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Abstract

Increased demands for precision components made 6f brittle materials such as
glasses and adVanccd ceramics, are such that conventional (free abrasive') grinding
and polishing techniques can no longer meet the requirements of todéy’s precision
manufacturing engineering. Both fast production rates and high quality surfaces of
complex shapes are required in addition to the spherical or planar surfaces produced
which afe most readily produced by converitional free abrasive techniques.

'The work investigates the feasibility of using ductile-mode single-point diamond
tilrning both as an alterhaﬁve machining technique in its own right and as a model
for certain parame'ters involved in (rigid-wheel) grinding. Indentation and
ruling/scribing were used to study the underlying material properties, mechanical
stress fields, the ductile-brittle transition and material r_emovalsmechanisms. Several
" material removal mechanisms were identified and discussed; these were ploughing,
cutting, delamination and brittle fracture. The results of indentation and scribing
experiments show that, with penetration depth of less than a critical value (the
critical cut depth) britﬂe materials can be machined in a ductile manner and with
chips very similar to those obtained from the classical ductile cutting of metal, save
that, in this case it is at a much smaller scale. The influence of tool shépe has shown

to be important in determining the material removal mechanism.

The experiments on single-point diamond tuming (facing) machine were carried
out on a highly stiff diamond facing machine. During the present jﬁroject contiriuous
- machining of a number of materials to Ra values of nanometres order has been
achieved, these include soda-lime glass, fused silica, Zerodur and single crystal
silicon. Ductile crack-free machining has been demostrated at spindle speeds up to
4500 rpm. The technical feasibility of ultra-fine single-point machining of optical,
electronic and ceramic materials has thus been established. | |

Investigations were undertaken into _méthods of measuring the nature and extent of
sub-surface damage (SSD) using scanning acoustic microscope (SAM), Rutherford
back-scattering technique (RBS) and X-ray topography. The results of SSD Smdies
suggested that coarse machining marks could still be detected in the sub-surface
region even though the surface has been subsequently machined to a condition of

no (optically) visible damage.
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Ch.1 Introduction 1

Chapterl

Introduction

1.1 Opening Remarks
Over the past few decades the accuracy in machining has been advanced at a high

pace. Developments in fields such as micro-electronic technology, computer en-
gineering, solid state physics, electro-optical engineering and metrology have both
stimulated and assisted the improvement of machining techniques. Increases in the
accuracy of machine tools and associated measuring instruments over the past

seventy years can be seen in Fig. 1.1 (Taniguchi 1983). The development of machin-

Achievoble .
Machining (systematic) error, ¢4 L
accuracy (4» (random) error, c,(g)) Machine tools Measuring instruments
et (processing equipment) (nspsction equipment)
um | Lathes, milling machines Vernier caiipers
0.1mm, 102 .P ——————————————————————————————————
1
| Precision lathes, grinding machines, Mechanical comparators,
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i g grinding machines, .
!1um super finishing machines Optical comperators
lum, 100 === == Py P M = = X =~ —— — T = m = A - T e e e e o
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! PN prz:;mdh:::g machines, eslectrical comparators
1 S ic grinding machines .
1 ! H ) Electronics comperators
~ . +0. ! Pracusuon diamond lathes (non-contact)
0.1um, 1071 BN e — = 2 e e e e T o
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Fig.1.1  Achievable machining accuracy [after Taniguchi 1983]
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ing accuracy has led to the definition of "ultra—precision machining” from dimen-
sional tolerances in the order of 1 pm in 1920s (Taniguchi 1983) to today’s

nanometres range.

In any work on precision machining, it is appropriate to consider capabilities in the
field of position measurement, particﬁlarly since it is now possible to measure down
to atomic levels and even manipulate the position of individual surface atoms. Just
' three years after Taniguchi published this ﬁgﬁre , G. Binnig and H. Rohrer received
half the 1986 Nobel prize for their successful operation of the scanning tunnelling
_microscope (STM) which, overcame the Abbe barrier and opened up a way to
"observe" objects with resolutions of a fraction of a nanometre. The high spatial
~ resolution of the STM image can reveal individual atoms and atdm-by-atom varia-
tions in the composition of materials. Its success triggered further developments in
scanned-probe microscopes such as the atomic force microscope (AFM), lascf force
microscope (LFM), magnetic-force microscope (MFM), electrostatic-force micro-
scope and scanning thermal microscope which, with differences of detail and
designed functions, can all give resolutions in the nanometres range (Wickramasin-
ghe 1989). | | |

This Ieap in measuring technology opened the way to observations in greater detail
whilst, at the same time, stimulating the motivation to improve machining accuracy
toward the nanometric capability of scanned probe microscopes. Shortly after the
inventioﬁ of the STM, other IBM workers developed it to spell their logo in atoms.
Although ’machining’ by moving individuél atoms may.b not yet be a practical
manufacturing technique, the requirements for products to be made smaller, faster,
lighter, more accufate, reliable and, if possible, cheaper continue to set the goals
for manufacturing engineering.

The demand for precision parts which can survive in extreme environments such
- as encountered in aéro-engines» and/or maintain a very high dimensional stability is
likely to accelerate (McKeown 1987). To satisfy this demand, a new range of
materials and new machining techniques are being developed. Among the hew
machining techniques, diamond turning and grinding are under active consideration
to replace conventional techniques such as free abrasive lapping and polishing. The
use of diamond tools enables many materials to be machined to nanometre toleran-

Cces.
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In pursuit of suitable advanced materials, ceramics have received increasing atten- |
tion from scientists, researchers and engineers for their attributes of high stiffness,
dimensional and temperature stability and their ability to resist chemical attack.
Modem ceramics encompass a wide variety of materials ranging from single crystal,
or dense polycrystalline materials through_who]ly vitreous substances. The require-
ment for high performance ceramic materials, particularly those having improved
electrical, electronic, piezoelectric, and magnetic and, more recently, pyroelectric
and electro-optic/laser properties has increased steadily in recent decades (Davis,
1985). '

Although the brittleness makes the machining of these materials extremely difficult,
the demand for precision parts made of these materials has risen at a very fast rate
- simply because of the superior physical, mechanical, optical or electronic proper-
ties. Typical examples of components that require precision fabrication of brittle
materials are: optical systems, bearings, automobile diesel injectors, gas nnbiné
blades, computer memory components, magnetic heads for computers,
microelectronic devices and semiconductor components. Advances in the manufac-

turing process are critical to the economic production of these parts.

1.2 Ductile-Regime Machining

Glass, ceramic and glass-ceramic materials, as mentioned above, exhibit properties
which are needed for today’s and future advanced technology applications. How-
ever, machihability requirements for their intended applications often directly lead
to disadvantages in respect of machining them to required form and/or finish.
Hardness and brittleness renders them very difficult to finish-machine using con-
ventionél tumning or grinding machines without causing substantial brittle fracture.

Finish machining has hitherto required long tedious periods using traditional
lapping and'polishing processes. Optics manufacturers have long been engaged with
- the difficulty involved in producing highly accurate glass surfaces. Although the first
recorded design-appﬁcaﬁon of optics is fairly accurately dated as being within a year
or two of 1280 when it was noted that a French cleric used spectacles in the signing
of an ecclesiastical document, little detail is recorded of the means of making them

until the sixteenth century. It is known that free-abrasive grinding was employed
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using a hard (iron) lap with decreasing grit-size and finally polishing was completed
with a soft pitch lap. This proéess is essentially that upon which lens-making was |
reliant for seven centuries. The techniques and history are descnbcd by Twyman
(1952) and by Horne (1978).

From the lapping and polishing prooessi'tv’can be seen that material may be removed
from brittle materials m a ductile manner if the cutting is carried out at a'very small
(sub-micrometre) scale. However, lapping and polishing do not meet the demands
of today’s precision engineering which requires both fast productlon rate and the
machining of surfaces of complex shape. Much effort has been made by researchers
to investigate the feasibility of turning/grinding britfle materials and to identify
criteria for ductile mode machining. The most common and useful ones are critical
cut-depth and critical relative cross-feed as thsy can be easily implemented in the
machining process. As will be discussed later in the thesis, for the brittle materials
‘of interest both are generally in the sub-micron range. A super-rigid machine,
equipped with advanced control and in-process metrology systems, with minimal
internal/external vibtation, installed and operated in a constant 't’emperat'me and
humidity enviroriment, is required in order to achieve such accuracy. These require-
ments were well beyond the capability of conventional turning/grinding machines
-and the research on machining brittle materials was limited to polishing, indentation
and scratching until the introduction of new generation diamond turning/grinding

machines.

Early studies of "fixed-load" (as opposed to rigid) scratching of glasses by researchers
such as Klemm and Smekal (1941), Taylor (1949, 1950), Mafsh (1964), Demichelis
(1951), Joos (1957), Ishida and Ogawa (1962) found that glass could be plastically
scratched, producing a distinct furrow without visible cracks or the conchoidal
chipping characteristic of brittle processes, if the verticsl load was low enough.
Demichelis (1951), Joos (1957), BusCh (1968) and more recently Schinker and Doll
(1985, 1987), Puttick et al (1989), Chao & Gee (1989) obtained large scale curly
* ribbons, up to several centimetres in some cases, in scratching, turning and ruling
tests on glasses. These curly ribbons, or in terms of machining terminology - curly
"chips", commonly seen in metal cutting, are evidence that glass can be ductilely
machined. Research into mulu-pomt dlamond grinding camed out by Rice (1979),
Bifano (1988) have also ylelded promising results
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These results show that plastic flow does occur in ceramic/glass materials and with
great care, it can even be ductilely machined. However much needs to be deter- |
mined in respect of the specific cutting conditions enabling this ductile behaviour
to be successfully maintained thronghout processes such as turning and grinding.

1.3 Objectives of the Research Programme and Summary of Thesis

Although diamond grinding might appear to offer better machunng economics and

production rates, it was found in the early stage of this research, that, as a multi-point
cutting process, a multiplicity of parameters were involved in grinding (such as
cut-depth, cross-feed raté, wheel speed, wheel bonding, diamond grit size, type and
shape, concentration and distribution of grit, coolant, workihg temperature, and
material properties of workpiece). To monitor and control these for scientific
experimental purposes presupposes machining capabilities which are the purpose
~ of this work.

The single-point process offers fewer variables and the possibility of modelling
certam features of the ‘multi-point process. Further, the single point .pr_ocess can be
spatia]ly isolated so as to guarantee that a particular point has been machined only
once. As a result, the emphasis of this research is mainly on the single point cutting
process. Three types of single point "cutting” processes are investigated, nameiy
indentation, ruling/scratching and lathe-facing.

Since different brittle materials can have very different physical propérties, it is
doubtful that one single set of machining parameters such as cutting depth, rake
angle, feed-rate and cutting speed can be used to specify the machining of all brittle
materials. The objective of this research is therefore to identify and to bptimise
machining conditions for machining different brittle materials in ductile mode, and
to thereby yield a methodology for the classification of other materials and proces-

‘ses.

Several materials were chosen as typifying glass and glass-ceramic matérials; these
were soda-lime glass, fused silica, and the Schott glass-ceramic Zerodur. Also,
single crystal silicon is employed as a test piece to investigate the problems of cﬁtting

~ brittle anisotropic materials.
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In order to identify the machining conditions, a basic undcrstanding of physiéal
material pioperties is essential. Two fundamental cutting motions are defined by
 their directional vectors with respect to the surface, namely digging-in orthogonally
to the surface and moving the tool across the material-surface; these are clbsely
related to and partly modelled by indentation and ruling/scribing tests.

The following experiments and analysis were undertaken:

Multi-point diamond grinding: This research started with the feasibility of ductile-
mode diamond grinding by using a precision diamond grinding machine built and
operated by Cranfield Unit for Precision Engineering (CUPE) (McKeown 1986);
the work was facilitated by the assistance of Mr. P. Shore. In order to investigate the
effects of different cut-depths, a number of step and wedge grinding trials were
undertaken on several materials including soda-lime glass and zirconia. However,
owing to the complexity of the multiple variables involved in multi-point cutting,
following these trials it was decided that single-point modelling and experiments

were needed in order to better understand grinding.

Indentation: Vickers indentation tests were performed on soda lime glass, fused
silica, Zerodur and single crystal silicon. In each case measurement-data was
obtained from some fifteen (for 100, 200, 300 and 500 grams loads) to twenty (fof
10, 25 and 50 grams loads) indentations for each load. o

Scribing: Using a scribing micro-hardness test-instrument, scribing tests were also
used to study material removal mechanisms under conditions of dead-load and slow
traverse; these tests were designed to include investigation of sense (difcétional)
effects on the surface of a crystalline material (single crystal silicon). o

Ruling : Tests were performed on a grating ruling engine. The ruling test served a
similar purpose to that of the scribing tests but at higher traverse velocities ie to
investigate, (under dead load cutting Conditions), material removal mechamsms and
sense effects. However, being designed for ruling gratings over extended periods of
time (days), the nﬂing'engine offered more stable "cutting” conditions and a wider
range of speeds than the available manually driven scribing tester.

Single-point diamond turning: An experimental rigid single-point diamond facing
machine was employed to provide test-data under "real” machining conditions (fixed |
‘cut depth, controlled feed rate) ‘eq_uating to those expectéd on a finish pass. The |
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ductile-brittle transition with increase of cut depth was studied by using the techni-
que of (wedge) cutting into an inclined surface (so that the cut depth could be
arranged to vary from zero to beyond that for brittle fracture). Dlamond tools used

for this were also studied momtonng wear of the cutting cdge

Scanning acoustic microscope (SAM): SAM facilities were made available by
- Oxford Univcrsity and used in an attempt to find a non-destructive method of
measuring sub-surface damage. However, due to the limited availability of the
instrument, it was used in the early stage of the study and fine-ground specimens

only (and the instrument available was found to have insufficient resolution_).

X-ray topography: Lang’s method was used in this study; both section and projec-
tion x-ray topography were used to investigate the sub-surface damage of single-
pointl diamond turned single crystal silicon specimens at Royal Holloway and
Bedford New 'College, University of London. |

Rutherford back-scattering (RBS): The Rutherford back-scattering technique was
used (at the University of Surrey) to detect the depth of sub-surface damage by -
bombarding diamond-turned single crystal silicon specimens with an ion beam and
analyzmg the energy spectrum of back-scattered ions. '

Indentation tests are discussed in chapter 2 and chapter 3 is concerned w1th rulmg
and scratching experiments. It should be pointed out that by analogy with cutting,
ruling is essentially a minimal-damage process whereas scratching is a less-or-
ganised process (brittle, in the case in hand). Plastic deformation and brittle fracture
observed in indentation and ruling/scribing tests are cdmpared in chapter 4 where
material removal mechanisms of brittle materials and ductile-brittle transition in
machining are also discussed. | |

The results of chapter 2, 3 and 4 allowed the various factors govemning ductile mode
machining to be studied in rigid turning/facing experiments as detailed in chapter
5. The scanning electron microscope (SEM) and Talystep are employed to examine
the machined surface so as to evaluate and to optimise the machining conditions;
the results are discussed in chapter 5. The tool tip temperature and wear of diamond

are also addressed.
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Chapter 6 is devoted to the investigation of sub;surface .damage introduced during
machining, the results from nori-destructive tests such as scanning acoustic micros-
copy (SAM), X-ray topography andrRutherford back-scattering (RBS); destructive
- tests like indentation are also discussed. o

The influence of material properties, tool shape and machining conditions are
addressed in chapter 7. |
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Chapter2
Indentation

2.1 Introduction

Indentation techniques have long (ie Brinell test has been used since 1900; see
Brinell , 1900) been used as a means of measuring hardness which, on é compafativc
basis, is 2 measure of the resistance of a material to local permanent deformation
or plastic flow. The indentation test procedure comxhonly involves pressing a hard
indenter into the surface of a material test-specimen at a controlled rate. Usually,
a "sharp” indenter such as diamond cone or pyramid (as in Knoop and Vickers
hardness tests respectively) or a "blunt" indenter such as a steel sphere (Brinell test)

is used as the indenter.

Hardness may be expressed as a number such as the Vickers hardness number
(Hy or DPH - Diamond Pyramid Hardness) and the Brinell hardness number
(Hp ) defined as the ratio of the applied load to the pyramid area (Vickers) or
curved area (Brinell) of the residual impression produced by the indenter. Hardness
is not an identifiable single fundamental property of a material as values will differ
according to test-conditions. Since it follows that there are no absolute standards of
hardness, its quoted value is only meaningful when the shape of the indenter, applied '
~ load and duration of load are quoted. ' '

Meyer (1908) proposed that hardness should be defined as the ratio of the load to
the projected area of the indentation. By doing so, "hardness” could be given
profound physical meaning as the mean contact pressure. In the case of the Vickers
hardness test, it is easily shown that the relationship between indentation mean
pressure, H, and hardness number, Hv, is given by

_2Prsin68°

H
1’4 d%
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Fig. 21 Cracks appear around the indentation: Reradial crack; M-median crack; and L-ateral
crack. ' :

= 1.8544'%: 0927H (2
v

where Py is the nommal load, dv is the diagonal length of the residue impression.

When measuring the hardness of‘ brittle materials at high loads it is seen that
well-defined patterns of micro-cracks namely cone,median ,radial and lateral cracks
- (as shown in Fig. 2.1) appear ardund the indentation. These cracks, especially the
radial form, were first régarded as a nuisance, rhaking the measurement of hardness
in britfle materials more difficult. However, the similarity between the cracks
generated by indentation and by brittle machining were then noticed (Lawn and
Fuller 1975 ). Indeed, apart from scribing (or ruling) by drawing an indenter across
the surface and pushing material aside, both the indenter (in the indentation test )
and tool (in inachining) are used to Abryeak through (penetrate) the material surface
. commonly leading to classical cutting action in the ductiie metals traditionally used
in machining. Asa consequence of penetrating or scribing, a highlylocalised stress
field is introduced around the indenter or tool which, if strong (or large) enough,

creates cracks and fractures. In manufacturing processes the presence of cracks in
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- the resultant product invariably incurs lower perfonnavncek during use e.g. optical
surfaces, béa:ing, and jet engine components. Use of the information from inden-
tation investigations has led to a new approabh to the understandingvof
abrasive/turning/grinding machining processes employed with brittle materials.

In order to understand what happens in the break through (penetration) process as
‘a means of addressing the problem of exceeding the fracture threshold, it is essential
to have a clear knowledge of the stress ﬁeid in the vibinity of the indentation. In
search of an underStanding of ﬂxe stress field, much scientific effort, both theorétical
and experimental, has been made by researchers and the results show that indenta-
tion can offer a lot more than just measures of the hardness of the material.

Palmqvist (1962), Marsh (1964), and Lawn and Fuller (“1975), noticing that ihden-
tation radial crack length increased with load, suggested that the cracks generated
by the indentation could be used as a measure of toughness (by measuring the length
of radial crack, see section 2.3.3). Moreover, the way brittle materials respond to
indentation eg. changing from plastic ’pile up’ or ’densification’ (compaction) to
brittle chippihg off, offers an easy yet powerful method to study the transition from
plastic flow to brittle fracfure. Consequently, indentation techniques are now
extensively used by researchers to study the mechanical properties and to obtain
quantitative information on the mechanical response of brittle materials particular-
ly at microscopic levels. As a result, various different equations have been derived
to correlate ihe crack lengths and fracture toughness as will be addressed in

following sections.

2.2 Models for Indentation Stress Fields and Deformation Mechanisms

2.2.1 Elastic Contact Model |

Although. in reality no material is perfectly elastic and/or isotropic, a simplified
elastic contact stress field can be useful in initially anélyzing the complicated
inelastic contact problem. In the elastic contact model, materials are considered to
be both (linearly) elastic and isbtropic, so that no permanent deformation will occur.
Boussinesq (1885) worked out the problem of an elastic half-space subjected to a
normal point load Pz ( known as "the Boussinesq problem") and suggested that the
~ stress field in such condition could be expressed as (see insert of Fig. 2.2):
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or= LL [ 1-2v )secz 9_ écoscpsinz(p]

T RZL 4 2 2
ou il (152 ) (o= 32 9)]
oun L] - Jesto]
Oz = ;n%i: - -g-coschsin(p]
o= oa= 0 | (2.2)

The principal stresses of the Boussinesq stress field then be derived as (in this the
three principal stresses o113, 02 and o3 are labelled such that o112 022 O
)@Lawn and Swain 1975 ):

Oi1= G sin” 4 Gz COS® 0L~ 2 Gy Sin €L.COS O
Cn= Om
O33= Gy COS° O+ Gy SIN> 0L+ 2 Oy SIN CLCOS O (23)

The contours of three principal normal stresses in Boussinesq stress field are
illustrated in Fig. 2.2 (Lawn and Swain 1975 ), for the case of v= 0.25. Ascan be
seen in Fig. 2.2, the stressés.cm and o33 are evcrywhere tensile and édmpressive
respectively. The stress Oz, having a "hoop"” shape trajectory, is called hoop stress
and is tensile in a regioh below the indenter but compi'cssive near the surface ( LaWn
and Swain 1975, Lawn and Wilshaw 1975 ).

By using the Boussinesq stress field, Sneddon (1965) proposed the relationship
between the load, PL, and the penetration depth, d, in the case of a frictionless
rigid conical indenter normally loaded on a flat elastic body as:

2E & | (24)
PL= -(—-:;—);tane ;
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Fig. 22  Contours of principal normal stresses in Boussinesq field for the case of v= 0.25.
Unit of stress is Py, the mean contact pressure. (insert: coordinate system and stresses for axially
symmetric point loading P )( After Lawn and Swain 1975)

Hertz (1882) took the case of a frictionless spherical indenter loaded on a friction-
less elastic half space and proposed that the pressure distribution in the contact

area could be written as:

P(r)=po[1—(§)2]” (2.5)
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where a is the radius of contact circle, po is the maximum pressure and r is the radial
distance within the contact circle. By using this assumption, the total load compress-
ing the solids, Py , is related to the pressure, po, by

PL=Jyp(r)2nrdr

2, o (26)
=zpoma’ o

The radius, a, the mutual approach of distant points in ‘the two solids, 8, and
maximum contact pressure, po, can be expressed in terms of the total load compress-
ing the solids, Pr,, and radius of the spherical indenter, R (Johnson 1985):

3PLR\Vs
“"( 4E, )
8=£=( 9P} ) o (27)
R~ \ 16RE?
po= 3P =‘(6PLE§)1¢§
21taz‘ > R?
where
1_1-v 1-4
E.. Ei E2

Ej, viand Ep, vg are the Young’s moduli and Poisson’s ratios of the indenter and

specimen respectively.
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The elastic contact model (Boussinesq stress-field and Hertzian stress-field) over-
simplifies the stress distribution of the near-field and takes no account of the
residual stress and elasto-plastic nature of the material, so it can only serve as an

approximation.

2.2.2 Cutting Mechanism and Slip-line Field Model

The slip-line field, originally developed by Hill, Lee and Tupper (1947), is a
two-dimensional treatment of a rigid-plastic solid. When a rigid-plastic solid is
subjected to uni-axial tension or compression, no deformation occurs (ie it is
perfectly rigid) until the yield stress, Y, is reached; it then deforms plastically without
work hardening. Since there is no work hardening, it is reasonable to suggest that
the hydrostatic ‘press'mrc does not affect the behaviour, so that the material yields
when é critical shear stress, x, is reached. Generally, this critical shear stress is
correlated to yield stress by a using yield criteria. The most widely used yield criteria

are Tresca’s and von Mises’ flow criteria.

Tresca’s (1864) criterion is of the form:
| 61— o2l = Constant , ('2.8)

which means that yielding occurs when the maximum shear stress ( the largest one
of the three magnitudes | 61— o2l , | o2~ o3l , | 63— 611 ) in the material
reaches a certain value. \ '

Von Mises’ (1913) criterion ( also prdposcd by Huber in 1904 ) is baséd on yield
beginning when the shear strain energy reaches a critical value. The flow criterion

may be written as:

(01— &)+ (Q- 0'3)2+ (03—’61)2=vC0nstant (29)

The constants are usually identified with the tensile yield stress, Y, or the yield shear
stress k for a state of pure shear. Comparihg the constants obtained in the case of
yielding in simple tension (o1=Y ,0= O03= 0) and in the case of pure shear

(o1= - 03= k,02= 0), it can be derived from the Tresca criterion that
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| 03— o1l =Y# 2k

: >( thereby x= %2 )
while the von Mises criterion gives

(01— @)+ (o@- G3)*+ (o— 01)%= 2¥*= 6k

( thereby k= %(%) ).

- The plastic flow occurs When the shear stress in the stress field reaches this critical
value k ( see Hill 1950, Johnson and Mellor 1983). For a frictionless flat punch P is
equal to 2k ( 1+ % ). We can correlate P and Y by substituting k with one of the
yield criteria. | |
Generally, the contact pressure can be written as P= C:Y (Tabor 1951) where
C: is a geometric constraint factor. Hill (1950) and Tabor (1951) proposed thai for

fully work hardened materials C was very close to 3, thus %z 3 . However, for work

hardened materials, elastic deformation is relativély small compared with plastic
deformation. As pointed out by Marsh (1964), when this theory was applied to glass
it considerably under-predicted the plastic flow stress. The deﬁciency of this model
is related to the large elastic strain of glass. This led Marsh (1964) to conclude that
this simple indentation theory was generally inadequate for brittle (highly elastic)
materials and to propose the expansion of a spherical cavity model. |

2.2.3 Compression Mechanism and Model of Expansion Cavity

Samuels and Mulheamn (1957) and Mulhearn (1959) found that by pressing brass
with Vickers, Brinell and cone indenters, the material was often displaced radially
outwards from the indentations. The shape of the strain boundaries appeared to be
very close to a hemisphere with its’ centre located at or slightly below the indenta-
tion. Mulhearn (1959) then proposed that indentation by blunt indenters is
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elastic- elastic-
plastic plastic

Brinell : v Vickers

Fig. 23 Contours of equél strain around indentations showing the hémispherical symmetry
of the strain system. (After Samuels and Mulheam 1957)

produced by a compression mechanism in which material deformation is similar to
that of the radial compression of hemispherical shells centred at the point of the
indenter (as shown in F1g 2.3).

‘These results obtained by Samuels and Mulhearn led Marsh (1964) to suggest that

the indentation-deformation was analogous to the expansion of a spherical cavity |
into an elastic-plastic solid by an internal hydrostatic pressure P. Generally, Marsh’s
approach is more suitable for materials of high Y/E ratio (highly elastic) since being

less rigid they would be more amenable to radial flow.

The expansion of a spherical cavity in an infinite elastic-plastic solid by an internal
pressure P had already been analyzed by Bishop, Hill and Mott (1945) and by Hill
(1950) who showed that the internal pressure P was

P_2 (2.10)
_?"3[1+1“3(1—v)y] |
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Marsh (1964) followed Hill’s solution but ehmmatmg certam simplifying assump-
tions to generahsc the abovc equation to

P 3 3 |
Y [A1+ 3- M ]n(7&1+ 3mi—- Atp) :|

(2.11)

where

x1=(1—_2v')z‘,

p= (1+ V)5

E is Young’s modulus, v is Poisson’s ratio, B and Z are the appropriate functions
of Ay and ;.

Since the constraints around a hemispherical cavity is less than a spherical cavity,
Marsh proposed an equation of similar form: -

(212)

~Iv

= Cm+ KmB].nZ

where C,» and K,, are constants no longer equal to % :

One major defect of Marsh’s model is that the shape of the indenter has little effect
on the indentation stress field. To rectify this, Johnson (1970) took the shape of the
indenter into account and replaced the cavity of Marsh’s model with a semi-cylindri-

cal or hemispherical incompressible hydrostatic core ofradius, rere , which encased
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the surface of the indenter (as shown in Fig. 2.4). The displacement of material is
~approximately radial from the first point of contact and the displaced material is
accommodated by the elastic-plastic expansion of the surrounding material.

R
_ o«
I A |
\\ /
\_‘/ /
\ r. : -/
. , -/
rpl \\ I //
_\\\ Pldisﬁc »/‘//
3
Eldstic

!
Fig. 2.4 Expansion cavity model of an indentation: a semi-cylindrical or hemispherical plastic

‘core’ attached to the indenter surrounded by an elastic-plastic region in which the material is
displaced radially .(After Johnson 1970)

Johnson (1970) proposed that the hardness of élastic-plastic materials to penetra-
tion by a blunt indenter was governed by the single parameter ( ]—i:)tanB ', where
B was the inclination of the face of the indenter to the specimen surface. He sho§ved
that for a co:ne indenter of "incliynationAanglc", B, the final relation of ( % ) is given
by |

P 2 |
¥ =3+ 20 2)
E (2.13)
2 2 (?)tanﬁ+4(1—2v) :
=§+§h‘_[ 6(1-v)
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where 1, is the radius of the plastic zone. If v = 0.5 this gives

The value of the ihclinati_on angle B for aVickers pyramidis 19.7,0btained bytaking
the equivalent angle for a cone displacing the same volume of material for the same

depth of penetration.

Although Johnson’s equation gives reasonable agreement with the experimental
data of Marsh (1964), Atkins and Tabor (1965), and Hirst and Howse (1969), there
are two deficiencies in his approach. Firstly, there is a step-discontinuity in stresses
at the boundary of the hydrostatic core. Secondly, no account is taken of the free
surface.

To tackle the first problem, Studman Moore and Jones (1977) suggested that to
replace the hydrostatic "core" with a region in which the stresses are changmg from
purely hydrostatm at the first contact point to values which enable the von Mises
yield criterion to be satisfied at the core boundary. This leads to a modified equation
(Studman, Moore and Jones 1977): | '

2

=J+0.5+—[1+1n(E‘a“ )] )

3Y

~|

3

where J, a geometry constant, takes the value of -0.2 for spherical indenters and is

zero for conical and pyramidal indenters.

Chiang, Ma.rshall and Evans (1982) attempted to account for the free surface and
remove the restriction in the choice of the core radius (hemispherical cavity model).
Based on their indentation éxperiments on a range of brittle solids over a wide range
of indenter geometries, they suggeSted that the plastic zone exhibited spherical

symmetry regardless of indenter geometry and the indentation pressure was in-
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denter shape insensitive. Using the uniqueness of the relation be'tween. indentation
volume AV and the plastic zone volume V, the relative indenfation dimension B
is defined as: | '

(_V_)lé - (2.15)

where r, is the radius of the hemispherical indentation and 7 is the radius of the
hemispherical plastic zone. The B, values are to be determined from measure-
ments of the indcntaﬁon and plastic zone dimensions. For pyramldal indentations,
with a hemispherical plastic zone Eq. 2.15 becomes

o= (M)*g Nk

where dy is the indentation diagonal and 2 ¥ is the included angle'between opposite
faces of the pyramid.

The free surface is created by superimposing the Mindlin’s (1936) point force field
(point forces that do not create either a normal stress or in-plane shear stresses at
‘the surface plane) onto the initial stress field of the expansion of the spherical cavity
to eliminate the tangehtiall stress field acting over a plane thrdugh the cavity centre.

- The stresses ¢ created by the surface forces have the general form

Cpmm (2.17)
o |

Sl dA—gmm+j A—gmm

where mm = xx,xz,0rzz (the stress distribution in cartesian coordinates), ; is
the tangential stress within the initial field, p/ and e/ indicate the plastic and elastic
regions respectively, and gmm are point force function (see Mindlin 1936).
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The introduction of these surface forces induces the radial and tangential stresses
within the plastic zone and results in a préssure modification. The modified inden-
tation pressure, H, can be related to the cavity pressure P, by superposition (see
Lawn and Wilshaw 1975) '

1
0
N
Q.

(2.18)

]
Pt
|
3

When the specimen is fully unloaded, o and m are replaéed by o and m,
respectively. The variations of m and m, with Bc are given in Fig. 2.5. The
modified ratio of indentation pressure to yield strength thus becomes H/Y and is
given by (Chiang, Marshall and Evans 1982): ' '

L 1 ¥ L T 1 T

Correction Factor

0.41— m, (residual) —

0.3}- —
m, | I
my

m{peak load)
02— -]
0.1} -
o I 1 ] ] ) 1 1
(o} 2 4 6

Fig. 25 The variationof m and m, with Bc. (After Chiang, Marshall and Evans 1982)
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H_P(l-m)
Y ~ Y
=2(;_3'm;.)_[1+h(ﬁc)3]
| E . (2.19)
-2(1"m){~1+1n[(Y)+2(1 2V)
- 3 ‘ 3(1-v)
2.2.4 Other Models

| Perrot (1977) proposed that the stress distribution on the indenter and over the
indentation interface is a function of the plastic zone size and, in the case of Vickers
indenters, the effect of comers should be taken into account. His result indicated
that the maximum tensile stress field occurred near the surface, at the indcntatioh ,

Corners.

Puttick, Srmth and Miller (1977) attempted to simulate the tensile stresses on the
surface outside the contact area by suggesting a model of expansion of hole in a plate
(plane stress'approach).‘ Unlike the other models, they treated the yield sticss as a
, function of strain rate and hydrostatic pressure. Based on this model, the fracture
will be initiated at the surface and extend a distance beyond the plastic-elastic
boundary governed by the fracture surface energy and the range of the elastic stress
field. On penetration into the bulk, the crack tip propagates alone or very close to
the contour of the maximum tensile stress. They used this model to predict the
fracture of PMMA (polymethyl methacrylate) and the theoretical results showed

very good agreement with the crack pattern observed in experiment.

2.3 Indentation Fracture and Crack System
2.3.1 Indentation Cracks '

In early work, Brinell (1900) used a blunt (spherical ) indenter to make indentations
“on various materials. The widely-used sharp indenters such as the Vickers pyramid
and Knbop indenter were later developéd in by Smith and Sandland (1925) and by
the US National Bureau of Standards in 1939 (Boyer 1987) respectively. The
indentation crack patterns had long been observed but, unfortunately, ignored. It
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was only considerably later that Palmqvist (1962, 1963) tried to make use of
indentation cracks to measure the material fracture toughness on an empirical basis.
He suggested that the average length of the (radial) cracks emanating from the

comers of a Vickers’ indentation might be use as a measure of relative toughness.

The indentation cracks (fracture pattems) in brittle materials cari be categorised
into three primary patterns; the cone (or ring) crack, the radial or median crack, and
the lateral crack.The Hcrtzié.n cone (ring) crack is generallyproduced by a spherical
(blunt) indenter while the radial crack is commonly seen in indentations of Vickers,
conical or Knoop indenters. However, Puttick (1973) and Puttick, Smith and Miller
(1977) have observed cracks propagated radially outwards forming the angel wing
shaped cracks ( instead of cone cracks ) around the indentation in polymethyl
methacrylate (PMMA) by a steel ball. Hagan (1979) and Hagan and Van Der Zwaag
(1984) have reported the ring/cone cracks around indentation in fused siﬁca and
soda-lime glass by Vickers and conical indenters. Furthermore, Wiederhomn and
Lawn (1977) have shown that median and lateral cracks can be induced by overload-
ing a blunt indenter, although the pre-existing Hertzian cone crack tend to mh1b1t
this. It is apparent that indentation fracture is both complex and diverse.

To further the understanding of crack formation, the sequence of crack initiation
(how and where the cracks start) and propagation (which path and to what extent
the crack grows) for a complete (loading and unloading) indentation cycle, has been
~ extensively studied by Frank and Lawn (1967), Lawn and Fuller (1975), Lawn and
Swain ( 1975), Lawn and Wilshaw (1975a), Swain and Hagan (1976), Lawn énd Evans
(1977), Evans and Wilshaw (1977), Lawn and Marshall (1978), and Marshall and
Lawn (1979) and it is worthwhile looking at these. " |

Fig. 2.6 (Swain and Hagan 1976) shows schematically the sequence of crack forma-
tion and propagatxon under a blunt ( spherical ) indenter:

[ on the loading half-cycle ] (a) the contact of the sphere on the surface is elastic
~ and, as suggested in clastlc_contact model, a tensile stress field is induced near the
- shallow skin area. (b) as the normal load increases, so too does the contact area, the
strength of tensile and compressive stress field. Upon satisfying the Griffith energy
criterion favburably a ’Griffith-flaw’ within the tensile stress field runs around the
contact area to form a surface ring crack. The ring crack propagates stably downward

and, on further increase of load, simultaneously deviates outwards to avoid the
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(a) (b) (c¢)
e

(d) (e) (f)

Fig. 2.6  Schematic diagram of crack initiation and propagation during blunt indenter loading
(a, b, ¢) and unloading (d, e, f ) hal-cycle. (After Swain and Hagan 1976)

compressive field below the indenter; as a result, a Hertzian cone crack is intro-
duced. Based on the Auerbach’s (1891) law, this cone crack develops when normal
force P reaches a critical value P, and the critical load P, is proportional to sphere
radius R. (¢) as the loading continues, a zone of plastically deformed material
develops about the indenter and a median crack forms beneath the plastic zone,

and, the cone crack extends deeper.

[ on the unloading half-cycle ] (d) the median crack begins to close up owing to the
compressive stress caused by the elastic deformed zone. (e) The cone crack starts
to close up and a system of radial cracks forms about the indentation site. (f) just
prior to complete unloading the surface tension component about the deformed

zone is sufficiently great to nucleate and propagate a system of lateral cracks.
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Fig. 2.7  Schematic diagram of crack initiation and propagation during sharp indenter loading
{a, b, ¢) and unloading (d, e, f ) half-cycie. (After Lawn and Swain 1975)

For a sharp indenter, the sequence of events which happens during loading and
un-loading is shown schematically in Fig. 2.7 (Lawn and Swain 1975) and can be

outlined in the following way:

[ on the loading half-cycle ] (a) on the initial loading, the plastic flow starts right
below the contact point of the sharp indenter and introduces a zone of irreversible
deformation. (b) at some critical load, the median vent (median crack) develops
under the indenter where the tensile stresses are greatest. This median vent lies in
the plane of the vertical axis and is penny-shaped if it is viewed face-on. The crack
is restricted by the compressive stress field (o) to expand sideways. (c) upon further
penetration, the sub-surface median crack propagates stably. If the load is heavy
enough the median crack may break through the confining stress lobes and emerges
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at the surface forming the semi-circular median-radial cracks (half- penny-shaped
crack). In the case of a Vickers pyramid indenter two such cracks normally develop
at right angle to each other.

[ the unloading half-cycle ], at (d) the median vent attempts to cloSé_-up on initially
unloéding but may be prevented from doing so by debris or residual stress field; (e)
just prior to removal of the indenter ‘the' residual stress field caused by the mismatch-
ing at the elastic-plastic boundary gives rise to lateral cracks which 6rigina1e at the
base of the plastic zone ahd extend side-ways. (f) the lateral cracks continue their
extension after complete unloading and may intersect the surfabe resulting .in the
formation of chips. | ’

Close observation of the indentation sequences offers a sound foundation for the
evaluation of the indentation cracking properties. From this point, it is quite natural
for researchers to extend this empirical information to theoretical analysis and
attempt to make the fracture processes somehow predictable. In order to build a
model of crack initiation and propagation one needs to integratc the knowledge of
indentation stress (and residual stress) fields and fracture mechanics. Unfortunate-
ly, even for an ideally homogeneous, isotropic solid with the simplified indentation

stress field models discussed in section 2.2, it still is a formidable task.

2.3.2 Indentation Fracture

The first model for cracking was suggested by Griffith (1921, 1924) on the basis of
the concept of energy bélance. »Thus, for a static crack system, the total energy, as
shown in following ’equation, is the sum of the work done by the applied force
(WL), the elastic strain energy stored in the medium (Ug) and the free surface

energy for creating the new surfaces (Us ).

U= Us+ (- Wr+ Ug )= Us+ Uy ' (220)

The composite bracket term in the equation (— WL+ Ug ) is the mechanical
energy (Unm ) of the system (see Lawn and Wilshaw 1975b). Griffith proposed that
the crack starts to propagate when the energy released from crack growth is
sufficient to provide all the energy that is rcqﬁired for crack growth. The equilibrium

requirement is given by:
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dU _dUs  dUy _
dac- dac dac -

0

o dUs _ _dUw _ (221)

dac - dac_ O

where a. is the crack length. The (ddl;M
c

the "elastic strain energy release rate" (G ).

] is now called (following Irwin 1958)

Irwin and Kies (1952), and Orowan (1955) modified the Griffith theory by adding
a term to account for the plastic energy dissipation in the plastic region around the
crack tip. Irwin (1958) later introduced a parameter called the "stress intensity
factor" (K') which is defined as (K= oVmac ). When stress creaéhes a critical
value or (fracture stress) the corresponding value of K is a material parameter
called the "critical stress intensity factor"(K. ) or, in the case of (opening) mode I
loading, Kj. (see Broek 1986). | '

The value of G at which specimens appear to fail for (opening) mode I loading is

also a material parameter called the "critical strain energy release rate” Gy.. In the
case of linear elastic materials is given by Irwin (1958) as:

7 222)
Gre= —Iz:lfr ( ‘
where |
E'=E (for plane stress)
E (for plane strain) - (223)

T (1-V)

Based on the stress field around an e]]iptiéal flaw as calculated by Inglis (1913), and
the enéfgy balance requirement, Griffith found the crack growth occurs when

2ET
O = (

T ac

" v
) where I is the surface energy per unit area. Irwin (1958) modified

the original Griffith criterion to :

GC;(%“_%):& o (224)



Ch.2 Indentation , 20

Léwn and Evans (1977) proposed an indentation fracture model for predicting the
median crack initiation under a sharp indenter. In their model, the expansion
spherical cavity model (see section 2.2.3) and Griffith’s equilibrium reQuiremcnt
were used to give the elastic-plastic stress field and crack initiation criterion
respectively. Lawn and Evans alsd méde use of observations made by Lawn and
Swain (1975) (mentioned in section 2.3.1) and suggested that the maximum tensile
stress produced by a sharp indenter was located at the elastic-plastic boundary
directly below the contact pomt Since the elastic-plastic boundary expands ‘with
increasing load, median crack will occur if the maximum tensile stress field meet
any suitable flaws. Lawn and Evans then went on to propose the critical flaw
dimension C* and critical indentation load P* for crack formation (initiation) in

brittle material:

pr= (Sijzlcz)(%)sm | (2.26)

where c1, c2 and ¢3 are dimensionless constants related to the peak stress at the
elastic-plastic boundary beneath the indenter, the indenter geometry, and the
spatial extent of the tens11c stress field respectively.

Lawn and Evans’ model is based on the observation of median crack formation to
constitute the threshold of indentation fracture (Lawn and Swain 1975). However,
as pointed out by Lankford (1979, 1981), the 2 mm diameter median crack in
soda-lime glass shown by Lawn and Swain was produced by a load of 250 N and was
therefore not a threshold crack. After indcntationA(Vickcrs) expcrifner_xts conducted -
on fine polished AlO3, SiC, Si, as-grown Ge, and cleaved NaCl at various loads
(from 10 to 2000 g) together with observations of indentation on soda-lime glass
répofted by Hagan ahd Swain (1978), Lankford (1981) concluded, that for suffi-
ciently low loads (200 g), radial cracking may occur without median crackixig. He
then suggested that it Was_ 'the incorrect assumption of median crack initiation
preceding rad1a1 cracking which had led Lawn and Evans model to its errors in
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quantitatively predicting the threshold load. To rectify Lawn and Evans’ model he
proposed to use Perrot’s (1977) stress field model which substituted the expansion |
spherical cavity stress field. ‘ '

From his experimental data, Lankford (1979, 1981) found that the relationship
between radial surface trace, ( C ’+ dy ) (from the centre of indentation to the tip
of radial crack), and load, P, could be, approximately, given by:

(C’+ a1)= C1 PP | (2.27)

with the proportional constant, C1 , depending upon both material fracture tough-
ness and indenter geometry. Lankford made use of this linear rclationship and
suggested that the radlal-plus-mdent flaw could be treated as a composite crack of
total dimension 2( C’+ a)) in predicting above-threshold crack-growth.

The Perrot (1977) stress field model requires the near-surface stress to be tensile
and conﬁhcd to the plastic zone. As a result, the tangential tensile stresses required
to initiate radial cracks,3 occur only within the piastic zone. Howefrer, radial cracks
are often observed to terminate within the plastic zone (Evans 1979) indicating thé
presence of a tangential compressive stress. Chiang, Marshall and Evans (1982)
suggested that the threshold ptedicted by Lawn and Evans model could be expressed
in terms of a normalized (dimensionless) thréshold (Q)

P.H> (2.28)

T K

where P, is the actual threshold load, H is the hardness, and Kic 1s the fracture
toughness. They used the tensile stress field based on their own stress field model
(discussed in previous section 2.2. 3) to evaluate €.

The results of Ch1ang, Marshall and Evans’ model complied with the observations
of Hagan and Swain (1975), and of Lankford, discussed above, that radial cracks
initiated first. They (Chiang, Marshall and Evans 1982) concludcd that the initia-
tion of radial cracks largely depended on the activation of pre-existence ﬂawsy by the
indentation surface tensile stress ﬁeid. If the surface has very low flaw availability
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or is subjected to a,corhprcssive stress field, radial crack formation will be sup-
pressed. The fracture threshold of median and lateral cracks were limited by the
‘nucleation process which was subjected to considerable uncertainty caused by the
~ unknown severity of the singularity at the nucleation slip (shear) band.

2.3.3 Indentation Technique for Measuring Fracture Toughness |

Palmqvisi' (1962, 1963) 'was the first to make use of indentation radial cracks for
measuring material fracture toughness. Noticing that the Vickers indentation radial
crack length increased linearly with load, he suggested that the slope of the plot
could be used to evaluate material toughness. Although Palmqvist’s proposal was
soon challcnged by Dawihl and Altmeyer (1964) to be too crude and the character
of the surface had a considerable influence on the crack length, no suggestion was

made to improve it.

Because of the deficiency of the underlying theoretical bases of indentation stress
field and fracture mechanics, progress on this subject was surprisingly slow. It is only
with the analysis and bdevelopment of the indentation stress field and fracture
models ( see sections 2.2, 2.3.1, and 2.3.2 ), that the ind.entation‘method has become
the most widely used technique for measuring mechanical and fracture-rnechanics
parameters in brittle materials. As a result, the once untatmg radial cracks are now

a necessary part of the routine.

In order to calculate the stress intensity factor, a detailed analysis of the stress field
around the indentation crack is needed. Unfortunately, the indentation stress field,
especially the near field stresses, is sufficiently complex that even to establish a

reasonable approximation is a considerable task.

A simplified way to calculate the stress intensity factor is to adopt an idealised
~ stress-field and cracking model and to make use of the property of linear Superposi—
tion. For this purpose the tensile stresses which generate the cracks are to be
separated into several components. In the scheme suggested by Marshall and Lawn
(1979), the elastlc-plastlc stress field of a fully loaded indenter may be considered
as the supelposmon of the residual field in the unloaded solid and the field of an

ideally elastic contact:
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Cp= O+ Gres (2.29)

where Ggp dendtes the elastic-plastic stress tensor at any point, O, is the purely
elastic stress component, and Gres is the residual stress component. This means that
a nommal indenter load PL generates median opening force Pez (elastic field
component) and Py (residual field component).

Assuming penny-like crack geometry, the stress intensity factor due to the residual
far field force may be written (Lawn, Evans and Marshall 1980, Sih 1973):

P, P, 2.30
K= £(9) 5= Yous 05 (230)

with

where f( @) is an angular function with value near unity, ¢ is the crack length,
Tyes is a dimensionless term, mc= ¥5,and2 ¥ is the included angle of the indenter.

The stress intensity factor for a half-penny crack subject to radial distributed stress
is given by (Lawn, Evans and Marshall 1980, Sih 1973 ):

K=f(o )( )jro(r)dr | (2.32)

By assuming the far field elastic stress field can be represcntcd by the point-load
Boussinesq model (see section 2.2.1), the elastic stress intensity factor may be taken

as:
K= X?IIEJ';IE (233)
) 2¢ ‘ (234)
with | X‘1= T]ezln(a)
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where 1) is another dimensionless term, and rpis the radius of the plastic zone.

The toughness. can be obtained (Lawn, Evans and Marshall 1980) from

Kc= Kd+ Kres
_ N+ &Q)PL (loading half-cycle) ~ (235a)
c o
_ Yyes PL+ Yyes PLmex (unloading half-cycle) (235b)
= A & ,
o

where Prmax is the peak load. Comparing the equation with experimental data,
Lawn et al (1980) suggested the indentation coefficients were:

for median cracks: ¥if = 0.032+ 0.008 and %= 0.03 £ 0.003

for radial cracks: )= — 0.045 0.002 and Yfes= 0.049+ 0.004

Since the crack growth is not reversible, the final crack length is the longer one
obtained from Eq. (2.35a) and Eq. (2.35b). Thus, the median crack attains its
maximum length during the loading half-cycle, whereas the radial crack is expected
to continue its growth until unloading is completed.

Although radial cracks can be obtained using Knoop, Vickers or even spherical
indenters, the Vickers’ indenter is the most commonly used to determine toughness,

because the radial cracks can be obtained at four comers consistently.

2.4 Indentation Experiments
2.4.1 Material Selection

Generally, brittle solids can be classified by their micro-structures into three major
categories namely, crystalline, vitreous (glass) or mixed type (glass-ceramics). A
crystalline material possesses ldng-rangé periodicity which means that its atoms are
arranged in orderly form over a long distance (compared to the inter-atomic
spacing). At the other end of the spatial spectrum, vitreous material (such as glass)
exhibits only close range atomic regularity (1 nm).
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In ordér to examine the influence of material properties on machining conditions,
it was considered necessary to select at least one material from each major category.
The materials selected and their applications, microstructure and physical proper-
ties are discussed as follows: |
(1) Single crystal silicon (Crystalline solid):
-(a) Application: solid-state devices ( e.g. diode, transistor, integrated circuits )

- --(b) Structure: silicon has a diamond-cubic structure which belongs to the face

centred cubic (fcc) group of the Bravais lattices.

--(c) Physical properties: silicon single crystal is extremely brittle at room tempera-
ture and becomes ductile at elevated temperature (above 900 °C )b where slip
occurs in the {111} plane (Gallagher 1952, Geach, Irving and Philips 1957).

The mechanical constants of single crystal silicon at room temperaturé,'its melting

- point (from Wortman and Evans 1965), and thermal conductivity (from Toulkian
1970) are listed as below :

Density (p ): 2330 -fz%
‘Young’s modulus (E) : 131 Gpa
Shear modulus (G): 79.9 Gpa
Poisson ratio (Vv): 0.266
Thermal conductivity : 148 W
‘ m K°
~ Specific heat capacity: 712 —"% at 25°C
, m
Melting point: - 1420 °C

(2) Fused silica and Soda-lime glass (Vitreous solids):

--(a) Application: Fused silica (vitreous silica) has an excellent resistance to most
chemicals and to radiation damage. It is widely used in optical systems and is an
ideal ’glass’ for windows in space-vehicles and wind-tunnels. Soda-lime glass ac-
counts for ne‘arly 90% of all the glass produced and is used for containers, and flat

(window) glass.
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--(b) Structure: Glass can be defined as a substance in which a supercooled state is
maintained at a temperature below the melting point (Ty ), so that no devitrification
(crystallization) occurs, and in which the structure is frozen in the vicinity of the
transition point (Izumitani 1986)." Technically, it can be classified as a viscous,
metastable, supercooled liquid but in practice it behaves in most respects as a solid
at room temperature (Thomas 1985). In 1921, Lebedev suggested that glasses are
composed of crystallite with dimensions of the order of 0.8-1.5 nm (crystallite
model). This was chaﬂehged m 1932 by Zachariasen’s random-network model
which proposed that atoms in glasses form a three dimensional network without
periodic order (see Kingery, Bowen and Uhlmann 1975). Glass formers generally
have cation-oxygen bond strengths greater than 80 kcal/mol. Oxides with lower
strengths do not become part of the network and are called modifiers. Oxides with
energies of 80 kcal/mol may or may not become part of the network and are referred
to as ’intermediates’ (Boyd aﬁd 'I‘hompsbn 1985).

-«(c) Physical properties: Glass is brittle, amorphous and nearly isotropic. The |
mechanical and thermal properties of fused silica and soda-lime glass at room
temperature are given as below (Boyd and Thompson 1985):

Fused silica Soda-lime glass
Density ( kg/m°) 2200 ' 2500
Young’s modulus (Gpa) 73 ' 70
Shear modulus (Gpa) 31 28
Poisson ratio 017 o2
Thermal conductivity (l) 14 14
| 7 "mK
Specific heat ( L 840 750
kgk

Softening point ( °C ) 1580 705



Ch.2 Indentation 36

(3) Schott *Zerodur’ glass-ceramic (mixed type):
--(a) Application: Zerodur is a low-expansion mixture of polycrystalline glass-

ceramic which has been used in applications such as telescope mirror blanks
(substrate) where minimal thermal expansion and thermal induced distortion are
critical.

--(b) Structure: Glass-ceramics are more than 50% crystalline after heat treatment;
frequently, the final product is more than 95% crystalline. The micro-structural
parameters such as the fractional volume and properties of the crystalline phase(s);
the crystal sizes, shapes, and orientations; and the volume,' composition, and dis-
tribution of the glassy phase decide the prbperties ofa glass-’ceiamic (Stewart 1985).
Generally, glass-ceramics are brittle and contain tiny micro-crystals in their struc-
ture which can arrest crack growth. The &xcrrnal expansion of a glass-ceramic is
normally lower than that of the parent glass which increases its dimensional stability.
--(c)vPhysical properties: Zerodur is a glass-ceramic material with near zero coeffi--
cient of thermal expansion in a wide temperature interval. The mean linear thermal
expansion coefficient of Schott’s Zerodur over temperature range from 25 °C to
100 °Cis 3x 10~¥/k (Morrell 1985). The crystal size is 0.05 wm and content of the
crystalline phase is about 70 %. Other mechanical and thermal properties of Schott
Zerodur glass-ceramic at room temperature are given as below (Boyd and
Thompson 1985): | ' |

Density ( p ): 2530 2§
: m
Young’s modulus (E) : 91 GPa

Shear modulus (G): 36.3 Gpa
Poisson ratio (v): 0.24

o 4
Thermal conductivity : 1.64 ——

Specific heat capacity: 821 4’% at 25°C
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24.2 Indentaﬁon of Certain Glasses and Glass-ceramic

Soda-lime glass, fused silica and Zerodur specimens studied were rcspectiVély in
the form of a 65X 50x 1.5 mm microscope slide, a 35dia.x 1.5mm disc, and a
25x 25% 20mm block each with polished surfaces. Vickers indentation experi-
ments were performed on two types of micro-hardness testers (Leitz Miniload 2 and
Matsuzawa Seiki model:MHT-1) with normal loads ranging from 10 g (98.1 mN) to
1000 g (9.81 N). The time of descent ( time for the indenter to descend onto the
specimen ) was approximately 15 seconds and the peak load_ reached after another
10-15 seconds. The loading time (peak load maintenance-time) was 15 seconds for
all the indentation tests in this study. |

The resultingkindentations were examined by both optical and scarining electron
microscopy (SEM). 1ndenta1ions due to loads of under 50 grams were found to be
beyond the resolution of the optical microscope and so the SEM was used. Since
none of the selected glasses énd glass-ceramics was conductive, a thin layer of
gold-palladium (60:40) was coated onto the indented surface for SEM observations.

Being classified as "normal glass" , soda-lime glass is chéracterized by well-defined,
classic sharp indenter pattemns. The ability to form well-developed median, lateral,
and radial cracks is, as Suggested by Swain (1979), related to the formation of shear
cracks about the area of contact. These shear cracks start as geriuine’ shear displace-
ments and it is only in the later stages of the deformation that they degeherate into
shear cracks (Hagan 1980). Without a material deforination'model, like the dis-
location model in crystal, it is very difficult to understand the shear pIastic flow in
soda-lime glass. Peter (1970), Swain (1979), and Hégan (1980) suggestéd vthat shear
flow-like processes occur only in soda-lime glass or in glasses 'containing a minimum
of network modifiers. Their suggestions were based on the fact that the shearing
strength (resistance to shear flow ) of glasses dépended onthe strong covalent Si-O
bonding émong the silica tetrahedra which can be weakened by the presence of
network modifying ions. In other words, it is the network modifiers which provide
local weakness (easy-slip path) where the shear flow is initiated.

Although soda-lime glass has been called normal glass, abnormalities were ob-
served due to indentations of it such as its slow post-indentation crack propagation
and radial cracks not necessarily emanating from the corners. Fig. 2,8 (a) and (b)
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MXiX,

(b)

Fig. 28  The optical micrographs of the same indentations (300 g normal load) on soda-lime
glass observed (a) 2 minutes and (b) 10 minutes after the right-hand indentation was made. (The
left-hand indentation is used here solely as a "landmark" reference.)
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show the optical micrographs of the same indentations (300 g normal load) observed
(a) 2 minutes and (b) 10 minutes after the right-hand indentation was made (the
left-hand indentation is used here solely as a "landmark" reference and this post-in-
dentation crack propagation phenomenon was repeatedly observed on soda-lime
glass in this study). No sign ofradial and lateral cracks can be seen in Fig. 2.8 (a)
but after the indenter had been removed for the longer time (10 minutes), the radial
and lateral cracks (causing light to be reflected from beneath the surface) have been
initiated and propagated by the residual tensile stresses. This observation shows that
in soda-lime glass the radial and lateral cracks may appear "after" the unloading
cycle is completed and, at least in low loading (300 g), are not "almost" completed
at the time of withdrawal as suggested by Swain (1979). A question remained about
the cause of initiation and propagation of the slow post-indentation cracking in
soda-lime glass if the suggestion, that network modifiers can make shear flow

mechanism favourable, is valid.

A lthough fused silica glass and Zerodur belong to two different categories of
m aterials, (see section 2.4.1) there are a number of similarities between their
indentation crack patterns. The typical Vickers indentation on fused silica glass or
Zerodur is a square (residual impression) pattern with radial cracks emanating from

the corners and concentric ring cracks surrounded the contactarea as shown in Fig.

Fig. 29 The indentation on polished fused silica surface at normal load of 10 grams shows
the "edge cracks" formed at the edge of the contact area (Mag. 14000, Tilt 30°)
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Fig. 210  SEM micrographs of the indentations on (a) fused silica (load: 200 g, mag.: 2000)
and (b) Zerodur (load: 500 g, mag.: 1010, tilt: 30° ) show that the residual impression are
surrounded by ring cracks and have the radial cracks emanating from the comers .



Ch.2 Indentation I )

2.10. Hagan (1979) called the glasses, on which this kind of cracks pattemn was
produced, anomalous glasses. This unusual indentation crack pattern appears to be
 similar to the superimposition of ring/cone cracks (as generated by a spherical
indenter) onto radial/median cracks (as generated by a Vickers indenter) but in the
" case in hand, the ring/cone crack pattern repeated itselfpgfiodicaﬂy instead of thé

single ring/cone crack found with a sphere.

At loads of 10 grams, as shown in Fig. 2.9, the edge cracks (they are too square to be
called ring crack) formed just outside the contact area. Since these nearly over-
lapped with the edges of residual impression, they required the high magnification
SEM in order to be observed. As vmentioned in the previous section (2.3.2), the
fracture threshold models were based on assumptions of fracture starting with either
radial or median cracks; the appearance of edge cracks might serve as a reminder
that these models are, at best, only approximate. ’

At higher loads (50 grams), a perfect ring crack formed about the edge cracks
surrounding the impression. On further loading, this propagated stably downward

until it is covered by the contact area where a new ring crack might be initiated.

Radial cracks occurred at loads of 100 g and 50 g on Fused silica and Zerodur
respectively. Fig. 2.10 shows that the radial cracks penetrating the surrounding ring
cracks and propagating a considerable distance outside the final nng crack. It
seemed that the exiéting ring/cone cracks could only slightly deviate in direction
rather than severely restrict the propagation (as suggested by Arbra, Marshall and
Lawn 1979) of radial cracks.

Lateral cracks might extend to the surface on the unloading half-cycle énd intersect
with existing cone and radial cracks to cause chipping (as shown in Fig. 2.11).

The differences between the crack-pattems.obtained by indentation on soda-lime
glass and that on fused silica glass is suggested by Peter (1970), Swain (1979), Hagan
(1979) to be due to two different deformation mechanisms. They each showed that
generally, the anomalous glasses are distinguished by low coefficient of thermal
expansion and positive temperature gradient of bulk modulus. These are properties |
which are highly structure-sensitive, suggestivé 'df a strong dependence on the
spatial aﬁ:angement of the silica tetrahedra. While soda-lime glass deforms largely
by a shear-dominated flow process, ahbmalous glasses such as fﬁsed silica deform

by a pressure dominated densification process.
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(b)

Fig. 2.11 Lateral cracks might extend to the surface on the un-loading half cvcle and intersect
with exsiting radial cracks to cause chipping . (@) Zerodur, load 300 g, tilt 30 , mag. 1500; ( b)
fused silica, load 500 g, mag. 1000, (c) fused silica, load 500 g, tilt 30°, mag. 1500, the sub-surface
Hertzian crack revealed by the chipping-off.



Ch2 indentation 4

The radial crack length,k ¢, of the indentation was measured from the SEM
micrographs. Fig. 2.12 shows the plot of the ratio (;1;;) versus loads and it does

present reasonable linearity over the tested load range '(50 g to 500 g). This means
that Eq.(2.35) can be used to obtain fracture toughness with a certain degree of

confidence. (see section 2.3.3 )

PAC™)

Load ( gram')

Fig.2.12 (-cia,z) (MPaYm) versus normal loads (gram) [ plotted points are means, and

ranges (length of the vertical lines) ]

2.4.3 Indentation of Silicon Single Crystal

In silicon, being a crystalline material, the structure has decisive eﬁecté on its elastic
and plastic behaviour. Orowan (1935), Taylor (1935), and Polanyi (1935) each
proposed (independently) that dislocation motion could be used to accdunt_ for
plastic deformation in crystals (see Kingery et al 1976). Based on the theory of
dislocation, when subjected to shear stress, crystals can be deformed through edge
~and screwdislocétion-motion. In general, dislocations slip or glide preferentially on
planes of high-atomic density (slip planes), and in a direction which causes minimum
lattice distortion (slip directions). A screw dislocatibn may move by slip or glide in
‘any direction perpendicular to itself, while edge dislocations can glide only in its
single slip plane or climb in a direction perpendicuiar to the slip plane (see
Reed-Hill 1973). |
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Since hundreds of thousands of dislocations are needed to cause plastic deforma-
tion, it isthe abi]itytoynubcleate and multiply dislocations ( dislocation source ) which
govemns the plasticity of crystals. Frank and Read (1950) proposed that there were
pinning sites (so named because dislocations are pinned or immobilized there) within

the crystal where dislocations could not slip pass. Hc;wevcr, when subjected to |
increased shear stress the "“immobilized" dislocation could bow out to generate a |
dislocation loop which encircles the site. This type of dislocation source is called

"Frank-Read source” and was later observed in a silicon single crystal by vDash

(1957). However, Gilman and Johnston (1957) found no evidence of Frank-Read

sources associated with plastic deformation in lithium ﬂuoridé (LiF) crystals. In his

later éxperiments, Gilman (1959) applied short stress pulses to lithium fluoride

crystals and found that cleavage steps, dislocation loops, glide bands, inclusions (or

"djn;" particles), precipitates (as grown), and radiation-induced precipitates could

alllead to dislocation nucleation. Gilman then concluded that Frank-R ead sources

did not play a dominant role in the deformation of LiF crystals, and probably not in

other crystals. '

Another plastic deformation model for crystalline solids was proposed by

Minomura and Drickamer (1962). They suggested that there was a transition

pressure under which the crystal structure changed and became metallic (called the
"metallic transition pressure"). They give the transition pressure for silicon single
crystal as 190 kbar.

The (close-packed) slip directions of silicon single crystal are in the < 1 10>

plane, running diagonally across the faces of the unit cell. There are four slip planes
(close-packed) in the lattice of silicon, called "octahedral planes”, with indices
(111),(T11),(171 ); and (11T). Each slip plane contains three slip direc-
tions, so the tbtal number of octahedral slip systems is twelve (6 < 110> direc-.
‘tions). Since silicon has a large number of equivalent slip systems well distributed
in the lattice, it is almost impossible to strain it without having at least one {111}

plane in a favourable position to slip.

The silicon used was in the form of standard epitaxial substrate slices about 600
pwm thick, with surfaces oriented some 3 degrees from the (111 ) direction toward
(110). The surfaces were polished and indented by a Vickers indenter with loads
ranged from 10 g to 500 g. The indentations were subsequently observed using SEM |

in order to get the detail images of residual impressions and cracks. -

o
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Fig. 2.13 Indentations on silicon single crystal ( 111) surface atload of 10g. Approximate
crack directions (start with right-hand comer then ccw) (@) [ 1TO], [T2T], [TO0 1] (b)
[1TO], [01T], [TO1]
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(b)

Fig. 214 Indentations on silicon single crystal (11 1) surface at load of 25 g. Approximate
crack directions (start with right-hand crack then ccw) (@) [TO1J,[1TOL, [01T](b)[1TO],
[T2T], [TO1]
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It was reported by Puttick and Hosseini (1980) that indentations made under loads
of 3 grams showed no sign of fracture and cracks were initiated at loads of ap-
proximately 4 grams. They observed cracks which appeared to propagate along or
close to the < 112> direction rather than < 1 10 > , with a strong preference
for [2TT Jand [T 2T ] followed by [TT 2 ] (rather than the reverse directions).
However, micrographs of indentations made under loads of 25 grams in the current
study present a quite different picture. Here it has been found (as shown in Fig.
2.13 and Fig. 2.14) that the fracture appeared to propagate along or close to the
< 110 > direction rather than < 1 12 > , with preference for [0 1T ],[1TO0 1],
and [ TO I ] (again, rather than the reverse directions). Although, occasionally,
there were some cracks propagating towards < 112> , it was by no means the
dominant direction (the ratio of crack-numbers which followed < 110 > to those
which followed < 112> was approximately 9:1). Observations of indentations
with different indenter orientations and loads on eight specimens were made and
these confirmed the repeatability of the above mentioned results. It is not clear what
caused the same indentation tests to yield differentresults. A possible reason might
have been that the ("Vickers") indenter used by Puttick and Hosseini had a rectan-
gular cross-section and a chisel edge instead of the square cross-section used in this

study which might introduce a slightly asymmetrical stress field.

Fig. 215  Indentations on silicon single crystal ( 11 1) surface atload of 50 g. Approximate
crack directions (start with right-hand crack then ccw) [121], [10T], [T2T], [TO 1]
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At loads of 50 grams and above, comer effects became significant, as shown in Fig.
2.15; cracks appeared to have to compromise between the directions of the crystal-
line axes and those of the indenter diagonals (in most cases, cracks followed the
latter). However, by this stage of increased loading, the radial cracks developed into
the "mutually orthogonal" (cross) pattern observed by Lawn, Marshall and Chan-

tikul (1981).

Fig. 216  Sectioned indentation on silicon single crystal at load of 100 g reveals the sub-sur-
face damage (median crack, lateral crack).

The specimens used for the study in hand (with well defined radial cracks) were split
into two by applying a tensile stress normal to one of the radial crack planes (using
three-point bending) to reveal the lateral and median cracks under the surface. The
lateral cracks, as shown in Fig. 2.16, emanate from the base of deformation zone
and propagate outward nearly parallel to the surface. By emerging toward the
surface, the lateral cracks may cause chipping, as can be seen in the background of
Fig. 2.16. In general, the median-radial crack-pattems produced at loads of 100
grams and above are of the penny-like configuration as suggested by Lawn, M arshall

and Chantikul (1981).
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Fig. 217  Scanning electronic micrograph of the indentation of single crystal silicon at a load
of 100 g shows the detail of the contact zone.

It is worth mentioning that, as the result of close observation of the contact zone (as
shown in Fig. 2.17), are (1) the (hydrostatic) com pressive stresses around the contact
zone are strong enough to "hold" the zone together while severe chipping occurred
in the surrounding area; (2) the fact that radial cracks could sometimes propagate
into the contact zone was considered to be evidence enough to prove it had

experienced tensile stresses.

2.4.4 Size Effect

It has been established that an apparent increase in hardness occurs when the size
ofthe indentation decreases (as shown in Fig. 2.18 (a) and Fig. 2.19). It is also true
that, as the load decreases to a critical value, the indentation can be made without
fracture. Auerbach (1891) found that the critical normal load Pc¢ applied on a

sphere of radius R to generate a ring crack on glass was proportional to R.
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Fig. 218  Vickers hardness number of fused silica versus normal load (gram) (a) polished
surface (b) single-point diamond tumed surface (depth of cut: 1.2 um, cross-feed: 0.5 um/rey,

roof-edge tool ). [ plotted points are means, and VHN ranges (length of the vertical lines) ]
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Fig. 2.19  Vickers hardness number of silicon versus load (gram) [ plotted points are means,
and VHN ranges (length of the vertical lines) ]

To explain the increase in hardness, some researchers suggested that the size effect
is a consequence of lacking of dislocations, the necessary ingredient for plastic
deformation, when the indentation becomes smaller than the spacing of dislocations
in the material. However, from the transmission electronic microscopy (TEM) study
of indentation on a near (11 1) surface of silicon, Puttick, Shahid, and Hosseini
(1979) found dense array of dislocations around the indéntaxibn made by a diamond
indenter under only 2 grams loéd. This has made lack of dislocation very unlikely.

As to the reason why fracture does not occur at loads lower than a critical value is
usually explained by the lower possibility of finding the existing surface flaws when
the indentation is very small. But, as will be discussed in the following chapter, a
ductile (plastic) groove can be ruled/scribed if the normal load is below a critical
value. This again is evidence enough to throw considerable doubt on the theory of
flaw statistics, for it is almost impossible to scribe a long groove without running

into one or two existing flaws to initiate the cracks.
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Roesler (1956) suggested that the scale efféct was because fracture could not occur
until the supplied energy was sufficient to initiate and propagate the crack. When
the size of the indentation increases, so does the strain energy which is needed for
crack initiation. | | o

Puttick, Shahid, and Hosseini (1979) proposed that the fracture criterion was the
magnitude of the strain energy contained in the field of the tensile stress around the
indentation. Thus, there is a minimum size of the stressed volume of material below
which a craék can not initiate. The critical linear dimension d., as suggested by
Puttick (1980), Puttick and Hosseini (1980); and Puttick et al (1989), can be obtained
from

o E Ry ' (236)

where E is the Young’s modulus, oy is the yield stress for plastic flow, Ry is the
specific work per unit area required to propagate a crack, and o is a numerical

parameter whose magnitude is a function of the type of test.

2.4.5 Indentation of a Machined Surface

Indentation experiments were also performed on single-point diamond turned
surfaces. Fig. 2.18 (b).shows the plot of Vickers indentation hardness numbers at
various normal loads on fused silica which has been diamond turned with depth of
cut 0.3 wm and cross-feed 0.5 pm/rev. The indentation hardness of machined
surface apj)earcd to have reduced, compared to the polished (as received) surface
(as shown in Fig. 2.18 (a)). '

The SEM micrographs of the polished surface have already been shown in Fig. 2.10
and discussed in section 2.4.2. Radial cracks occurred at loads of 100 grams on

polished Fused silica. Fig. 2.20 shows the SEM micrographs of the residual impres-

sions which present no sign of radial cracks even when the normal load is raised to

500 grams. (The small flake-like objecté on the surface are chips produced during

machining left intact for observation purpose). ‘
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(a)

(b)

Fig. 220 Indentations on single-point diamond turned (machining condition: depth of cut 1.5
pm, cross-feed 0.5 \im/rev) fused silica surface at loads of (a) 50 g (b) 200 g (c) 500 g.
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The diamond turning process has introduced a compressive stress field in the surface

layer which suppressed the initiation of radial cracks. Thé Vickers indenter was

arranged in a way that one diagonal was nearly parallel to the grooves (the cﬁtting ‘
direction). If there were median cracks undemneath the groove, the radial cracks
would have followed the existing median cracks and propagated along the groove.

The radial crack failed to appear and the fine machmmg marks (grooves) been left
on the surface means that the surface has been machined in a ductile mode. This
also means that even a ductile machined surface may still have some phys1ca1
property changes introduced in the top laycr

2.5 Summary of the Indentation Tests

Indentation tests on soda lime glass have demonstrated significant post indentation
crack propagation which provided the evidence of the importance of residual stress

field and the effect of environment.

The SEM micrographs of the indentations (with magnification above 10,000)on
fused silica and Zerodur have shown that under 10 grams load "edge" cracks
appeared on the edges of the residual impressions (these crack are beyond the
resolution of normal optical microscope). At high load (>50 grams) indentations
on both materials exhibited a very distinctive crack pattern which has a series of ﬁng
cracks surrouhding the residual impression, and has radial cracks emanating from
the corners of the indentation and penetrating the surroundmg ring cracks. Since
most. of the fracture threshold models (section 2.3.2) are based on the assumption
that fracture starts with either radial or median cracks, the appearance of edge crack
and the complicated crack pattern might serve as a reminder that these models are

only approximate.™

The indentation tests on single crystal silicon have shown that the indentation
fracture of crystalline material is very complicated. Although the fracture appeared
to propagate along or close to the <110> duectlon (with preference for [

017 1,[1T70 ],and[TO1 ]) under low load (10 grams), in general, it followed a

path representing a compromise between the demands of the mhomogeneous
tensile stress field and those of the crystallographic structure.
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In general, single-point diamond turned specimens (fused silica) have lower hard-
ness number than that of the polished. The diamond tumned specimen has a layer of -
compressive residual stress on its surface which was introduced by the tool during
machining. The presence of this compressive stress field vmay inhibit the initiation
and propagation of the radial crack.

The micro-hardness measurement results has display a strong size effect (hardness

increases when the size of the indentation decreases).

Since the micro-hardness is a function of load, strain rate, loading time, environment
(temperature, humidity, and chemical composition), and specimen surface proper-
ties; the values of micro-hardness and those microscopic material parameters which

are determined by using indentation technique have to be used with precaution.



Ch.3 Ruling and Scribing - B 56

Chapter3

Ruling and Scribing: Experiments and Theoretical
Analysis |

3.1 Introduction

This work is concerned with ascertaining the machinability of materials at fine
scales. In Chapter 2, indentation hardness measuring techniques were employed
and related to earlier work. However, with respect to machining it is essentially a
static process in all but the degree of freedom orthogonal to the surface of interest.
It is therefore appropriate to consider extending the mode of operation to include

rectilinear lateral motion.

"Scratching" experiments have been performed by a number of researchers from the
field of material analysis and reference to this work will be made later in this
chapter. However it was considered appropriate to examine analogous processes in
the field of fine precision machining. One such machining mode is "ruling", a
specialised process used for manufacturing diffraction-gratings and scales. It re-
quires two lateral modes of tool/workpiece motion, one of long (tens of mm)
rectilinear travel and one fine (about 1 pwn or more) of either rectilinear or angular
motion. The diffraction grating is a vital component used for spectroscopic disper-
sion in major optical instruments and can be readily tested using optical inter-
ferometric techniques so the achievements of certain specialised schoqis in the USA
and elsewhere over the last century or more is well-known. The topic area has been
reviewed by Stroke (1967) and Palmer et a1 (1975).

Ruling of gratings however is essentially a process (exclusively) of material
redistribution; ductile materials such as aluminium or copper are ’grooved’ by
burnishing and no material chip is removed (unless the tool is misaligned).

Whilst "ruling” would adequately describe a purely plastic process, "scratching" has
connotations of being fortuitous. It was considered that neither fully described the
analogous mode of material test of glassy materials in the marginal critical depth
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region where either process might be encountered; hereafter it will be described as |
*scribing’ (a more ordered process than scratching but less so than ru]ing);

All three have been generally constant-load (or "dead-load") processes mvolvmg '
trailing a diamond tool across specimen surface.

Though different from fixed-depth single point diamond turning in the manner by
which the tool tip comes to be at a particular depth in the substrate material, as a
dynamic process, scribing represents an intermediate process between progress ‘
from indentation towards practical machining. However, it is surpnsmg that, com-
pared with static indentation, relatively little work regarding the scribing stress field
and fracture is to be found in the literature. |

From theAvieWpoint of the present work, once the tool achieves a particular depth,
consideration of the quiescent conditions show that scribing and single point
diamond turning are verymuch alike; the tip of the tool cxpefiences the same force
in the direction of the' Surface-normal in either method. By examining the nature
of the tracks (grooves) and cracks left on the specimen surface, the mechanisms of E
deformation, crack formation, the influence of normal load | (and thereby the
penetration depth), velocity, and tool shape can be studied.

The micro-hardness testers (Leitz model Miniload 2’ and Matsuzawa Seiki model:

MHT-1) used in indentation experiments in this study are also capable of perform-

ing scribing (scratching) experiments with normal loads ranging from 5 g (49 mN)

to 100 g (0.981 N ). | _

Ruling experiments were conducted using the Horsfield gratihg ruling engine

(detailed in section 3.3) with loads ranging from 5 g (49 mN) to 250 g (245 N).

Being designed for ruling optical diffraction grating, a ruling engine must be highly ’
stable in order to rule grooves with high repeatability of shape and spacing. Both

ruling and scribing experiments were performed at room temperature (20 °C)and

under "dry" (no coolant or lubricant) conditions.

3.2 Fracture Induced by Sliding Contact
3.2.1 Circular Contact

The stress field created by sliding a hard ball over the surface of a brittle materials
has been analyzed by Hamilton and Goodman (1966). They found the position of
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(a) (b)

(surface view)

0-005

(side view)

Fig. 3.1 Contours of the principal stress, oi (solid lines), 02 (broken lines- surface view), and
os (broken lines- side view) in a semi-infinite elastic medium (surface S-S) in contact with a
spherical indenter. Coefficient of friction: (a) \if= 0.1 (b) pf= 0.5; Unit of stress : Po (mean
contact pressure); c.z.:compressive zone inwhich all three principal stresses are negative. (After
Lawn 1967)

maximum tensile stress to be in a region centred on the trailing edge of the contact

zone and its value to be given by

(3.1)

where Pl is the normal load, V2 is Poisson’s ratio for the indented m aterial, \Xf is

the coefficient of friction, and @C is the radius of the circle of contact, given by

(3.2)

Eeis defined in Hertz’ analysis (see section 2.2.1) as
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1_1-v 1-4 - (3.3)
E.” E; E> -

where E1, vi and E2, v2-are Young’s modulus and Poisson’s ratio for the indenter

and tested specimen respectively.

The distribution of the maximum principal stress, ©i, is shown in Fig. 3.1 (Lawn
1967) for two values of ps of (a) 0.1 and (b) 0.5 (Poisson’s ratio v2 taken to be

%). This is likely to be the stress which initiates fracture.

Preston (1922), Seal (1958), Lawn (1967) and more recently Leu and Scattergood
(1988) have investigated the crack patterns induced by sliding a spherical indenter
across the surface of brittle material (such as soda lime glass, silicon and ger-
manium) ahd found that cracks could switch from complete ring (or cone) to open

"partial" ring (or cone) form with the increase of the coefficient of interfacial friction.

3.2.2 Pyramidal Contact

Swain (1978) studied the cracks produced by scratching glasses and single crystal
and polycrystalline alumina specimens with a Vickers pyramidal indenter (oriented
so that one of its diagonals was parallel to the direction of scratching). He sectioned
the scratched specimen to reveal the subsurface median and latefal cracks and
reported that they both originated from the plastic deformation zone. At higher

loads, lateral cracks could extend to the surface causing chipping.

Veldkamp, Hattu and Snijders (1978), and Broese van Groenou and Veldkamp
(1978/79) attempted to simulate grinding operations on brittle materials including
MnZn, glass, Al;03, NiZn ferrite, and ZnO by conducting scratching experiments
with a Vickers indeniei'. They suggested that three sorts of cracks could clearly be
distinguished: median cracks, subsurface cracks and lateral cracks (as shown in Fig.
3.2). ‘

In an attempt to correlate the vertical load, Pr, tangential force Fy, and the
generated lateral crack length, CL, in a scratching test with a sharp indenter, Broese
van Groenoub and Veldkamp (1978/79) proposed a simplified lateral crack model
associated with scratching. They suggested thai the tangential (horizontal) force
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(a) (b) (c¢)

Fig. 3.2  Cracks produéed in scribing (a) median crack (b) sub-surface crack (c) lateral crack
(After Broese van Groenou and Veldkamp 1978/79)

F: opened the lateral cracks and was therefore analogous to the "expanding" force

in an indentation test.

U.sing the Irwin (1958) criterion (see section 2.3.2) for crack propagation,
Ki.= o.Vma., and adopting the correlation for load and well-developed half-
penny crack length derived by Lawn and Fuller (1975), Pr= oy K.c™, Broese van
Groenou and Veldkamp (1978/79) obtained a relation between Cr and F; as: |

| ' 1 v  Ga
Fi= a,chL(cL+ SBW ) G4

where W is the groové width, K. is the stress intensity factor, and B, is a constant
(with B,= 124 Broese van Groenou and Veldkamp claimed that the above-men-
tioned equation could give a good representation of the measured results for the
various materials they studied.
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3.3 Ruling
3.3.1 Horsfield Grating Ruling Engine

A ruling engine, built by Mr. W.R. Horsfield an independent entrepreneur-inven-
tor, to rule spectroscopic diffraction grating was made available on loan by Op-
tometrics Inc., of Waltham, MA, USA (then, now of Ayer, MA). Unlike other
contemporary ruling engines, the finely-indexed carriage carrying the blank (usually
a glass plate), is not driven by the usual leadscrew. After much experimentation with
non-leadscrew "incher" indexing mechanisms, Horsfield (1965), selected a
reciprocating hydraulic pump and ram as the inter-groove actuator. The stroke
length and phase was servo-controlled by reférence to interferometric position
measurement and on this machine Horsfield achieved the notable first of ruling
acceptable spectroscopic gratings without resorting to a leadscrew; the machine

capacity was 150 mm ruled width X 100 mm groove length.
As the index-pitch was designed to be 1.67 pwm (corresponding to 600 grooves/mm)

or less, to permit coarser pitch experiments, a DC-motor driven lead screw was
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Fig. 3.3  Plan of Horsfield grating ruling engine. (After Horsfield 1965)
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added permitting appropriate larger-scale experimentation with higher vertical

loads applied.

The general layout of the ruling engine is shown in Fig. 3.3 (Horsfield 1965). The
base plate is a standard 900 mm x 900 mm surface plate. The blank carriage
support and main guideway, consisting of a normalized iron casting, was lapped to
accuracy of 5 pm on two parallel horizontal faces and to 0.025 pm on a vertical face
to provide carriage-guidance in "pitch" and "yaw". In Horsfield’s (1965) original
design this iron casting also served as a container for mercury which supported 95%
to 98% of the weight the blank carriage (thereby reducing Coulomb friction by the
same factor by substituting viscous friction which, at velocities of a few pm /s, is
negligible. Because mercury is highly toxic, the flotation-support was changed to an
external raft-structure floating on oil instead of mercury, as tried out and proved
effective earlier (Gee 1974). The catamaran-like raft flotation-support consists of
four boxes which are framed together by aluminium rods and float on oil in four
troughs straddling the machine as shown in Fig. 3.4. The blank carriage is connected
to the floating raft-structure through three rods flexibly jointed with stiff coil springs

to provide decoupled vertically-constrained support.

Fig. 34  The catamaran-like floatation-support.
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Fig. 3.5 Detail of the diamond tool carriage.

The diamond tool carriage (Fig. 3.5), weighing less than 100 g (Horsfield 1965),
reciprocates on a pair of cross ways (Fig. 3.4), consisting of two glass bars 30 mm
wide supported by vertical mem bers and bolted to the base-plate forming a bridge
structure over the grating carriage. To allow the diamond to travel freely vertically
only, the mechanism used by Horsfield is a spring strip hinge and trailing arm

>

providing the great lateral stiffness needed to ensure straight parallel grooves.

The tool was lifted and lowered by various actuators including pneum atic as
described by Horsfield (1965) and electromagnetic (Fig. 3.5) to give more lifting
power, permitting a wider range of vertical loads (up to 200 grams vertical load were
eventually used in this study whereas the original machine could lift up to 20 grams

only).

The Horsfield ruling engine is of the "stop-start" type in which the blank is advanced
only between ruling strokes. Since the blank stays still during the ruling strokes, the

obtained grooves are straight and the tool experiences no side force.

The diamond tool carriage, pushed and pulled by a rotating crank, travels with near

simple harmonic motion. In order to minimise vibrations, ruling speeds were kept
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below 100 mm/sec. However, as will be addressed in the following sections, fluctua-
tion of friction force between tool carriage and its guide ways might still induce some
vibrations. | |

Optical scatter and ghost requirements for graﬁngs dictate that periodic eITors
should be kept down to the order of nanometres and overall errors of run be no
more than a few hundreds of nanometres in a ruled width of 150 mm or more. The
machine therefore has to be rigid, stable and accurate; thus, for this experimen}t,’
the speciﬁéation of a ruling engine is such as to make it ideal as an instrument for
dead-load tésting. ' |

3.3.2 Fbrce Measurement

" In ordei to investigate the effect of parameters including tool loading, drive force,
cut depth, ruling speed, and tool geometry, strain gauge bridge dynamometers‘were
inserted both into the diamond-carriage drive-linkage and under the carriage table
to permit the tangentiai, lateral and vertical forces transmitted from the tool to the
specimen to be measured. The forces were converted into voltage signal by the

dynamometers and recorded using a data-logger. The dynamometer was calibrated
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Fig. 3.6  Calibration curve of dynamometer.



Ch.3 Ruling and Scribing - 65

| using standard weights and the resulting calibration curves (Fig. 3.6) stored into the

computer to serve as a conversion table for the logged signal.

Vertical forces were larger than horizontal and so were the principal factor con-
trolling penetration of surface. However, as a dead-load machine, the vertical loads
were fixed and the results analyzed in terms of the tangcntiél forces.

3.4 Single-Point Diamond Tools
3.4.1 Physical Properties of Diamond

Diamond is a crystalline form of carbon and, as was shown by W. H. and W. L. Bragg
(1913), every carbon atom is surrounded by, and covalently bonded to, its four
nearest neighbours which are situated at the comers of a regular tetrahedron (Fig.
3.7). Since the distance between nearest neighbours is only 0.154 nm, the bonds are
extremely strong. Due to this strong bonding between carbon atoms and the highly
symmetrical arrangement, diamond exhibits some notable and superior properties
such as great hardness, .high melting point, high thermal conductivity.

Diamonds can be classified as type I and type II according to their absorption in the

infrared, visible and ultraviolet regions (Robertson, Fox and Martin 1934; Suther-
land, Blackwell and Simeral 1954; Clark, Ditchbum and Dyer 1956). A pure

Fig. 3.7  Crystal Structure of diamond.
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diamond lattice may be expected to show little absorption in the visible and
ultraviolet regions for photon energies appreciably less than the energy correspond-
ing to the fundamental gap between the valence band and conduction band. The °
difference in the absorption spectra indicates that type II diamonds are relatively
free from crystal defects or impurity which produces additional absori)tion in type
I diamonds (Ditchburn, Thomson and Custers 1965). '

Most natural diainonds are of type Ia which contains nitrogen, distﬁbuted into sma.ll
aggregates, as an impurity in amounts of the order of 0.1%. Type Ib diamonds
contain nitrogen on isolated substitutional lattice sites at concentrations up to 500
ppm and are rare in nature but almost all synthetic diamonds are of this type. Since
nitrogen atoms are paramagnetic, their concentration can be dctermined by
electron spin resonance (Berman 1979). Custers (1952, 1955) found thai a small
proportion of type II diamonds are semi-conductors and proposed to classify the
non-conducti.ng type II diamonds as type Ila and the serrﬁ-conducting diamonds as
type IIb. Both type IIa and IIb are rare in nature and contain a very low concentration
of nitrogen (too low to be detected by infrared or ultraviolet absorption measure-

ments).

By using the tetrahedron as a bﬁilding block, an extremely large molecule can be
constructed. Inside this large tetrahedron-based diamond molecule, there are four
sets of parallel bonds which correspond to four bonds in the tetrahedron (Fig. 3.7).
If, in a perfect diamond model, such a set of parallel bonds is cut through, it will be
split into two, with the expenditure of very little energy. This process is call "cleaving"
and the planes are called "cleavage planes" which, to be accurate, are the { 111}
planes. It is critical to recognise these planes of weakness in the design of mechanical
systems (such as machine-tools) which use diamond tools. Diamond tools could be
easily broken if they are wrongly design-orientated (or abused), although diamond
is the hardest material known. |

Diamonds are most commonly found in the form of octahedra whose faces are
{111} planes or as dodecahedra whose faces are {vl 10} planes (Fig. 3.8). The
octahedral planes are extremely resistant to abrasion in all directions. This some-
times leads to request for tools having the working face in this plane, but, oné must
keep in mind that this is also a cleavage plane. The hardness of diamond varies
greatly with direction and to obtain the best result from a diamond mounted as a
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Fig. 3.8  Principal planes of a diamond crystal.

cutting tool, it must be correctly oriented to within about one degree (Wilks and
Wilks 1965). | |

The density of diamond is (3.51524 % 0.00005) x 103 -chg at 298°K

m _

(Mykolajewycz, Kalnajs, and Smakula 1964), and its Young’s modulus is 1054 Gpa

(McSkimin and Andreatch 1972). The thermal conductivity and specific heat for
. 2039 K are W J .

type Ia diamonds (at 293 “K) are 600-1000 (m X ) and 525 ( kgK) respectively

(Berman 1979).

3.4.2 Single-Point Diamond Tools

The single point diamond tools used in this experiment, as shown schematically in
Fig. 3.9, can be classified into the following forms: '
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Fig. 3.9 (a) double-ended (roof-edge) type tool (b) double-cone ( 'canoe’- or 'hatchet’-
shaped ) type tool (c) scratch diamond tool .
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1) The double-ended (roof-edge) type (Fig. 3.9a)i each end consists of three planes
intersecting at a point and usually with a chisel edge (ength, L) connects these two
ends. One of the early principal applications for single point diamond tools was in
the ruling of diffraction gratings, which was developed considerably over the century -
between 1875 and 1975. Gratings were required to. be ’blazed’ with asymmetrical
section grooves and for this the diamond tip (edge) is arranged to have a steep side
and a shallow side. The angle between the side face and the centre plane is called
the ’side-angle’. We use S1 and S2 to specify the side angle of steep side and shallow
side respectively ( thereby S1< S2 ). The included angle, S, between two sides
(S= S1+ S2) ranges from 90 to 120 degrees arc generally. The rake angles
(R1,R2) range from 45 to 60 degrees. ’

In the (Horsfield) rulmg engine (see section 3.3.1) which was available for this work,
the diamond is mounted on a 5 mm diameter steel pin; The projected area produced |
by roof-edged tool can be described as: -

Ap= W(L+ dtanR;+ dtanR2)
where

_ W1'; W2
~ tanS1 tan S

is the groove depth, W is the groove width (W= W1+ W2 ), W1 and W2 are the
width of the steep side and shallow side respectively. ' '

2) As its name implies the double-cone (’canoe’- or ’hatc_:het’- shaped) type (Fig.
3.9b) has a cutting edge shaped like the keel of a canoe which 1s geometrically the
intersection of two coaxial convex conical surfaces ( two conical surface intersecting
in a circular ridge which has a'radius of curvature R ). Like the double-ended tool,
it can have steep and shallow sides [but in this study a tool with equal side angles
(S1= S2 ) was used]. The projected area can be expressed as: | |

Ap= g—W\/d(ZRa-r d)
where

w

d= ————
S
v2tan(2)

is the groove depth, W is the groove width and S is the included angle.
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3) Pyramid indenter : the standard Vickers Hardness Test diamond indenter with
an included angle of 136 degrees arc. The projected area of this can be described

» as. .
Ap= W2

where W is the groove width.

4) Scratch diamond tool (Fig. 3.9c) as used in the scribing test: this has 5 degrees
arc negative rake angle and 5 degr‘eesv clearance angle and the rake face has 120
degrees included angle. The projected area can be described as:

2

where W is the groove width.

3.5 The Ruling/Scribing Process
3.5.1 Ruling/Scribing Experiments on Amorphous Glasses and Glass-Ceramics

Beilby (1907, 1921), French (1917), Preston (1921/22), Klemm and Smekal (1941),
and Taylor (1949) have observed fine scratch (furrow) marks made by rubbing a

hard point against a glass surface and suggested that this was plastic flow.

The diamond tools used in ruling experiments on glasses were either of roof edge
from ( with side angles Si= 37° and Sy= 63° , rake angle Ofake= — 45 ° ) or canoe-
shaped (with included angle S = 90°, Rer= 0.5 inch ). The roof-edge tool was used
both in upright ( pin axis perpendicular to the mlmg direction ) and 5 degrees tilted
forward (to simulate a tool with -50 deg. rake angle and 5 deg. clearance angle)
manners. Travelling speeds of the diamond tool covered from 1 mm/sec to 95
mm/sec, normal loads ranged from 5 grams to 150 granlé, and groovc-spacings
ranged from 1 pm to 50 pm . Since the diamond tool travels with near simple
harmonic motion (see section 3.3), a spectrum (range) of tool speeds can be
obtained in one stroke. The speed controller attached to the machine could offer
ten speed bands for ruling. This provided a ready means of studying the influence
of speed on groove profile. ' |
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Fig. 3.10  Scanning electronic micrograph showing the ductile-brittle transition produced by
ruling the soda lime glass with a canoe-shaped tool (included angle: 90, Ret: 0.5 inch), 90 grams
vertical load, and at 40-90 mm/sec speed range.

At low loads (25 grams), low penetration depth, ductile (fully plastic) grooves
formed on soda lime glass at the whole range of speeds studied regardless of the
tools used. This low figure (25 grams) was used with the tilted roof-edged tool. The
upright roof edge could sustain 60-70 grams with plastic deformation while the
canoe-shaped tool could employ 70-80 grams vertical load without damage at all
speeds studied. In the cases of loads higher than 150-190 grams (respectively for
roof-edged and canoe tools), the grooves produced on soda lime glass were fully

brittle for all speeds and tools.

An interesting phenomenon observed with intermediate loads (between fully plastic
and fully brittle grooves) was that brittle fracture was normally first encountered at
lower speeds ( i.e. at start and end of the groove when crank driven). Thereby, very
often a brittle to ductile transition appeared at the accelerating end while the ductile
to brittle transition could be seen at the decelerating end. As a result, a section of

ductile groove was left in the middle. Fig. 3.10 shows one of these ductile-brittle
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transition produced by mhng the soda lime glass w1th a canoe-shaped tool 90 grams
vertical load, and at 40-90 mm/sec speed range.

The ductile-brittle transition in Fig. 3.10 could be divided into three stages, these
were: ‘ .

(1) small lateral cracks appearing at the bottom of the grooves

(2) large post-ruling propagated lateral cracks emerging at the surface which might
combine with adjacent lateral cracks and cause post-ruling chipping (the grooves
profile could not be so good if chipping occurred before the ruling tool had passed)
(3) severe chipping occurred and left some large holes wh1ch could have depth 5-10
times the value of ductile groove depth.

[From Fig. 3.10 the groove depth was measured as 1.2 pm which compares closely
with the figure of approximately 1 um postulated and measured by Puttick et al
(1989). Further discussion of the critical cut depth arises in section 4.3].

Usually, this transition phenomenon stretched for several hundred grooves and
formed a transition band. The length of the damaged (brittle) part of the groove
tended to extend when ruling with lower speed range. Fig. 3.11 shows a typical

210
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Fig. 3.11  Tangential ruling force versus time trace.
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Fig. 3.12  Groove produced by scribing the soda lime glass with a Vickers indenter (notice
the residual impression at the end of the groove).

tangential ruling force versus time trace. The large fluctuations at both ends were

caused by the large scale chipping (the third stage).

The results of ruling on soda lime glass showed that the ductile brittle transition had
a speed dependency on a dead load machine. However, the speeds used in this study
were far too slow to generate enough energy to soften the glass, thus, the thermal
energy could not be the major reason of the transition (see section 5.5). One
possible cause for this speed dependency is that the groove width (and thence the
groove depth) is a function oftool speed. Generally,the groove width decreases as
the speed increases, probably due to the negative-rake ’keel’ effect with tendency
of the tool to ride up as the speed increases. (In general, the yield stress is expected
to increase with increasing strain rate. This implies that the critical cut depth will
decrease with increasing machining speed. Such an argument, however, neglects

possible heating caused by friction.)

Fig. 3.12 shows a groove formed by scribing soda lime glass with the leading edge

of a Vickers indenter. At the end of the scribing, the indenter was kept still for 5



Ch.3 Ruling and Scribing 74

seconds before it was lifted. During this "keep" time a partial Vickers residual
impression was formed and could be seen clearly in the figure. Since part of the
clearance faces (faces opposite to the direction of motion) were visible on the
residual impression, this indicates that the indenter must has penetrated further
down during the five seconds stationary. This indicated that the indenter (tool)
needs time to penetrate. For a dead load ruling/scribing experiment, the faster the
diamond tool travels, the less time there is for it to penetrate deeper into the
m aterial. A lso, the shape of the tool may influence the groove depth. Using the
canoe shaped diamond tool, the grooves manifested totally brittle fracture for
vertical loads above 150-190 grams as compared to 60-100 grams for the tilted roof

edge type tool.

Large scale curly swarf (in some cases it could have length as much as several
millimetres) were observed after ruling soda-lime glass, as shown in Fig. 3.13, using
both roof edge and canoe-shaped type diamond tools. These long curly swarf-chips
have also been observed and reported by Demichelis (1951), Joos (1957), Busch
(1968) and more recently Schinker and Doll (1985, 1987), Puttick et al (1989), and

Chao and Gee (1989). Fig. 3.14 shows a detailed view of one the smaller swarf which

20HM 21KV

Fig. 3.13  Large scale curly swarf (in some cases it could have length as much as several
millimetres) was observed after ruling soda-lime glass.
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21KV

Fig. 3.14  Detailed view of one the smaller swarf which has both ends still attached to the
groove edge and has its middle section arched up to form a "hoop" shape.

has both ends still attached to the groove edge and has its middle section arched up
to form a "hoop" shape (similar to the long chips observed by Puttick et al. 1989 in
fused silica). A long ribbon could be developed when several of these small hoops

link together.

Since a hoop cannot be formed ifmaterial isremoved ahead ofthe diamond tool,
it must be formed after the passage of the tool. Puttick et al (1989) suggested that
the swarf was produced by the compressive residual stress in the machined groove.
This removal ofmaterial by residual stress they termed "delamination" and willbe

detailed in the following chapter (see section 4.2).

The grooves shown in Fig. 3.15(a) and Fig. 3.15(b) were produced by scribing on
soda lime glass with the Vickers indenter and the scratching tool respectively. Apart
from its small (near zero) negative rake angle, the scratching tool was very much
like a tilted roof-edge type diamond tool. However, the material removal
mechanism obtained with these two tools were quite different. Free from the strong

compressive stress field (introduced by large negative rake angle) ahead of the tool,
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(b)

Fig. 3.15  Grooves produced by scribing on soda lime glass with (a) a Vickers indenter and
(b) the scratching tool (with small -near zero negative rake angle).
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Fig. 3.16  "Arc chips" (or "loose-arc chips").

plastic (shearing) flow appeared to be the preferred material removal mechanism
in the case of the scratching tool when the vertical load was below 50 grams. The
chips generated by this shear-dominant mechanism, as shown in Fig. 3.16, were
curved, continuous and with distinct shearing marks on the back side. This type of
continuous-chip, called "arc chips" or "loose-arc chips", is generally produced when
cutting ductile materials such as copper, mild steel and aluminium. The appearance
of such arc chips and ductile grooves has demonstrated, the Ilikelihood if not

certainty, of the feasibility of machining glass in a manner similar to ductile metals.

On the other hand, the Vickers indenter with one diagonal aligned to the scribing
direction, could also produce a well-defined, ductile groove on soda lime glass if the
vertical loads were under 50 grams. However, no distinctive arc chips or curly swarf

(produced by delamination material removal mechanism) were observed.

The long curly ribbons reported by Puttick et al (1989) were obtained using a
Vickers indenter, but in their case one ofthe facets ofthe pyramid was used as the

rake face.
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0030

Fig. 3.17  "Some" of the crack patterns produced by scribing fused silica with the scratching
tool at a speed of 0.2 mm/sec and 25 grams vertical load.
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These various material removal mechanisms mentioned above indicated that the
shape of the diamond tool appears to exert a strong influence on the material
removal mechanism. The general trend appears to be that the tools with large
negative rake angle (roof edge type, canoe-shaped' type, Vickers pyramid indenter)
tend to generate a compressive stress field in front of the tool which will suppress

the shear flow (cutting) mechanism.

As discussed in section 2.4.2, fused silica is classified as "anomalous". The anomalous
nature of fused silica is manifest in scribing fracture to an extent that the diversity
of crack shapes make it very difficult to catégorise. Fig. 3.17 shows "some" of the
crack patterns produced by scribing fused silica with the scratching tool at a spwd
of 0.2 mm/sec and 25 grams vertical load. The scribing crack patte_rns‘ on ’Zerodur’
(a low-expansion polycrystalline glass-ceramics) were as diverse as on fused silica.
The scribing (with scratching tool) fracture started when the normal load exceeded
10 grams on Zerodur and 15 grams on fused silica.

3.5.2 Ruling/Scribing experiments on Single Crystal Silicon Near (111) Surface

Ruling and scribing experiments on silicon single crystal were performed in the
same way as on glasses. Like most of the silicon wafers used in the semiconductor
industry, the silicon specimens (wafers) used in this experiment were oriented
approximately 3 degrees from the (111) plane towards the (110) plane, with
a reference edge ground parallel to (110). Three other { 111 } cleavage planes

[01T)

(1TT) \ -

(1TT1)

1 - '
Fig. 3.18 Cleavage planes intersect the (11 1) surface planesin< 110> directions.
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( (ITT), (TT1l), and (T 1T) ) intersect the (1 11) surface plane in

< 110> directions to form an inverted tetrahedron (as shown in Fig. 3.18).

Depending on the inherent crystal structure, the ruling and scribing directions have
a strong influence on the plastic deformation and fracture characteristics of crystal-
line silicon. Puttick and Shahid (1977), and Puttick and Hosseini (1980) made
scratches on silicon (1 1 1) surface using a Vickers diamond pyramid under con-
stant load and used SEM and X-ray topography to examine the grooves. They found
that [ 1 12] scratches produced cracks on both sides of the groove starting from the
edge and growing roughly at 60 ° to it (i.e. close to [T 2T ] and [2 TT ] ) while
[TT2] scratches nucleated cracks within the groove at a very small angle to its
direction, growing outside it at an angle closer to 30 © than 60°. This direction-de-

pendent behaviour is known as the "sense effect".

Puttick and Hosseini (1980) also reported that scratches in [T 1 0 ]Jand [1TO0 ]did
not exhibit any sense effect in [ 1 12] and [T T 2], but possessed a marked asym -
metry of fracture strongly tending to {110} cleavage.

The results of ruling with a roof-edge tool and of scribing with a Vickers diamond
pyramid on the polished side of the silicon wafer in the < 1 10> and < 112>

directions generally conformed with the results of Puttick and Hosseini (1980).
However, there are a few details about the produced cracks that are worthy of note.

These are:

Fig. 3.19  Cracks formed around the groove rulied by a roof-edge diamond tool (Si:37, Sa2:
68, Ri1:45).
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Fig. 3.20  Scanning electron micrograph of a groove ruled by a roof-edge diamond tool
(Si:37,S2:68, Ri:45) with 15 g vertical load and in [ T 10] direction (from left to right as in the
figure), showing chip-cavities alone the groove, (mag.: 7100; tilt: 30°)

(1) cracks obtained by scribing with a Vickers diamond pyramid in all the directions
tested generally, after an acute exit from the groove (30°), tended to turn to an
angle of 60 0 (this conforms with the micrographs shown in the works of Shahid

(1977), and Puttick and Hosseini (1980) ).

(2) when ruling with a roof-edge diamond tool, the cracks (as shown in Fig. 3.19)
often go in and out of the groove several times before finally branching away (also,
inside the groove many fine irregular cracks can be seen on the groove face).
M oreover, the compressive residual stress introduced by the scribing, manifested
itself in that grooves with severe chipping on both sides of the groove and having
median cracks at the bottom, as shown in Fig. 3.20, could still have groove faces
preserved (see also Fig. 2.17, the effect of compressive residual stress on indenta-

tion).

Scribing with a scratching tool (see section 3.4.2), having smaller rake angle than

either a Vickers pyramid or a roof-edge ruling tool, produced some crack patterns
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Fig. 3.21 Scanning electron micrograph of a[ 1 12] (from right to left) scratch (load: 15 g;
mag.: 7000).

quite different from the ones obtained by using high negative rake angle tools. At
low loads (10 g, 15 g) the cracks appeared to initiate from the valley of the groove,
propagate upward and outward, and then intersect the surface to leave a crack
(intersection line) in the directions of < 1 10> and < 112 > . These cracks tend
to be lifted from the surface at the emerging end due to the compressive residual
stress along the groove after the passage of the tool (as shown in Fig. 3.21). If the
residual stress is strong enough, the crack may cause chip-off and a scallop (con-
choidal) shaped hole will then be formed. As the load was increased to 25 grams,

the crack pattern appeared to change to the "chevron" type crack pattern.

The change of crack patterns with increasing load suggested that there might be a
change in material removal mechanism. However, the stress field around the
scribing tool and how the stresses interact with crystallographic angle and cleavage

planes are still not well understood, and further studies are needed.

Fig. 3.22(a) and (b) show the relationship between normal loads and widths of

grooves obtained by scribing in < 110> and < 112> directions respectively.
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Scribing on Silicon (111) Surface
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Scribing on Silicon (111) Surface
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Fig. 323  Ratios of measured maximum crack iength ( worst case ) to groove depth obtained
in (8 < 110> and (b) < 112> scribing. '
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As can be seen in the plots, the width increased with load reasonably linearly with

not much difference between these two direction groups.

In Fig. 3.23(a) and (b) the ratios of measured maximum crack length (worst case)
to groove depth obtained in < 110 > and < 112> scribing were plotted against
related normal loads. Below 10 grams the ratios in the < 1 12 > directions were
slightly larger than the ratios in the < 1 10 > directions. For the twelve directions
scribed with a scratching tool and 5 grams vertical load, only the groove in (T 10 )

direction produced no visible crack.

Observations were also made seeking evidence of plastic flow and the possible
reasons for its appearance by examining the ductile parts of the grooves. Shown in
Fig. 3.24 is one of the "ductile" sections. As can be easily seen, the groove faces are
very "lumpy" (with a lot of small lumps sticking out from the groove surface). Since
all these small lumps have one end attached to the surface and have the loose end
pointing in the opposite direction to that of scribing; this can only have happened

after the tool had passed. Fig. 3.25(a) shows one section with "chips" scattered along

Fig. 3.24  Scanning electron micrograph of a [ T 10] scratch (from right to left) showing the
"lumpy" feature of the groove face (load: 25 g, mag.: 5000).
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- both sides of the groove. Fig. 3.25(b) shows the detail of one of these chips on which

the groove image can still be seen.
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(b)

Fig. 3.25 Scanning electron micrograph of a [ T 10] scratch (from right to left, load 25 g)
showing (a) general view of the groove and produced chips (mag. 3500) (b) detail of the chips
(mag.: 8000).
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Chapter4

Material Removal Mechanisms in Machining

4.1 Introduction: the Need for Machining of Brittle Materials

- When subjected to stress, glasses, ceramic materials and certain important hard
crystals like silicon and gallium-arsenide, all fracture before appreciable plastic
deformation takes place; this is (classically) said to be evidence of ’brittle’ charac-

teristics.

Although such "brittle" effects make the machining of these materials extremely
difficult, the demand for precision parts made from them has risen (and continues
to rise) at a very fast rate primarily because of other supérior physical, mechanical,
optical or electronic properties. Advances in manufacturing processes are therefore

important to the economic production of these parts.

For some years, it has been possible to diamond-turn certain traditionally-
machinable metals such as electroless nickel, copper, and aluminium alloy to
mirror-like surface finishes, with figure tolerances down to a few tens of nanometres,
and with surface roughness of under 10 nm rms. However, optical system designers |
often prefer to use glass or glass-ceramic materials for their dimensional stability in
the case of mirrors; for lenses in the visible spectruin, there are few materials
superior to glasses in respect of transmission characteristics. These materials are
not so well suited to diamond turning. At normal engineering machine tolerances
(several micrometres) diamond-fuming was thought to be a "crushing" process
(Bryan and Carter 1985) when applied to brittle materials such as glass, producing
a surface characterised by conchoidal fractures and a damage-layer up to 50-100
pwm deep. However it has been found by optical glass-workers and materials’
scientists that glasses and other brittle materials do not always manifest "brittle
fracture" when being machined with the finest cuts (< 1 pm). This is also apparent
in indentation tests at loads of the order of grams and at tip-depths of the order of
v micrometers"(see sections 2.4.2 and 2.4.3). Furthermore, when the indenter is
moved _laterall'y at constant (dead) loads, it has been observed that, rather than
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brittle chipping, material piled up either side of the groove (Taylor 1949, Marsh
1964, Ishida and Ogawa 1962). Such phenomena have also been found in ruling
(Chao and Gee 1989), single point diamond turning (Puttick et al 1989) and grinding
(Bifano et al 1988). - | |

Based on such observations, it is apparent that for cut depths below some critical
value together with matched machining conditions (tool-shape, cutting speed,
| cross-feed, coolant), these (macroscopically) brittle materials can be machined in a
restricted ductile-mode in whichk maierial is removed by plastic deformation proces-

ses rather than brittle fracture processes.

As to whether this might be a machining process offering potential manufaéturing
utility is yet to be answered. However, it is possible to affirm that a ductile machining
process, analogous to that used on metals and capable of yielding an ultra-fine
surface finish c‘)nb silicate glass, quartz and other brittle materials would present
certain major advantages as a manufacturing‘ process. It would open up the pos-
sibility for producing aspherical lenses in an economic and deterministic (bn profile)
manner, thus reducing cost and weight of multi-element optical components and it
could also replace the tedious, time consuming and indeterministic free-abrasive
grinding and polishing operations traditionally used to produce spherical and plane

surfaces in glass.

In order to achieve ductile machining, and thereby to enable all the above men-
tioned potential prospects, a fundamental understanding of the underlying plastic
material "removal" mechanism is vital. However, due to the complexity of the cufting |
process and the difficulty of accessing the machine-performance which will enable
a tool-depth of less than 1 wm to be held, much previbus work has been based upon
the assumption that previous technology could be extended, relying upon case study;
trial-and-error to solve the problems encountered in machining. As a result, many
publications in this area have put emphasis on the machined surface and related
cutting conditions but only few of them have discussed the related material defor-
mation mechanisms involved in obtaining the finished surface. As pointed out by
Shaw (1984), a great many cases must be considered before a sufficient number of
examples have been presented to enable all common situations to be coveréd and

this requires not inconsiderable effort and resource.



Ch. 4 Material Removal Mechanisms o 80

Several "relatively" simple mechanisms, supported by scanning electron and optical
micrographs, will be discussed in this chapter.

4.2 Material Removal Mechanisms
4.2.1 Intrpduction

Cutting brittle materials by single-point diamond turning, though it is not as complex
as multi-point diamond grinding, is by no means a simple process to be described
by a single material removal mechanism. Several relatively simple mechaﬁisms,
supported by scanning electronic and optical micrographs, are discussed in the
following sections. Each mechanism has its favourable operating conditions under
which it will become the dominant and therefore appropriate mechanism. But, in
general, no process can be described by only one of these mechanisms and it is rather

frequent to see several mechanisms co-existing on the same specimen.

4.2.2 '"Ploughing "( Plastic Flow)

In the ploughing mode, material is plastically pushed aside by the tobl rake face and
a groove (furrow) mark is left behind it. Where there is no or very little evident swarf
produced in the ploughing process, the "removed" materials may be accommodated
either by the surrounding bulk materials via plastic flow of by the densification
(compaction) process in the vicinity of the groove. In some materials such as
soda-lime glass, a small amount of pile-up material provides evidénce for plastic
flow. In silicon, a very high dislocation density area is found around indentations
and scratched grooves (Puttick, Shahid and Hosseini 1979, Puttick and Hosseini
1980) showing traces of plastic flow. '

This material removal mechanism, as learned from scribing and ruling experiments,
is normally obtained when the tool penetration depth is very small. Since thé cutting
depth has to be kept low to maintain the ploughing process, this materiél mechanism
is highly inefficient.
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4.2.3 "Cutting" Mechanism

The word éutting is used here to describe the shearing of materials from the bulk to
form a significantly continuous chip generated by shdmg away from the bulk along
the rake face of the tool. It is the very effective cutting mechanism for ductile
materials familiar to those who have used machine-tools.

In ductile metal-cutting, it is well-established that there is a shear plane passing
through a point of stress concentration present in the metal being cut. As bulk metal
material ’appr‘oaches this shear plane, it undergoes a substantial level of simple
shearing as it crosses a thin shear zone (Shaw 1984). The chip then proceeds up the
face of the tool and a rough surface develops on the back of the chip as the result
of inhomogeneous strain involved in the process. To explain these observations, an
ideal cutting process model, called the card model, was suggested by Piispanen
(1969) which depicted the material cut as a deck of cards inclined to the free surface
at an angle corresponding to the shear angle. Although it is an over-simplification
not explaining chip curl or predicting shear angle and contact length, it does model

the chip-forming process.

Another well known and widely-used model is that of orthogonal cutting model
 which assumes that the material removal process in cutting can be simplified to a
two dimensional problem. In the orthogonal process, material deforms
homogeneously under shear stress and a ‘continuous chip is prdduced with no
built-up edge (Shaw 1984). Since orthogonal cutting represents only a two dimen-
sional cutting process, it has eliminated mai'iy parameters and eased the theoretical
‘analysis of the complicated three dimensional problem. On the other hand, as a
result of these assumptions, the orthogonal cutting model can only be used to throw

some light on the problem. To tackle the real cutting process, a lot of eXpériments |
and careful observations have to be carried out to fill the gap between the theoretical

model and observations.

The assumptions on which the orthogonal model is based require the cutting edge
to be a straight line extending perpendicular to the direction of motion, the width
of the tool is greater than that of the workpiece, and the chip does not flow to either
side (plane strain) (Shaw 1984). In the case of experiments on metal cutting, to meet
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Top View

Side View

Fig. 41  Simplified (two dimensional) cutting model ("paraliel thin plates model’).

these requirements is relatively easy because of the scale of the operation. However,
at sub-micrometer cutting depths and complementary small tool dimensions the

task assumes high difficulty.

No attempt has been made in this study to design a special tool just to satisfy the
assum ptions of the orthogonal cutting model; instead, a normal diamond tool has
been used. But, to adopt the well established theoretical analysis for the orthogonal
cutting model, the three dimensional cutting process has been simplified to a two
dimensional process cutting multiple parallel thin slices (as if the tool were cutting
a deck of thin plates from their edges and is called here as '[Jarallelthinplates model
", as shown in Fig. 4.1). This sim plified approach, like orthogonal cutting itscif, serves

only as an approximation to the complex cutting case.
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Fig. 42  Force diagram for orthogonal cutting.

Based on Piispanen’s card model (1937) and the orthogonal cutting }nodel, Ermst and
Merchant (1941), and Merchant (1945) suggested‘ a so-calléd shéar-angle solution
in which the shear angle ¢ would take up a value so as to minimise the work done
" in cutting. Fig. 4.2 shows the force diagram for orthogonal cutting; with the aid of
Fig. 4.2, the shear angle may be obtained as

tan © = Y cos o | _ (4.1)
=17 Y sin & ' |

d . .
where Y= = cutting ratio
’ (4

d is the undeformed chip thickness (depth of cut), # is the chip thickness, and
o is the rake angle. '
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For a fixed cutting depth, d, and rake angle o, the larger the shear angle ¢ the longei
the chip produced from av unit length of cut. Since under the present cutting
mechanism the chip length can not exceed the length of cut, the maximum shear
angle is obtained by the bisecting the included angle between the rake face of the
tool an-d the surface to be machined (thus, chip length is equal to the length of cut).

The shear stress, T, and normal stress, G on the shear plane can be given as

_Fs_ (Fycos@— Fysing) sin@ v (42)
T As bd
_ Fns_ (Fy sm(p+ Fy coscp)sm(p - “.3)
T As bd

where Fs, Fns are the shear and normal force on the shear plane respectively, and
b is the width of cut.

Shear (plastic) flow starts when the shear stress T reaches the critical value.
However, this critical shear stress is generally a function of temperature, strain rate
and hydrostatic pressure and the detail of this function is not well understood.

Quick-stopping, one of the techniques most commonly employed for study of chip
formation in metal cutting, was used in this study to identify this mechénism. As can
be seen in Fig. 3.16, those chips shown are curved, continuous and with distinct
shearing marks on the back side. This type of continuous-chip, called "arc chips” or -
"loose-arc chips", is generally produced when cutting ductile materials such as
copper, mild steel and aluminium. The chips shown in Fig. 4.3(a) and Fig. 4.3(b),

have been produced by cutting soda-lime glass and Zerodur, and resemble the |

continuous ch1ps obtamed in cutting ductﬂe metals at larger scales.

Fig. 4.4 shows clearly that after the curved chip is removed from the end of the
groove, distinct shearing marks are left on the shear plane. A simplified model of
a typical groove is shown in Fig. 4.5 (a). Using the stop (retreat) point of the tool as
a reference point the groove can be divided into the part which tool has moved past
and the part ahead of the tool. The former part of the groove has approximately
‘uniform width while the later part, the acting shear plane before the tool stopped,
has widths véuying from maximum to zero (Fig. 4.4 is one of these shear planes

obtained at the end of grooves).
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(b )

Fig. 4.3  Scanning electron micrographs of the chips produced by cutting (a) soda-lime glass
and (b) Zerodur showing the resemblance to the continuous chips obtained in cutting ductile
metals.
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Fig. 44  Shearing marks left on the surface of the groove.

Since the shapes of the tools used to cut these grooves are well defined, the ideal
correlation between cut-depth, width and tool geometry can be used to estimate,
w ithin reasonable agreement, the real groove profile. By examining in detail the
shearing marks and measuring the change of width at the end of the groove, the
finishing position of the tool and thus the starting point of the shear (slip) plane and

the shear angle ((p) can be evaluated.

The scratching diamond tool (see section 3.4.2) was used in this study, having a
V -shaped rake face, the obtained groove had a range of cutting depths. By using the
"parallel thinplates model " outlined earlier in this section, the shear angle can be

correlated to the cut depth of each plate (as shown in Fig. 4.5(a)).

The measured shear angles points are plotted against cut depths as shown in Fig.
4.5(b). The shear angle and cut-depth was approxim ately correlated by applying
power curve fitting to these data points to obtain the solid line trace in Fig. 4.5(b)

of the form:
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Plate A

Shear Plane Tool Groove

Shear angle of plate A

Soda-iime Glass

Cutting Depth (um)

(b)

Fig. 45 (a) Showing a simplified model of the groove and shear plane formed by the
scratching process (b) Plot of shear angle against the cutting depth (soda-lime glass). The solid
line trace was obtained by applying power curve fitting to the data points.
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o= Ci1d" . (44)

where C) =12.57 and n= 0.55 for soda lime glass.

The shear-angle associated with the centre plate is lafger than the corresponding
shear angle of the side plate. (The shear angle as well as cutting depth-decreased
for subsequent plates from centre towards the sides of the groove). If it was the case
that the thin plates were independent with no influence (constraining forces) from
or to the neighbouring plates, the chip produced from the centre plate would have
longer length than the one produced from a side plate. However, in practice, the
chip does not consist of separate plates. This means that, in order to keep the chip
in one piece, part of the chip (centre) is under compressive stress whilst other parts
(edges) are under tensile stress, the magnitude of these stresses depending on the
cutting depth. When the cutting dei)th is small, fhc tensile stresses are not strong
enough to initiate cracks so the chip edges present only small irregularity (as shown
in Fig. 4.6(a)). Upon increasing the cutting depth, cracks start to propagate from
both edges towards centre of the chip to form the "centipede" type chips (as shown
in Fig. 4.6(b)). If the tensile stress is strbng enough; cracks developed from both
edges may meet at the centre to form a partial ring crack (as shown in Fig. 4.6(c) ).
In some cases, the edge detaches from the main chip body to form a long and thin
ribbon (as shown in Fig. 4.7).

In general, for cutting brittle material, the material removal rate of this mechanism
is much bigger than the ploughing mechanism. It is found in this study the cutting
mechanism can be obtained when cutting with a near-zero (small positive or small
- negative) rake angle tool. A large negative rake angle, and resulting large compres-
sive stress ahead of the tool, may'suppress this type of material removal mechanism.
For given cutting conditions, there is a critical negative rake angle for the tool Below
which the cutting mechanism (therefore chips) dominant will be replaced by a
dominating ploughing mechanism. Sedricks and Mulheamn (1964) have studied this
transition of material removal mechanism on a range of ductile metals by scratching
the materials with a pyramidal tool, and the critical negative rake angles they
obtained were: copper (— 45°), lead (- 60°), nickel (— 70°), and aluminium
(- 85°). B
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(a )

(b )

2.50V 0018

Fig. 4.6  (a) small cutting depth: the tensile stresses are not strong enough to initiate cracks
so the chip edges present only small irregularity, (b) increasing the cutting depth, cracks start
to propagate from both edges towards centre of the chip to form the"centipede" type chips, (c)

If the tensile stress is strong enough, cracks developed from both edges may meet at the centre
to form a partial ring crack.
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Fig. 4.7  Edge detaches from the main chip body to form a long and thin ribbon.

Another possible reason for the small rake angle being more favourable for the
cutting mechanism (shearing process) to be dominant, is that large negative angles
may make the shear angle impossibly small. If, for example, a Vickers indenter is
used as cutting tool with one of its planes facing the cutting direction, the largest
shear angle which can be reached is only 11 degrees arc (as a Vickers indenter has

a - 68° arc rake angle).

4.2.4 Delamination

Delamination is a process whereby ribbon-like swarf detaches from the workpiece
bulk after the passage of the tool, and was proposed by Puttick et al (1989) as a
ductile mode material removal mechanism. The delamination process is caused by
the longitudinal compressive residual stress introduced by the tool immediately

follow ing its passage.
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LML

Fig. 48 Detachment of the swarf occurred by shearing fracture along a path within the
stressed region parallel to the machined surface, followed by the bending or buckling caused by
the compressive residual stresses on the end of the free segment. (After Puttick et al 1989)

Puttick et al (1989) observed this mechanism in machining soda-lime glass and fused
silica (Spectrosil). They proposed that the detachment of the swarf occurred by
shearing fracture along a path within the stressed region parallel to the machined
surface, followed by bending or buckling caused by the compressive residual stresses
on the end of the free segment (as shown in Fig. 4.8). As a consequence, "hoops" of
swarf may be formed and extended to form a long ribbon which, in some cases, can

be several millimetres long.

Puttick and his coworkers noticed similarities between the delamination process
and the slitting and buckling of a slender beam by swelling due to moisture
absorption. They adopted the solution for the buckling beam given by Mai (1977),
as a simple model for solving the criterion of the shear delamination problem.By
assuming that a thin layer below the machined surface is in a state of uniform
residual compressive stress, Oy, the strain energy A , contained in a strained volume
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Gsza

2E
the shear delamination may be expected to occur when the fracture toughness is

dA JB

shear Rp= - —"0= -0 It follows that the critical value of the depth B is

of length a, width‘ w and depth B, due to compression is equal to . Thus,

2ERy ' (45)

Bcz 6’2'

Since the precise magnitude of o is unknown, Puttick et al (1989) suggested that
it should be of the same order as the maximum residual stress introduced by
successive overlapping indentations. They found that, below the critical depth B,
for chipping, a regime of stable peeling occurs with a lower depth limit

2ERy

Be= 63

(46)

=

B..

W [

In general, the observed delamination process in this study can be categdrised into
two types, namely side-delamination and centre-delamination. In case of side-
delamination , as shown in Fig. 3.14, the material is forced to "pile-up” alongside the
groove due to plastic-flow and then to detach itself from the bulk. In the case of
centre-delamination , a layer of stressed material peels off from the surface after the
tool has passed and, as can be seen in Fig. 4.9(a), the pattern of the groove is
preserved on the curved swarf. Since different parts of the groove are subjéct to
various degrees of compressive residual stress and the buckling is accompanied by
large tensile stresses in the outer layers of the ribbon, the inhomogeneous stress
field can cause the detached ribbon to split into several secondary ribbons curved
in different directions according to the local stress field (as shown in Fig. 4.9(b)).

From the dimensional control point of view, it is not favourable to remove material
by a central-delamination mechanism due to its lacking control of the thickness of
the detached ribbon and thence of the cutting depth.
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(a)

71y eels

(b)

Fig. 49  Centre-delamination, (a) a layer of stressed material peels off from the surfaoe after
the tool passed (b) the inhomogeneous stress field can cause the detached ribbon to split into
several secondary ribbons curved in different directions according to the local stress field.
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4.2 .5 Elastic Fracture

By increasing the normal load on a tool or indenter, as discussed in section 2.3.1,
sub-surface lateral cracking might extend to the surface during unloading, causing
part of material to be chipped off. These lateral cracks, as suggested by Hagans and
Swain et al (1979), are nucleated by shear deformation and driven by residual stress

after the load is removed.

In the case of ruling and scribing, the tensile stress introduced by the friction force
between tool and workpiece can cause the sub-surface lateral cracks to propagate
along the cutting direction. As a result, it has also been found in ruling and scribing
experiments on brittle m aterials that large chips (debris), overten timeslarger than
the groove size in some cases, could be produced by brittle fracture (as shown in

Fig. 4.10).

It has been suggested by Lawn and W ilshaw (1975a) that this mechanism 1is respon-

sible for material removal during machining processes such as grit blasting or

grinding.

Fig. 4.10 Large chips (debris) produced by brittle fracture.
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| Owing to the uncertainty of the crack directions and their extént, this material
removal mechanism cannot offer the required dimension be accuracy in precision
machining, although it can remove materials very effectively. Besides, the surface
generated by using this mechanism is normally very rough and large Scale sub-sur-
face cracks (lateral and median cracks) may penetrate deep into the matenal bulk
makmg subsequent machmmg extremely difficult.

4.3 Ductile-Brittle Transition: Machining Implications

It is true that fracture can happen in machining ductile metals if the cutting depth
is very large, it is also the case that ﬁorma.lly brittle materials can be defoxmed in a
ductile mode if the scale of deformation is small enough, as experienced in inden-
tation (chapter 2) and ruling/scribing (chaptef 3) experiments. These results suggest
that the ductile and brittle mode of deformation can happen in the same material
“and that transition between them can be obtained by changing the scale or the rate
of dperation. As a result; the traditional way of classifying materials as brittle or
ductile by testing the performance of laboratory test-pieces to given standards of
geometry and speeds has to be treated with some uncertainty. |

Based on the magnitude of the strain induced by the applied load, €gpiies , the yield
strain, &, , the specific work required for cracking, W, , and the energy rate W, in
the loaded body which may be released for cracking, Atkins and Mai (1985)
suggested that the deformation transition regimes could be divided as follows:

(1) when Egplica< €& and W;> W, : simple elastic deformation occurs;
(2) when €gpp1iea< & and W< W, : elastic brittle fracture occurs;
(3) when Egppiica > & and W,> W, : simple plastic flow occurs;

(4) when E€qppiica> € and Wr< W, : combined flow and fracture occur.

In regime (3), the deformation takes place in the form of simple plastic flow; this
means that it can be used to remove the unwanted materials without initiating a

crack. As a result, it is the favoured regime for ductile mode machining.

Puttick (1980) classified the fracture transition, depending on the extent of plastic
flow in the specimen, into the lower transition and the upper transition. The lower

transition is the transition between elastic fracture and elastoplastic flow (when the |



~ Ch. 4 Material Removal Mechanisms | 106

yield criterion is just exceeded ) while the upper transition is the transition between
elastoplastic and fully-plastic flow (when the size of the plastic zone which precedes
fracture reaches some maximum characteristic dimension). The conditions for these

transitions may be stated as:

v Aupc= Olup ( % ) for Fhe upper transition;

dioc= Olow ( % ) for the lower transition;

‘where dipe and dia are the critical dimensions (lengths or size etc.), ( % )15 a

material factor, E is Young’s modhlus, I"is the fracture surface energy, oy is the
yield stress, and, Olup and Oy are factors related to the magnitude of tensile strain
energy available to propagate the crack. As pointed out by Puttick (1980), most
technologically important transitions are of the upper type (e.g. plane strain to plane
stress fracture transition), while the lower transition, in which the assumptions of
linear elastic fracture mechanics are valid, is widely used in theoretical studies.

The transition can also be produced by hydrostatic pressure or strain rate, as their
conditions may make the yield stress higher than the fracture stress so that brittle
fracture ensues (see Truss, Duckett and Ward 1981; Atkins and Mai 1985).

Since ductile mode machining can produce a smooth polish-like surface with little
or undetectable sub-surface damage, it is not surprising that niany attempts have
been made to identify the "criteria" for ductile-mode machining. The most common
and useful ones are critical cutting depth and critical cross-feed as they can be ‘casily |

implemented in the machining process.

Puttick (1980), and Puttick et al (1989) used the brittle-ductile fracture transitions
to predict the critical linear dimension d. of the stressed volume of material below
which the material will yield rather than crack,

oER, (4.7)

de= -2
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where ©, is the yield stress for plastic flow and R is the specific work per unit area
required to propagate a crack; o is a numerical parameter whose magnitude is a
function of the type of test and it varies from about 0.1 for tensile type test to about
the order of 1000 for Hertzian indentation (Puttick 1980). For plastic-elastic inden-
| tatwn, Puttick (1980) has estimated o.to be 50. The value of R, can be determined
cxpcnmenta]ly by recording loads and deformations sunultaneously ina quas1-stat1c
crack propagation test proposed by Gumey and Hunt (1967). The yield stress, which
is a function of hydrostatic pressure, temperature, and strain rate, can only be
approximated by using the indentation technique discussed in section 2.2.3 (Eg. 2.14
or Eq. 2.19). | o

In the case of linear elastic fracture, the relation between R, and K. can be given
(see Atkins and Mai 1985) as |

B (48)

Rw= 7
where
E*'=E (for plane stress)
__E (for plane strain). (4.9)
1- vV |

The critical stress inteﬁsity for the material can be obtained by using the indentation
technique discussed in section 2.3.3 (Eq.2.35) (the values of Young’s moduli of
tested materials are given in section 2.4.1). This relation can be used to estimate the

value of R, (in the case of lower tranéition).

It is worth mentioning that the plastic zone at crack tip, rp, is given by

K} | (4.10)

= 2no§
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which takes a very similar form as equatidn 4.7).

Owing to the stress/strain distribution in the plastic zone during machining not yet
being fully understood, the value for the test geometi'y factor o sometime has to
resort to empirical data. ‘

Table 4.1 lists the critical cut depth and related parameters needed in equation (4.7)
to make the calculation. The values of o, were calculated by using equation 2.14)
(Studman, Moore and Jones 1977), Ppacure Were obtained by indentation technique,
d{(pred.) were calculated by using equation (4.7) with 0=6.5 which was given by
Puttick and Hosseini (1980) for single crystal silicon (111), and ddexp.) were
determined expeﬁmenta]ly' and will be addressed in section 5.7.

Table 4.1

E Kie Ppacure |Gy | ddpred.)|d{exp.)
(GPa) | (MPaim) |(GPa) |(GPa) |(wm) (wm)

Si (111) crystal 132 1.84 15.56 10.17 0.18 0.5

Fused silica 73 1.67. 12.11 104 016 - {08

Zerodur 91 1.14 11.18 |83 012 |08
Soda lime glass |70 036 |654 |38 0056 |12

* Since properties of soda lime glass may vary a lot from batch to batch (or from manufacture to manufacture) the
values for soda lime glass given here are to be used with precaution.

The mbst serious source of error in the use of equation (4.7) to predict d. quan-
titatively is in the estimation of o©y. For highly brittle materials, this may only be
derived from values of micro-hardness, a procedure entailing two questionable
assumptions: o ;

(1) The yield stress is proportional to the micro-hardness. The constant of propor-
tionality in plastic-elastic indentation is a function of the elastic properties of the
material, and has been theoretically evaluated by various authors (Marsh 1964,
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Johnson 1970, Studman, Moore and Jones 1977, Chiang, Marshall and Evéns 1982,
see section 2.2.3 for detail). Significant differences exist between the predictions of
different equations. |

(2) The micro-hardnessvalues arefunction of loads at the low end of the micro-hard-

ness range.

Furthermore, the experimental work of indentation and machining has repeatedly
emphasized the importance of the effect of strain rate, temperature and environ-
ment on hardness and yield stress. The lack of knowledge of the extent of the effect
of these factors ylelds more uncertainties. As a result, at best, one can not hope to
predict dc to better than an order of magnitude. v

Cheng and Finme (1990) have tried to obtain the critical dimension (and thefeby
the brittle-ductile transition) by studying the initiation of sub-surface median cracks
in glass during indentation and scribing. By adopting the crack initiation model
suggested by Hagan (1979b), the crack initiation is caused by dislocations piling up
on the shear band fonnéd along the boundary of the plastic zone, and Stroh’s (1957)
criterion for crack nucleation due to piled-up dislocations, they proposed that the

critical size a. was

= A ( &)2 | »(>4.11 )

where A is a dimensionless constant with a value of 51 for a 110° included angle

indenter, Kj. is the critical stress intensity factor, and H is the mean pressure;

Marshall and Lawn (1986) suggested a critical 'threshold condition a. for the
indentation fracture

)2 | o (4.12)

ity

ac= uc(
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where Jic= B( %) and P is a dimensionless constant. This critical size was later

adopted by Bifano (see Bifano 1988, Bifano et al 1988) in grinding and by Blake and
Scattergood (1989) to predict the brittle-ductile transition during turning.

An aspect left undecided in the above mentioned equations, which is necessary for
calculating the critical dimension of brittle-ductile trarisition, is the dimensionless
constants (&, A , B) in the equations. Unfortunately, because of the diversity of
cutting conditions due to tool shapes, material properties, and cutting speed (strain
rate); these constants have to be derived empirically requiring effort and resource

where process utility is in question.
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Chapter$
Single-Point Diamond Turning of Brittle Materials

5.1 Experimental Single-point Diamond Facing Machine_

In order to achieve ductile-mode eapébility in machining brittle materials, there are
a number of machine requirements which must be met. Essentially these are derived
frorhr the criterion to maintain the cut-depth to within the stringent limit of
= 1wm as set out in chapter 4 (see section 4.3). As a consequence of these
requirements the machine must ekhibit high stiffness, precise machine mevcment
(in spmdles, slides), minimised internal vibration and isolation from extemal vibra-
' tion, temperature stability, and position control based upon nanometric resolution
measurement. These parameters should be examined in detail and the total uncer-

tainty of extraneous motion held within the maximum allowance for cut-depth.

High stiffness is required to reduce the deformation of machine when it is subject
to substantial cutting force (e.g. in grinding). Precise machine movement and a high
resolution control system are necessary for obtaining the (usually) sub-micrometre
critical cutting depth for brittle materials. Any vibration, intemal or external, will
directly affect the dynamic performance of the machine and the surface finish of the
workpiece. Terhperature variation may change the contours and dimensions of
machine components, and cause dimensional instability which will all reﬂeet on the
surface roughness and profile (form) accuracy of the workpiece. The temperature
variation can be reduced by minimising or eliminating the heat sources, and using
heat conducting and convecting mechanisms to dissipate excess heat from the heat
- sources that cannot be eliminated. |

An experimental diamond facing machine with high loop stiffness and negligible
tool vibration hed been developed during earlier research work of Puttick et al
(1989) to investigate single point diamond machining of brittle materials under fixed
cut depth machining condition. '
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Fig. 5.1  (a) Top view of the central frame of the machine (b) side view of tool arm, tool and
PZT actuator.

The machine is essentially a double rotary motion machine where the workpiece
rotates on a precision spindle and the tool is fed across the workpiece in a plane at
right-angles to the spindle. A similar arrangement has been described by Falter and
Dow (1987) .

The central frame of the machine is a thick cast-iron box on which the main spindle
bearing and tool arm are mounted, as shown in Fig. 5.1(a) and (b). The spindle is a
hydrostatic air bearing (Model 4R "Block-head" made by Professional Instruments
Company, Minneapolis, MN, USA), with a radial stiffness of 12 kg/pm , an axial
stiffness of 36 kg/pm , and with both radial and axial runout less than 50 nm, to give
the stiffness and accuracy needed for the intended precision machining. The box s
supported by a steel frame which itself is suspended from an outer frame standing
on four rubber load bearing joints. The tool arm, joined to a corner of the boxbya
leaf spring flexure and tapering down radially, provides for the in-feed movement
driven by a lead-screw, which itself is driven by a dc motor via a reduction gear box

and coupled to the outer end of the arm.
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Fig. 5.2  Plan of the tool holder.

The tool holder, with fine piezoelectric in-feed (of about 30 pm) as shown in Fig.
5.2, is mounted on the cast-iron tool arm. The piezoelectric actuator provides fine
vertical tool movement and has an integral mirror, as part of optical metrology
system, to interferometrically monitor the movement of the tool (detailed in the
following section). Fig. 5.3 shows the movement calibration curve of the tool-feed
piezoelectric actuator. 20 pm piezoelectric actuator movement results from a drive
voltage of 1040 volt dc. The calibration was carried out using a laser interferometer

to check against the piezoelectric actuator movement.

The voltage output of the dc-power supply is monitored by a digital voltmeter
accurate to milli-volts. In order to examine the stability of the voltage, a two-hour
duration stability test was conducted for fifteen selected voltages. The voltage drift
in two hours duration was observed to be less than 0.05%. As to the hysteresis, which
can be seen clearly in Fig. 5.3, the lost motion can be compensated by using the
automatic feedback control system or, in case of manual control, can be adjusted by
observing and counting the optical fringe shifting. In both cases, the resolution of
tool movement is approximately 10 nm. Also, parallel work in the same laboratory
by Duduch and Gee (1990) indicates that, from a control-design viewpoint, par-
ticularly in respect of the high-gain (commensurate with stability) required par-



“Ch.5 Diamond Turning | 114

- - -
© N [3] o 2
T

Displacement (um)

-]

w

Volt

Fig. 5.3  Movement calibration curve of the tobl-feed piezoelectric actuator.

ticularly for position feedback control of ulfra-precision machining systems, the
nature of this form of non-linearity occurring in piezoelectric devices may not be

the source of too many problems.

The workpiece, consisting of a plate of thickness between 0.5 mm and 10 mm and
diameters from 20 mm to 60 mm, is mounted on an optical flat which is itself
clamped onto a vacuum "chuck” (face-plate) stage incorporating tilt adjustment.
The whole optical flat and tilting stage assembly is bolted on the air-bearing spindle
which rotates around vertical axis. | ‘

The machine is located in a laboratory which is equipped with an air-conditioning
system which regulates temperature at 20+ 0.5 °C and humidityat (55 5)%.
For an earlier application the building housing the laboratory has a floor and roof
consisting of 2 m and 1 m depth of concrete respectively and the walls are 0.3 m
thick with external sloped earth-banking to a height of 2 m. Reinforcing steel girders
are sandwiched inside all the concrete work thereby making it a massive and rigid
box structure which appears to be well-isolated from much external vibration.
(Afﬁrmative comment regarding this has been made by one of the major interna-
tional manufacturers of displacement interferometric measurement systems during

a demonstration-visit).
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5.2 Metrology
5.2.1 Introduction

As discussed in chapter 4 (section 4.3) the critical fracture threshold depth for most
brittle materials is of the order of one micrometer. In any attempt to machine to
within this as a maximum cut depth, this must be the total sum of contributions to
the cutting depth including the required (set) cutting depth, spindlé run-out, ther-
mal expansion (of tool, workpiece, and machine structure) and fluctuation caused
by vibrations, both intema]ly. and externally-generated. ‘With such a narrow range
of tolerance, a small mistake made in the first contact process (plunge-in) or a
minute mis-orientation of the spécimen could have a drastic consequence (for the

cracks induced by a single deep cut might penetrate ten times the cutting depth).

In order to keep the machining depth within the ductile regime and to achieve
ultra-fine machining, it appeared to be Véry necessary to have a measurement system |
to in-process monitor the cutting process and to ease the sétting-up procedure. A
Fizeau interferometer, as shown schematically in Fig. 5.4, (model PTI made by Zygo
Inc., Middlefield, CT, USA) has been mounted above, and coaxially with, the
machine to meet the above requirements and generally extend the performance of
such machines (Gee, McCandlish and Puttick 1988).

Transmission Ref. Flat

Beam-Splitter

He.Ne Laser

Reflective Surface

Video Camera
Under Test

Fig. 5.4 Fizeauinterferometer.
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The main function of this optical metrology system is to align the optical axis, spindle
axis and workpiece surface-normal. Although this arrangement has proved to be
very effective and made levelh’ng the workpiecé and in-process interferometric
momtonng the tool/workp1ece possible, it still takes considerable effort to level the
workplece manually. To ease this difficulty, a tilt-stage was jointly-designed
(together with J. Duduch and A. E. Gee Cranfield Inst. of Tech.) to provide the
ability to adjust the orientation of the workpiece automatically through controlling-
piezoelectric actuators. A mathematical model and a control algorithm was also -
developed to enable the system to be computer-controlled.

5.2.2 Axial Interferometer System

The optical iﬁterferometcr has ldng been used as one of the most effective ways tob
méasure surface profile. With the advent 6f the laser as a long-coherence source
the advantages of laser-interferometry are multiple including non-contact, easy
set-up and self calibration all making it extremely important in precision engineer-
ing. ,

Gee, McCandlish and Puttick (1988) employed the Fizeau interferometer in the
single-point diamond facing machine for in-process monitoring the spindle and
workpiece. With this axial mounted interferometer in position, it can monitor the
full aperture of a rotating component and provide dynamic informatibn like spindle
run-out and tool/workpiece interaction which is critical for in-process control.

The geometric model of the optical metrology system used in this study is shown
schematically in Fig. 5.5, where Vo, Vs and V. are vectors representing optical
axis, spindle axis and direction of workpiece surface respectively. Vectors Vq) and
Ve are the projected components of Vs and V. on X-Y plane. The angles @;,
- @ and @ cormrespond to the angle between V.; and V;, V; and V., and, V, and
Ve respectively. »

To make the modelling easier, the optical axis vector V, is made parallel to the
Z-axis and of unit magnitude (Vo= P) Thé "offset” vector 7 is introduced when
the workpiece surféce is not perfectly perpendicular to the spindle axis. The
~ direction of vector 7 is always normal to vector V; and its magnitude is decided

by the amount of offset.
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Fig. 55  Geometric model of the optical metrology system used in this study.

The resultant of V; and r—f vector V., may be given analytically as folows:
Vs = sin @; cos 07 % sin @s sin 6;]")+ coscpsk—) (5.1)

Vc= Vs+ r_)
= [ A cos y cos ¢s cos 65— A sin ysin 65+ sin(pscoses] i
+ [ A cos \ cos @ sin 85+ A sin ycos 6, + sin @ sin es]j_)

+[cosq>s-Acoswsin(ps]7? (52)

where

A=tan @
Y= of— Yo
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O; is the angle between vector V,, and X axis, ¥ is the angle between vector r_)

-and X’ axis, ® is the spindle speed, Yy is the angle between vector Fand X’ axis at
t= 0, and t is the elapsed time. As the spindle rotates, vector will rotate around
the spindlé axis simultaneously. This makes the tfajectory of vector V. prescribe
an inverted cone, as-shown in Fig. 5.7. The angle betweeh veciors Vc and V, can

be described as:

'Vc' Vo

S Pe= TVl 1Vl

= COS ( COS Qs — sin @ Sin Qs COS Y S (53)

It can be seen in Eq. (5.3) that the number of fringes in the viewed aperture reaches

a maximum ( ie maximum tilt ) when
Pc= Qomax= Qs+ @

and that the minimum number of fringes ( ie minimum tilt ) occurs when

QPc= Qcmin= Ps— (P

The angles Qonax and @cmin may be obtained from the fringe spatial ﬁequency
and diameter of the tilting stage. The angular offset caused by the spmdlc ( ¢s)and

the offset caused by the workpiece ( @ ) can be derived as:

05 = Qcmax+ Qcmin ' (5.7)
s ’ 5

_ Qcmar— Qcmin | (58)
(P" 2 '
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5.2.3 The Proposed Piezoelectric Actuated Tilt-Stage .

" A stage which integrates coarse and fine adjustment, and provides for the requiréd
adjusting ranges (0.5 mm of coarse adjustment and 10 wm of fine adjustment) is
proposed here as a possible option for improving the machining performance.

A basic requirement of inserting a tilt-stage into the ’cutting loop’ is to provide the
needed functions without overly reducing stiffness. A monolith piezoelectric ac-
tuated tilt-stage, as shown schematically in Fig 5.6, was designed to fulfil these
conditions.

The stage can be divided functionally into two parts (Fig. 5.6). The upper part of the
stage is piezoelectric actuated for fine adjustment while the lower part may be
manually driven to give the coarse adjustment required for bringing the system into
the adjusting range of piezoelectric stacks when excessive tilting is present.

The lower part, as shown in Fig. 5.6, has three adjusting screws which are located
120 ° apart in tapped holes in the bottom plate. The coarse adjustrnenf is obtained
by turning these screws downward against the base plate. This will push the double- A
flexure upward and allow the table to tilt up to 0.4° to the X-Y (or i-j) plane. Once
within the adjustment range ‘of the piezoelectric (PZT) stacks, the surface can be
finely adjusted through the three PZT actuators embedded in the Supponing blocks
(Fig. 5.6). - '

A. geometric model of the tilt-stage is shown in Fig. 5.7. P;, Pz and P3 represent
three PZT actuafors for tilt control and V; is the direction vector of the surface
- defined (or controlled) by Pi, P2 and P3. The vector Vi is the projéction
component of vector V; onto the X-Y plahe, 6; and @, are the angles between
(X-axis and Vi) and (Z-axis and V). The direction of tilting can be deterrhined
by 6, while the amount of tilting is given by ¢:. ' |
In order to align the optical and spindle axes, and to level the workpiece, two tilt
stages are needed. A workpiece tilt-stage is used to correct the offset angle of
workpiece @ so that its surface can be levelled. The reference-platetilt-stage is used
td minimise the offset angle ¢ by adjusting the optical reference plate in the Fizeau

interferometer system.
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Fig. 5.6  Proposed monolith piezoelectric actuated tilt-stage.

Fig. 5.7  Geometric model of the tilt-stage.
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5.2.4 Dynamic Fringe Analysis

The observed interferometric fringe number generated by a tilted circular optical
flat is determined by the wavelength, A, the diameter' of the optical flat, R, and the
angle between V, and V., @.. The vector V (the X-Y plane projection of V),
as shown in Fig. 5.10, is always normal to the fringe-pattem and defined as pointing
towards the lower part of the tilted surface and is used here to define the "direction
of the fringes". The anglé Q. is a combination of @s and @ . It varies asthe spindle
rotates. As a result, the fringe number as well as fringe orientation will change as
the spindle rotates. |

Two types of "rotating fn’nge" dynamics may be observed, namely fully rotaﬁng and
partially rotating fringe-patterns, as illustrated in Fig. 5.8 (a) and (b) which cor-
respond, respectively, to the cases

(1) @s< ¢ and
2) ¢s> 0.

In case (1) (@s< @) the vector V. as well as vector Vp "rotate” around the optical
axis in a full revolution (see Fig. 5.8(a)). The variation of fringe patterns correspond-
ing to the second case is shown in Fig. 9(a). In case (2) (@s> ¢ ) the vector V.
"rotates” only on one side of the optical axis as depicted in Fig. 5.8(b). The fringes
change their orientation as vector Ve | (which defines the direction of fringes) swing

back and forth between the maximum and minimum @ (as shown in Fig. 5.9(b)).

5.2.5 Possible Control Algorithm for Tilt-Stage

In order to control the piezoelectric (PZT) actuators in the tilt-stage, it is necéSsary
to know (a) which PZT actuators are to be actuated and (b) how much displacement
is needed. This information can be obtained from the optical fringe analysis (see
section 5.2.4).
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Fig. 5.8  Condition for (a) fully rotating fringe-patterns: @s< ¢ , and (b) partially rotating
fringe-patterns: @s> ¢.
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Fig. 5.9  (a) Fully rotating fringe-patterns (b) Partially rotating fringe-patterns.
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In the case of tilt, as long as the resulting offset is within the adjusting range of the
tilt-stage, only one or two PZT actuators are needed to be adjusted. The vector
Ve can be used here to give the answer for the part (1) of the question. As shown
in Fig. 5.10, the vector Vi may be used as a pointer; when it is pointing towards any
special sector, only the PZT actuators related to the -pointed sector are to be
activated. If Vy points at P;, for example, the workpiece is tilted towards P;. To
correct this offset, only the PZT actuator P; needs to be activated. The range of

these control sectors are detailed as follows:

Sector range PZT actuator(s) to be actuated
6=0° 7 Py
0°< 6;< 120° P1,P;
6= 120° P2
120°< 6,< 240° P>, P3
8Z2= 873

$Z1> d8Z3

8Z3= 621

Fig. 5.10  Diagram showing different control sectors and the relative amount of the displace-
ments to be adjusted in each sector.
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91 = 2400 P3

240° < 6,< 360° P3,P;

where 8Zi,0Z2and 8Z3 are the displacements of P1, P2, and P3 respectively.

In order to correct the offset angles @ and @, the stages must be controlled to give
a tilt angle ¢, which is equal in magnitude but is opposite (in sense) to @s
(workpiece tilt-stage) or @ (reference-plate tilt-stage).

To simplify the analysis, the offset angle may be treated as if it is caused by the
uneven lengths of the PZT stacks (Z1, Z2 and Z3) on the ﬁlt-stage. Once these
"notional" lengths are obtained, to compensate the offset it is _required to equalise
the notional lengths of the PZT stacks. In order to achieve this, it is necessary to
correlate the PZT stack lengths with the offset angle and fringe-direction obtained

- from the optical fringe analysis.

For a given set of PZT stack-lengths, Z1, Z2 and Z3, the tilt-stage surface direction

vector may be defined as (shown in Fig. 5.11)
Vi=Vix W | (5.9)

If the offset angle is equal to @ and the fringe direction is 6, the relation between
Z1, Z2 and Z3 can be obtained by vector analysis. Using Z; as a reference point

( Zi= 0) Z2 and Z3, can be given as

I

I

|
1p0°
f—lv-

: P
| Y
Fig. 511  The filt-stage surface direction vector may be definedas Vi = Vi x B .
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; B * (5.10)
2T 1 B22 + ByBs + 1 -
Z3= B2Z> (5.11)
where

[1- -1 j4c2¢c2

By= cos @r :
C12+ Cz2

1+ Cs3

By= 1- Cs

Ci= R[cos60 + 1]

C2= R sin60
Cztan 6;
Cs= i

As the lengths of Z1, Z2 and Z3 have been obtained, to level the surface it is
required to drive the two shorter PZT actuators to the same height as the longest
of the three. ' |

5.3 Setting-Up the Machine
5.3.1 Introduction

Before machining, it is necessary to set up the machine to the design-operational

conditions. Setting-up procedures include

(1) adjusting the tool arm and spindle so that the tool cross-feed motion is pai*allel
to the spindle surface;

(2) levelling the specimen, with respect to the spindle-axis;

(3) tool-setting (height above specimen, first contact etc).
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Of these three, the tool-arm/spindle alignment needs only to be adjusted once and
then occasionally checked for alignment while the others are part of the routine
which has to be performed for each specimen before machining. '

5.3.2 Alignment of Tool Cross-feed Motion with Respect to Spindle Axis

During (facing) machining, the tool arm slowly sweeps across the workpiece using
the leaf-spring flexure-hinge as the axis of rotation. The flatess of the machined
surface is critica]ly dependent on the parallelism of the plane containing the
cross-feed arc and workpiece surface. In order to ensure this, their axes of rotation
have to be aligned parallel. ’

The small interferometer mirror which had been installed inside the tool holder (as
described in section 5.1) can now be used in the aligning process as an indicator of
the offset between the optical axis, the axis of rotation of the arm, and the
actuator-mirror. To bring the tool arm axis and the optical axis into alignment is
analogous to aligning the spindle, workpiece and optical axis which has been
detailed in previous sections (section 5.2.). In this instance the arm effectively is the
’spindle’ and the actuator mirror serves as the 'workpiece’ (or a restricted area of
the workpiece to be accurate); the theory involved in the adjustment is then the

same for both cases.

Once the optical axis has been brought into alignment with the axis of the arm, the
spindle can be aligned with the two.

5.3.3 Mounting and Levellihg the Specimen

As was the case with much of the earlier recorded work, it has been generally been
the case that specimens used were derived from different sources and with various
shapes (discs, square plates, cubes etc.) and thicknesses (300 um to 20 mm ). Since
the specimen was fixed to the spindle via a vacuum chuck, inevitably, some com-
pressive pressure, and thence force, was applied to the specimen. As a result,
depending on the thickness of the specimens, distortions were introduced. For thick
specimens (or rather specimens of high thickness/diameter eg > 5mm inthe case

in hand), the distortion was negligible (no change of the fringe pattern was ob-
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served). However, thin specimens such as silicon wafers could be badly distorted.
In order to prevent this, thin specimens were supported on a subsidiary thick optical
flat.

As has already been discussed (sections 5.1 and 5.2.1), levelling the wdrkpiece
before machining is necessary if an ultra-fine surface finish is to be achieved. A
tilting stage has been designed and the control algorithm has been developed to
minimize the levelling offset. This levelling system works when the surface-finish of
the workpiece is adequate to give an interferometrically-analyzable fringe pattern
which is necessary for determining the profile of the surface. However, problems
arise when the workpiece surface is "rougher". Without the information given by |
the optical fringe information, the surface offset cannot be so readily derived or

corrected.

Generally, when a workpiece reaches the fine finish machining stage which is the
subject of this study, its surface should have been pre-machined to near flat form
although the roughness may not necessarily permit near normal reflection. For such
a workpiece-surface, the levelling process may be carried out with an optical flat
(with polished surface on both sides) placed in contact. The optical fringes obtained
from the bottom surface of the contactihg optical flat can be used for levelling the

specimen-surface.

5.3.4 Tool Setting

When the critical cutting—de_pth is of the sub-micrometre order, knowledge of the
relative position of the tool tip and workpiece surface and detecting the first contact
are important in controlling the achieved cutting depth. For machining most brittle
materials, a "deep” plunge of the tool into the workpiece usually ruins the workpiece-

specimen by brittle chipping action.

The tool setting process includes measurement of tool proximity prior to first
contact. ‘

An optical proximity sensing technique (Gee, Green and Pain 1988, Gee 1990b) is
employed here to further lower the tool. By aiming a laser beam between the tool
tip and reflecting workpiece surface, the tool edge and its image will form a virtual
optical slit, as shown in Fig. 5.12. The incident beam will be diffracted (by single slit
Fraunhofer diffraction) by the optical slit of width w (twice the distance between



Ch.5 Diamond Turning 128

Io

- ' Virtual Tool

Fig. 5.12  Avirtual "optical single slit" formed by the too edge and its image. (After Gee, Gree
- and Pain 1988) .

the tool edge and the workpiece surface, b), and the diffraction pattern irradiance
distribution in the focal plane, given generally by (see for example Jenkins and
White 1981)

to= 1o TP ) 2= fosine®p (12)

where (in case of the incident beam not normal to the slit plane)

nw(sin0®— sin 6;) (5.13)
3= N

6; is the angle (incident angle) between the incident plane wave and the plane of

the slit, A is the wave length, and Iop is the incident irradiance and Jp 1is the
diffraction irradiance for (the diffraction angle) 6. The diffraction irradiance Ig has

minima, equal to zero, when sin f= 0 whereupon

=+ &, + 2%, % 37...
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Substituting B= m into Eq. 5.13 for the first minimum, corresponds to

sin 0= sin 61+ = (5.14)

For a given wavelength, the angular width of the diffraction pattern varies inversely
with the slit width, or, the gap between the tool edge and the workpiece surface.
Theoretically, the tool-workpiece gap can be reduced to a near-wavelength separa-
tion if the incident angle of thé laser beam is near zero and the workpiece surface
is perfectly smooth. However, in a real machining condition, the incident angle and
diffracted beam are limited by the machine structure, the workpiece surface rough-
ness, and the tool-tip included angle. For example, if a symmetrical roof-edged tool
with 90 degrees included angle and a He-Ne laser with 633 nm wavelengm are used,
. the smallest tool-workpiece gap which can be achieved is about 1.2 pm.

By using this non-contact measuring technique to estimate the distance between
tool edge and workpiece surface, the PZT actuator inside the tool holder can then
be activated to lower the tool to the measured distance according to the actuator

control calibration curve (see section 5.1).

An accelerometer sensor (type V.P.7., made by Lamerholm Ltd. UK) was attached
t6 the tool holder to detect the vibrations experienced at the tool tip and the signals
amplified, filtered, displayed on an oscilloscope and transmitted to a computer via-
an A/D converter where the data could be logged and analyzed. This arrangement
was aimed at detecting the first contact between tool and worquiece and thén at
monitoring cutting conditions by acoustic emission. The first pé.rt was quite
straightforward and a large change in signal pattem was detected when the tool
made contact with the surfacé. However, monitoring the cutting condition by
analyzing the data (acoustic emission) did not give a satisfactory result. It proved to
bc possible only to differentiate between signals related to contacting, non-contact-
ing, and large scale brittle fracture. In respect of ductile mode machining and
small-scale cracking in the machined area, signals were found to be very similar.
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Once first contact had been detected, it gave a reference point for cutting depth so
that tool in-feed can be kept below the critical cutting depth value, thereby permit-
ting ductile machining. It is to be expected that this first contact point would be close
to the highest point of the surface (determining the maximum cut-depth for the
whole surface). -

5.4 Ultra-fine (Single-point) Machining Employed
5.4.1 Introduction

To study machined surfaces (roughness, flatness) produced under different machin-
ing conditions so that the relation between machining conditions and machined
surface can be found is important for all machining processes. In this work, the
machined surface was to be examined both at surface and sub-surface level. Surface

observations included using:

(1) SEM (Scanning Electronic Microscope) for very detailed information about the

machining marks and crack formation (if there is any)

(2) Talystep together with Nanosurf (NPL) surface atialysis software to examine thg
waviness; centre-line average (CLA - denoted Ra) and peak-to-valley height of the

surface in nanometre range.

Equally important is the study of the extent of the Sub-surface damage introduced
by the machining process which will influence the mechanical and electromagnetic
properties, including the reliability and performance of the workpiece. Several
techniques, both destructive methods such as indentation, scratching and etching
tests and non-destructive methods were employed to investigate sub-surface
damage, namely SAM (scanning acoustic microscopy) and X-ray topography; these
will be detailed in chapter 6. | '

5.4.2 Machining Results

A number of machined (single-point diamond turned) surfaces which have been
~examined by using SEM and Nanosurf (or Talystep) are chosen and shown here as
the sample surfaces produced in the present study.
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Fig. 5.13(a) shows the surface of fused silica (Spectrosil) which has been diamond
turned (depth of cut: = 120 nm, cross-feed 0.5 pm/rev, spindle speed: 120 rpm) with
a canoe-shape tool (included angle: 60°% see section 3.4.2). The Talystep record of
Fig. 5.13(a), shown in Fig. 5.13(b), display a peak-to-valley depth of around 2 nm.
Because of such small peak-to-valley value, when the machined surface was ex-

amined under SEM it had to be viewed normal to the cutting direction and had a

60° tilt angle to show the surface feature (fine grooves).

Scanning electron micrographs of slow speed single-point diamond turned (with
canoe shaped tool) silicon single crystal ( 11 1) surfaces and their surface roughness
traces (recorded by Nanosurf) are shown in Fig. 5.14 and Fig. 5.15(a) respectively.
The histogram of peak and valley heights of the surface roughness trace is shown in
Fig. 5.15(b) while the centre line average (CLA or denoted as Ra) values for

different sampling (trace) lengths are summarised in Table 5.1.

Table 5.1

Sampling Length (Wwm)| 025 | 0.8 | 2.5 |8.00 | 2500 80.00

Ra (CLA) (nm) 023 | 029 | 036 | 039 | 041 | 05

Fig. 5.16(a) shows the surface of siﬁgle crystal silicon which was diamond turned
with a roof-edge type tool and a high spindle speed (3000 rpm). Fine powder-like
"chips" generated during machining can be seen accumulated at the right-hand side
of the Fig. 5.16(a). The detail of the machining marks (grooves) is shown in Fig.
5.16(b) where the preset 80 nm/rev cross-feed can be checked by measuring the
spacing between the grooves (the small deviation of the spacing was introduced by
the speed instability of the cross-feed driving motor).
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Fig. 513 (a) Scanning electron micrograph showing the surface of fused silica (Spectrosil)
which has been diamond turned (depth of cut:« 120 nm, cross-feed 0.5 pm /rev, spindle speed:

120 rpm) with a canoe-shape tool (included angle: 60°) (b) Talystep record of a) showing a
peak-to-valley depth of around 2 nm.
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Fig. 5.14 Scanning electron micrographs of slow speed single-point diamond turned (with
canoe shaped tool) silicon single crystal (11 1) surfaces.
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Fig. 5.15 (a) Surface roughness traces (recorded by Nanosnjrf) of the surface shown in Fig.

5.14, and (b) the histogram of peak and valley heights of the surface roughness trace.
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Fig. 516  Scanning electron micrographs showing the surface of single crystal silicon which
was diamond turned with a roof-edge type tool and a high spindle speed (3000 rpm) (a) general
view (b) detail of the machining marks (grooves).
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5.5 Tool-tip Temperature and Wear of Diainond
5.5.1 Tool-Tip Temperature

Measurement of tool tip temperature is complex as it is a function of tool shape,
cut-depth, tool, and specimen/workpiece- material (physical- properties such as:
thermal conductivities, thermal expansion coefficients, Young’s modulus, and hard-
ness), cutting speed, ambient temperature and coefficient of convection, cross-feed,
coefficient of kinetic friction, material removal mechanism, axid, in case of "wet"
cutting, the type of coolant (its physical properties such as: heat capacity), and flow
rate and coolant intake temperature. During the cutting process the tool is heated
by thermal energy generated by friction between tooi and workpiece and is cooled
by the oncoming (and cooler) part of workpieée -and by the air (dry cutting) or
coolant (wet cutting) through convection heat transfer, while the workpiece is
heated by the source and by conduction from the tool and cooled by air or coolant.
As pointed out by Jaeger (1943), the uncertainty of the nature of contact and the
very wide range possible in the numerical parameters practically limited mathemati-
cal discussion to numerical calculations for a particular model of a specific system,
making general discussion difficult. |

To investigate the surface temperature of sliding inetals, Bowden and Ridler (1936)
considered a cylinder sliding over a surface with a velocity v. To simplify this three
dimensional heat transfer problem, they lumped the radial temperature-distribu-
tion inside the cylinder, thereby making it a one dimensional ( axial ) problem. This
épproach has been adopted here to approximate the tool tip temperature.

A few assumptions have been made to further simplify the problem, these are
(1) steady-staié conditions; |

(2) one-dimensional transfer in the axial direction;

(3) the ambient temperature remains constant, 7o ;

“4) >thke only heat source is generated by frictional work g between tool and
workpiece, and a constant fraction, ( 1— o) g, of the generated energy transfers
“to tool via conduction heat transfer [Thus, if we consider a square slider (2 Ix 21)

with normal load P, the coefficient of friction

qg= WwPLgV



Ch.5 Diamond Tuming ' 137

= %

where V is the sliding speed.]
(5) the frictional coefficient, ¢, remains constant;

(6) the relative speed between tool and workpiece, V', and the contact area, A,

remain constant during the experiment.

Based on Jaeger’s (1943) study of the case of a slider with a square contact of side 2/,

thermal constant K, ( conductivity ), & ( = where p is the density and

P2Cp2
¢p is specific heat ) and coefficient of convection k from its sides, slides with
. ) X
velocity V on a semi-infinite medium K; (conductivity), &; ( = o ; : ), the value

of the fraction, oy, of heat generated and passing to the medium can be obtained

(1) in case of a long square slider:

(@) for small L ( = 5‘%21-)

_ K (515)
%= K+ 1338 (1K2h) 2

(ii) for large L ,(L > 5)

_ Kv" (516
%= K V%t 1504 (E Koh) 2

* (2) in case of a semi-infinite slider with a square contact of sides 2/:

. _ v
(@) for small L ( = 2&2)
I < | (5.17)
%= (Ki+ K2) =
(ii) for large L ,(L > S5)

_ KV (5.18)
%= 125K 87+ K1 (1V)”
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Jaeger (1943) suggested that oy tended to % for small value of V, and increased

steadily as V increased. Since the real tool cannot be either one of the above
mentioned slider shapes, the second case _is more suitable for a tool with large

included angle.

In the steady state, the heat input rate (via heat conduction), gcons, equals to the
heat removal rate (via convection), ¢conv. Applying the conservation of energy
requirement to a differential element of the cylinder, we obtain

q::ondl 2= QGeond| z+ dz+ d qeony

From Fourier’s law we know that

aT
q::ondl z= = KAkE;

The convection heat transfer rate can be expressed as
dqeonv=h(dAc)(T— Tw)

where A.(= P;z) isthe surface area and P; is the tool perimeter. Substituting

the foregoing rate equation into the energy balance equation we obtain

2
KAkg—Iz-— hP(T-Tex)=0
dz '

Its general solution is of the form
T—Tw= C1e"*+ C2e” ™*

where

2_ hP: (5.19)
" T KAx :

By using the boundary conditions
(1) T 5T when z —eo , and

2) qcondl ;=0= (1- a@)qg’
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(1- o) ge
(hKP A

the constants can be obtained as C;= 0 and Cz2=

Thus, the temperature distribution with respect to z may be expressed as

o (1-0%)ge  -m: - (520)
T=Tw=~GKP A

To estimate the coefficient of convection and to determine if the effect of convection
is negligible for dry cutting conditions, again, it is necessary to resort to a simplified
two-dimensional approach. The problem of a! héated cylinder in cross-flow is
adopted here to get some ideal of the effect of convection comparingk to conduction.
We assume that the air flows normal to the axis of the tool with a velbcity of the
magnitude of the cutting speed, V, and temperature of T. . In the case of fly-cutting
the cutting speed can be given as: V= @R where o is the angular speed of the fly
cutter and R is the radius of rotation. In the case of fixed tool and rotating workpiece
facing process, however, the velocity is not a constant. The laminar flow over a disc
rotating with an angular speed of ® was ahalyzed by von Karman (1921), who
assumed that the tangential velocity is of the form

V= 0RG () (5.21)

where
(= z(_g)w (5.22)
Vvis |

z is the vertical distance from the disc, wus is the kinematic viscosity of air and
G ( () is a function of { which equals to 1 when {= 0, 0.5171 when {= 0.9, and 0
when {= o (see Owen and Rogers 1989). The tool tip of interest is only several
millimetres long where the tangential velocity drops from @R (at z = 0) to near
zero. To take a very crude approach, we use half the maximum velocity as an average

velocity.
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An empirical equation was proposcd by Churchill and Bemstcin 1977):

¥
Ni= 0_3+ 0.62Re" Pr” Re )s«s]vs - (5.23)

( ) 1/41. 28200

where N_ = % is the Nusselt number, Re = L is the Reynold’s number,

Pr is the Prandtl number, D is the diameter of the cylmder, s is the viscosity of
air. The properties of air are decided by "film" temperature, Ty which is defined as
the average of ambient temperature, T.., and cylinder surface temperature, T:',V

thus Tr= % .

Since the surface temperature is unknown, the ambient temperature may be used
as the surface temperature (thereby as film temperature) to make the first estimate
of h. This estimate h may then be used to derive the approximate surface
temperature which in turn can be used to calculate the film temperature and h.
Few such calculation cycles may be needed before reasonable repeatabiiity is

reached.

For a square source the maximum temperature change of the workpiece surface,

suggested by Jaeger (1943), can be approximated as:

(i) for small L
AT ma= 1122 288! (5.24)
K
(ii) for large L
o 20pqaa 28 1\R (525)
A T max = Kl ( TtV )

In the case of single-point facing soda-lime glass using a (Vickers indenter) diamond
tool with cut depth of 0.5 um, spindle speed of 4000 rpm , workpiece radius of 30
mm, coefﬁcient of friction 0.4 (as determined experimentally in this study); vertical
force 0.01 N, ocg‘ ( from equation 5.17 ) equals 1.34x 1073, film temperature
= 1225 °K, kinematic viscosity of air at film temperature 166x 107, Prandfl number
0.726, Reynolds number 299, Nusselt number 9.2 (equation 5.23), coefficient of
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convection 11.6x 1073 , m equals to 684.8 (equation 5.19), then, from equation 5.20,
it follows that the diamond tip temperature is 2154 °K. This estimate suggests that
temperature rises very significant both for workpiece and tool materials may be
generated at high spindle speeds. »

552 Wea_r of Diamond Tools

As mentioned in chapter 3 (section 3.4.1), diamond tools canbbe‘readily abused if

not handled properly although diamond is the hardest material known. However,

after a certain amount of cﬁtﬁng operations part of a diamond tool (especially

around the cutting edge) will be wom away, even if it has been handled with great

care. Tolkowsky (1920), and Wilks and Wilks (1959) suggested that diamond wears
~ in such a way that small flakes are chipped off from the area of contact. They

suggested that this process of micro-chipping was very sensitive to direction and not

thermal activated.

Apart from the above mentioned gradual wear, relatively large scale irregular
chipping and cracking may appear in the vicinity of the tool tip. The possible cause
of such premature cracking or fracture is a defect or an imperfection in the diamond
(King and Wilks 1976, Wilks and Wilks 1979). As pointed out by Wilks (1980) ahd
more recently by Motonishi, Hara and Yoshida (1990), the most obvious defects are

inclusions, especially those close to a surface or an edge.

Fig. 5.17(a) and (b) show some of the chipping sites on the cutting'edge of one of
the diamond tools used in this study. The detailed view of Fig. 5.17(a) is shown in
Fig. 5.17(c); the regular layer-pattern on the surface suggested that it might be
caused by cleavage fracture. Several cracks can also be seen in Fig. 5.17(b) which
are possible chipping sites in the subsequcnt machining. '

Diamond is extremely brittle and does not become plastic until a temperature of
1900 °K (type Ia diamond) or 2100 °K (type Ia diamond) is reached (Evans and
Wild 1965, Evans 1967). Farris and Chandrasekar (1990) used the infrared radiation
at the diémond-sapphire interface to monitor the temperature. They found the
average tip temperature increase with increasing sliding velocity and the average
diamond indentor temperafm‘e during sliding against sapphire with a wheel velocity
of 37 m/sec, depth of cut 0.01 mm, and average diamond tip diameter 15 pm , was
1270+ 80°C (1543 % 80°K). . |
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(b)

Fig. 5.17(a), (b) General view of the chipping sites on the cutting edge of one ofthe diamond
tools used in this study (c) detail view of (a).
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(b)

Fig. 518 Roof-edge tool (a) before and (b) after it was used as the tool for high speed
diamond turning of silicon.
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(b)

Fig. 519  Detail views of the womn "facet" on the cutting edge of what had been the edge of a
roof-edge type diamond tool (a) comer (b) face.
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The single diamond grain used by Farris and Chandrasekar (1990) was mounted on |
the periphery of an aluminium disc and worked like a fly-cutter (discrete contact-
lengths). This means that in case of a continuous cutﬁng process, such as single point
diamond turning, the contact temperature should be even higher than the value
'obtained from fly cutting. Since the maximum diamond terhperature measured by
Farris and Chandrasekar (1990) was around 1620 °K, it is very possible that the
temperature may reach the transition temperature (2100 °K) (type Ia diamond)
suggested by Evans and Wild (1965). ‘

Shown in Fig. 5.18(a) and Fig. 5.18(b) are the same fool (a) before and (b) after it
was used as the tool for high speed diamond tuming of silicon. Fig. 5.19(a) and Fig.
5.19(b) are detail views of the worn "facet" on the cutting edge of what had been the
edge of a roof-edge type diamond tool. Although this tool had been used in previous
low speed (2001pm) diamond turning experiments on silicon single crystal, no great
wear appeared on the edge (Fig. 5.18(a) )until it was ehgaged in high speed (4000
rpm)'machi.ning (Fig. 5.18(b) ). Fine grooves on the smooth wom "surface" (cutting
"edge") suggest that the wear could not be caused by small scale flaking and chipping.

As a consequence of the cutting edge getting blunt after period of machining, the
contact area is increased which, in case of fixed cutting depth, means higher vertical
cutting force and tensile ﬁictioh force. The thermal energy it generates as well as
the tensile stress it applies to the workpieée during the cutting process will be higher
compared with that on a sharp tool under the same machining conditions. If the tool
is badly worn, the "cutting" process will become rather like a sliding proce'ss.‘The
effect of this wearing/blunting process is manifest in the change of machining

conditions as the contact area becomes larger.

In order to study the ductile-brittle transition, quite often in this study the diamond
tools were subject to relatively high cutting forces to get brittle fracture, otherwise
avoided in normal machining. Although efforts here have been made to obtain an
estimate of the wearing mechanism of diamond tools, it is by no means an attempt

to undertake comprehensively the range of problems in diamond wear.
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5.6 Critical Cut Depth and the Influences of Pre-machining History and of Surface

Roughness

In a series of single point turning experiments on silicon and fused silica for the
present study, a ductile-brittle transition band was created by cutting into specimen-
wedges (with tilt-angle about 3 to 5 arc second and cut-depth starting from zero).
The value critical cut depth could therefore be measured using a stylus instrument
(egRank-Taylor-Hobson Talysurf)atanypointon the wedge. Fig. 5.20 shows such
a ductile-brittle transition band on a specimen of single crystal silicon obtained by

this 'wedge-cut’ method.

The critical cut depths of soda lime glass, fused silica, and single crystal silicon (111),
as obtained from the above experiments, are 0.9-1.4 pm, 0.5-0.9 Ixm and 0.5-0.8

Jim respectively.

Since the cracks generated by a deep cut can propagate more than ten times the set
cutting depth (Kirchner, Gruver and Richard 1979), both surface and sub-surface
damage resulting from "coarse" machining may make finish machining (ie diamond
turning to a ultra-fine surface finish) extremely difficult. To investigate the
feasibility ofdiam ond turning such adamaged specimen to the required fine surface

finish, a series ofm ultiple-pass experiments were conducted. The first pass was to

Fig. 520  Aductile-brittle transition band on single crystal silicon obtained by the 'wedge-cut’
method (canoe shape diamond tool, spindle speed 3000 rpm, cross-feed rate ~ 80 nm/rev).
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introduce a ductile-brittle transition band by cutting into a wedge. The scale of the
surface and sub-surface damage layer became largér as the tool went deeper into
the wedge (ie qualitatively observed as cut depth increased). Whilst machining, the
tool was then moved in and out of the damaged section several times (ie cross-fed
back and forth) with the ;:ut-depth increased, by less than the critical depth, at each
reversal. The range of cross-feed rates used in these multi-pass experiments (wuh

respect to spindle rotation) was 60-200 nm/rev.
It was found that

(1) when the accumulation of sub-critical a;nountcd to cuts subsequent cutting
depth was close to the critical cutting depth: the transition band did not change if
the cross-feed direction was from ductile part towards the brittle part, but the brittle
region started to expand into the ductile région if the tool was fed the other way

(2) with the subsequent (small-cut) cutting depth set to about half the critical
cutting depth, the transition band could be moved into the previouslybrittle region,
when cutting from ductile part toward the brittle; however, the same region was

reoccupied by brittle damage when the tool motion was reversed.

(3) with a subsequent cutting depth of about one quarter to one third of the critical
value, there was greater damage recovery than re-damage.

(Within the tested range, the influence of cross-feed rate on the results was insig-
mﬁcant) ‘ |

Based on the results of these cxpenments it is clear that, to prevent further
propagating of the existing cracks, the cutting depth has to be kept very small (less
than one quarter of the critical cutting depth). This makes single point diamond
turning likely to be uneconomical for machining a heavily-damaged specimen due
to the large number of passes necessary to remove the damaged layer. (Creep-feed
diamond grinding may be a possible answer for this kind of work. However, as will
be discussed in chapter 6, a very good surface finish does not guarantee that the
deeply?pénetrating median cracks have been totally removed.)

~ To investigate the influence of roughness of the workpiece, sawn and etched (to
remove the residual stress on the surface) silicon wafers, shown in Fig. 5.21(a) (as
received), were used as a test piece. When silicon was machined from polished side
the critical cutting depth was around 0.5 to 0.8 pm . However, a fine machmed ‘
surface was produced on the rough side even when a cutting depth of 5 pm was
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(b)

Fig. 521  Single crystal silicon wafer (111) sawn and etched surface (a) as received (b) after
single pass of straight-edge (roof-comer) tool with cutting depth around 4.5 \im and cross-feed
rate of 0.55 \im/rev.
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used. Fig. 5.21(b) shows the surface generated by single pass of straight-edge
(roof-comer) tool with cutting depth around 4.5 im and cross-feed rate of 0.55
\im/rev. A few large "chips" were trapped inside the deep sawn marks remaining
in the middle of this SEM micrograph. These chips, several micrometers in scale,
were too large (larger than the cut) to be caused by plastic flow. A possible
explanation is that these chips were caused by brittle chipping. However, the
irregularity of the original rough surface caused the cracks to propagate upward and
sideward instead ofpenetrating downward (and introducing large holes or deep

cracks).

It was found in this work that the scattered large chips (from the damaged region
or in the case of cutting rough silicon wafer the brittle chips) could sometimes be
trapped between tool rake face and workpiece surface (worked as an extension of
the tool). As aresult, large hole and "partial"ring cracks (Fig. 5.23) (like the ones
generated by sliding abluntindenter acrossthe surface as discussed in section 3.2.1)
were obtained asthe "cutdepth" suddenly increased when the toolencountered and

ran over the large debris.

Fig. 5.22  Large hole and "partial" ring cracks obtained as the "cut depth" suddenly increased
when the tool encountered and ran over a large debris.
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Chapter 6

Sub-Surface Damage

6.1 Introduction

One of the major problems in machining brittle materials is that almost all machin-
ing (shaping) methods will leave a layer of sub-surface damage (SSD). The plastic
deformation and heat generated during machining causes the mechanical and
phyéical properties of the base material near the machined surface to deteriorate.

As early as 1892 Lord Rayleigh noted that when a polished glass surface is etched
with hydrofluoric acid a pattern of scratch marks is revealed (Rayleigh 1903). He
propoéed that the originally-invisible scratches were ’developed’ by the etchant to
become visible. Beilby (1921) reported that W. D. Haigh had made scratch marks
on glass and quartz and, after removing them by polishing, had made them reappear
by etching in hydrofluoric acid. |

Polishing lenses, Rawstron (1958) found that, no matter how long the polishing
continued, etching always showed scratch marks under the surface with marks
following the polishing motion. Rawstron suggested that when a hard particle of
polishing powder was moved across the lens, this penetrated the glass below the
surface layer producing an abrasion, which was rapidly filled in by the viscous surface
inaterial (flowed into it by the drag of the polisher). The scratches lost their identity
in the moving layer of glass, and were only revealed when the skin was fully
penetrated by the etching fluid (the flowed material probably being different
physically and chemically from the undisturbed glass). Preston (1921) found that
ground glass was initially dissolved many times faster than polished glass by
‘hydrofluoric acid, but after a few minutes the dissolution' rate | declined to the
constant rate of a polished surface. He then suggested that the initially fast dissolu-
tion of a ground surface arose from itslarge surface area and the presence of surface

cracks and stresses.



Ch.6 Sub-surface Damage 151

Understanding of the occurrence of sub-surface damage (SSD), in the form of
micro-cracks or crazes, is likely to be vital in both structural ceramics and electro-
optic materials. For structural ceramic materials, it could lead to failure under
normally-acceptable stress/thermal environmental conditions. In the case of
electro-optic materials, the unwanted increase of absorption and refraction in the
sub-surface damage region could cause scattering and laser damage in optical
systerris. Also, electronic and magnetic properties, which are critical for semicon-
ductor and disc-storage systéms would be changed by sub-surface damage. For these
reasons it is critical ‘and important to understand the nature and extent of the
sub-surface damage introduced in materials during the machining process if op-
timum workpiece quélity is to be achieved. | ‘ |

Although the sub-surface damage has been noticed sinbe almost a century> agov and -
has in recent years been receiving increasing attention and great progress has been
made, it is still far from fully understood. One reason for this is that the scale-of the
sub-surface damage generated by precision and ultra-precision machining is so
> small that it is extremely difficult to measure and quantify. To tackle this problem,
there has been considerable effort and a wide range of methods have been
employed, both destructive and non-destructive. Commonly-used destructive
measuring techniques are etching and wedge polishing where the most popular
non-destructive techniques include scanning acoustic microscopy (SAM), X-ray
topography (diffraction), Rutherfdrd back scattering and Raman spectroscopy.
Within those mentioned techniques, micro-indentation, SAM, X-ray topography
and Rutherford back scattering (RBS) have been used in this study and will be

discussed in the following sections.

Due to the high cost of the precision measuring instruments (such as SAM, X-ray
topography, and RBS) required, access tends to be obtained through collaborations.
The SAM, X-ray topography, and RBS used in this study were locatéd in Oxford
Univeréity, (Dept for the Science of Materials), University of London (Royal
Holloway and Bedford New Collegé, Dépt of Physics), and Surrey University
‘(Department of Physics and of Electronic and Electrical Enginéering) respectively.
However, owing to the limited accessibility of these instruments, the results could
only serve as a feasibility study.

e

e
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6.2 Scanning Acoustic Microscope (SAM) Studies

Ah acoustic microscope, as revealed in its name, usés acoustic energy to interact
- with a specimen and the reflected acoustic radiation will carry the information of
the specimen. The idea of using ultrasonic energy to generate an acoustic micro-
scopic image was first proposed by a Sokolov (1949) and was accepted in the late
1960s. Unlike other forms of radiation, acoustic waves interact directly with the
elastic properties of the materials through which it propagate.

[The following paragraph is taken from Scruby et al (1989) in which the present

author co-authorgd] An acoustic lens ismade from a crystal rod, e.g. sapphire, with

a ground concave spherical surface in one end and polished optical flat in the other.

At the flat end of the rod a thin film piezoelectric transducer, consisting of layer of
zinc oxide sandwiched between two layers of gold, is bonded to the surface (as shown
in Fig. 6.1). The tfansducer is pulsed and alternately acts as a transmitter and
receiver. The front surface of the lens is coated with a quarter-wave layer of
chalcogenide glass as an anti-reflection coating between the coupling fluid (water)
and the sapphire. The input transducer converts an oscillatory‘el‘ectromagnetic field

Switch
R.F. input { \_/i Output to Signal
Processing & Display
P ZnO Transducer

______ . Sapphire Rod

— e —— — — —

Anti-reflection Coating Plane Wave

pheridPti7gfcction Coating

Coupling Fluid
H20

Specimen

" Fig. 6.1  Aschematiclayout of SAM lens. (After Quate, Atalar and Wicl«amasingheb1'979)

Coupling Fluid
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into a pulsed acoustic wave of the same frequency. In the crystal, the acoustic wave
propagates as an approximately collimated beam until it is refracted at the lens
surface. Part of the wave will propagate into the coupling fluid in the form of
sphérical wave which converge to a narrow waist at the focal plane. The specimen
is positioned initially at the focal plane where it reflects much of this acoustic energy
back through the lens into the sapphire where it is detected by the transducer. Pulsed
radiation is used so that the signals of intefest can be separated from the coupling
liquid and other spurious reflections.

The contrast of the image produced by the acoustic microscope is dependent on the
condition of interference between the Rayleigh waves (generated by the waves
incident at the critical angle) and the waves incident normally.

Fig. 6.2 shows various focal conditions (Scruby et al 1989). The SAM has essentlally
two focal conditions:

(1) focused on the surface of the specimen (Fig. 6.2a), the reflected ray does not
travel into and propagate alone the specimen surface so that the contrast in the
image depends upon if there are cracks on the surface to scatter the incident wave.

Since the focus point is on the surface, the critical angle ray does not penetrate into

Lens . Direct ray

Critical

angle ray

. Direct reflecied
Acoustic ray

lens

Critical cngle

(a)

Crack

Reflected
Rayleigh wgve

Crack

Fig. 6.2 (a) Showing two principal rays that interfere constructively when lens is forcused at
surface. (b) When lens is moved towards specimen, ray at Rayleigh angle (approximately 150 in
silicon nitride) converts to Rayleigh wave that leaks energy back into lens. (c) When crack is
present there is additionalinterference between Raylelgh wave reflected from crack and the other

two rays. (After Scruby et al 1989)
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(b )

Fig. 6.3  Acoustic micrographs of zirconia specimen where left-hand side had been coarsely
ground and whole surface was subsequently fine-ground until damage invisible optically. Sub-
surface damage observed in (b) where z= -12 pm, although not visible in (a) where z= 0 (370
MHz operating frequency was used in both cases).
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the specimen and the detected information is very superficial. Thus, a ﬁghtly closed
crack might be very difficult to detect. |

(2) negatively de-focused (moving the lens towards the 5pecixncn)(Fig. 6.2b,2c): the
excited Rayleigh waves will penetrate some distance into the specimen and travel
along (and beneath) the surface. These Rayléigh waves may be scattefed and
reflected by a crack and the reflected Rayleigh waves will interfere with the incident
Rayleigh wave to produce ﬁ'ingcs surrounding the crack. |

The Rayleigh waves interaction described above makes SAM a very sensitive to
material defects (e.g. cracks, inclusions, and porosity). An important application of
this capability is to reveal a tightly closed surface crack or a sub-surface crack
(sub-surface damage) which are very difficult to be detected by scanning electron

microscope or optical microscope.

The SAM used in this study was located in the Department for the S¢ience of
Materials, Oxford University, with the experiments were assisted by Dr. C. B.
Scruby, Dr. A. D. Briggs and Mr. C. W. Lawrence whose cooperation is gratefully
‘acknowledged.

The SAM can be used over a wide range of frequencies (2 MHz to 8 GHz). Kino
(1987) stated that, with an operating frequency of 3 GHz, the "definition" (spatial
resolution) in water is better than 400 nm, and, operating in liquid helium with a
frequehcy of 8 GHz, it is better thé,n 30 nm. With the instrument available and
operating frequency ranging from 200 MHz to 500_ MHz in water, the possiblev
resolution was in the range 3 pm to 5 um. As outlined in Chapter 1, in this study,
SAM was used to exarm‘ne the damage caused by coarse-grinding. A higher opei'at-
ing frequency (ie above 3 GHz) is needed if the SAM is to be used to examine

sub-micrometre sub-surface damage.

Shown in Fig. 6.3 is the acoustic image of a zirconia specimen which was coarsely
| ground in one comer at a shallow angle (wedged grinding) and was subsequently
fine-ground until the machining marks were no longer visible ’in an optical micro-
scope. When the SAM was focused on the surféc;e of the specimen the acoustic
image did not reveal evidence of SSD (FIG. 6.3a). However, when z= — 12 pm
(370 MHz frequency) the sub-surface damage caused by the rnachmmg appeared
on the left of the acoustic image (Fig. 6.3b).
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_ / " Target

Multi-Channel

Amp. Analysis

Fig. 6.4 Schematic layout of aion back-scattering experiment.

6.3 Rutherford Back-Scattering

The basic concept of Rutherford back scattering (RBS) technique is to bombard
the target material with a beam of ions and use the energy spectrum of back-scat-
tering to analyze the material. As shown in Fig. 6.4, RBS consists of (1) a particle
source which is a Van de Graaff accelerator (2) the beam lihe (under vacuum and
containing the collimation system) (3) a goniometer and its associated equipment
for aligning the target with respect to the beam (4) a charged particle detector, from
- which the back-scattered ion is detected, together with signal processing equipment
which generate the energy spectrum signal. -

When a source particle hits and penetrates ‘a target, it loses energy through exchange
| of eriergy on collision with target particles. The energy lost per unit depth of
penetration depends on the type and velocity of the source particle, together with
the target material structure and composition. It is the changes of energy between
input ‘and back-scattered ions (energy loss) that carry the required information
~ about the target material. By measuring this energy loss, the depth of a back-scat-
tering event (from where it is back-scattered) in a target material can be calculated.
The output signal from the detector is processed by a multi-channel analyzer which
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100 175 250 325 400

Channel number

100 175 250 325 400

Channel number

Fig. 6.5 Rutherford back-scattering spectrum (1.5 MeV He+ ions) from (a) polished surface
(b) single-point diamond turned, silicon disc.
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produces the back-scattering energy spectrum as a series of counts (back-scattering
yield) versus channel number which corresponds to energy and depth.

A standard sample is used to calibrate the energy per channel of a back scattering
spectrum. From the measured energy per channel the energy scale was converted
from channel numbers to depth scale.

The ion beam facility used in this research is located in Department of Electronic
and Electrical Engineering, University of Sumrey and the tests were arranged by
Prof. K. Puttick, Mr. M. Rudman and vDr.C,.Jeyn'es, whose cooperation is gratefully
acknowledged.

In the present study, a beam of helium ions( H ef ) at an energy of 1.5 MeV (beam
current 3 nA to 15 nA) was used and the stability of the beam was better than
+ 1.5 KeV. With 400 channels for 1.5 MeV this yields approximately 3.75 keV per

channel.

Fig. 6.5a and Fig. 6.5b show the energy spectra recorded by the multi-channel
analyzer from polished and diamond-turned surface of single crystal silicon. The
(right hand) leading edge of the peak appearing at the right hand side of the figure

represents the surface of the silicon specimen.

For a polished surface (Fig. 6.5a), the shm]l peak is probably caused by the intrinsic
surface scattering and oxide and/or other contaminated layer. The spectrum ob-
tained from a turned specimen, however, has a relatively wide peak which can only
be ascribed to subsurface damage. The peak width is 28 channels, and, since each
'channel represents 6 nm of depth, the damaged layer revealed by: this method is 168
nm in depth. ‘ |

6.4 X-ray Topography

X-ray topography is a non-destructive method Which, using a diffracted beam of
x-Tay, can reQeal imperfections, twinning, inclusions, dislocations and strains in
crystals. The mostbommonly used x-ray topographic methods are the Berg-Barrett
(reflection and transmission) method (Berg 1931, Barrett 1945), the Borrmann
(1951) method, Schulz (1954) method, Lang (1957, 1959) (section and projection)
method and the double-crystal method (Bond and Andrus 1952; Bonse and Kappler
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Scan

X-ray Source

Fig. 6.6 Arrangement for the Lang’s method. Section topographs correspond to the station-
~ arysituation. Specimen and film can be moved (scan) together across the beamto form projection

topograph.

1958). [The details of these inethods can also be found in Meieran (1969) and
Tanner (1976)].

The method used in this study was Lang’s method and its arrangement was shown
in Fig. 6.6. This uses 2 slit-collimated beam of monochromatic x-ray (characteristic
radiatioh) to pass through a crystal and the Bragg reflected beam of radiation
(Ko1 and K2) was recorded by an emulsion plate held perpendicular to the Bragg
reflected beam. |

Lang’s method can be used in a section or projection manner. The section topography
is obtained when the film plate is held stationary so that the photograph produced
is a thin section of the crystal. If the crystal and photographic plate are moved back
and forth together across the Bragg reflected beam with a constant velocity, the
obtained photograph is calléd a projection topography. A projection topography is
actually a series of section topographies and can show the defects throughout the
scanned volume of the tested crystal. ' |



Ch.6 Sub-surtace Damage 160

F|9 6.7 Seriesof2 2 0 section topographs of aooa'sely machined single crystal silicon. Note
_ that the local contrast is caused by nng of turning. ,



Fig. 6.7  Seriesof2 2 0 section topographs of a coarsely machined single crystal silicon. Note
that the local contrast is caused by ring of turning.
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. Fig. 68 - 220 projection topograph of coarsely machined surface of siicon crystal.



Fig. 6.8 22 0 projection topograph of coarsely machined surface of silicon crystal.
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The resolution of x-ray topography obtained by using Lang’s method was decided
by the characteristic lines ( Ka2— Kq1 doublet ) which is dependent on the x-ray
target used. For copper, the difference between this two lines (wavelength) is
0.154433 - 0.154051 = 0.000382 nm and for molybdenum it is 0.071354 - 0.070926
= 0.000428 nm (Moore 1988).

The Lang camera used in the pfesent study was located in University of London
(Royal Holloway and Bedford New College) and the experiments were conducted
with the help of Mr. R. Waggett and Dr. M. Moore of the Physics Department.

Fig. 6.7 and Fig. 6.8 show a series of section topographs and a projection topographs
in 220 reflection of the same specimen which was coarse machined. The machined
ring (or segments of ring) can be easily seen in both figures. The widths of the light
contrast in Fig. 6.7 can be used to calculate the depth of damaged layer. Based on
the measurements made on the original photographic plate, the damage layer
thickness ranged from 160 pum to 300 pm.
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Chapter7

Conclusions

7.1 Review of the work

As discussed in chapter 1 and 2, brittle materials such as glass, ceramics and
glass-ceramics, exhibit properties which are needed for present and future advanced
technology applications. However, hardness and brittleness renders them very
difficult to machine to required form and/or finish. Finish machining has hitherto
required long tedious periods using traditional lapping and polishing processes.
However, even that does not meet the demands of today’s precision engineering
which requires both fast production rates and surfaces of complex shape. In order
to overcome these difficulties, the investigation of the feasibility of turning/grinding
brittle materials in ductile-mode is important for the achievement of larger material

removal rates.

Multi-point grinding is a complex process with multiple controlling variable as-
sociated with the rotating wheel (see sectibn 1.3). The single-point process offers
less variables and the possibility of modelling certain critical features of the multi-
point process, and so the emphasis of this research was mainly on the single point
process. Three types of 4sing1e point processes have been investigated, nainely

indentation, ruling/scribing and lathe-facing.

The indentation technique was used to study the tool/specimen interaction on a.
micro-scale and quasi-static basis. The procesé of changing from plastic défonnation
to brittle fracture when materials are subjected to increasing load (and therefore
penetration depth) was to certain degree similar to machining. Indentation was also
“used to evaluate the material properties (such as the yield stress and the stress

intensity factor (see sections '2.2, 2.3) at microscopic scales).
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Dead-load ruling and scribing experiments described in section 3.5 offered a simple
way to study dynamic effects (by moving tool across the specimen surface) and
material removal mechanisms involved (section 4.2).

On the experimental single point diamond turning machine described in sections
5.1‘ and 5.4, the effect of a number of variables was investigated, including cutting
speed, cross-feed rate, and cutting depth.

Machined specimens were examined using the -scanning electronic microscope
(SEM) and the Talystep stylus instrument to study the quality of the surface, and
by scanning acoustic microscopy (SAM) (section 6.2),> X-ray topography (section
6.3), and Rutherford back-scattering (section 6.4) techniques to survey the sub-sur-
face damage.

7.2 Conclusions' and the Feasibility of Ductile Mode Machining

For the first time, continuous machining has been achieved by single-point diamond
turning (facing) of highly brittle materials, resulting in surfaces with Ra values of
the order of nanometres. Several brittle materials and tests have been used in this

research and the principal conclusions are:

. Indentétion (section 2.4) and scribing (section 3.4, 3.5) experizhents have
shown that when the load (which determines penetration depth) is below
a certain critical value, in the cases of sodalime glass 50 grams, fused silica
10 grams, silicon 5 grams, and Zerodur 10 grams, the material is deformed
by plastic flow instead of brittle fracture.

 Upon fracture the indentation crack pattern of

- (1) soda-lime glass shows radial cracks emanating from the comers of the
residual impression and lateral cracks from the edge of the plastic zone

(as shown in Fig. 2.1),

. (2) fused silica (and Zerodur) is a mixture of a series of concentric
ring/cone cracks (surrounding the residual impression) and radial cracks |

(emanating from the comers of the Vickers indenter) (section 2.4.2),
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- (3) single crystal silicon is strongly influenced by the crystallographic
angle (section 2.4.3) at low loads (< 25 grams) but at high loads (>50

grams) the effect of indentation orientation becomes dominant.

e It has been shown in the indentation tests conducted in this study on
diamond tumed fused silica (section 2.4.2) that the presence vof residual
stress on the surface could suppress the initiation and propagation of radial
cracks (with 500 grams load, radial cracks 20 um long were observed on

 polished fused silica while no radial crack was initiated on a sample which
was diamond turned). Generally, the diamond turned specimens showed

lower hardness values than that of polished specimens.

o The role of various material removal mechanisms involved in machining
brittle materials has been clarified in this study. These include ploughing
(plastic flow) (section 4.2.2), cutting mechanism (section 4.2.3), delamina -
tion (centre-delaminatiori, side-delamination) (section 4.2.4), and brittle

fracture (section 4.2.5).

o With the cutting mechanism, material is removed by shearing (section
4.2.3) which is very similar to the mechanism commonlyseen in tradition-
al ductile metal cutting. Compared to ploughing and delamination , the
cutting mechanism can provide larger material removal rates and better
dimensional control (see section 4.2.2 and 4.24).

o In general, it has been found in this work that tool shapes are directly
linked to the material removal mechanisms. Several different shaped
diamond tools were used including canoe shaped (curve edged), straight
edged (roof-edge), Vickers and scratching tool (see section 3.4.2) to
identify the influence of tool shape. It is shown in sections 3.5 and 4.2 that
the cutting mechanism is more favourable to tools with small rake angles

while delamination and ploughing are more favourable for tools with large
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negative rake angles. (The presence of a high negative rake angle may
generate a highly compressed stress field in front of the tool which can
delay the threshold of cracks. The high hydro-static pressure will also

increase the yield stress.)

Based on the results of indentation, ruling and scribing experiments on
polished silicon single crystal (111) surface in this study, the cracks
produced generally followed the < 110> or < 112> directions.
This conformed with the previous Work of Badrick et al (1977), Puttick
and Shahid (1979) and Hosseini (1980). However, the sense effect with
single crystal silicon experienced in scribing/ruling (section 3.5.2) be-
comes insignificant when the cut depth is smaller than the critical cut depth
(section 5.4.2). |

It has also been showed in this study that when the cut depth is kept below
the critical value a crack free ultra-fine machined surface can be obtained
| regardless of the crystallographic angle. This means that anisdtropy may
become insignificant if the cutting depth can be kept under the critical
depth (0.6 to 0.8 pm).

It is shown in this work that both fused silica and single crystal silicon can
be diamond turned to a surface roughness }(Ra)' of the order of
nanometres. These results (section 5.4.2) have demonstrated that, with a
rigid machine, a stabilised environment (vibration and temperature),
required measuring system and a cut depth smaller than the critical value,
ductile-mode diamond tuming is achievable. (The critical cut depth for .
soda lime -glass, fused silica, and single crystal silicon, as obtained, by
"wedge-cut” experiments (section 5.6), are 0.8-1.2 pum, 0.7-0.9 pm, and
0.6-0.8 pm respectively. However, it should be borne in mind that critical
cut depth is set as a limit for the "real" cutting depth which in practice is
the combination of "programmed” cutting depth, spindle run-out, vibra-

tion induced depth variation and thermal expansion. As a consequence,
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the increase of one of these terms means the reduction of tolerance of all
the rest, and machine with, say, spindle axial run-out larger than the critical
cutting depth can not produce ductile mode machining results. )

Based on the experﬁnental reéults of diamond turning a damaged
specimen (section 5.6), the cut depth has to be kept véry small (smaller
than one quarter of the critical cutting depth) in order to prevent further
propagating the existing cracks. This makes single point diamond turning
an impractical process for machining a heavily damaged specimen, since
it needs many passes to remove the damaged layer. (Creep-feed diamond
grinding may be a possible answer for this kind of work. However, as
discussed in chapter 6, a very good surface finish does not guarantee that.
deep-penetrating median cracks have been totally removed.)

The diamond turning tests conducted on sawn and etched single crystal
silicon (section 5.6) showed that it could be machined with cut depth up
to five micrometres without producing large downward propagated
cracks. However, the large chips produced in this deep cut process might
sometime be trapped between tool rake face and specimen surface with

consequent occasional high damage levels.

The results of the sub-surfabe damage (SSD) study using the scanning
acoustic microscope (SAM), Rutherford back-scattering (RBS) techni-
que, and X-ray topography have shown (sections 6.2, 6.3, 6.4) that

(1) agood surfacc-ﬁnish does not always mean all the SSD, introduced

- by the coarse machining, has been removed

(2) when the cut depth is below the critical value (ductile machining) the
SSD can be kept down to the 100 nm range ’ :

(3) frequencies higher than 3 GHz (resolution better than 400 nm) are
required for measuring sub-micrometre SSD (200-500 MHz used on
SAM in this study proved to be too low)
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- (4) RBS and X-ray topography (especially the former) are possible
nondestructive techniques to measure SSD.
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Chapter8

Suggestions for Continuing Research
As a result of the work the following recommendations for‘ further study are offered: R

(1) It would be appropriate to test a range of diﬁ‘erent materials and comment on

their machinability and to what extent.

(2) Sub-surface damage néeds further study so that it can be correlated with tool
shape and machining condition such as cutting speed, depth, coolant. Accurate

methods of measurement of sub-surface damage are required.

(3) In order to improve the existing experimental diamond turning fnachine, it
would be worthwhile building and testing the tilt-stage and control algorithm

proposed in section 5.2.

(4) Referring to section 3.5, 4.2 and 5.5, a study of a wider range of diamond tools
is needed to obtain general rules about the influence of the tool shape and to study

the tool wear.

(5) A thermal image system which can measure temperature with resolution of

0.1 °C is required to ascertain the temperature of the tool tip’ and workpiece
surface temperature and which may offer a technique to monitor first contact and
tool and workpiece surface temperature.

(6) The effect of coolant needs to be studied.
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Appendix 1.1: Vickers Hardness Numbers of Silicon (111)

Appendix: Vickers hardness numbers

185

e | 10g 25g 50¢ 100g | 200g | 300g
1 1405 1078 962 983 948 907
2 1380 1007 971 952 898 911
3 1481 1021 948 1064 910 928
4 1383 1052 1025 898 925 929
5 1352 1108 972 894 902 933
6 1506 997 963 1015 945 917
7 1402 | 1089 1021 903 906 904
8 1489 1056 1015 | 915 914 920
9 1339 1031 961 955 950 906
10 1392 1078 971 905 952 902
11 1382 1022 965 915 931 931
12 1354 1123 1071 | 927 914 928
13 1366 | 1140 982 998 940 924
14 1432 1051 958 943 920 911
15 1341 1025 966 967 948 915
16 1491 1031 985 |
17 1410 998 965
18 1381 1038 1012
19 1442 | 1036 958
20 1473 1058 | 950 | )
High 1506 1140 1071 1064 952 933
Ave. 1410 1052 981 949 924 918
Low 1339 997 | 948 894 898 902




Appendix: Vickers hardness numbers

~ Appendix 1.2: Vickers Hardness Numbers of Fused Silica

186

o 10g | 25g | s0g | 100g | 200g | 300g | 500
1 1402 1072 | 949 941 | 942 928 903
2 1380 | 995 | 969 | 954 | 950 | 926 | 884
3 1071 | 1094 | 985 | 911 927 | 893 897
4 1483 | 1007 | 979 | 902 | 932 | 924 | 907
5 1471 | 1104 | 915 | 983 | 937 | 915 | 891
6 1506 | 1037 | 995 1059 | 931 934 | 881
7 1453 | 1152 | 1011 | 908 | 940 | 907 | 894
8 1320 | 1083 | 972 | 894 | 914 | 898 871
9 1091 | 1064 | 945 906 921 919 895
10 1173 | 1019 | 989 | 902 | 945 | 906 | 871
11 1245 | 1033 | 997 | 897 | 917 |93 | 910
12 1491 | 951 | 941 |94 | 938 | 913 891
13 1412 | 1123 | 918 | 927 | 910 |932 | 880
14 1350 | 1013 | 971 | 931 808 | 917 | 901
15 | 1256 | 1056 | 921 921 913 928 904
16 1380 | 1038 | 974
17 1440 | 1129 | 963
18 | 1312 | 1141 | 1004
19 1483 | 1095 | 934
20 1341 | 1074 | 928
High | 1506 | 1152 | 1011 | 1059 | 950 | 934 | 910
Ave. | 1353 | 1064 | 963 | 930 | 927 | 918 892
Low | 1071 | 951 | 915 | 894 | 898 893 871




Appendix: Vickers hardness numbers

Appendix 1.3: Vickers Hardness Numbers of Zerodur

187

10g

865

Test No: 25g 50g 100 g 200g 300g 500¢g
1 1282 | 950 1125 | 877 831 784 | 639
2 1021 | 1206 | 1246 | 798 757 1693 650
3 1371 | 12290 | 1271 | 890 761 | 736 671
4 1532 | 964 988 868 672 651 670 -
5 996 1088 | 1011 | 876 816 759 723
6 1228 | 1184 | 1039 | 896 | 697 | 771 | 629
7 1283 | 878 978 785 776 | 693 696
8 995 1046 | 946 794 754 685 624
9 984 | 942 982 884 683 767 688
10 1491 | 1307 | 1085 | 843 632 810 706
11 1388 | 1158 | 865 774 | 785 724 675
12 1422 | 1059 | 995 804 721 766 649
13 925 1341 | 1282 | 788 736 839 661
14 1401 | 1063 | 1008 | 876 709 705 682
15 1282 | 954 | 944 846 801 798 654
16 1486 | 1292 | 1098
17 1056 | 1313 | 967
18 996 899 993

19 967 1285 | 894
20 1043 | 1064 | 977
High 1532 1341 1282 | 896 831 839 723
Ave. | 1208 | 1111 | 1035 | 840 742 745 | 668
Low | 925 878 774 632 651 624




Appendex 1.4: Vickers Hardness Numbers of Soda lime Glass

Appendix: Vickers hardhess numbers

188

e | 10g | 25 | S0g | 100g | 200g | 300g | 500g
1 653 | 640 | 592 | 530 | 489 | 488 | 478
2 763 | 611 | 589 | 574 | 512 | 510 | 492
3 701 | 568 | 572 | 508 | 495 | 480 | 462
4 693 | 597 | 632 | 568 | 457 | 483 | 466
5 783 | 553 | 604 | 519 | 522 | 500 | 4s1
6 692 | 662 | 579 | 524 | 519 | 515 | 434
7 751 | 704 | 634 | 573 | 461 | 476 | 433
8 730 | 682 | 665 | 520 | 531 | 482 | 490
9 653 | 619 | 626 | 58 | 520 | 511 | 454
10 639 632 588 566 518 470 478
11 621 | 681 | 604 | 524 | 520 | 498 | 448
12 | 654 | 668 | 619 |497 | 488 | 462 | 438
13 639 | 589 |62 | 531 | 503 | 506 | 457
14 721 | 672 | 604 | 582 | 526 | 490 | 489
15 681 | 634 | 628 | 564 | S01 | 511 | 490
High | 783 | 704 | 665 | 586 | 531 | 515 | 492
Ave. | 692 | 635 | 611 | 546 .| 504 | 492 | 464
Low 621 553 572 497 457 462 433




