environment. It can be seen in this figure that
at RH-values above 60% the charge present on the cut surface decreases rapidly to
zero. Therefore, it can be expected that tribo-electric tool wear can be decreased
significantly if an appropriate air humidity is chosen, preferably above 60% RH.

4.4.5 Influence of chain scission

Thermoplastic PMMA shows chain scission during cutting, see Table 3.3. There-
fore it is interesting to find out whether chain scission contributes to the amount
of charging. To investigate if chain scission contributes to the amount of charging,
crosslinked PMMA grades were made. This was done from pure MMA to which
EGDM (Ethylene Glycol Dimethacrylate) and initiators Trigonox C, AIBN and
V70 were added. Such a combination results in crosslinking during polymeri-
zation. Before the liquid was put in an oven, it was mixed thoroughly and cast
into a die to get plates. Different amounts of EGDM were added to get different
crosslink densities.

Figure 4.12 shows the results of the surface charges for differently crosslinked
PMMA grades, and the measured surface charge of the thermoplastic PMMA,
used in this investigation.

The figure shows that with increasing crosslink density, the amount of charging
increases as well. It was observed that all materials were cut with (semi)ductile
chips. Although the exact mechanism of the charge generation is not known at the
moment, it can be said that materials with higher crosslink densities show more
charging during diamond turning. It can therefore be expected that materials
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Figure 4.12: Measured surface charges for different polymers at vc = 1 m/s, f =
2.5 mm/min and h = 20 µm; (•) denote the crosslinked PMMA grades,
(◦) denotes the thermoplastic PMMA grade.

with high crosslink densities are more likely to result in a dominant tribo-electric
tool wear.

4.5 Tool life experiments

4.5.1 Expectations

In the previous sections a lot of measurements and observations have been pre-
sented. The question until now is: does tribo-electric tool wear occur during
diamond turning of all polymers? To verify this, tool life experiments have to
be performed. Dry cutting (RH < 60%) has been performed on PMMA, PC and
PSU. During diamond turning of PC and PSU luminescence was observed. It
was shown in Section 4.3.2 that the luminescence had its origin in discharging.
Therefore, a wet turning experiment was also performed on PC to find out whe-
ther a possible tribo-electric tool wear by discharging could be ruled out. Wet
turning was performed by applying a water spray on the cutting zone. Table 4.4
summarizes the used conditions, observations and expectations for tribo-electric
tool wear to occur during the tool life tests. The expectations will be explained
next.

Grillo and Field describe in their work [131] that electrical processes do not play
a significant role in polishing of diamond. They investigated this by subjecting
different kinds of diamond to discharging from an electrode. No significant wear
was observed. However, sparking can occur during diamond turning of polymers



108 Tribo-electric diamond tool wear

Table 4.4: Summary of experimental findings.

Material Condition Luminescence Charging above Tribo-electric
observed? Ecrit = 1 kV/mm ? tool wear expected?

PMMA dry no no no
PC dry yes yes yes
PC wet no no no

PSU dry yes yes yes

and it can severely wear the cutting edge, see Figure 4.1.
Based on the results for charging at higher cutting speeds (Table 4.2) the

energies given in Table 4.5 were derived using Equation 4.3 for electrons moving
in a uniform electric field.

Table 4.5: Calculated impact energies of electrons during dry turning conditions.

Material |E | |Ue|
PMMA 900 V/mm 1.4 · 10−18 J (9 eV)
PC 3200 V/mm 5.1 · 10−18 J (32 eV)
PSU 4800 V/mm 7.7 · 10−18 J (48 eV)

It can be seen in Table 4.5 that turning of PMMA results in a calculated electron
impact energy of 9 eV. It is known that for the second positive system of nitrogen
in air by discharging, an energy of approximately 11 eV is needed [123, 132].
In Section 4.3 was described that no luminescence appeared during turning of
PMMA. Therefore it can be concluded that the calculated electric field strengths
are in accordance with the observations. For PC an energy of 32 eV is calculated.
This is sufficient for exciting nitrogen [123], which is in accordance with the
observed spectrum of Figure 4.3. PSU was also seen to result in luminescence
during turning.

As discussed in the introduction of this chapter, two possible tool wear me-
chanisms can be present in case of tribo-electric charging in diamond turning of
polymers:

1. Tool wear by a discharging mechanism.

2. Tool wear by impacting particles (electrons and/or ions) accelerated in the
electric field.

Tool wear by discharging Tool wear by discharging can be split into two dif-
ferent phenomena. First, as described in the introduction, electrons may accu-
mulate in the tool, creating a space charge that may eventually lead to an abrupt



4.5 Tool life experiments 109

discharge starting from within the material. This way, a Lichtenberg figure is
created. Second, a discharge in air that leads to chemically, oxidative reactive
species, like peroxides and ozone, around the tool. A more detailed description
of possible reactive species formed in discharging is given in Appendix H.

Experiments showed that in dry turning conditions both PC and PSU showed
luminescence. Table 4.5 showed that the calculated electric field strengths (based
on parallel capacitor equations) are high enough for discharging in air. However,
for diamond it is known that it has a breakdown strength of 1 · 108 V/m − 20 ·
108 V/m, or better said, 100 to 2000 times higher than air. Based on the calculations,
this seems hard to achieve. However, inclusions or scratches may locally increase
the electric field strength, resulting in Lichtenberg figures from discharging.

Tool wear by impacting particles Table 4.5 showed the calculated impact ener-
gies of electrons for a certain diamond turning process of PMMA, PC and PSU.
Since it is an estimate based on plane capacitor theory the values can be conside-
red to be underestimates. Also, no energies were calculated for ions. The main
reason for this is that ions become important once a discharge is formed, such as
in diamond turning of PC and PSU. During discharging no longer a uniform and
homogeneous electric field can be assumed [133] and the electric field strength
can increase significantly more than the calculated uniform field strength. In fact,
the electric field can increase a factor 100 [111], indicating that even ions with their
short mean free path length will posses sufficient energy (order 10−18 J) to result in
dissociation of the diamond lattice with a bond dissociation energy of 1.2 · 10−18 J.

Because of their longer mean free path length, the energies of electrons are
sufficiently high for dissociation of carbon atoms from the diamond structure by
impact. Also, because of the higher electric fields encountered during discharging,
ions can have sufficient energy for ”eroding” the diamond surface by impact and
dissociation.

Referring to Table 4.4, it was said that PMMA is not expected to result in
tribo-electric tool wear. The reason for this is that the breakdown voltage is not
reached, therefore no Lichtenberg figures and no strong oxidizing environment
are expected.

PC and PSU in dry turning conditions can result in discharging, and therefore
tribo-electric tool wear by discharging is to be expected. Lichtenberg figures could
be present after turning and tool wear by an oxidizing environment created by the
discharges too. Also, impingement of electrons and ions to dissociate diamond
atoms can occur.

PC in wet turning conditions will not result in a sufficiently high electric field
for discharging to occur, since no electrostatic charges are present. Neither will
charged particles be accelerated to high impact energies. No tribo-electric tool
wear is to be expected here.
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4.5.2 Experiments and results

Tool life experiments were conducted on PMMA, PC and PSU. All materials were
precision turned with a natural (type Ia) mono-crystalline diamond tool with
rake and clearance plane orientation of (110) respectively (100). A nose radius
tool (R = 1 mm) was used. A length of cut of 85 km was used4, with depth of
cut 25 µm and feed rate 20 µm/rev. The mean cutting speed was 6.6 m/s. Every
material was cut with three tools to ensure tool wear reproducibility. It was found
that all three tools had the same kind of tool wear after turning a certain material.
This indicated that the observed tool wear was dependent on the tool-workpiece
combination and not solely on the used tool.

Polymethylmethacrylate (PMMA)

Figure 4.13(b) shows schematically the worn tool geometry. Figure 4.13(a) shows
an ESEM photo of the worn tool. It can be seen that diamond turning of PMMA
results in a crater wear at the rake face. All diamond tools showed crater wear, but
not all diamond tools showed the wear at the cutting edge, compare for example
the tool used for turning PMMA shown in Figure 5.7(a) on page 133.

The heavily damaged cutting edge shows similarities with the Lichtenberg
figure given in Figure 4.1, indicating that it is possibly a result of discharging.
Why it occurred is not known, but it may have been caused by charges present at
the surface prior to the cutting experiment started. Since it occurred on one tool
only.
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Figure 4.13: ESEM picture of a worn diamond tool after cutting 85 km of PMMA
(tilt = 30◦). Dimensions are given in micrometers.

The crater has a pattern that shows similarities with oxidative etch patterns

4A typical diameter for a blank that is used in the fabrication of spectacle lenses is 80 mm.
Turning it with a feed rate of 5 µm/rev, results for a single stroke in a length of cut of 1 km.
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observed on diamond [134, 135]. Although discharging may result in an oxi-
dizing environment, it is unlikely that this oxidative etch pattern occurred by a
discharging mechanism. The reason for this is that a maximum chip thickness of
3.6 µm can be calculated using Equation 1.16, and assuming a contact length of
eight times the uncut chip thickness [84], this results in a contact length of almost
30 µm. Comparing this value with the position of the maximum distance of the
crater wear from the cutting edge, it can be stated that the observed oxidative
etch pattern is not a result of an oxidative environment created by tribo-electric
phenomena around the tool. This is confirmed by Brinksmeier et al. [20, 136]
who showed that no ambient molecules, like oxygen, are present in the contact
zone. The crater is formed on the diamond tool where the chip slides over the
rake face. This is in accordance with the general observation in metal cutting, that
crater wear occurs in the secondary shear zone at the rake face. This is generally
the region where higher shear stresses and temperatures occur.

Polycarbonate (PC)

Although both dry and wet turning conditions were applied on PC, the observed
tool wear pattern for both turning processes was the same. Figure 4.14(b) shows
schematically this wear pattern for the tool after dry turning. It can be seen that
the cutting edge is worn by the formation of facets on both the rake and the
clearance face. For the dry turning condition, the facet formed on the rake face
has a length of 9 µm at the position of the tool where the largest chip cross-section
occurred during turning.

The wet turning condition led to facets as well, although significantly less: the
facet on the rake face extended for only 4 µm from the cutting edge. Examination
with ESEM showed that the wear pattern looked the same as for the dry turning
condition.
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Figure 4.14: ESEM picture of a worn diamond tool after cutting 85 km of PC (tilt =
30◦). Dimensions are given in micrometers.
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Figure 4.14(a) shows an ESEM picture of the worn diamond tool after dry
cutting. Both the dry and wet turning condition did not result in Lichtenberg
figures, although this could have been expected for the dry turning condition.
Interesting to notice here is that the observed luminescence in the dry turning
condition ceased within 5 km length of cut.

The observed wear pattern of Figure 4.14(a) is also formed by oxidative etching,
just like the crater wear observed after turning PMMA. For the result after turning
PC, the same reasoning holds as for the result after turning PMMA: the wear on
the rake face is formed within the contact length of the chip. Therefore, chemical
wear by discharging is not responsible for the observed oxidative etching pattern.
Instead, the wear must have been formed by tribo-chemical processes.

Although less tool wear was observed during the wet turning condition, this
does not mean that this was caused by the absence of tribo-electric tool wear. Since
the wet cutting condition was created by applying a water spray on the cutting
zone, this water must have cooled the cutting region considerably, lowering the
chemical reaction rate for oxidative etching.

Polysulphon (PSU)

One of the first interesting things that was observed in the tool life experiments of
PSU was the fact that luminescence was still observed after 50 km length of cut,
while that for PC ceased within 5 km length of cut.

The second interesting thing is the appearance of Lichtenberg figures on the
diamond tool. Figure 4.15(a) shows such a Lichtenberg figure observed on the
diamond tool. Figure (b) shows a detail of this figure. It appears as if the discharge
that resulted in the Lichtenberg figure, proceeded through the diamond tool. It
may have originated at an inclusion or micro fracture in or at the surface of the
diamond. Such a spot will result in an increased local electric field, creating
a possibility for discharging to occur. This would mean that tools have to be
manufactured without flaws, in order to prevent discharging from these spots.

Although Lichtenberg figures were observed after the tool life test, the remar-
kable thing is that the Lichtenberg tree shown in Figures (a) and (b) is positioned
outside the actual cutting zone. Other trees were also observed outside the cutting
zone, both on the tool side located at the cut surface as on the other side located
at the uncut surface. This is shown in the inset of Figure (a), where a top view
of the rake face of the diamond tool is given. The grey area represents the chip
cross-section and the positions of the different Lichtenberg figures is shown here.

It was observed (not shown here) that Lichtenberg figures also damaged the
cutting edge, just like the damage shown in Figure 4.1. It can be understood that
when such a damaged cutting edge occurs by discharging outside the actual cut-
ting zone, that it will result in a bad surface quality during contouring operations,
which are often applied in industry.

The pattern shown in Figure 4.15(c) shows Lichtenberg patterns on the rake
face, created behind the contact length of the chip. This pattern was only visible
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Figure 4.15: ESEM pictures of a worn diamond tool after cutting 85 km of PSU (tilt
= 30◦). The dashed box in figure (a) is given in more detail in figure (b).
The inset in figure (a) shows the top view of the tool and the locations
of the different Lichtenberg figures given in (b) and (c).
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at the rake face and not at the clearance face. This indicates that the electric field
strengths near the rake face were higher than near the clearance face.

In contrast to the observed wear patterns after cutting PMMA and PC, no
chemical wear pattern was observed after turning PSU. This indicates that PSU
results in another dominant tool wear mechanism than PMMA and PC during
diamond turning.

4.5.3 Dominance of tribo-electric tool wear

Looking at the combined results of charging behaviour, luminescence observa-
tions and tool life experiments, it is interesting to notice that only PSU resulted in
tribo-electric tool wear exhibited by Lichtenberg figures.

Some additional measurements showed that during turning a difference is
present between the sign of the charge at the cut surface and that of the chip. For
the low cutting speed, the chip removed from the PSU workpiece had an opposite
sign with respect to the cut surface (the others were not measured). For high
cutting speeds on PC, it was measured that the cut surface charged positive (see
Section 4.2.2), while chip and diamond tool charged negative (see Section G.3.2 in
the appendix). This implies that the charge generated at the back side of the chip
(i.e. at the rake-chip interface) is charged more than the free side of the chip, else
the electric field could not have been opposite with respect to the sign measured
at the cut surface and thus the free chip side. For overlapping cuts, the charge
on the surface to be cut is equal to the charge on the cut surface behind the tool.
This can be concluded when decay times are considered. Decay times are given
by [137]:

τ = ε0εrR (4.6)

Polymers typically have resistivity values of order 1014 Ωm [138], resulting in
decay times of order 103 s. This means that the charge that is present on the cut
surface will still be present at the uncut surface in the next revolution, as shown
in Figure 4.16.

Based on these findings, it is assumed that in general, the situations given
in Figure 4.16 can occur in polymer turning. It shows the possible charging
systems during turning with overlapping cuts at higher cutting speeds. Figure
4.16(a) shows the situation as it will occur for PC and PMMA. Contrary to PC and
PMMA, it is expected that for PSU the opposite signs should be used as given in
Figure 4.16(b).

Based on Figure 4.16 it becomes clear that there are several possible discharge
paths: 1) between front and back side of the chip, 2) between front side of the chip
and rake face of the tool, and 3) between rake face and cut surface.

The latter option is not certain, because this depends on the surface charge
present at the clearance face too. No measurements were performed on this, so
the first two options are assumed to be possible. Notice here that discharging will
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Figure 4.16: Charging in turning of (a) PC and PMMA, and (b) PSU at higher cutting
speeds. All at normal relative humidities around 50%.

most probably not proceed through the chip, but around it, because of the lower
relative dielectric constant of air.

Lichtenberg figures can be positive or negative [108, 139, 140]. The amount of
branching may differ, depending on whether a positive or negative Lichtenberg
figure is formed, see e.g. [139, 140]. Looking at the model given in Figure 4.16, it
can be concluded that the Lichtenberg figures are the positive kind, i.e. starting
at the anode (for PSU the diamond tool) to the cathode (in this case the front side
of the chip).

It is known that positive Lichtenberg figures are more easily created than
negative ones [133]. Also, for positive streamers a background field5 is needed
of 450 − 500 V/mm, while for negative streamers a background field of 1000 −
2000 V/mm is needed [139]. This may indicate why Lichtenberg figures are
created in the diamond tool during turning of PSU, since the tool behaves as the
anode and the chip as the cathode. For PMMA and PC, the tool behaves as a
cathode, needing a higher electric field strength for the occurrence of negative
Lichtenberg figures.

From Nasser and Loeb [141] it follows that the length of the longest branch
of the (positive) Lichtenberg figure is proportional to the applied voltage of the
anode [141]. In order to make an estimate, the length/voltage curves have to be
known for the particular dielectric. These are dependent on e.g. the radius of the
anode. The values needed for representation of the used turning setup were not
found.

5Reference [139] mentions that streamers can propagate in fields lower than the inception field,
but not lower than some critical minimum background field.
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4.6 Tool life improvements

In Section 4.4.4 it was shown that with relative humidities above approximately
65% the amount of charging at the cut surface decreased significantly. Increasing
relative humidity can decrease tribo-electric tool wear, since no charges are present
anymore, so the electric field strengths will be small and breakdown will not occur.
This is also known from industry [41]. Therefore, the best way to diminish tribo-
electric tool wear is to apply a high relative humidity in the cutting environment.
Besides a higher charge decay, it may also increase the relave permitivity of the
polymer [83], raising it more to the value of the used diamond tool. Less charge
will be generated then, since the distance in the tribo-electric series between
the polymer and the diamond decreases. Although not tested, this can give
interesting results for cutting polyacrylonitril (PAN), whose relative permitivity is
very susceptible to changes in relative humidity; with increasing relative humidity
its dielectric constant increases from approximately 3 to 6 [83]. Based on the tribo-
electric series this should imply that with increasing relative humidity the amount
of charging during diamond turning of PAM should become less, and even change
sign at the highest relative humidity.

Also, it could be expected that the application of an electrically conductive
(type IIb) diamond is capable of lowering tribo-electric tool wear. However,
from [142] it followed that the application of a type IIb diamond led to more
tribo-electric tool wear. This was ascribed to the fact that the tool acted as a
”lightning conductor”, thus becoming more easily damaged by the high amount
of discharges taking place then.

Table 4.6 shows the process parameters that were investigated in this research
and the influence these parameters had on the charging behaviour. When the
amount of charge generated decreases, tribo-electric effects will becomes smaller,
or may even disappear. Notice that the adaption of crosslink density νe will most
probably only work for the same polymer grade, and not for different polymers.

Table 4.6: Overview of adaptable parameters for decreasing the amount of tribo-
electric charging, and thus tribo-electric tool wear, during diamond tur-
ning of polymers.

parameter charging
vc < <
f < <
h < <

RH > <
νe < <
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4.7 Conclusions

This chapter showed that tribo-electric tool wear can be dominant in diamond
turning of glassy polymers and that it can severely damage the cutting edge.
From the tool life experiment on PSU it followed that this damaged cutting edge
by discharging occurred outside the actual cutting zone. Although this was
not a problem during the face turning setup used in these experiments, during
contouring operations, which are commonly used in the production of optics, this
can be a problem. So even when a discharge originates at the cutting edge outside
the actual cutting region, it can eventually result in a bad optical quality of the
workpiece. Further, but less critical to the turning process is the occurrence of
Lichtenberg figures caused by discharging behind the chip contact length. This
damages the rake face, but it has little influence on the achievable surface quality
after turning.

Based on the tribo-electric series only small differences are to be expected
between different polymers. However, in Section 4.2 it was shown that there
exist big differences in charging behaviour during diamond turning between
the polymers used in this research. For differently crosslinked PMMA grades a
relation between network density of the polymer and the amount of charging was
found.

Section 4.4 described a lot of turning parameters that influenced the charging
behaviour during diamond turning of polymers. It was shown in Section 4.4.1
that when the cutting speed was increased, the amount of charge generated
increased too. It was observed during turning of PSU that when the surface charge
exceeded approximately 20 µC/m2, luminescence by discharging occurred. This
is in agreement with the value of 26 µC/m2 given by Kwetkus [130] for breakdown
in air to occur.

Spectral analyses of the observed luminescence showed the occurrence of
excited nitrogen N∗2, ionized nitrogen N+2 and OH radicals. Although only OH
radicals are directly capable of chemically wearing the diamond tool, the N∗2 and
N+2 can be involved in reactions to produce OH radicals, as well as hydroperoxide
and ozone, all oxidative species, capable of chemically wearing the diamond tool,
which was described in Section 4.5.1 and Appendix H.

The tool life tests described in Section 4.5.1 have shown that two dominant
tool wear mechanisms can be observed after diamond turning of some polymers:

1. tribo-chemical tool wear after turning PMMA and PC, and

2. Lichtenberg figures resulting from electric discharges after turning PSU.

The observed tribo-chemical tool wear after diamond turning PMMA and PC
was caused by an oxidative etching process. Although discharging can lead to an
oxidative environment, see Section 4.5.1, from contact length considerations and
the observed tool wear after diamond turning PMMA and PC (the latter showing
a facet at the cutting edge), it can be concluded that the wear does not have a
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tribo-electric origin, but rather a tribo-chemical origin. This will be described
more explicitly in the next chapter.

The remarkable thing is that PC showed luminescence and therefore it was
expected that tribo-electric tool wear should have been dominant. The reason for
the absence of a dominant tribo-electric tool wear was found by the difference in
the charging system in respect to PSU.

Measurements have shown that the signs of the charge generated at the back
side of the chip and the rake face are opposite to the sign of the charge at the cut
surface. The model given in Section 4.5.3 shows that discharging is most likely
to occur between the front and back side of the chip, and/or the front side of the
chip and the rake face of the tool.

Only the PSU resulted in Lichtenberg figures on the diamond tool after turning.
Besides the highest amount of charging during turning, an additional explana-
tion was given in Section 4.5.3, Figure 4.16. Here it was concluded that during
turning of PSU, the tool behaves as an anode, creating the possibility of positive
Lichtenberg figures to form. During turning of PMMA and PC the diamond tool
behaves as a cathode. In that case, Lichtenberg figures are less likely to occur and
a higher background field is necessary for the Lichtenberg figures. Obviously, the
condition for creating Lichtenberg figures in the tool during diamond turning of
PMMA and PC could not be reached for the given conditions.



Chapter 5

Tribo-chemical diamond tool wear

5.1 Introduction

The previous chapter discussed the possibility of tribo-electric tool wear during
diamond turning of polymers. It was shown that of the investigated polymers
only PSU resulted in tribo-electric diamond tool wear in the form of Lichtenberg
figures. The tested PMMA and PC did not result in a dominant tribo-electric
tool wear. Instead, tribo-chemical wear was found to be the dominant wear
mechanism.

Figure 5.1 shows in more detail the tribo-chemically worn cutting edge of the
diamond tool after turning 85 km PC. A wear pattern like this is also found in
literature on oxidative etching of diamond [134]. Therefore, it was concluded
that this wear was also a result of an oxidative etching process during diamond
turning of the specific polymer.

The dashed line in Figure 5.1 indicates the position of the current, worn cutting
edge. The upper part of the photo is the worn (etched) rake face with Miller
indices (110), and the lower part the worn clearance face with indices (100).
Figure 5.2 shows the planes of a mono-crystalline diamond. The tool wear has a
layered pattern with step heights of approximately 30 nm. The lattice spacing of
diamond is 0.356 nm [143], indicating that approximately 84 crystal lattices have
been etched away per layer.

It was discussed in the previous chapter that the oxidative etch pattern, which
is a chemical wear, was formed within the contact length of the chip on the rake
face. Prior to discussing more results of the research about tribo-chemical wear
in diamond turning of glassy polymers, a short overview of tribo-chemical wear
is given.

Tribo-chemical wear of diamond tools is mainly known from diamond turning
of steels, see e.g. [20, 65, 101, 102]. Generally chemical wear of diamond is de-
scribed as the breaking of the tightly bonded diamond lattice. When this happens,
a carbon atom of the diamond may diffuse into the workpiece, graphitize, react
with oxygen to form CO or CO2, or react with the workpiece to form a carbide,

119
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1 µm

Figure 5.1: ESEM photo of a worn diamond cutting edge after turning 85 km PC.
The dashed line indicates the position of the current (worn) cutting
edge. Upper part of the photo is the worn (110) rake face, and the lower
part the worn (100) clearance face.

(a) (b) (c)

{111} {100} {110}

Figure 5.2: Crystal planes of a mono-crystalline diamond. The most abundant
planes found in nature, are the {111} and {100} planes [134].
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such as Fe3C [65]. Oxidation of the diamond tool is generally described by the
chemical reactions:

C(diamond) +O2 → CO2 (5.1)

and
2C(diamond) +O2 → 2CO (5.2)

The best explanation for chemical tool wear during diamond turning of steels
is given by the research work of Paul et al. [65]. They found that materials
with unpaired d-electrons resulted in a relatively high amount of tool wear. The
presence of unpaired d-electrons allows carbon-carbon breaking of the diamond
lattice, followed by metal-carbon complex formation, resulting in excessive tool
wear. Excessive tool wear means that during diamond turning of steels no good
surface quality is reached anymore after 1 km length of cut [20, 136].

Based on this theory of unpaired d-electrons, Paul et al. [65] concluded that
polymers should be diamond turnable without excessive chemical tool wear, since
they do not have unpaired d-electrons. Figure 5.1 shows that the opposite is true
for diamond turning of PC. Therefore, further investigation was performed on
this kind of chemical tool wear.

Oxidative etching When diamond is heated in air it reacts with the oxygen and
”burns” away. Generally it is said that this reaction starts at approximately 500 ◦C
[69]. In fact, this burning is a complicated process. It is strongly dependent on
the conditions that are applied and the crystal plane that is oxidized. Oxygen can
either work as a catalyst in transforming the diamond carbon-carbon bonds into
graphite carbon-carbon bonds, or it can react with the diamond carbon to form
carbon-dioxide or carbon-mono-oxide according to Equations 5.1 and 5.2. Also,
the oxygen can react with the graphitized diamond to form CO2 or CO [144].

Etching does not necessarily need molecular oxygen. Potassium nitrate and
water are often used in researches about diamond etching [144, 145, 146]. Etching
mechanisms may change depending on the presence of water. De Theije [145]
found that {111} surfaces etch through a different mechanism whether pure oxygen
is used or an oxygen/water mixture.

Chu et al. [146] propose the following reaction mechanism for the reaction of
diamond with water for a {110} oriented diamond plane at temperatures above
800 ◦C:

C(diamond) +H2O→ CO +H2 (5.3)

In this etching experiment no free oxygen was present.
Etching is crystal plane dependent. This means that the rate of etching depends

on the combination of used etchant and crystal plane. O2 is known to stabilize the
{100} diamond plane during etching, since it is divalent. A {111} diamond plane
can be stabilized by the presence of water, since it has only one dangling bond
that can be stabilized by OH coming from the water. Divalent oxygen is known



122 Tribo-chemical diamond tool wear

to result in chemical roughening of the {111} surface, since it cannot stabilize
this surface with one dangling bond [134]. It leads too far to discuss all etching
mechanisms. For further reading, see e.g. de Theije [134, 145].

5.2 Material selection

In the previous chapter three materials were tested for their influence on tribo-
electric diamond tool wear, namely PMMA, PC and PSU. It was found that both
PMMA and PC resulted in a tribo-chemical tool wear represented by oxidative
etch patterns on the diamond tool. Figure 5.3 shows some selected polymers used
for the experiments of this chapter. It can be seen in this figure that both PMMA
and PC contain esters. PMMA has an ester side group in its monomeric unit,
while PC has a (double) ester in its main chain monomeric unit. Therefore, the
role of oxygen could be important.

To investigate the influence of polymer composition the polymers given in
Figure 5.3 were chosen for their different functional groups and main chain com-
positions. This way the influence of chemical structure on dominancy of tribo-
chemical tool wear during diamond turning could be investigated.

Although different polymer structures were used, all polymers were glassy,
optical polymers, although PSU has a yellow shine due to the sulphur. Further,
it was described in the introduction of Chapter 1 that PA and PU become more
and more applied in spectacle lenses. PS is not used much for lenses because
of its brittleness, but it is a glassy, transparent polymer that is often used in
polymer research. For more detailed descriptions of the used polymers and their
properties, the reader is referred to a general polymer handbook, such as [46].

PU and PA were selected for their hydrolysis properties. Esters are known
to hydrolyze [147]. During hydrolysis of an ester, the ester is split into two
parts according to the reaction given in Equation 5.5 on page 130. Possibly
these products, one part is a carboxylic acid, can be chemically reactive to the
diamond, or can work as catalysts. PU and PA have different activation energies
for hydrolysis. The order of activation energy for hydrolysis is given as [147]:

ester < urethane < amide (5.4)

showing that the resistance to hydrolysis, also called hydrolytic stability, increases
in the order: ester, urethane, amide. Still, side groups can influence the order.
From [147] it is known that amide bonds are 100 times more stable to hydrolysis
than esters.

Polystyrene (PS) has a carbon backbone with a phenyl (−C6H5) functional side
group. It was chosen since it has a relatively simple structure and no oxygen
containing functional groups that may possibly result in oxidative etching of the
diamond tool during turning.
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Figure 5.3: Used polymers for investigating dominant chemical tool wear mecha-
nism. The dashed ellipses indicate the functional groups of interest.
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Table 5.1: Used face turning conditions.

Parameter Value
Tool material natural diamond

Tool radius 1 mm
Rake 0◦, (110) plane

Clearance 15◦, (100) plane
Rotational speed 2880 rev/min

Feed rate 20 µm/rev
Depth of cut 20 µm

Chip removal by vacuum cleaner
no coolant applied

Relative humidity 50% - 60%

Polysulphon (PSU) has approximately the same backbone structure as PC, but
it has no ester. Further, PSU has a double sulphone (S = O) group, which can
indicate whether the double bonded oxygen is of importance for the observed
chemical wear.

Tool life tests have been performed to validate the kind of tool wear that occurs,
i.e. which one is dominant.

5.3 Experiments

A natural mono-crystalline diamond (type Ia) has been used for the turning expe-
riments. To check for repeatability in the observed tool wear, several experiments
were performed with three diamond tools cutting at the same time, with the same
depth of cut and in the same workpiece. It was found that the observed tool wear
was tool independent. This means that the wear was caused by the tool/workpiece
combination and not solely by the used natural diamond tool. The used turning
parameters are given in Table 5.1. Notice that a rotational speed is mentioned
here, which implies a changing cutting speed as function of the radius of the
workpiece. For PS, PMMA and PC the workpieces had a diameter of 70 mm. For
PSU and PA the diameter was 77 mm, and for PU 53 mm.

For most tool life experiments a length of cut of 85 km was used, but for
the PA and PU samples lengths of cut of 40 km were used, because of material
availability. Although this influences the amount of tool wear, it does not influence
the dominant tool wear mechanism for that tool/workpiece combination.

5.3.1 Results

Table 5.2 shows a summary of the results of the tool life experiments. It can be seen
in this table that two different dominant tool wear mechanisms can be observed



5.3 Experiments 125

after diamond turning of different polymers. These two mechanisms are tribo-
electric and tribo-chemical tool wear. Another possibility is that no tool wear
occurs. This was observed for PS. The different material and wear combinations
will be described next.

Table 5.2: Results of the tool life tests on different polymers, rotational speed
2880 rev/min, feed rate 20 µm/rev and depth of cut 20 µm.

Material Functional Luminescence Tribo-electric Tribo-chemical
group observed? tool wear? tool wear?

PS phenyl no no no
PMMA ester no no yes
PC ester yes no yes
PSU sulphone yes yes no
PA amide no no yes
PU urethane yes yes noa

aThe observed oxidative etch pattern is ascribed to an oxidative environment caused
by tribo-electric effects, and it is therefore not considered as a tribo-chemical effect.

Polystyrene (PS)

PS is a remarkable material, since no tool wear is observed after 85 km length
of cut. Figure 5.4(a) shows an ESEM picture of the rake face of the diamond
tool. Since the tilt of the diamond was 0◦ the clearance face cannot be seen.
Some round-off at the cutting edge appeared, but even after 85 km length of cut,
superior surface qualities can be achieved. No luminescence was observed during
turning.

Polymethylmethacrylate (PMMA)

The used cutting conditions did not result in luminescence during turning of
PMMA, see Chapter 4. The tool wear shown in Figure 5.4(b) is formed within the
contact length of the chip on the rake face, see Section 4.5.2. It shows an oxidative
etch pattern with a mean step height of approximately 20 nm. This wear is similar
to oxidative etch patterns found in literature [134]. The wear manifests itself as a
crater wear.

All diamond tools showed crater wear, but not all diamond tools showed the
wear at the cutting edge, compare for example the tool used for turning PMMA
shown in Figure 5.7(a) on page 133.

The heavily damaged cutting edge shows similarities with the Lichtenberg
figure given in Figure 4.1, indicating that it is possibly some result of discharging.
Why it occurred is not known, but it may have been caused by charges present at
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Figure 5.4: ESEM photos of used diamond tools after turning 85 km of (a) PS -
tilt=0◦, (b) PMMA - tilt=30◦, and (c) PC - tilt=30◦. The dashed line
represents the actual cutting edge. For a description of the wear phe-
nomena, see the main text.
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the surface prior to the cutting experiment started, since it occurred on one tool
only.

Polycarbonate (PC)

PC showed luminescence and it was therefore expected to see tribo-electric tool
wear, see Chapter 4. However, as described in Section 4.5.2, no Lichtenberg figures
were seen on the diamond tool, and the observed pattern shown in Figure 5.4(c),
and in more detail in Figure 5.1, is ascribed to oxidative etching. It was described
in Section 4.5.2 that the etch pattern on the rake face was formed within the contact
length of the chip on the rake face. The sharp and nicely lapped cutting edge is
replaced by a stepped pseudo cutting edge. The mean step height shown in this
figure is approximately 30 nm, and it shows big similarities with the observed
patterns in literature on oxidative etching of diamonds [134].

Polysulphon (PSU)

The results of the tool life experiment for diamond turning polysulphon were
extensively described in the previous chapter, Section 4.5.2. For the overview,
Figure 5.5(a) shows again the diamond tool after turning PSU. It was described in
Section 4.5.2 that during diamond turning of PSU luminescence can be observed.
The figure shows the Lichtenberg figures created during discharging on the rake
face while turning for 85 km.

In Sections 4.5.2 and 4.5.3 it was discussed that the Lichtenberg figures origi-
nated behind the contact length of the chip on the diamond tool. Figure 4.16(b)
showed that the Lichtenberg figures occur on the rake face where the chip leaves
the rake face. No signs of tribo-chemical tool wear were found on this tool.

Polyamide (PA)

Figure 5.5(b) shows the cutting edge after turning PA for 40 km. Only little wear
is observed on the diamond tool after this length of cut. The observed pattern
shows steps, which can be a result of oxidative etching of diamond. Since no
luminescence was observed during turning, it is assumed that this small amount
of tool wear has a tribo-chemical origin. A tool life test with longer length of cut
should give more details about the wear mechanism and if it really evolves as a
stepped etch pattern.

Polyurethane (PU)

PU resulted in luminescence during turning. Figure 5.6(a) shows the resulting
tool wear after diamond turning PU for 40 km. The arrows in this figure indicate
the two different types of wear. The long arrow indicates a fractal-like geometry,
indicating that tribo-electric tool wear occurred here. The short arrow indicates
an etch pattern. The tool wear is shown in more detail in Figure 5.6(b), where
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Figure 5.5: (a) ESEM photo of a worn diamond tool after turning 85 km of PSU
(tilt=30◦). The dashed line indicates the position of the cutting edge,
and (b) shows an ESEM photo of a worn diamond tool after turning
40 km of PA (tilt=30◦).

it can be seen that the fractal geometries evolve in an opposite direction with
respect to the chip movement. Also, the etch pattern is positioned further away
from the cutting edge than the Lichtenberg figures. This seems to indicate that
tribo-electric tool wear was dominant, as will be explained next.

Figure 5.6(c) shows how these tool wear patterns may have originated. It was
observed in a movie of the turning process that the chip ”wags” on the rake face;
this is schematically shown by the dashed chip and the arrow in the figure. During
this wagging the chip partly gets separated from the rake face. At that moment
the electric field between rake face and chip back side may increase significantly.
This is the region where the Lichenberg figures occur. This is supported by the
research of Dickinson [148], who mentions that charge separation occurs readily
during separation of dissimilar materials, e.g. crack propagation along a polymer-
glass interface. The release of the wagging polymer chip from the rake face can
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Figure 5.6: ESEM photos of a worn diamond tool after turning 40 km of PU
(tilt=30◦). Figure (c) shows a schematic representation of the occur-
ring wear.

also be considered as a crack propagation along a polymer-diamond interface.
During this crack propagation the charge densities can be high enough to reach
the breakdown strength of air. This is supported by the observed luminescence
during turning. Notice that this wagging of the chip most probably occurred
during the diamond turning of PSU too, see Section 4.5.2.

The etch pattern is also assumed to originate from a tribo-electric point of
view: it is a result of the strong oxidizing environment that can be created during
discharging in air, see Section 4.5.1 and Appendix H where the creation of oxi-
dizing elements such as OH radicals, peroxides and ozone was described. This
chemically reactive zone must occur in the zone where discharges are occurring,
i.e. behind the contact zone of the chip on the rake face, as schematically given in
Figure 5.6(c). Although not measured, it is expected that the electric field at the
rake face during turning of PU was higher than during turning of PSU. This can
be concluded by the absence of etch patterns on the diamond tool after turning
PSU, see Figures 4.15 and 5.5(a), while they were present after turning PU.
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5.3.2 Conclusions from experiments

From the turning experiments on the different polymers, it becomes obvious
that different tool wear mechanism can be active, see Table 5.2. Looking at the
chemical wear it appears that polymers with esters, like PMMA and PC, result
in an oxidative etching mechanism. Clearly, it does not matter whether the ester
is contained in a side group (PMMA) or in the main chain (PC) of the structural
unit.

Diamond turning of PS did not result in any significant tool wear, indicating
two things: 1) esters are important for chemical wear to occur, and 2) PS can be
turned without excessive tribo-electric or tribo-chemical tool wear. Paul et al. [65]
stated that polymers can be turned without diamond tool wear, since they do not
have unpaired d-electrons. However, they did not take into account that other
chemical process can be important during diamond turning of polymers. From
the tested materials of this research PS seems to be the only one that obeys the
conclusion of Paul et al.

Since PU resulted in a dominant tribo-electric tool wear it is difficult to
conclude that hydrolysis is important in the tribo-chemical wear mechanism.
However, based on the order of ease of hydrolysis, Equation 5.4, the little tool
wear after turning PA supports the influence of hydrolysis.

PSU and PU result in a tribo-electric wear of the diamond tool. PSU resulted in
Lichtenberg figures only, while PU resulted in Lichtenberg figures in combination
with oxidative etch patterns caused by the reactive and oxidative environment
from discharging, see Section 4.5.1. Why these differences occur, should be further
investigated.

Influence of hydrolysis Notice that hydrolysis is discussed as being important
for tribo-chemical tool wear to be dominant. However, hydrolysis means chain
scission, even in PC. This can be seen in the (general) acidic hydrolysis reaction
of an ester:

R(CO)OR′ +H2O −→ R(CO)OH +HOR′ (5.5)

with R and R′ parts of the main chain. However, chain scission was not measured
in the GPC measurement. A reason for this is that the amount of chain scission
caused by hydrolysis is too small to become detected in the small amount of chip
material analyzed in the GPC measurement.

Using a chip width b = 200 µm, and the diamond tool wear dimensions
after turning PC as given in Figure 4.14, it can be estimated that approximately
1.02 · 10−15 m3 of diamond material is removed during the tool life test. This
corresponds to a diamond mass m = 3.6 · 10−12 kg. Using

n = NA · m
M

(5.6)

with M the molar mass of the diamond (12 g/mol), it can be calculated that 1.8·1014
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diamond atoms have been removed in the wear process.
Assuming now that one chain scission of a PC molecule would result in a

removal of one diamond carbon atom, this implies that 1.8 · 1014 PC molecules are
needed for this. Using Equation 5.6 again, and Mn = 16 kg/mol for the used PC, it
can be calculated that 4.8 · 10−9 kg of PC material is needed for the removal of the
diamond atoms. Comparing this with the total amount of material cut in this tool
life experiment, approximately 5.1 · 10−2 kg, it can be seen that the cut polymer
chains are only a very small fraction (order 10−7) of the total amount of uncut
polymer chains. This small difference will not be measured by GPC, indicating
that hydrolysis may have occurred during diamond turning of PC.

Equation 5.5 showed the hydrolysis of an ester, forming a carboxylic acid
R(CO)OH and an alcohol HOR′. Hydrolysis of esters is more likely to occur
in aqueous solutions at higher temperature and in presence of a catalyst [147].
The catalyst can be an acid or a base. When a base is used, a carboxylate ion is for-
med instead of the carboxylic acid. Hydrolysis reactions of amides and urethanes
can occur as well, although they have some different end-products.

One question at this moment is how a possible hydrolysis reaction should
occur, since no acid or base, acting as a catalyst during the hydrolysis reaction,
is explicitly added. These are needed for the hydrolysis to proceed. Energy is
needed for hydrolysis too, but thermal energy will be supplied by the adiabatic
heating in the shear zones during the turning process. As was shown in Chapters
2 and 3, temperatures may increase several decades during turning, up to a
temperature of approximately 100 ◦C. In chemistry, every 10 K temperature rise
means a two or three times higher reaction rate [147].

The exact influence of hydrolysis is not known, but based on the tool wear
differences between ester-like polymers and polyamide the effect appears to be
present. The importance of hydrolysis can be made clear if water has an important
influence in the chemical wearing of the diamond tool. This will be described in
the next section.

5.4 Influence of water on diamond tool wear

To find out what the influence of water is on the diamond tool wear, cutting
experiments in two different environmental conditions were performed. The
environments were created by placing a shielding around the turning machine
and adding dry air respectively water vapor for the dry respectively wet turning
experiment. The workpiece sample used for the dry turning experiment was
heated in an oven at 105 ◦C for two days to remove absorbed water from the
material. The workpiece sample used for the wet turning experiment was stored
at normal room temperature and relative humidity of approximately 60%. Table
5.3 shows the used cutting conditions during the experiments.

No vacuum cleaner for chip removal has been used, nor a water spray for
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creating the wet environment, since these affect the temperature in the cutting
zone. However, now and then, the chips were removed by switching the vacuum
cleaner on for a short period.

Table 5.3: Turning conditions dry/wet experiment.
Condition Value

Material PMMA, 60 mm
Tool material natural diamond

Tool radius 1 mm
Rake 0◦, (110) plane

Clearance 15◦, (100) plane
Rotational speed 2000 rev/min

Feed rate 20 µm/rev
Depth of cut 20 µm

Length of cut 50 km
Chip removal off
Temperature 22 ± 1 ◦C

RH in dry turning 7 %
RH in wet turning 79 %

Notice that only PMMA is tested in dry and wet turning conditions. The
reason for choosing PMMA was, that PMMA results in a crater wear on the rake
face of the diamond tool. This wear can easily be measured to get a quantitative
value, in this case by interference microscopy.

5.4.1 Results

Figures 5.7(a) and (b) show the results for turning PMMA in a dry and a wet
environments. It can be seen that in both turning conditions a crater wear is
formed on the rake face of the tool. For dry turning conditions the crater is
positioned at a distance of approximately 3.5 µm behind the cutting edge at the
largest chip thickness. Here the width of the crater is approximately 5.5 µm. For
wet turning conditions the crater is positioned nearly at the cutting edge (distance
is less than 1 µm). Here, the width of the crater is approximately 10 µm.

The patterns in the craters were observed by ESEM, and they are the same for
dry and wet turning experiments. For the wet turning conditions an ESEM photo
showing the wear pattern in more detail is given in Figure 5.7(c).

Using Equation 1.17 for the width of the chip b, and stitching interferometry
microscopy for the measurement of the width W and depth d of the crater, the
volumetric wear V could be estimated. The dimensions of the crater wear and
the volumetric wear of the diamond tool are given in Table 5.4.

The wet turning condition (RH=79%) led to a five times higher volumetric
wear of the diamond tool. This is a significant difference, which indicates that the
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Figure 5.7: Nomarski DIC photographs of tool wear for (a) dry turning PMMA at
RH = 7% and (b) wet turning PMMA at RH = 79%. Figure (c) shows
an ESEM photo giving more detail of the wear pattern obtained in the
wet turning process.
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Table 5.4: Summary of wear dimensions and total volumetric wear for dry and wet
turning conditions.

Environment W/µm d/µm b/µm V/µm3

Dry cutting 5.5 0.15 200 41
Wet cutting 10 0.40 200 200

presence of H2O promotes oxidative etching of the diamond tool during turning
of this polymer.

Wilks and Wilks [69, Fig. 13.10] presented the effect of a water atmosphere
on the volumetric removal rate during polishing. They showed an increase in
volumetric removal rate when water is applied in the polishing process. This
was tested for a {110} diamond surface, the same orientation as the rake face
of the diamond tool. A similar effect was found for polishing in an ethanol
atmosphere. Combining the results of the tool life tests of this chapter and the
results mentioned in Wilks and Wilks [69], a water atmosphere can be assigned
to be an important factor in increased volume removal rates for diamond {110}
surfaces. However, polishing of diamond and wearing diamond in a turning
process of polymers are two completely different processes, but still the influence
of a water atmosphere is important to notice. The next section will describe a
tribo-chemical wear mechanism for diamond turning of polymers.

5.5 Proposed tribo-chemical reaction mechanism

5.5.1 Creation of reactive elements

For etching to occur, reactive elements have to be present near the diamond. The
previous section showed the importance of water on the resulting diamond tool
wear. Also, in Section 5.3.2 hydrolysis was given as a possible contributor in the
etching process of the diamond tool.

It was shown in Table 3.3 that PMMA exhibits chain scission during turning
while PC does not. This means that during turning of PMMA radicals may be for-
med, while during turning of PC no radicals are formed. Although radicals may
contribute to the wear process of the diamond tool during turning of PMMA, this
is not the case for the wear process during turning of PC. Therefore it is assumed
that the main wear mechanism is not dominated by radical reactions. Instead,
an ionic mechanism will be proposed. The following reactions are assumed to
contribute to the chemical wear process.

1. Auto-dissociation of water.

Auto-dissociation of water is a natural process, also called auto-protolysis.
Water, however pure, will have water molecules fallen apart in two ionic
parts, given by the reaction:
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H2O→ H+ +HO− (5.7)

It can be seen in this reaction that two reactive species originate from the
dissociation, an acid (H+) and a base (HO−). The dissociation constant KW

is given by:

KW =
[
H+

] [
HO−

]
(5.8)

and is given as KW = 10−14 mol2/l2 at ambient temperature (25 ◦C) and pres-
sure. Looking at Equation 5.8, this means that [HO−] =

√
KW = 10−7 mol/l.

In water the concentration water molecules is [H2O] ≈ 55.6 mol/l. This in-
dicates that there exists one HO− ion on every 5.6 · 108 molecules H2O. KW

is temperature dependent. The following relation is given by [149]:

log KW = −4471/T + 6.0875 − 0.01706 · T (5.9)

with T the temperature in K.

This means that at a temperature of 100 ◦C KW = 10−12.3. Looking at the
concentration HO−, it is now found that [HO−] = 7.1 · 10−7 mol/l. This
indicates that more auto-dissociation occurs at higher temperatures, so also
in the turning process when water is present in the polymer.

2. Hydrolysis products.

It was discussed in Section 5.3.2 that hydrolysis may be important. This is
supported by the results of the dry and wet turning experiment on PMMA.
Equation 5.5 gave the (acidic) hydrolysis products of an ester as:

R(CO)OR′ +H2O −→ R(CO)OH +HOR′ (5.10)

with R and R′ parts of the chain structure. This way a carboxylic acid and
an alcohol are formed. The carboxylic acid is a relatively strong acid1, with
acidity pKa ≈ 5. The alcohol is only little acidic with pKa ≈ 16 [147].

For the used polyamide the following hydrolysis reaction applies:

R′(CO) − (NH)R +H2O −→ R′(CO)OH +H2NR (5.11)

It can be seen in this equation that for PA a carboxylic acid is formed too.
However, this hydrolysis reaction needs a higher activation energy [147].

It is assumed that both [HO−] ions and products of the hydrolysis are present
in the cutting zone under the influence of water and heat present in the turning
process. The following section will describe the proposed reaction mechanism
for the dominant chemical wear process in diamond turning of (some) polymers.

1Acidity is expressed as by the acid ionization constant Ka. This constant varies over a large
range and therefore another scale is used: pKa = − log Ka. More generally, more negative pKa

values correspond to stronger acids and more positive pKa values correspond to weaker acids.
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5.5.2 Oxidative etching mechanism

The oxidation mechanism proposed here can be applied for diamond turning
of polymers with and without chain scission. The reaction path is given by
Equations 5.12-5.14, and it is an ionic based mechanism, since it is also applicable
for diamond turning of PC, which does not result in radical formation by chain
scission.

When tribo-chemical tool wear is dominant the proposed oxidative etching
mechanism starts with a nucleophilic attack on the carbon of a carbonyl present
at the diamond surface, see Equation 5.12. This nucleophile can be the HO−
coming from the auto-dissociation of water, or a nucleophile, like HOR′ coming
from the hydrolysis reaction. HO− is known to be a stronger nucleophile than
the nucleophiles formed in the hydrolysis of esters and polyamides [147]. It is
catalyzed by an acid, which can be the H+ formed by the auto-dissociation of
water, or it can be an acidic component formed in the hydrolysis of the polymer
chain, as given in Equations 5.10 and 5.11. Obviously, the reaction in Equation
5.12 is reversible.
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(5.13)

(5.14)

Subsequent scission of one diamond carbon-carbon bond results in one car-
boxylic acid at the diamond surface and one hydrogen terminated diamond car-
bon, see Equation 5.13. The latter will most likely be converted in an OH ter-
mination [150, 151]. The carboxylic acid will destabilize, removing one diamond
carbon atom by desorption of carbon-monoxide (CO). Once the destabilized car-
boxylic acid liberates CO, it cannot return in its original form, and one carbon
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Table 5.5: Bond energy calculation for the different reaction steps.
Equation Bonds Type Bond energy

5.12 formed C −O ester −353 kJ/mol
O −H OH −466 kJ/mol

broken C −O carbonyl 353 kJ/mol
Total −466 kJ/mol
5.13 formed C −O carbonyl −353 kJ/mol

C −H diamond −416 kJ/mol
broken C − C diamond 349 kJ/mol

O −H OH 466 kJ/mol
Total 46 kJ/mol
5.14 formed C −O C −OH −353 kJ/mol

C −O CO −300 kJ/mol
broken C − C diamond 349 kJ/mol

C −O C −OH 353 kJ/mol
Total 49 kJ/mol

atom has been removed from the diamond surface.
A stable OH group is formed at the diamond surface. This is in accordance

with the fact that (110) diamond surfaces etch to (111) faces [135], which will have
an OH termination in the presence of water [134].

5.5.3 Discussion

Surely, the carbon-carbon bond breakage in Equation 5.13 is the most critical step,
with a change in bond energy of 46 kJ/mol, see Table 5.5. Sufficient energy should
be present during the turning operation to generate a destabilized carboxylic acid
at the diamond surface. This energy can be provided by the temperature rise in
the shear zone. Using the cutting force data of PMMA for vc = 3 m/s from Table
E.2, the generated power is

Ps = η · Fs · vs = 2.4 W (5.15)

resulting in an energy consumption over the full length of cut of:

U = Ps · L
vc
= 40 kJ (5.16)

Looking at the amount of material removed in the wet turning experiment,
where the influence of the water atmosphere is substantial, it was given that
200 µm3 diamond was worn during the turning process. It can be calculated,
using Equation 5.6 that this is equivalent to 5.8 · 10−11 mol carbon or 3.5 · 1013

carbon atoms.
Looking at Table 5.5 it can be seen that for the removal of a diamond carbon

atom by Equations 5.13 and 5.14, an energy of 95 kJ/mol is needed. Looking
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at the amount of worn diamond this required an energy of 5.5 · 10−9 kJ. This is
significantly less than the amount of thermal energy from the shearing process
(40 kJ). Indicating that enough energy was present for the reactions to occur.

Another question is whether enough HO− ions were available in the material
that was cut, since the HO− ions are considered to initiate the whole etching
process.

From van Krevelen [83] it can be estimated that at RH = 79% the PMMA has
a molar water content of approximately 0.1 mol/structural unit. PMMA with a
structural molar weight of 88 g/mol than contains 1.8 g/mol water. Or, 100 g of
PMMA contains 2 g water.

The total volume of material cut was L · f · h = 2.0 · 10−5 m3, or 24 g. This
amount of PMMA contained approximately 0.5 g water. This is equivalent to
1.6 · 1022 water molecules. It was shown in Section 5.5.1 that for every 5.6 · 108

water molecules one HO− is present. Therefore it can be said that at least 2.9 · 1013

HO− ions were present in the cut material. This is of the same order as the amount
of carbon atoms removed. However, notice that at higher temperature more auto-
dissociation occurs, as was shown in Section 5.5.1. Also the initiating step in the
chemical wear process can be initiated by the less nucleophile ROH formed in
the hydrolysis reactions. Therefore it can be concluded that enough nucleophiles
were present for the observed chemical wear rate.

Some other findings contribute to the validity of the above mentioned tribo-
chemical wear reactions. These are:

• Diamond turning of PS did not result in significant tool wear. Since PS is
highly hydrophobic, hardly any water will be present in the material and
hence little water will be present at the cutting edge. This way oxidative
etching of the diamond tool by water will be absent, supporting the above
water based etching mechanism. This suggests that the hydrophobicity of
the material could be an important parameter to take into account besides
environmental humidity and material chemistry.

• A tool life experiment was performed with a mono-crystalline (111)(111)
diamond tool on PMMA. Only after 240 km length of cut a small noticeable
tool wear could be observed. Examination of the tool by ESEM showed etch
patterns.

It is known that the (111) plane is H and/or OH terminated, therefore, it is
unlikely that etching will start here, since a carbonyl is necessary for ini-
tiating the etching process, as given in Equation 5.12. In an oxygen/water
environment the (111) plane etches at the step edges, where C = O termina-
tion may be present, and it will etch towards an OH termination, which is a
stable termination for the (111) plane. Therefore, when etching occurred on
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the (111) plane during the tool life test, this plane immediately became sta-
bilized by the proposed oxidation mechanism. This supports the proposed
etching mechanism as well.

• Mackey et al. [152] indicate that (110) diamond surfaces show more CO than
CO2 desorption, which is in accordance with the proposed reaction scheme
given by Equations 5.12 to 5.14. They state that CO desorption comes from
an ether (C −O − C), while it is here proposed to desorb from a carboxylic
acid in Equation 5.14. The carboxylic acid in Equation 5.14, may also desorb
to CO2, resulting in an H-terminated surface, but since a lot of HO− is present
in the wet turning experiment, the proposed mechanism with desorption of
CO, and formation of an OH terminated (111) plane seems likely to occur.

The above considerations indicate that the proposed etching mechanism can occur
in diamond turning of (some) polymers. However, more research is needed to
show the influence of hydrolysis on the tribo-chemical wear mechanism.

5.6 Conclusions

This chapter, Section 5.3.1, showed the results of tool life experiments on different
glassy polymers. It was found that two types of diamond tool wear can be
dominant: 1) tribo-electric tool wear, which was already described in more detail
in Chapter 4, and 2) tribo-chemical tool wear. ESEM observations showed that
the tribo-chemical wear of the diamond tool was caused by an oxidative etching
mechanism.

Oxidative etching of the diamond tool occurred during diamond turning of
easily hydrolysable polymers, like PMMA and PC. Polyamide (PA) which has a
high stability against hydrolysis resulted in very little chemical tool wear. This
indicated that hydrolytic stability can have an important effect on the amount of
oxidative tool wear.

Since hydrolytic stability was assumed to be important, the influence of water
should be important as well. This was confirmed by tool life experiments descri-
bed in Section 5.4. These experiments showed that high relative humidity in the
cutting environment led to more tool wear than low relative humidity. For the
given conditions a five times higher volumetric wear was measured for diamond
turning PMMA in a high relative humidity environment (RH 79%) than in a low
relative humidity environment (RH 7%).

Since only PMMA results in a measurable chain scission during diamond
turning and PC not, an ionic wear reaction mechanism is proposed. Based on
the tool life experiments with different humidities and the influence of hydrolytic
stability of the polymers turned, two chemical species were identified to be active
in the oxidative etching mechanism. The first is the nucleophile HO− formed by
auto-dissociation of water, and the second is the less reactive nucleophile formed
in the hydrolysis reaction, e.g. ROH.
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Section 5.5 gave the full reaction mechanism for the tribo-chemical diamond
tool wear, provided that tribo-chemical wear is dominant in polymer turning.
The proposed mechanism is an ionic based mechanism, starting with a nucleo-
philic attack on the carbon atom of a carbonyl terminated diamond (110) surface.
Subsequent scission of one diamond carbon-carbon bond results in a carboxylic
acid and a hydrogen terminated diamond carbon. The latter will most likely be
converted in an OH termination. The carboxylic acid will destabilize, removing
one diamond carbon atom by desorption of carbon-monoxide (CO). Once the
destabilized carboxylic acid liberates CO, it cannot return in its original form, and
one carbon atom has been removed from the diamond surface.

Calculations have shown that sufficient energy is available in the turning
process for these reaction mechanisms to occur. Further, it was calculated that the
amount of initiators present, i.e. the nucleophiles, in the workpiece material was
of the same order as the amount of diamond carbon atoms removed in the etching
process. These calculations confirmed the proposed reaction mechanisms.

Further experiments showed that hydrophobic PS did not result in significant
tool wear (neither tribo-electric, nor tribo-chemical) during diamond turning.
Cutting a hydrophobic polymer means that water is absent near the tool tip, since
no water is absorbed in the polymer. Therefore, no tribo-chemical wear can occur
by auto-dissociated or hydrolysed species, supporting the proposed mechanism.

Another experiment confirming the proposed reaction mechanism was dia-
mond turning PMMA with a (111) diamond tool. Even after 240 km no signifi-
cant tool wear could be found on the diamond tool. Since the (111) surface of a
diamond is H and/or OH terminated no etching will start here by the proposed
nucleophiles, since they immediately stabilize the diamond surface.

It can generally be said that hydrophobic polymers will not result in a tribo-
chemical diamond tool wear since no water is present at the cutting edge. Further,
polymers with good hydrolytic stability will result in less tribo-chemical diamond
tool wear than easily hydrolysable polymers. Also, the use of a (111) diamond
tool instead of a (110) diamond tool is beneficial for the tool life during polymer
turning.



Chapter 6

Conclusions and recommendations

The use of polymeric products for optical applications increases. The main reason
for this is that optical polymers have beneficial properties over glass materials
like better impact resistance and lower specific mass. The main objective of this
research was to find out what parameters can be used or adapted to improve the
precision turning process of polymeric optics. To investigate this, the research
consisted of two parts: 1) the description of the precision turning process for
achieving optical quality defined as Ra < 5 nm, and 2) the description of the
relatively high amount of diamond tool wear during precision turning of glassy
polymers.

Chapter 1 gave an introduction about polymer behaviour and currently known
literature about diamond turning of polymers. This literature generally relates
the quality of the diamond turned surface to whether or not the glass transition
temperature was reached during diamond turning. Smith [44] even made an esti-
mate about the temperature rise in the shear zone, although she did not measure
cutting forces, neither validated her calculations with temperature measurements.

From Smith’s research it followed that polycarbonate cannot be cut to good
optical quality since it cannot reach the thermal flow regime. To investigate the
effect of cutting parameters another thermal model than that used by Smith was
applied to actually visualize the temperature rise contours and to see what effect
cutting conditions have on the temperature rise distribution in polymer turning.
Some interesting results were seen, and not only for PC. The conclusions from
this part of the research are described in Section 6.1.1

Section 6.1.2 describes the conclusions for the observed dominant diamond
tool wear mechanisms found for diamond turning of glassy polymers.

Recommendations for the diamond turning process of polymers and future
research on this topic are given in Section 6.2

141
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6.1 Conclusions

6.1.1 Cutting mechanics

In Chapter 2 the thermal model derived by Komanduri and Hou was adapted for
the application of turning polymers. The most important adaptation involved the
addition of the parameterη, which incorporates the conversion ratio of mechanical
work to heat. For metals this ratio is generally assumed to be 95%, but it was found
in literature that for polymers this ratio can be as small as 50%. The consequence
of this conversion ratio of mechanical work to heat in polymer turning is that the
temperature rise is less than generally assumed in existing literature like [44].

For the implementation of the model, cutting force measurements were made
on several glassy polymers, knowing PS, PMMA, PC and PSU. From the calculated
temperature rises for the investigated cutting condition, it became clear that the
cutting temperatures during polymer turning did not reach a temperature above
Tg. The results were experimentally confirmed by temperature measurements
during turning. The results described in this thesis are different from those of
Smith [44]. The best reasons for this are: 1) only 50% of the mechanical work is
actually converted into heat for polymers, and 2) a heat partition fraction to the
chip of approximately 0.81, indicating that only little heat is conducted into the
workpiece. Smith assumed a heat conversion of mechanical work to heat of 100%
and a heat partition fraction to the chip of 0.6 [44]. Therefore it can be concluded
that Smith overestimated the calculated temperatures. The results of the thermal
model indicate that in the diamond turning process of polymers stress-activated
flow has a significant contribution in the chip formation process. Further research
on this subject is of interest.

Chapter 3 focused on changing cutting conditions and material properties.
The thermal model derived in Chapter 2 was used for looking at the temperature
profiles in the workpiece material during changing cutting conditions. It was
found that an increase in cutting speed or a decrease in depth of cut does not
have significant influence on the temperature rise in the primary shear zone.
The thermal model indicated that a cutting speed of 3 m/s does not result in an
additional temperature rise to reach the glass transition temperature. This is in
contrast with literature on polymer turning [21, 44] that indicates that a higher
cutting speed should bring the polymer in the thermal flow regime. In fact, at
higher cutting speeds less heating of the material can occur due to the smaller
heat diffusion of the polymer. This lowers the final cutting temperature in the
shear zone. This was also found for the heat partition fraction of the workpiece
for such a high cutting speed on PMMA; only 11% of the heat produced in the
shear zone was conducted to the workpiece, while the rest was removed by the
chip.

It was assumed by Smith [44] that a large negative rake could raise the adiabatic

1This heat partition fraction was determined for a cutting speed vc = 0.3 m/s. Smith used a
heat partition fraction to the chip of 0.6 for that cutting speed.
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temperature rise significantly. However, the thermal model that Smith applied
was not capable of determining this temperature rise. The thermal model used in
this thesis was capable of doing this. Using this thermal model it was calculated
that the application of a large negative rake angle (α = −20◦) led to a 30 K higher
temperature rise than during turning of PC with zero rake angle. However, this
was not enough for reaching Tg. For the investigated turning conditions it can
be said that the thermal flow regime is not reached. These results also indicate
that stress-activated flow in polymer turning cannot be neglected and this needs
further research.

Gel permeation chromatography (GPC) on collected chips and bulk workpiece
material showed that the used PMMA grade formed chips by a chain scission and
chain slip mechanism, while the used PC grade did not show any chain scission
during turning. First, this indicates that it is not the value of the glass transition
temperature that determines whether chain scission occurs in turning operations.
Second, it can be said that the PC chip is formed by a ductile fracture mechanism.

Chapter 3 described that during turning of PC and PMMA different surface for-
mation mechanisms are active. These appeared to be very susceptible to changes
in cutting speed, depth of cut, and rake angle. It was found that for PC, a small
non-zero rake angle or a small depth of cut decreases the surface roughness consi-
derably when a faceted tool is used in plunge turning. In fact, the roughness
value Ra could be decreased to approximately 10 nm for plunge turning.

However, application of a nose radius tool during diamond turning of thermo-
plastic polymers showed that these parameters do not have such a big influence
as in plunge turning with a faceted tool. Therefore, it can be stated that the sur-
face quality in precision turning of thermoplastic polymeric workpieces is rather
determined by the ”footprint” of the tool left behind in the radial direction, than
by surface characteristics formed in the tangential direction. However, for brit-
tle polymers, like ADC, the tangential surface characteristics have a dominant
influence.

Looking at the influence of changing thermo-mechanical history of a polymer,
it can be concluded that this influence is marginal. Although cutting forces
alter, which is explained by a changing initial yield stress, it was found that
chip formation and surface quality are not influenced by a change in thermo-
mechanical history.

PMMA was crosslinked to find out what the influence of crosslink density was
on the achievable surface roughness. Although relatively high crosslink densities
were achieved, no linear relation was found between crosslink density and Ra
value. ADC with a crosslink density of 1.5 times more than the highest crosslink
density created for PMMA had approximately a five times higher Ra value than the
PMMA grade. This indicates that it is not only crosslink density that determines
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the resulting workpiece roughness after turning, but another material parameter,
which still has to be determined.

Looking at the best conditions to reach good surface roughness values for optical
applications, it can be concluded by Figure 3.15 that changing cutting speed does
not yield a significant decrease in Ra value. The same can be concluded for
depth of cut in Figure 3.16. However, decreasing the feed rate from 10 µm/rev
to approximately 2 µm/rev has a significant effect for PC where the Ra roughness
decreased from 60 nm to 20 nm, see Figure 3.17. For PMMA the effect was less
pronounced. It can be concluded that the best approach to decrease surface
roughness in polymer turning is to decrease the feed rate to small values of
2 µm/rev or less.

Depending on the polymer one can also try to change the rake angle. Figure
3.18 indicated that for ADC materials a large positive rake angle should be applied.
For glassy polymers a small (≈ 3◦) positive or negative rake can be beneficial.
However, the exact gain should always be investigated.

Since a lot of parameters were investigated and the effects were not always
the same for different polymers, the following table summarizes the parameters
that were investigated and whether that parameter can be adapted to improve the
quality of the diamond turned workpiece. The table gives the best value that was
found in this experimental work too. In general it can be stated that the demand
of Ra < 5 nm for optical quality was not reached in this research. However, the
next table can be used for further optimization.

Table 6.1: Investigated parameters and their influence for improving the diamond
turning result for use with a nose radius tool; (+) positive effect, (+/-)
effect has to be determined for the polymer to be cut, (◦) no significant
effect.

parameter symbol effect best value
cutting speed vc +/- 6 m/s

depth of cut h ◦ 4 − 6 µm
feed rate f + 1 µm/rev

rake angle α +/- ≈ 3◦
rejuvenation n.a. ◦ n.a.

crosslink density νe ◦ n.a.

6.1.2 Diamond tool wear

One of the most important aspects of the application of precision turning in the
manufacturing of optics is tool life, since this directly influences the cost of a pro-
duct. In this research several diamond tool wear mechanisms were investigated
for polymer turning.
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Looking at adhesive, abrasive and thermal tool wear, it can be stated that none
of these was responsible for the observed tool wear in this research. Adhesive
wear always occurs on the softer material, which was in all cases the polymer.
Abrasive tool wear can only be excluded after analysis of the workpiece material.
This was done using EDX analysis on the used polymers.

Based on the findings of Chapters 2 and 3 it can be concluded that the tem-
perature increase during diamond turning of glassy polymers is not high enough
for thermal wear of the diamond to occur. A temperature above 500 ◦C in air is
needed for the diamond to oxidize quickly. These temperatures are even higher
for graphitization to occur. In polymer turning the temperature in the primary
shear zone will generally not exceed 100 ◦C. Therefore it can be expected that
thermal wear is not a dominant effect in diamond turning of polymers. However,
notice that a higher temperature can increase chemical reaction rates.

Tool life experiments showed that the following can occur during polymer
turning:

1. no significant diamond tool wear, as was observed for turning PS and PA,
or

2. tribo-electric diamond tool wear can be dominant, as was observed for PSU
and PU, or

3. tribo-chemical diamond tool wear can be dominant, as was observed for
PMMA and PC.

Chapter 4 showed that tribo-electric tool wear manifests itself as Lichtenberg
figures in the tool. These Lichtenberg figures are more likely to occur during
diamond turning of polymers when the tool acts as the anode in the charged
cutting system. In that case positive Lichtenberg figures are formed. That the
anodic function of the tool is important was shown in the tool life experiment
on PC. During diamond turning of PC, luminescence by discharging in air was
observed, but the tool behaved as a cathode in the cutting system. The result was
that not tribo-electric tool wear was dominant, but tribo-chemical tool wear.

Many parameters were found to influence charging and luminescence during
turning. These parameters are cutting speed, feed rate and depth of cut. When
these values are increased, charging increases as well. Relative humidity has
the opposite effect: increasing relative humidity decreases charging, resulting in
smaller electric field strengths, and thus less tribo-electric tool wear. Especially
above a relative humidity of 65%, the charge in the cutting system decreased to
zero; this indicates that when tribo-electric tool wear is dominant for dry turning
conditions, it will not be dominant anymore at relative humidities above 65%.

The other dominant tool wear mechanism that can occur in diamond turning
of polymers was tribo-chemical tool wear and was described in Chapter 5. It
was found that this tribo-chemical wear of the diamond tool is caused by an
oxidative etching mechanism. Notice that this tool wear mechanism wears the tool
gradually, while tribo-electric tool wear can be very instantaneous. It appeared
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that polymers that are susceptible to hydrolysis, like PMMA and PC that have
esters in their structural unit, are more prone to result in oxidative etching of the
diamond tool. Further experiments showed that water is important in the wear
behaviour.

A wear mechanism is proposed, and it is based on the experimental findings
presented in Chapter 5. It starts with a nucleophile, which can be HO− from the
auto-dissociation of water, or another nucleophile resulting from the hydrolysis
of the polymer, attacking a carbonyl group present at the (110) surface of the rake
face. Some intermediate steps finally result in the desorption of carbon mono-
oxide (CO). This way, the (110) rake face etches to a stable OH terminated (111)
surface.

Calculations have shown that sufficient energy is available in the turning
process for these reaction mechanisms to occur. Further, it was calculated that the
amount of initiators present, i.e. the nucleophiles, in the workpiece material was
of the same order as the amount of diamond carbon atoms removed in the etching
process. These calculations confirmed the proposed reaction mechanisms.

6.2 Recommendations

The following recommendations can be made on the subject of precision turning
of polymers.

6.2.1 Cutting mechanics

Stress activated flow appears to be important in the cutting process. However,
a good description of the influence of stress activated flow during cutting of
polymers is lacking and absent in literature. This may be further investigated,
possibly by a finite element method, provided that an accurate failure criterium
for the polymers can be formulated.

In Chapter 2 it was discussed that there was no linear relationship between
cutting forces and initial yield stress for the investigated polymer. This is also
known from Drescher’s research on specific cutting forces [4]. He states that it is
not only the initial yield stress that is important for the (specific) cutting force, but
the combination of material ductility and strength. In this research, the relation
between the mentioned combination and specific cutting forces was not inves-
tigated. For future research on polymers it seems interesting to investigate this
relationship between specific cutting forces and the combination of material duc-
tility and strength by using polymers with different thermo-mechanical histories;
different thermo-mechanical histories will result in different ratios of ductility and
strength.

Crosslinking of PMMA grades did not result in a linear relation between cross-
link density and surface roughness value. This was expected and would have
explained the influence of thermosetting properties on the turning behaviour of
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the hard-to-cut ADC material. This results indicates that it cannot be simply said
that ”thermosets cannot be machined to optical quality”, since the highly cross-
linked PMMA grade had a nearly optical quality. Therefore, it seems interesting
to find out what other material parameter determines the outcome of the turning
process. Possibly the relation between fracture strength and surface roughness
value may yield a good correlation.

Most of the turning experiments were performed without any lubrication;
generally a water spray is used for this. The precise effects of such a coolant or
lubrication were not investigated. This can be done for process optimization in
the field of improving surface quality and/or tool life.

6.2.2 Diamond tool wear

No tool life experiments were performed on the crosslinked PMMA grades descri-
bed in Section 4.4.5. However, this is an interesting experiment, since the PMMA
grade with the highest crosslink density has high enough surface charges for elec-
tric breakdown to occur. Tool life experiments on differently crosslinked polymer
grades may change the dominant tool wear mechanism from tribo-chemical to
tribo-electric.

Electrostatic measurements with an electrostatic voltmeter (EVM) were per-
formed. This data was used for the calculation of the electrostatic charge present
at the cut surface. The EVM could not be used for measuring and determining
the electrostatic charge present on the chip, only its sign. For measuring the (net)
charge present on the chip, an adapted setup with a Faraday cup can be used.
The chip can be collected in the Faraday cup during cutting. In combination with
the EVM, it will give a measure of the generated charge at the chip-tool interface.

If tribo-chemical tool wear is the dominant wear mechanism for a certain
tool/workpiece combination, the use of a different tool material can be considered.
The best option then is a mono-crystalline tool. Interesting here can be mono-
crystalline aluminium oxide (Al2O3), called sapphire. It has a high negative Gibbs
energy of formation [153], meaning that it has little affinity to chemical reactions,
like oxidation. Whether it can achieve optical quality needs to be investigated.

The experiment with the (111)(111) diamond tool showed that the tool is very
stable against chemical wear during precision turning of PMMA, which normally
results in oxidative etching of the diamond tool. However, the cutting edge of a
(111) tool cannot be made as accurately as the generally used (110) oriented tool.
Looking at these results it seems very interesting to develop a manufacturing
technique for creating sharp and accurate cutting edges on (111)(111) oriented
diamond nose radius tools. Such a radius tool would not just have a (111) orien-
tation on the clearance plane, but a continuously changing orientation to weaker
orientation. The (110) orientation at the clearance face will then be located at
approximately 54◦. Although this may be a problem for small radii, large ra-
dius tools could benefit from such an orientation. Such tools could be used in
fly-cutting operations.
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Severe tribo-chemical tool wear occurred during diamond turning of polymers
susceptible to hydrolysis. However, the exact influence of the hydrolysis in the
wear process is not known yet, but it is worthwhile to investigate it for the
development of easy turnable and new optical polymers. A possibility is to
perform tool life tests on PU at high relative humidity, since the dominant tribo-
electric tool wear will disappear, giving chance for tribo-chemical wear to become
dominant. Combining this with tool life tests at different relative humidities will
give more quantification of the tribo-chemical diamond tool wear.

Turning experiments in a different turning environment, such as an N2 ga-
seous environment, can give additional insight in the reaction mechanism of the
chemical tool wear, since water will be absent then.

6.2.3 Optical materials

Looking at the observed tool wear after turning Sil-O-Flex, a contact lens material
that was described in Appendix F, it can be seen that the wear pattern has the
same spacing as the feed rate. Tool wear optimization could be obtained by using
a random feed rate during turning. This should be investigated, also with respect
to achievable optical quality.

The results of a changing rake angle for diamond turning of ADC indicated
that an increasing positive rake angle results in a decreasing surface roughness.
Based on extrapolation of the ADC results in Figure 3.18, it seems interesting to
investigate the achievable surface roughness for diamond turning with a rake
angle of 20◦.

Future optical polymers should have a high refractive index and Abbe number,
hydrophobic properties, and result in the tool being the cathode during turning
operations. Of course, hydrophobic properties cannot always be applied: the
working of contacts is highly determined by moisture absorption. In that case the
polymers should be developed such that the tool will act as the cathode.

Based on the tool life experiments and the description of current optical poly-
mers, polyamide (PA) seems a very promising optical material for the application
of the diamond turning process in the production of spectacle lenses.
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[16] J.P.M.B. Vermuelen, P.C.J.N. Rosiëlle, and P.H.J. Schellekens. An advanced
ceramic optical diamond turning machine - design and prototype develop-
ment. Annals of the CIRP, 49(1):407–410, 2000.

[17] T.G. Gijsbers. De colath, een numeriek bestuurde draaibank met zeer hoge
precisie. Philips Technisch Tijdschrift, 39(8):205–221, 1980. (in Dutch).

[18] S.P.F.C. Jaspers. Metal Cutting Mechanics and Material Behaviour. PhD thesis,
Technische Universiteit Eindhoven, Eindhoven, 1999.

[19] S.P.F.C. Jaspers and J.H. Dautzenberg. Material behaviour in metal cuttings:
strains, strain rates and temperatures in chip formation. Journal of Materials
Processing Technology, 121:123–135, 2002.
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Appendix A

List of used Nomenclature,
Acronyms and Symbols

A.1 Abbreviations

ADC allyl diglycol carbonate, like CR39, RAV7 or Nouriset
AFM atomic force microscope
BUE built-up edge
DIC differential interference contrast
EDX energy dispersive X-ray
ESEM environmental scanning electron microscope
EVM electrostatic volt meter
MRR material removal rate
PA polyamide
PC poly(bisphenol carbonate)
PDI Poly Dispersity Index (PDI =Mw/Mn)
PMMA polymethylmethacrylate
PS polystyrene
PSU polysulphon
PU polyurethane
RH relative humidity
RMS root mean square
SEM scanning electron microscope
TIS total integrated scatter
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A.2 Symbols

roman description unit

A amplitude m
A (surface) area m2

b width of cut m
B heat partition fraction −
Bi Biot number −

c specific heat capacity J · kg−1 · K−1

cl specific heat capacity for polymer below Tg J · kg−1 · K−1

cs specific heat capacity for polymer above Tg J · kg−1 · K−1

C capacitance F
C stiffness N ·m−2

C∞ characteristic ratio −

d depth m
d diameter m
d thickness m

E electric field strength V ·m−1

E Young’s modulus N ·m−2

f feed rate m · rev−1

f frequency s−1

F force N
Fc (main) cutting force N
Ff frictional force at rake face N
Fn normal force N
FR resultant force N
Fs shear plane force N
Fsn shear plane normal force N
Ft thrust force N

h heat transfer coefficient W ·m−2 · K−1

h depth of cut m
hc chip thickness m
hcu uncut chip thickness m
H hardness N ·m−2

H height (general) m



A.2 Symbols 163

K0 modified Bessel function of the second kind of
order zero −

l bond length m
li distance from origin to segmental line heat source m
L length (general) m
L length of cut m
L length of line heat source m
Lc contact length of chip on rake face m
Ls length of the shear plane m
Lthermal distance between adjacent thermal layers m

m mass kg
ṁ mass rate kg · s−1

M molar mass kg ·mol−1

M0 molecular weight of a monomer kg ·mol−1

Mc critical molecular weight (Mc ≈ 2Me) kg ·mol−1

Me molecular weight between entanglements kg ·mol−1

Mn number averaged molecular weight kg ·mol−1

Mw weight averaged molecular weight kg ·mol−1

n number −
n refractive index −
ne number of bonds between entanglements −
Nu Nusselt number −

p pressure N ·m−2

Ps shearing power W

q̇ heat flux (Q̇/A) W ·m−2

q̇l heat liberation intensity of a line heat source W ·m−1

q̇pl heat liberation intensity of a plane heat source W ·m−2

q̇pls heat liberation intensity of shear plane heat source W ·m−2

q̇point heat liberation intensity of a point heat source W
Q electric charge C
Q (quantity of) heat J
Q̇ heat rate (power) W

r radius (general) m
r end-to-end distance m
rc chip thickness ratio (=h/hc) −
rn cutting edge radius m
R distance between point M and segmental line dli m
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R electric resistivity Ωm
R tool nose radius m
Ra Ra roughness value m
Rco thermal contact resistance m2 · K ·W−1

Re Reynolds number −
Rq RMS roughness value m
Rt peak-vally roughness value m

t time s
t Celsius temperature ◦C
T temperature K
Tg glass transition temperature K
Tm melt temperature K

u speed of sound m · s−1

U energy J

v velocity m · s−1

vc cutting speed m · s−1

vchip chip velocity m · s−1

vs shear velocity m · s−1

V potential V
V volume m3

Vd Abbe number −

W width (general) m

X X-coordinate of point M in the moving
coordinate system m

Xi projection of R on X-axis m

y y-coordinate of point M in the moving
coordinate system m

yi projection of R on y-axis m

z z-coordinate of point M in the moving
coordinate system m

zi projection of R on z-axis m

greek description unit

α rake angle −
β friction angle (β = Ff/Fn) −
γ clearance angle −
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γ shear strain −
γ̇ shear strain rate s−1

δ spring-back m
ε emissivity −
ε̇ strain rate s−1

εr relative dielectric constant −
εtrue true strain −
η work to heat conversion ratio −
θ valence angle ◦
Θ (ΘM) temperature rise (at point M) K
Θchip mean temperature rise in chip K
Θsp temperature rise at shear plane K
κ thermal diffusivity m2 · s−1

λ thermal conductivity W ·m−1 · K−1

λ wavelength m
λe,λi mean free path of electron, ion m
λmax maximum extension ratio −
µ friction coefficient −
νe chain/entanglement density chains ·m−3

ρ density kg ·m−3

σ surface charge C ·m−2

σ stress N ·m−2

σy yield stress N ·m−2

σt ultimate tensile stress N ·m−2

σtrue true stress N ·m−2

τ shear stress N ·m−2

τ decay time s
τy shear yield stress N ·m−2

ϕ hindrance angle of polymeric segments ◦
ϕ shear angle ◦
Φ angle of oblique moving heat source ◦
ω rotational frequency s−1

A.3 Values of some fundamental constants

symbol description value

NA Avogadro’s number 6.0221367 · 1023 mol−1

R universal gas constant 8.3145 J ·mol−1 · K−1
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greek description value
ε0 absolute dielectric constant in vacuum 8.85 · 10−12 F ·m−1

σ Stefan-Boltzmann constant 5.67051 · 10−8 W ·m−2 · K−4



Appendix B

Cutting edge measurement

Although several references are known about cutting edge radius values of the
mono-crystalline diamond tool, e.g. [4, 20, 22, 154, 155], for this research a verifi-
cation measurement was performed too.

Several measurement techniques are known, such as direct examination by
optical or scanning electron microscopy, replication techniques that have to be
examined again by the previous methods, or scanning microscopy. A good refe-
rence for these methods is given by Drescher [4].

An atomic force microscope (AFM) was chosen for the measurements, be-
cause of its high resolution (sub-nanometer). For the measurements the tool was
positioned under the AFM, on a special tool holder, enabling the possibility of
adjusting the angle of the rake and clearance plane of the tool. This is important,
since the used AFM tip has a maximum tip angle of 25◦. This means that the tool
faces always have to be positioned at an angle smaller than 65◦. For most tools,
this isn’t a problem, unless a large positive clearance or rake angle is used.

Figure B.1 shows schematically the used setup. The angle ζ, which determines
the measurement angles for the rake and clearance face can be calculated by

ζ =
90◦ + γ − α

2
(B.1)

with α the rake angle of the tool and γ the clearance angle. Using this angle the
rake and clearance face can always be measured.
The used measurement strategy is:

1. Measure a calibration grid, for determining the AFM tip radius.

2. Position the AFM tip near the cutting edge and perform a scan.

3. Process the measurement data, i.e. AFM tip deconvolution.

Processing the measurement data involves two aspects: 1) determination of the
radius of the AFM tip, which is necessary for deconvolution of the tip geometry
from the cutting edge measurement, and 2) determination of cutting edge radius.
Figure B.2 shows a measurement of a newly lapped diamond cutting tool.
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AFM tip
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tool holder

r
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scan motion

diamond tool

Figure B.1: Schematic representation of measurement setup.

Figure B.2: Measured cutting edge of a newly lapped tool. The estimated cutting
edge radius is 36 nm with an estimated standard deviation of 12 nm.
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Figure B.3: Figure (a) shows the gradients of the cross-section shown in (b). In (b)
the corresponding radius fit applied is shown as well.

The radius is determined on every scan line across the cutting edge. To do this,
the cutting edge is leveled in respect to the base plane and rotated for alignment
along the y-axis. Doing this, every scan line can be used for evaluation of the
cutting edge radius. This gives, depending on the measurement resolution, a
huge amount of values for the cutting edge radius.

The radius estimation is started by evaluating the derivatives between conse-
cutive measurement points of each measurement line across the edge. Since the
angles ζ, α and γ are known, the corresponding derivatives are known and can be
used as boundaries for the estimation of the radius fit. This can be seen in Figure
B.3, where the points between the dashed lines are deviations from the gradients
of the two diamond faces, and should therefore belong to the cutting edge radius.
Only these points are used for the least square radius fit.

For the sharp tool, a mean radius fit was obtained of 36 nm with a standard
deviation of 12 nm. This is the radius after deconvolution of the AFM tip, which
was determined to be 27 nm. The value of 36 nm is in good accordance with
values reported in literature [4, 20, 22].

Worn diamond tool Figure B.4 shows the cutting edge of a worn diamond tool.
The tool was used for turning PC with a length of cut of 100 km. Although the
measurements do not totally overlap, it may be obvious that a significant tool
wear occurred. The AFM measurement is in agreement with the observed tool
wear in Figure 4.14.
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Appendix C

Material Properties

In this appendix several material properties are listed that are used in this thesis.
Table C.1 gives some material properties of the polymers that were mainly used
for the thermal modelling. Table C.2 gives some data known for diamond.

Table C.1: Some material properties of several polymers.

PC PMMA PS PSU
Property

density in 103 kg/m3 1.20 1.18 1.05 1.24
speed of sound in m/s 2350 2370 2600 2350

Mechanical properties
E-modulus in MPa 2100 3300 3300 2450
yield stress in MPa 70 115 100 75

Thermal properties
glass transition temperature in ◦C 150 110 95 190
thermal conductivity in W/(m · K) 0.193 0.193 0.142 0.22
specific heat capacity in 103 J/(kg · K) 1.20 1.38 1.21 1.0
thermal diffusivity in 10−8 m2/s 13.5 11.8 11.1 17.7
Lthermal in 10−11 m 5.8 5.0 4.3 5.0

Electrical properties
dielectric constant 2.6-3.0 2.6-3.7 2.6 3.1
breakdown strength in 106 V/m n.a. n.a. n.a. 39
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Table C.2: Some material properties of diamond.

Property
density in kg/m3 3500

Thermal properties
thermal conductivity in W/(m · K) 500-2000
heat capacity in J/(kg · K) 504
thermal diffusivity in 10−4 m2/s 4-11

Electrical properties
dielectric constant 5.5
breakdown strength in 106 V/m 100-2000



Appendix D

Calibration of diamond tool with
embedded thermocouple

The developed tool with embedded thermocouple has a certain distance bet-
ween point of measurement and point of applied temperature (i.e. the cutting
edge). Therefore a calibration procedure is needed to determine the error bet-
ween applied temperature at the cutting edge and measured temperature at the
thermocouple.

D.1 Calibration

The embedded thermocouple tool is used to measure the temperature at the tool
tip. To get the relation between the measured thermocouple temperature and
the actual cutting edge temperature a calibration procedure is applied. The main
thought of the calibration procedure consists of the existence of a constant heat
flow during the turning process of polymers from the primary shear zone to the
diamond tool via the cutting edge. For most thermoplastic polymers a continuous
chip is formed during the turning process. This means that a continuous and
constant heat source can be assumed in the primary shear zone. A calibration
procedure should account for this. It is assumed that the process of pressing
the embedded thermocouple tool to an aluminium heated cylinder is comparable
with the turning process of polymers. The reason for this is that aluminium has
a relatively high thermal diffusivity compared to polymers. Because of this high
thermal diffusivity a constant and continuous heat flow from the interior of the
heated cylinder to the tool is achieved, just like the turning process.

However, when the tool is pressed against the aluminium cylinder, a different
(thermal) contact resistance occurs than that during polymer turning. For solid
interfaces the thermal contact resistance is given as [86]:

Rco =

⎡⎢⎢⎢⎢⎢⎣1, 45 · λs

( p
H

)0,985
∣∣∣tan δ

∣∣∣
σs

⎤⎥⎥⎥⎥⎥⎦
−1

(D.1)
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with

λs =
2 · λ1 · λ2

λ1 + λ2
(D.2)

the harmonic mean thermal conductivity and

σs =
√
σ2

1 + σ
2
2 (D.3)

the RMS roughness and
∣∣∣tan δ

∣∣∣ the average asperity angle. If the conditions are
not known, it can be assumed that σs/

∣∣∣tan δ
∣∣∣ = 5 − 9 µm [86].

Table D.1 gives the thermal contact resistances of diamond and workpiece
material for diamond turning of aluminium and of PMMA. The values for the
aluminium cutting were derived from Ueda [84], and the values for the PMMA
cutting were derived from Chapter 2. For the hardness it is assumed that H = 3σ.
It can be seen in the table that the thermal contact resistance for the diamond-
aluminium pair is three orders smaller than that for the diamond-PMMA pair.

Table D.1: Calculated thermal contact resistances.

Aluminium PMMA
λ1/(W ·m−1 · K−1) 237 0.2
λ2/(W ·m−1 · K−1) 500a 500a

λs/(W ·m−1 · K−1) 322 0.4
p/GPab 1.2 0.492
H/GPa 1.0 0.345
Rco/(m2 · K ·W−1) 8.9 · 10−9 6.1 · 10−6

aSynthetic diamond has a thermal conductivity of
approximately 500 W/(m · K).

bContact pressure is assumed to be given by p = Fc/(b·h).

Thinking in electrical circuitry the following analogy can be found:

Θ = q̇ · Rco (D.4)

This means that when a certain temperature is applied at the cutting edge the heat
flow q̇ is larger for the diamond-aluminium pair than for the diamond-PMMA
pair. This implies that a diamond tool that touches an aluminium cylinder during
the calibration will have a larger heat flow into the tool, heating up more than
during the actual polymer turning process. This will result in a smaller error
between applied temperature at the cutting edge and the measured temperature
of the embedded thermocouple. Therefore, it seems to be best to press the tool
against an aluminium cylinder for a constant heat flow, but with a thin polymer
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Figure D.1: Response of thermocouples during calibration procedure.

layer between diamond tool and aluminium cylinder to ensure the same thermal
contact resistance.

The used self-adhesive J-type thermocouple has a thin shielding made from
an insulating material like the cut polymers. This means that approximately the
same contact resistance is achieved during calibration as during the actual turning
process of a polymer.

The calibration procedure is executed as follows: an aluminium cylinder is
heated in an oven to a temperature of 250 ◦C and kept here for a day to achieve
a good homogeneous temperature profile in the cylinder. On the surface of the
cylinder a self-adhesive J-type thermocouple is fixed. This thermocouple has a
small time constant of less than 0.3 s, which is good for temperature measurements
of continuous cutting operations over longer times in combination with a quick
response at the beginning of the cutting operation.

When the cylinder is removed from the oven it starts cooling immediately. The
embedded thermocouple tool is pressed against the thermocouple that is attached
to the cylinder. Figure D.1 shows the response of both the fixed thermocouple
at the cylinder and the embedded thermocouple in the tool for a temperature of
approximately 150◦C of the aluminium cylinder.

It can be seen in this figure that the temperature at the surface of the cylinder
decreases rapidly when the diamond tool is touched. The reason for this is that
diamond has a very good thermal diffusivity becoming a heat sink as soon as it
touches the cylinder. Using this touching procedure the error estimates between
measured temperature and applied temperature at the cutting edge were found.
This is depicted in Figure D.2.
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Figure D.2: Calibration curve for the embedded thermocouple tool.

D.2 Error sources

It may be questioned how accurate the above described calibration method is.
Therefore this section will describe and estimate some errors that may not be
taken into account during calibration, e.g forced convection of a vacuum cleaner
that is used for the chip removal.

D.2.1 Conduction to tool shank

Diamond has a high thermal conductivity of approximately 1000 W/(m · K) [69],
although it is approximately 500 W/(m · K) for synthetic diamond [156] that was
used for the embedded thermocouple tool. It has to be noted here that the
thermal conductivity of the diamond is very temperature dependent, but from
literature [44] it is known that the temperature during precision turning of poly-
mers approximates Tg, which is generally not more than 150 ◦C, and therefore the
temperature dependence is small. Since diamond a high heat conduction value
it is expected that the heat conduction to the tool shank contributes a lot to the
heat loss of the diamond tool during cutting. An estimation is made here and
Figure D.3 shows the schematic setup for this calculation. The arrows indicate
the direction of heat transfer, while the gray plane indicates the plane of interest.

Before calculating the heat conduction through the diamond it is necessary
to know if a uniform temperature distribution occurs in the diamond. This can
be estimated using the Biot number (Bi), which is the ratio of surface convective
resistance and internal conductive resistance, or:

Bi =
h · L
λ

(D.5)
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L

W

H

Figure D.3: Heat conduction to tool shank. Dimensions of the tool are L×W ×H =
4 × 1 × 1 mm3.

where h is the heat transfer coefficient, L the characteristic length and λ the
thermal conductivity. For forced convection a maximum heat transfer coefficient
of h = 250 W/(m2 ·K) will be assumed and for the characteristic length the height
H of the diamond tool. This leads to

Bi =
250 · 1 · 10−3

500
= 5 · 10−4 << 1 (D.6)

which leads to the conclusion that a uniform heat profile can be assumed in the
diamond.

For conduction the Fourier law of heat conduction is used, which is given as

Q̇ =
λ · A ·Θ

L
(D.7)

with Q̇ heat flow, λ thermal conductivity, A the contact surface, defined as L×W,
L the characteristic length, which is here assumed to be equal to the height H of
the tool and Θ the temperature rise, which is assumed to be 130 K. For the heat
conducted through the diamond the following can be calculated.

Q̇ =
500 · 4 · 10−6 · 130

1 · 10−3 = 260 W (D.8)

This indicates that a lot of heat is transported by heat conduction from the rake
face of the diamond tool to the tool shank.
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air flow

Figure D.4: Forced convection along diamond tool. Dimensions of the tool are
L ×W ×H = 4 × 1 × 1 mm3.

D.2.2 Forced convection

One of the first errors that may significantly attribute to differences between actual
temperature and the measured temperature after correction, is the influence of the
vacuum cleaner used for removal of the chip. If the chip is not removed during
turning, it will damage the fragile threads of the thermocouple. The vacuum
cleaner causes a forced convection, which means that the air movement causes
an additional cooling that is not measured in the above described calibration
procedure.

Difference has to be made between natural convection and forced convection.
In forced convection the Reynolds number becomes important, i.e. laminar or
turbulent flow. This is important since heat transfer functions change when a
flow changes from laminar to turbulent and vice versa [157]. Figure D.4 shows
the model used for estimation of heat loss due to forced convection.

From [157] it follows for the overall Reynolds number

Re =
v · L
ν

(D.9)

with v the speed of the air flow, which is estimated as being at least 15 m/s, L a
characteristic length, which is here the tool height H and ν the kinematic viscosity
(in air at 293 K : ν = 1.5 · 10−5 m2/s). Using these values a Reynolds number of
Re = 103 can be calculated for the system. This indicates that a laminar flow can
be assumed for the following calculations.

For a laminar flow on a uniform plane heat source the overall Nusselt number
gives the ratio of actual heat transferred by a moving fluid to the heat transfer
that would occur by conduction, or
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Nu =
q̇(convection)
q̇(conduction)

(D.10)

It can then be calculated with [157]

Nu = 0.664 · Pr1/3 · Re1/2 (D.11)

For a Prandtl number of 0.72 of air at room temperature [157] this leads to Nu =
19. A Nusselt number of order unity would indicate a sluggish motion little
more effective than pure fluid conduction. A large Nusselt number means very
efficient convection. From the calculated value the heat transfer coefficient can be
calculated with

h =
Nu · λ

L
(D.12)

leading with λ = 0.024 W/(m · K) for air to h = 456 W/(m2 · K). Notice that this
value is relatively high, since the convective heat transfer coefficient for forced
convection is generally defined as 50 < h < 250. The average heat flow Q̇ can then
be calculated as

Q̇ = h · A · (T − T∞) (D.13)

with A = 2 · H · L (there are two side faces of the tool), T the temperature of
the tool, which is here assumed to be 150 ◦C, maximum heat transfer coefficient
h = 250 W/(m2 · K) and T∞ the room temperature of the air. This leads to

Q̇ f orced convection = 0.26 W (D.14)

D.2.3 Radiation

Radiation energy can be calculated with the aid of the Stefan-Boltzmann law,
which states the relation between radiation energy and temperature of a black
body as

q̇ = σ · T4 (D.15)

with σ the Stephan-Boltzmann constant. For a ”gray body” with surface A and
emissivity ε the heat rate can be calculated with

Q̇ = A · ε · σ · T4 (D.16)

Figure D.5 shows the faces where radiation energy will be lost when the diamond
tool becomes heated. It is assumed that the bottom surface of the diamond tool
loses heat by conduction to the tool shank only. Therefore only five faces will be
losing heat by radiation.
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Figure D.5: Radiation losses at faces of diamond tool. Dimensions of the tool are
L ×W ×H = 4 × 1 × 1 mm3.

The heat loss by radiation of a diamond tool at temperature 150 ◦C and with
(worst case) emissivity ε = 1 can now be estimated as

Q̇radiation = 14 · 10−6 · 1 · σ · (423 − 293)4 = 227 · 10−6 W (D.17)

From this it becomes clear that the heat loss by radiation is very small.

D.2.4 Total heat loss

Summarizing the sections about heat losses for a uniform temperature rise at the
rake face of 130 K, the following table can be made.

Table D.2: Summary of heat losses

Heat loss method heat flow in W
Conduction 2.6 · 102

Forced convection 2.6 · 10−1

Radiation 2.3 · 10−4

It follows from this table that heat conduction through the tool is the most
important heat transfer, and that heat losses due to forced convection and radiation
are negligible. This means that the thermocouple in the tool can measure most of
the heat that is produced at the cutting edge.
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D.2.5 Heat transport by chip movement

Sections D.2.1 to D.2.3 calculated the possible amount of heat losses of the dia-
mond tool for an assumed temperature rise of 130 K at the rake face. From these
estimations it followed that the heat conducted through the diamond is the biggest
loss in the system. A heat loss of 260 W was calculated for that given temperature
rise.

However, is this heat actually entering the diamond tool through the thermal
contact resistance Rco? Using Equation D.4 and the calculated thermal contact
resistance for diamond on PMMA a heat flux q̇co = Θ/Rco = 2.1 · 107 W/m2 can be
calculated for Θ = 130 K. This indicates that less heat is entering the diamond
tool at the rake face than that can be conducted by the diamond tool for this
temperature rise, see Section D.2.1.

The heat flux of the chip was given by Equation 2.16 as

q̇ = ρ · c · vchip ·Θchip (D.18)

Using the data of PMMA given in Appendices C and E for a cutting speed of
3 m/s results in a heat flux of the chip q̇ = 1.9 · 108 W/m2.

Comparing these to heat fluxes indicates that only 11% of the total heat present
in the volume of the chip is entering the diamond tool for the assumed temperature
rise and cutting speed.
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Appendix E

Cutting force data

This appendix presents the cutting force data used in this thesis. Before the
measurement data is presented, an overview of the used cutting force equations
is given.

The shear angle is defined as (Equation 2.10):

tanϕ =
h cosα

hc − h sinα
(E.1)

which can be rewritten as tanϕ = h/hc = rc for zero rake angle.
The relation between cutting forces was given in Figure 1.6. The resultant

force vector FR can be resolved according to:

�FR = �Fc + �Ft = �Fs + �Fsn = �Ff + �Fn (E.2)

Using Figure 1.6, the following geometrical relations can be derived:

Fs = Fc cosϕ − Ft sinϕ (E.3)
Fsn = Fc sinϕ + Ft cosϕ (E.4)
Ff = Fc sinα + Ft cosα (E.5)
Fn = Fc cosα − Ft sinα (E.6)

The shear velocity is given by:

vs = vc · cosα
cos

(
ϕ − α) (E.7)

The following table gives the cutting force data used as input for the thermal
models of Chapters 2 and 3.
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Appendix F

Tool wear during turning of
Sil-O-Flex

This appendix describes the results of tool life experiments on Sil-O-Flex, a contact
lens material. This material is known to result in a lot of diamond tool wear.

Sil-O-Flex is known as a contact lens material and composed of Si and MMA.
The silicon is added for a higher oxygen permeability. Compare Sil-O-Flex with
an oxygen permeability of 17 versus PMMA with a value of only 0.2. The addition
of fluorine (F) to the base material may increase the oxygen permeability even
more to values above 50.

A reference was found [105], indicating that these silicon particles are present
in the form of hard abrasive particles, most probably as SiO2 or SiC, capable of
causing abrasive diamond tool wear by a continuous impact on the tool.

For the tool wear research, it was interesting to find out how such an abrasive
tool wear looked like. Therefore a turning experiment was performed on a Sil-
O-Flex workpiece material. Prior to cutting, an EDX-analysis was performed for
determining what elements were present in the workpiece material.

Figure F.1 shows the results of the EDX analysis. Figure (a) shows the analyzed
area with dimensions 30.2× 23.6 µm2. Figure (b) shows the distribution of carbon
C (K shell) atoms, figure (c) that of oxygen O (K shell) and figure (d) that of Si
(K shell). It can be seen that these elements are distributed randomly, which also
proves that the material is amorphous and not crystalline. From the EDX analysis
it becomes clear that Si is present, but not whether is it bonded as e.g. SiC or SiO2.

Table F.1 summarizes the results of the EDX analysis. The table shows some
weight percentage of the element aluminium too. Whether this element was
present in the Sil-O-Flex, or that it occurred from the underlying sample holder
is not known. It can be seen that the weight percentages of carbon and oxygen
atoms are high, which is normal for polymers, but that they are lowered by the
high amount of silicon added to the material.
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(a) (b)

(c) (d)

5 µm

Figure F.1: EDX measurements of Sil-O-Flex. Figure (a) shows the measurements
spot, (b) carbon atoms, (c) oxygen atoms and (d) silicon atoms.

Table F.1: Weight percentages of elements in Sil-O-Flex.

C (K) O (K) Si (K) Al (K)
wt % 48.49 25.73 24.91 0.87

F.1 Experiment and results

For the tool life test, a Sumitomo synthetic diamond tool, with nose radius 0.6 mm
was used. The workpiece diameter was 12.7 mm. As cutting conditions a constant
rotational speed of 1500 rpm was used, in combination with a feed rate of 1 µm/rev
and a depth of cut of 20 µm. A length of cut of 15 km was taken in face turning
operation without coolant.

Figure F.2 shows the results of the tool life test. It can be seen that a battle-
mented cutting edge occurs. Figure F.2(b) shows that the distance between the
battlements is approximately 2 µm and that a peak appears in between the two.
The distances between the mids of the peaks and the battlements was measured
to be 1 µm equal to the used feed rate.
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(a) (b)

clearance clearance

rake rake

10 µm 2 µm

Figure F.2: Observed tool wear of diamond tool after 15 km turning of Sil-O-Flex.
A battlemented cutting edge occurs.

To investigate whether the occurrence of the pattern showed a correlation
with the used feed rate, another tool life test was performed with a feed rate
of 2.5 µm/rev. Indeed, the created pattern with the battlements and peaks in
between, shifted to distance of 2.5 µm. This indicates that the wearing process is
dependent on the feed rate, possibly influenced by the rills left by the tool imprint
during overlapping cuts.
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Appendix G

Electrostatic measurements

G.1 Electrostatics

G.1.1 Static electrification

When two materials are brought into contact, a charge transfer will occur, whether
these materials are conductors or insulators. In daily life, only the effects of
insulators will be experienced, since charge decay is slow and the materials hold
their charges for long periods of time. Whether the materials charge positive or
negative depends on the contacting materials, i.e. the contact pair.

A rubbing contact is not necessary for electro-static charging, but rubbing
increases the contact area, resulting in more charge generation. Electrostatic
charging of differently contacting materials was well described by Coehn [158].
Whether a material charges positive or negative, can be seen in the tribo-electric
series. Table G.1 gives some values that are relevant for this thesis. However, be-
sides contacting materials, also the area of the the rubbing surface is of importance
[118]

Table G.1: Relative permittivities of several materials. If ε1 < ε2, then material 1
with ε1 will charge negative against material 2.

+
Material Permittivity
Diamond 5,5
Poly(methyl methacrylate) 2,6 - 3,7a

Polycarbonate 2,6 - 3,0a

Polysulfone 3.1b

-

aFrom Ref. [83].
bProduct information Ultrason S2010 (BASF).
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Figure G.1: Schematic representation of an electric field around an insulator. Sur-
face charges usually vary from point to point on the surface.

G.1.2 Electrostatics of charged insulators

The electrostatic charge of an (insulated) conductor can be described by:

Q = C · V (G.1)

with Q the charge of the system, C the capacitance of the system and V the electric
potential. From this equation it becomes clear that as long as the capacitance of
the system is unknown, the charge cannot be measured by the electric potential.
The capacitance is determined by the conductor’s size and shape, and its relative
placement to other conductors and ground.

Figure G.1 shows a charged insulator. The electric field conditions can differ
from point to point on an insulator. The reason for this is that charge cannot move
over the surface of the insulator, because of long decay times. This results in a
non-uniform charge distribution on insulators. In fact, as depicted in Figure G.1,
the polarity of the charge can even be different from point to point. For the shown
insulator the surface potential at a given point can be calculated by:

VPi =

G∫
Pi

E da (G.2)

with E the field strength between point Pi and ground G and a the path of the
electric field between these points. From this figure it becomes cleat that the
insulator can have a changing voltage in its interior. The above should make it
clear that an insulator cannot be described by a single voltage.

The electric field is defined as the change of potential per distance:
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E =
V
d

(G.3)

For a plane capacitor with surface A and thickness d the capacitance of the system
is defined as:

C =
ε · A

d
(G.4)

Combining equations G.1 and G.4 the following relation can be derived for the
electric potential:

V =
Q · d
ε · A (G.5)

If it is assumed that a uniformly charged insulator exists, equation G.5 can be
rewritten as:

V =
σ · d
ε

(G.6)

or

σ = ε
V
d

(G.7)

with σ the charge density, defined as σ = Q/A. Reliable quantitative measure-
ments of insulators can only be performed on uniformly charged free insulative
sheets, Figure G.2(a), and on uniformly charged sheets backed by a grounded
conductor, Figure G.2(b).

G.2 Measurement of electrostatic charging

G.2.1 Non-contacting voltmeter

Figure G.2 shows the use of a non-contacting voltmeter that can be used for
field strength measurements. Figure (a) shows the voltmeter when measuring a
uniformly charged free sheet that is fully insulated from the environment.
In this case equating Equations G.3 and G.6 leads to

V = E · d = σ
ε
· d (G.8)

meaning that the measured voltage is linear with the distance between sheet
and voltmeter at constant surface charge. Therefore voltage cannot be used as a
measure for the surface charge, unless the distance between sheet and voltmeter
is accurately known.

The situation shown in Figure G.2(b) is more applicable. It shows a uniformly
charged insulator disk between a grounded backing electrode and a free groun-
ded electrode, which in this case is a (shielded) non-contacting voltmeter. The
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shielding
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Figure G.2: Schematic of non-contacting voltmeter; (a) in use at a uniformly char-
ged free insulative sheet, (b) a more realistic setup for measurements,
and (c) the electric diagram showing the parallel system of this setup.

reason for its better applicability is that a uniform electric field is generated by
the grounded backing electrode. If the backing electrode was not used the field
lines might not be parallel to each other, which results in a (measured) fluctua-
ting electric field. This setup is also used in this research, where an aluminium
workpiece holder is used for the polymer workpiece. During the measurements
the workpiece holder works as the backing electrode.

The system in Figure G.2(b) can be modeled as two parallel capacitances1 [159].
This is schematically given in Figure G.2(c), where the dashed lines indicate how
a battery should be placed to obtain an electrical system that clearly shows the

1The subscripts ’a’ respectively ’p’ are used for denoting air respectively polymer.
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parallel setup. For this system the substituting capacitance is given as:

C = Cp + Ca (G.9)

C =
ε0 · εp · A

dp
+
ε0 · εa · A

da
(G.10)

C =
ε0 · εpda + ε0 · εadp

dp · da
· A (G.11)

By using equation G.1 the surface charge can be derived as:

Q = C · V (G.12)

Q = ε0 · A · V ·
εpda + εadp

dp · da
(G.13)

σ = ε0 · V ·
εpda + εadp

dp · da
(G.14)

Using Equation G.8 the electric field strength E between insulator and grounded
electrode is then described as:

E =
V
da
=
σ
ε0εa

(G.15)

G.2.2 Vibrating electrostatic voltmeter

From Equation G.15 it becomes obvious that the measured surface potential is
dependent on the accuracy of the determination of the distance da in figure G.2(b).
To overcome this problem, Lord Kelvin proposed in 1898 an electrostatic voltmeter
based on an oscillating probe and this was made by Zisman in 1932 [160]. The
working of this probe is depicted in Figure G.3.

The decrease in potential over the air gap da is

V =
∣∣∣Vp − Vs

∣∣∣ = Q
C

(G.16)

where Vp is the voltage of the probe and Vs the voltage of the surface to be
measured. The capacitance of the system with non-oscillating probe is described
by Equation G.4. When the probe oscillates over a distance

d(t) = da + a · sin (ωt) (G.17)

with a and ω the amplitude respectively the circular frequency (ω = 2π f ) of
the vibration and t time, than the capacitance of the system changes with the
oscillation as [161]:
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Figure G.3: Principle of the vibrating electrostatic voltmeter.

C =
ε · A

(da + a · sin (ωt))
(G.18)

When the probe oscillates, an electric current flows to or from the surface to
the probe. This current I = dQ/dt can now be described using equations G.16 and
G.18 as:

I =
dQ
dt
= −V · ε · A · aω · cosωt

(da + a · sinωt)2 (G.19)

For achieving electrostatic voltage measurements the voltmeter will nullify the
current by nullifying the potential difference V by adapting the probe voltage Vp

to the surface voltage Vs. Recording this voltage Vp will then be a direct measure
for the surface potential.

For the electrostatic voltage measurement experiments a Monroe Electronics
Electrostatic Voltmeter (type 244A) in combination with a high resolution end-
viewing Kelvin probe (type 1017AEH) was used. It was chosen for its distance
independency [161] as described before.

G.3 Measurement results of electrostatic charging

G.3.1 Electrostatic charges after turning with 1 m/s

Figure G.4 shows the measured surface charges versus workpiece radius after
cutting with a diamond tool with tool nose radius 1 mm and rake and clearance
face orientation (110) respectively (100). A constant cutting speed vc = 1 m/s ,
feed rate f = 2.5 mm/min and depth of cut h = 20 µm were used.
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Figure G.4: Measured surface charges during turning of (a) PC, respectively (b)
PMMA, with vc = 1 m/s, f = 2.5 mm/min and h = 20 µm.

G.3.2 Signs of charges on chip and tool

Figure G.5 shows the measured potential of the chip that was produced during
turning of PC with cutting conditions vc = 1 m/s, f = 2.5 mm/min and h = 20 µm.
In order to measure the chip potential the chip was sucked into the vacuum cleaner.
Since a stable, continuous chip is formed during turning of PC it was possible
to retract the vacuum cleaner from the cutting zone during cutting. This way it
became possible to measure the surface potential of the chip with the EVM. It can
be seen that the chip charges negatively for PC. For PMMA, such a test was not
possible, since a semi-continuous, fragile chip was produced in the given cutting
conditions.

For measuring the sign of the produced charges on the diamond tool the
EVM probe was moved over the tool. Figure G.6 shows the results of these
measurements for PC and PMMA. The diamond tool is given on true scale with
respect to the diagram. Notice that only the sign of the charge can be determined
and the relative amount of charging of the tool after turning PC respectively
PMMA. It can be seen that PC results in more charging of the diamond tool and
that the diamond’s electric field extends far outside the true diamond tool region.
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Figure G.5: Measured chip potential during turning of PC at vc = 1 m/s, f =
2.5 mm/min and h = 20 µm.
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Figure G.6: Measured potentials after turning PC and PMMA with vc = 1 m/s,
f = 2.5 mm/min and h = 20 µm. The tool is given on scale with the
figure.



Appendix H

Discharge chemistry

This appendix describes in short what chemically reactive species can occur du-
ring discharging. It was described in Chapter 4 that luminescence occurred during
diamond turning of polycarbonate (PC) and polysulphon (PSU). No luminescence
was observed during diamond turning of polymethylmethacrylate (PMMA). The
origin of several chemical species is found in the measured spectrum of the lumi-
nescence during diamond turning of PC, see Section 4.3.2.

From [113] it is known that excited molecules can dissociate. This would lead
to reactive radicals by the following physical-chemical equations.

Excitation of nitrogen (N2) by electron collision [113]:

e +N2
+ eV→ N∗2 + e (H.1)

with N∗2 the excited nitrogen and e an electron. In [113] it is shown that excited
particles, which are here the excited nitrogen molecules, can be significant in
processes of radical formation. The following reactions are given:

N∗2 +H2O→ N2 +HO • +H• (H.2)

where • denotes a radical. This may result in hydroperoxide according to the
reaction:

H • +O2 → HOO• (H.3)

The hydroperoxide is a very reactive species and can be formed quickly.
The excited nitrogen can also be involved in another reaction path to create

OH radicals:

N∗2 +O2 → N2 +O(1∆) +O (H.4)

The O(1∆) product, which is excited atomic oxygen, is then involved in the pro-
duction of HO• by hydrogen abstraction from H2O according to:

O(1∆) +H2O→ 2HO• (H.5)
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However, other reactions may deplete the O(1∆) product as well. These reactions
involve O2, N2 and H2O, but they produce less reactive products. The possibility
of these reactions to occur is bigger, because of higher concentrations of these
products, but the rate of hydrogen abstraction from water, necessary in Equation
H.5, is high, only little water is necessary for creating a lot of OH radicals [113].
The O(1∆) may also be involved in the production of ozone through [125]:

O(1∆) +O2 → O3 (H.6)

which may more readily occur than Equation H.5, because of the bigger cross-
section of O2.

The positive N+2 ion that was observed in the measured spectrum of the lumi-
nescence during turning of PC (see Section 4.3.2) is produced by direct ionization
of nitrogen. With an ionization potential of 15.7 eV [123] it is possibly produced
in the reaction:

N2 + e
+ eV→ N+2 + 2e (H.7)

Next the N+2 can be involved in the creation of OH radicals through the following
reaction [113]:

N+2 +H2O → H2O+ +N2 (H.8)
H2O+ +H2O → H3O+ +HO• (H.9)

The efficiency of these reactions is concerned with the low ionization potential of
water and the high bond energy of the hydroxonium ion (H3O+) [113].

Negative oxygen ions can be produced by attachment of electrons in the colli-
sion with oxygen molecules via

2O2 + e
+ eV→ O−2 +O2 (H.10)

and

O2 + e
+ eV→ O− +O (H.11)

Another oxygen ion that can be formed in discharging by direct ionization
during turning of PC is:

O2 + e
+ eV→ O+2 + 2e (H.12)

with an appearance potential of 12.1 eV [123]. Probably due to its weak emission
intensity [125], this has not been detected in the measured spectrum. Badaloni
[123] mentions that the O+2 ion is relatively stable. Unless it will encounter an O−
to produce ozone according to:
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O+2 +O− → O3 (H.13)

Ozone may create, just like OH radicals, a strong oxidizing environment [113].
Another way of ozone generation was already given in Equation H.6, but it can
also be formed by [113]:

O2 +O +M→ O3 +M (H.14)

where M is a third particle. The reaction rates may be high if the temperatures in
the discharge are sufficiently high.

The above equations show that a lot of reactive chemical products can be formed
in the environment during discharging; even more are mentioned in [113]. It is
known that peroxides and ozone can work as oxidizing species, which means that
diamond tools cannot only be damaged by Lichtenberg figures as described in
Chapter 4, but also by an oxidizing environment created by the discharging.
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Tolé Hoep van Océ Technologies wil ik bedanken voor het gebruik van de
elektrostatische voltmeter en zijn uitgebreide interesse. Contour Fine Tooling wil
ik bedanken voor het snelle relappen en voor het meedenken. Martin Bouman
van Flir Systems wil ik bedanken voor het gebruik van de IR camera.

Senter-Novem wil ik bedanken voor de verleende subsidie in het kader van
het IOP Precisie Technologie. De bijeenkomsten waren gezellig en nuttig. Alle
begeleidingscommissieleden wil ik bedanken voor hun interesse en bijdragen in
het onderzoek.

Mijn ouders en schoonouders wil ik hartelijk danken voor hun interesse in
mijn onderzoek. Tevens wil ik mijn schoonouders bedanken voor de tijd die ik
achter hun computer door heb mogen brengen om mijn dissertatie verder af te
kunnen ronden in de laatste maanden.

Mijn belangrijkste steun, toeverlaat, motivatie- en inspiratiebron in de afge-
lopen jaren was Astrid. Vooral jouw geduld bij iedere keer ”het is bijna af” was
geweldig. Zonder jou had ik deze laatste regel nooit gehaald!


	Samenvatting
	Abstract
	Contents
	Chapter 1 - Introduction
	1.1 Polymers for optical applications
	1.2 The turning process
	1.3 Material behaviour of polymers
	1.4 Short literature review on polymer turning
	1.5 Research goals
	1.6 Outline

	Chapter 2 - Properties of polymer turning
	2.1 Differences between metal and polymer turning
	2.2 Cutting forces in polymer turning
	2.3 Thermal model of the polymer turning process
	2.4 Experimental verification
	2.5 Conclusions

	Chapter 3 - Influence of cutting conditions and material properties
	3.1 Introduction
	3.2 Turning parameters
	3.2.1 Plunge turning
	3.2.2 Face turning with a radius tool

	3.3 Influence of thermo-mechanical history
	3.4 Influence network density
	3.5 Conclusions

	Chapter 4 - Tribo-electric diamond tool wear
	4.1 Introduction
	4.2 Charging in polymer cutting
	4.3 Luminescence observations
	4.4 Conditions influencing charging in polymer turning
	4.5 Tool life experiments
	4.6 Tool life improvements
	4.7 Conclusions

	Chapter 5 - Tribo-chemical diamond tool wear
	5.1 Introduction
	5.2 Material selection
	5.3 Experiments
	5.4 Influence of water on diamond tool wear
	5.5 Proposed tribo-chemical reaction mechanism
	5.6 Conclusions

	Chapter 6 - Conclusions and recommendations
	6.1 Conclusions
	6.2 Recommendations

	Bibliography
	Appendices
	Appendix A - List of used Nomenclature, Acronyms and Symbols
	Appendix B - Cutting edge measurement
	Appendix C - Material Properties
	Appendix D - Calibration of diamond tool with embedded thermocouple
	Appendix E - Cutting force data
	Appendix F - Tool wear during during of Sil-O-Flex
	Appendix G - Electrostatic measurements
	Appendix H - Discharge chemistry

	Curriculum vitae
	Dankbetuiging


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
    /NLD <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


