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PREFACE 

The production of optical quality glass surfaces involves two steps. 

First, the surface has to be ground with a fixed abrasive (grinding) 

for the production of macro geometry. This is followed by polishing 

with loose abrasives for obtaining micro geometry. From an econotnic 

and contour accuracy standpoints of glass finishing it appears 

advantageous to minimize polishing and obtain as good a surface as 

possible by just grinding. However, it is difficult to obtain the 

required finish using conventional grinding n1achines. A new 

generation of precision machines are evolving to n1eet this need. 

When brittle materials are ground at light loads (;::: 1 N) and low 

depths of cut even though the material removal mechanisn1 n1ay be 

brittle, the resulting cracks may not grow to a stage where they 

become large scale microcracks. Hence, the process is tern1ed as 

'gentle' or 'microcrackfree' grinding. The critical features in the 

development of ultraprecision machines are thern1al stability, 

vibration isolation, kinematic support, feed back controls and 

metrology frames. In addition to these, the economic manufacture of 

precision parts made of advanced ceramics and glasses hinges on an 

understanding of the mechanics of the material ren1oval process. 

There has been a significant interest recently on grinding/ scratching 

of various brittle materials such as ceramics, glasses. germanium, etc. 

without producing large scale microcracks [3-10,17,181. However, the 

actual mechanisms of microcrackfree grinding/scratching are not 

well established. Various theories have been putforth by researchers, 

some of which are listed in the following: 

1. Densification effect owing to the high hydrostatic pressure 

present at the tip of the tool. 
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2. Plastic flow similar to that occuring tn metals. 

3. Viscoplastic flow, due to the interface temperatures in grinding 

reaching values above the glass transition [Tg] temperature. 

Even many ceramics, such as silicon nitride, contain glassy 

phases due to the presence of sintering agents present during 

their processing. 

4.  The smooth grooves formed are due to heavy microcracking 

ahead of the tool and the surface is damaged only if the 

microcracks penetrate inside the bulk material. i. e there is no 

'ductile regime' material removal of ceramics. 

5.  For brittle materials with glassy phase, the smooth grooves are 

generated does not necessarily mean that the surfaces are 

generated by plastic deformation, but can be due to viscoplastic 

flow when the interface temperatures exceeds the glass 

transition [Tg] temperature. Also, in submicron machining of 

glasses, the radius of the tool forms a high negative rake angle, 

so the stresses induced may be sufficient enough to deform the 

material plastically. 

The primary aim of this investigation is to design and build an 

ultraprecision in-situ stage for scratching inside an environmental 

scanning electron microscope (ESEM) and study the mechanism of the 

material removal in glass. 

For simplicity, initially the stage of the ESEM was used to mount the 

workpiece and the force transducer. The depth of cut was given by 

the X- axis motion of the stage and cutting motion by the Y- axis of 

the stage. The tool was held stationary below the ESEM detector on 

the microinjector shaft. Scratching force was measured by a 3-axis 

piezoelectric dynamometer and read by a digital multimeter. The 

motion of the stage was controlled externally by a CPU transition 

module, RS 232, and VT 100. This setup unfortunately did not 

function satisfactorily because the tool was not rigid enough and 
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would deflect from the detector's vtew even when low loads were 

applied. 

In the second design the tool was mounted on a rigid stationary tool 

holder while retaining the rest of the system. In this set up, it was 

possible to make the desired scratches. But, inspite of many trials. it 

was not possible to bring the tool under the beam. Each time the 

position of the tool is changed, the chamber has to be vented, which 

is time consuming and not a good practice, as it may damage the 

vacuum system in the long run. The design was again modified to 

overcome this problem. 

In the third design, an independent scratching unit was bui It and the 

stage of the ESEM was used for positioning the tool below the beatn. 

The machine is capable of giving depths of cut in the n1icrometric 

range up to a maximum 15 Jlm., when scratching at velocities fron1 

0.143 to 0.5 mm/sec. Scratching force was measured by a 

dynamometer mounted behind the tool. The depth of cut is given by 

a piezo actuator controlled by a piezo controller. The cutting n1otion 

is provided by a de motor, an ultraprecision linear slide, and a 

precision ball screw assembly. To and fro motion of the work piece is 

obtained by changing the polarity of the input current. With this 

design, the motor and piezo actuator can be controlled from outside 

the chamber. Also, the tool adjustment can be done without 

disrupting the vacuum. In-situ scratching experiments were 

performed and recorded in a video type recorder. The minimum 

requirements for performing in-situ experiments were then 

established. 

Cutting experiments were performed using a conical diamond 

indenter with a tip radius of :::::J6 Jlm , at very small depths of cuts(::::] 

Jlm ). The specimen, after scratching, was also viewed in the SEM, for 

finer details after coating it with gold palladium. Experiments were 

conducted varying the normal load and velocity (minimum and 

maximum velocities achievable by the equipment, and minimum 

v 



possible normal load (�.03N) and average load for obtaining grooves 

with surface damage (�.15N). 

Smooth grooves were formed for low load experiments and cracks 

were produced at higher loads. But, at higher loads, there were also 

stretches on the groove where the material was removed due to 

fracture and the groove was not damaged. At low loads, a side flow 

was observed, and at higher loads this side flow separates as a long 

continuous chips. At low loads, formation of groove involves flow of 

material and densification on the groove surface directly below the 

indenter. At higher loads, groove formation involves brittle fracture, 

flow of material, chip formation and densification on the groove 

surface directly below the indenter. The material flow and chip 

formation process could not be observed in-situ due to a process 

limitation, material flow being blocked by the scratching tool itself. 
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CHAPTER I 

INTRODUCriON 

(Jiass is a brittle tnat erial available in nature. It is an inorg anic 

tnatcrial supercooled frorn a liquid state to a rigid condition \vithout 

crystallization. (}lasses arc initially ground and then polished to 

obtain an optical quality surfaces. In polishing, tnate rial is rcn1ovcd 
hy loose abrasives. \vhcre as in g rinding tnaterial is retnovcd hy a 

f i x e d a bra s i v c ( g r i n d i n g \V he c I ) . I n poI i s h i n g • t h c i rn pro v c rn e n t of 

surface finish is accornpanicd hy a slight deterioration of th e contour 

accuracy of the \vorkpicce. Also, polishing requires rnorc titnc and is 

rather difficult to autotnatc 111. On the contrary, grindin g cau he 

autornatcd and contour accuracy can be reasonably tnaintaincd. 

lienee, frotn the cconornic standp oint of glass n1ach i ning . it is 

advantageous to rninirnizc or elitnin ate polishing and obtain as good a 

s u r f:' , "� .i u s t h y g r i n d i n g . B u t , t h e c o n v e n t i on a I g r i n d i n g rn a c h i n e s 

cannot p roduce as good a surface as in polishing. Currentl y . a nc\v 

gene ration of precision rna chincs are evolving to tn eet this need. 

These rnachincs arc c x trernely ri g id , isolated frotn external 

vi hrat ions. and posses features that enable low depths of cut. But. the 

production of tncchan ically sound parts frorn brittle tnatc ria l s . such 

as glasses· and ceran1tcs also 

understanding of the tncchanisnl 

depths of cut. 

d e pe nds very 

of the tnatcrial 

tnuch 
f"CtllOV �·I 

on the 

at I ow 

Brittle tnatcrials, such as glasses and ceratnics norrnally respond to 

applied force during scrat ching by the generation and propagati on of 

cracks. Figure I .  I is a schernatic showing the rnate rial retnoval 

tnechanisrns due to brittle fracture proposed by Evans and Marshall 
121. Accordin g to this rnodel, above a critical nonnal load, Pn, stresses 

in the plastic zone will generate fracture datnage in the fonn of 

lateral an d rncd i an crack systcrns. Delow a critical nonnal load. 



F i g u r e 1 . I . 1\1 ate ri a I r e Ill ova I rn ec han is Ills due to b r i tt I c f r act u r c 

after Evans and Marshal l  [ 2 1  

1nicrocracks fanned tllay not propagate into bu lk tnateria l .  It i s  this 

n1 i c roc r a c k free g r i n d i n g t h at i s c e n t r a I t o pre c i s i on f i n i s h i n g 
processes. 1\1uch data exist on the fracture of brittl e  rnateria l s  and is 
well understood. hut the actual rnechanisrlls that underl ie rnicrocrack 

-free precision finishing technology are not well establ ished at the 

present ti rne. 

Taylor 13 ], in 1949, was arnong the first to report on the possi bi I ity of 

forrnation of n1icrocrackfree grooves on gl ass by indenting it with 

diarnond pyrarnid under very light loads (50 gn1s). Kendal l  141. Marsh 

15], Ernsberger (6], Bl ake 171, Puttick 18), and Schinker (91 conducted 

indentation and scratching experirnents on various types of glasses 
and concluded that producing 1nicrocrackfree grooves was possible, 

but differed on the rn e chan i s n1 s of t he i r f o rrn at i on . Ern s berg c r ( 61 
and Peter ( 1 7) pointed out that it was a densification effect. Tay l or 

[ 1 1 ] and Marsh ( 20] pointed out that it was pl astic flo\v sirnilar to 

rnetals. Both theories have certain drawbacks, because there is 

evidence for the n1aterial retnoval during ductile groove forrnation 

which is against the densification theory and the fact that glass is an 

amorphous rna t e ria I with no I on g range order is a g a i n s t the pI as tic 

flow concept. 

The objective of the current investigation 1s to design and build an 

u ltrapreci si on in-situ stage for scratching inside an en vi ron rnen ta I 
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scanning  e lectron microscope (ESEM), and to study the mechan i sm of 

microcrac kfree materi a l  remov a l  i n  s oda l i me s i l ic a  g l a s s .  The 

scratched samples are a l so  examined inside a con v ent iona l  SEM for 

h igher re solu ti on . 

Chapter I I  briefl y presents the structure of g lass ,  effect of network 

modifiers on the properties  of g lass ,  and machin ing  of g las s .  Ch apter 

I I I  rev iews  the  l i terature on scratc h i n g  experi men t s . C h apter I V  

deals  with the design o f  the in-situ scratching stage . Chapter V deal s 

with  the experimental procedure and tes t resu l ts of the scratc h i n g  

experimen ts . D i sc u s sion  i s  presen ted i n  C hapter V I .  C hapter V I I  

presents c onc lu si on s  and C hapter V I I I  recommend act ion  for fu ture 

w ork . A ppendices  briefl y  describes  the ESEM, l i s t s  the tec h n i cal 

specification s of v ariou s tran sducers and control lers u sed in bu i ldi n g  

t h e  c urre n t  se t  up ,  such  a s  piezo e lectr i c  d y n amometer, c h arge 

amp l i fier ,  piezo ac tu ator ,  p iezo con trol l er ,  prec i s i on b a l l  screw 

assembly and u l tra precision l inear s l i de,  and i l l u s trates the detai led 

drawings  of the components u sed in  bui lding  the scratch ing  stage. 
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CHAPTER II 

GLASS 

Defini tion and S tructure of Glass :  G lass is an inorganic materi al which 

has  been supercooled from a l iquid state to a ri g id  cond i tion without  

crystal l ization . At  h igh temperatures ,  g l asses  are true l iqu ids  but  of 

v ery h igh  v i scosity . The vi scosi ty ( 1 0- 1 00 Pa at mel ting temperature 

for soda  l ime s i l ica  g lass )  increases continuous ly  and very rapid l y  as 

t h e  tempera ture decreases  ( v i sc o s i t y  at room te mperatu re 1 Q9 
Pascal s for soda  l i me si l i ca  g lass ) .  The rapid increase in vi sc os i ty 

toge ther wi t h  rap id  cool i n g  a s  t h e  g l a s s  i s  sh aped pre v ents  

c ry s ta l l iza t ion .  

S tructure of G lass : The main types o f  g l as ses u sed commerc ial l y  are 

s i l icate g lasses . They are based on a Si04 te trahedra s tructure, p l u s  

some modifying ions . 

S i l i cate Te trahedral Uni t: Here one s i l icon atom fi t s  between four 

oxygen atoms .  The force s  hold ing  these  te trahedra invo l v e s  both  

i onic and c ov alent  bond s .  Fi g ure 2 . 1 i l l u s trates the  te trahedral  

arrangement of S i04 . 

S truc ture of Pure S i l i ca  G lass: Figure 2 . 2  shows schematica l ly  the 

s truc ture of pure s i l ica  g la s s .  S i l icon is  at the  center of reg u l ar 

tetrahedra and oxygen occupies  the four c orners . There i s  no long 

range order in the g las ses .  Actual ly ,  they are in a s tate intermediate 

between a l iquid ,  where no permanent a tomic nei g h bors ex i st, and a 

cry s ta l l ine  l at tice ,  where a l l neigh bors are fi xed in nearly perfect  

orderl iness  . 

Network Mod i fiers: Most  s i l ica te g l asses  contains  network m od i fiers 

as  their presence markedl y  lowers the high temperature v i sc os i ty  of 

g las s  by reducing the network. This  makes g lass more 
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Fi gure 2.1 Tetrahedral arran gen1ent  of  S i04 I I  I I 

Figure 2 .2  Structure of pure si l ica gl ass [II) 

thermopl ast i c  and  much  easi e r  to  sh ape i n to desi re d  prod u c ts. 

modifiers are a lso used to obta in various desi red propertie s ,  such as 

c orrosion  resistance ,  opt ical qua l i ty ,  e tc .  M od ifiers are usually ox ides ,  

5 



such  CaO and Na20. They supp ly  postttve ion s and n o n bridg i n g  
oxygen i on s  t o  the structure o f  pure s i l ica  g lass  thereby serv i n g  the 
bond at many p laces .  Fi gure 2.3 i l l us trates the structure of soda l i rne 
s i l ic a  g lass ,  wh ich  i s  u sed i n  the current  i nvestigation i n  the form of 
m i croscope s l ides [ 12]. S ome of  t he  s a l i e n t  propert i e s  of the  
m icroscope s l ides  g lass  are presen ted i n  Table  2 . 1 [12). S oda l i rne 
s i l ic a  g l asses  c osts  less ,  posses good chem i cal  durabi l i ty ,  and are 
avai l able  i n  good dirnens ional  fl atnes s .  They are c lear and colorless; 
hence n o  i n terference color effects are presen t  duri ng  v i ewi n g .  

Bridging oxygen 

Nonbridging oxygen 

• Si 
G Ka· 

Qo 

Fi gure 2.3 Structure of silica glass wi th network rnodifiers (1 2 I 

Machin ing of G lass 

The m ateri al  remov al i n  conven ti ona l  gri n di n g  and po l i sh i n g  are 

somewhat s imi lar, i n  that, both relay on random ly oriented abras i ve 

part ic l e s  for th e m ateri a l  rem o v a l  [ 1 4  ]. l-lowever ,  th ere i s  a 

s i gn i ficant  difference i n  the materi a l  removal  n1ech an i srns i n  bri t t le  

mater ial bri t t le  frac ture and s urface damage a s s oc i ated wi th 

con ve n ti on a l  gri ndi n g  and microcrackfree surfaces as s oc i ated w i th 

6 



pol ish i n g .  This  is essen ti a l l y  due  to the d i fferences i n  the depth s of 

materia l  rernoved and the app l ied l oad . This  l ed to the  though t that 

by c on tro l l i n g  the i nfeed rate and l oad d uri n g  gri nd ing it  \vou l d  he 

p oss i b l e  to grind  bri t t l e n1ateri a l s  w i t hou t  prod u c ing rn icroc racks . 

The materi a l  remova l  a t  l igh t  l oads or fi n e  depths of c u ts is tenned 

m icrogrind ing  [22]. The reg ime of microgrind ing  is sh own in Figure 

2.4 [47]. As poin ted out  e arl ier, the  possib i l i t y  of re rnov ing bri ttl e  

m ateri al s w i t h o u t  prod uc i n g  m i crocrack s  w a s  proposed as earl y as 

1949 by Tay l or (3]. In chapter III. we sha l l bri efl y  rev iew the work 

of v ari ous  researc h ers w h o  con tri bu ted to t h e  know l edge hase  of 

n1 i c rocrac k free grindi ng of gl ass and other brittl e rnatc ria Is. The 

rnach in i ng  of gl asses is described brief l y  in the fol lowing. 

Tabl e  2.1 chernical and physical prope rties of soda l irne si l ica gl ass 

Cotnposi t ion Si: 71-73 o/o hy weight� Na2+K2C): 

1 2-14%; CaO+Mg: l l-16o/c); AI2CJ_�: 

0.5-1.5% 

Thenn a l  e xpansion  87 X 10 -7 I 0 C 

Softenin_g point 725 - 735 0 c 

De nsi ty 2.5 grns. per cc .  

Refrac t i ve  index  I . 5 I 

You ng' s rnodu l us 69 Gpa 

Strai n _Qoin t  51 1 0 c 

An nea l  poi n t  5450 c 

Visc osi ty at roon1 tenlQ_. 1 0  9 P asc a l s  

V iscos i ty at mel ti ng temperature 10 - 100 Pasc al s  

7 
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CHAPTER III 

LITERATURE REVIEW 

Review of Scratch ing  Experimen ts 

In 1 949 Taylor [3] found that when g las s  surfaces were i ndented 

wi th a pyramidal  diamond indenter perfect i mpression s were formed 

for loads up  to 50  gms as i l l u strated in Fi gure 3 . 1 .  Fracture occured 

at h igher l oad s .  He cond ucted experimen ts on over fi fteen types of 

g lasses and foun d  si mi l ar resu l t s .  He al so, confirmed the same resu l ts 

w i th l o w - l oad scratc h i n g  ex peri m e n t s .  The l oad a n d  ve l oc i t y  of 

scratchi n g, howev er, were not reported . He reported p las t ic  fl ow In 

g lass  and poin ted out  th at i ts nature was no d ifferen t  than that of 

m e ta l s .  

Tayl or's find ings  were received wi th  skepti sm as i t  i s  d i ffic u l t  to 

conceive an y type of fai l ure other than fracture was un th i nk ab le  for 

a perfect  bri tt l e  material  l i ke g l ass .  B ut, th i s  led  to a p le thora of 

research because of i t s obv ious  impl icati o n s  in the  s tren g th  and 

rel i abi l i ty  of g l ass fi n i shed by th is  method [6 ] .  Ani sworth,  i n  1954 , 

performed inden ta t ion  of g l ass  by a d i amond  pyram i d a l  i n den ter 

[ 1 5] and supported the view poin t  of Taylor. 

S meka l  and M ad el u n g  i n it i a l l y  c on sidered the effec t to be one of 

l oca l ized and trans ien t  heati n g, to permi t  v i scous  fl ow .  B u t, l a ter 

S me ka l  d i sreg arded thi s su gges t ion  and  proposed t hat the  surface 

region of g lass  i s  normal l y  i n  a p last ic s tate because of absorpti on of 

the ambient  mois ture . 

Marsh [5] reported i nden tati on and scratch ing  studies  on soda g l ass 

u s i n g  a di a m o n d  in den ter .  Fi g ure 3 . 2 s h o w s  the i n d e n tat i o n  

impressions formed o n  s teel and glass  plates .  The smooth grooves he 

obtained by scratching are shown in Figure 3 . 3 .  



Fi gure 3. 1 tnoentauons produced on an extradense fl in t  glass (after 

Tay lor [3)) 

Marsh then presen ted the fo l l ow ing  as ev idence for plast ic fl ow: 

1 0 

1. l'he pl ast i c  fu rrows prod uced by a h ard poi n t  on a g l ass 

surface ,  as i l l ustrated i n  Fi gure3.3. 

2 .  f)i atn ond h ard ness i nden ta t ions  (Fi gure 3. 2 ) on soda  gl ass and 

on stee l  n1ade by the  san1e i ndenter. Marsh observed that bot h 

are very si  n1i Jar . 

3 .  Res idua l  st resses that were found after the l oad was rctnoved. 

4 .  1-li gh  fracture energies o f  g l asses , (wh ich  was a t  least fi ft y titn cs 

greater than the  su rface energy pred i c ted by bri t t l e  frac ture 

theory) were found .  

5 . Fa i I u re o f  g I asses  to  reac h t he  pre d i c ted  t e nn i n a I frac ture 

veloc i t ies  typica l  of  bri t t le  sol i d s .  

6 .  Gross  p l ast ic  f low fou nd when pren1a ture fa i l ure is preven ted 

by h i gh the hydros tati c pressure s .  

Marsh reported t ha t  p l as t i c  fl ow in g l as s  i s  proport i ona l  to the 

network m od i fi ers i n troduced in  the s tructure ,  w i t h the hard ness  
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Figu re 3.2 I n dentation s of sod a g las s and Steel produced by a 

vickers in den ter (after Mar sh  15)) 

Figure 3.3 Scratc h es produ ced hy a h ard point over gl ass (after 

Marsh [ 5)) 

fa l l i ng  rapidl y as  the  network n1odi fiers  are added. Th e additio n of 

m od i fi ers c re a te s n o n bridg in g  a ton1 s  1 n  an ot herwise c o rnp l e te 

network . lienee, he  suggested that  fl ow is facil itated hy havin g  l a rge 

I I 
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n u m bers of nonbridg ing  atoms whi c h  are l oose ends  I n  the network 
and permit  flow i n  a manner somewhat ana logous  to the ha l f  p l anes  
which  termin ate a t  d i s l oc at ions  in  crysta l s .  

B u t, Ern sberger [6 ] ,  i n terpreted this a s  n o t  p l as t i c  flow b u t  d u e  to 

d e n sificat i on  effec t ,  bec ause of the fac t that  den s i fi c a t ion oc c urs 

s tric t l y  u nder hyd rostat ic  c ond i t i on s .  This sug ges t s  t hat mec h an i s n1 

involves a simple co l l apse of the structure in to  a n1ore c l ose l y  packed 

arrangement  invo l vin g  min or bond rotations and changes  in the bond 

a n g l e s .  Ern sberger  d e v ised an  in terferome tri c tec h n i q u e  a nd 

il l u s trated that the refrac tiv e i ndex of the sil icate g l asses  i ncreased 

at the  poin t  d i rec t l y be l ow the indenter by 8%. It is  kn own by the 

Lore n tz theore t i c a l  e q u at i on  tha t  d e n s i ty I s  proport i o n a l  to  t he  

refrac tiv e  i nd e x . He  es t i mated tha t  t he  m i n i m u m  dep th  of  the 

dens i fied zone i s  about one fourth the i n denter d i ameter .  

Peter  [ 1 6 ] ,  al so ,  conduc ted i n d e n tat i on s t ud i e s  and  reported the 

effec t  of den s i fi c at ion . He pointed out that  den s i fi c at ion is  d ue to 

movement of a group of atoms w i th the atom s  s tron g l y bound to 

each other w i th in  the group but l oose l y  bound to the su rround i ng s , 

with  t h e  e x cep t ion  of on e atom . At  t h i s s i te ,  a l oc a l  s t re s s  

c on c e n trat i on  i s  generated prov i d i n g energy  for t he  rnot i on . l-Ie 

s h o w ed t h e  l oc a l  i n crease  I n  the  refrac tiv e i n d e x  by  op t i c a l 

observation s, as sh own i n  Figure 3.4. 

Hurea ta and  M a l k i n  [ 1 7 ] poi n ted o u t  t hat t he  materi a l  remova l  

mec h a n is m  i s  d i fferen t  when  gri nd i n g  g l a ss  w i t h s i l i c on c arb ide  

abrasive than  w i th d i amond . They propo sed tha t  materi a l  re mova l  i n  

g lass  w i th s i l i con carbide abras ive occ ur by v i sc o u s  fl ow in to  ch ips 

bu t  materi a l  remov al w i th d i amond occ urs by bri t t l e  frac ture ,  wh ich  

i s  preceded by  v i scous deformation on  a smal l sca l e .  The  spec i  fi e 

grindin g  energ ies  w i th d i amond are an order of mag n i t ude  l e s s  than 

with sil icon carbide (as i l lu s trated in Figure 3.5) s ince  a much  smal ler 

v ol ume of materi al undergoes v i scous  deformati on . They poi n ted out 

that temperature s generated d u ri n g  gri nd i ng p l ay s  a key role i n  

determining the mechanics o f  material  remov al . They reported that 

the  s urface tem pera t ure gen era ted w he n  g r i n d in g  w i t h s i l i c on  
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c ar b i d e  g r i nd i n g  w h e e l  w a s  above  t h e  g l ass tra nsit i on (Tgl 

tem peratu re . B u t ,  d u e  to rnu c h  lower energ ies  for t h e  d ian1 ond 

grind ing ,  the average surface ternperature reaches on l y  abou t 15% of 

the  g l ass soft en i n g  tern pera ture .  Hence ,  they reasoned  t h at gross 

v isc ous  fl ow sh ou ld not occur  over the gri nd ing  zone  wi th  d i arnond 

a brasi v e s .  

Gol in i  and Jacobs [ 1 8] proposed a mechan ism o f  n1ateri a l  rernoval  i n  

loose abr�si ve n1icrogri nd ing , as  i l l ustrated i n  Fi gures 3.6 (a ) ,  ( b) and 

Figure 3.4 Profi le  of bal l i ndentation on p l ate gl ass (aftrer Peter (161) 

( c ) .  They arg ued that a bri t t l e  mode ground surfac e consi sts of a 

d i sru pted uppern1ost l ayer and a subsurface c on1pac ted l ayer .  B ri t t l e  

frac t u re occ u rs because of  n1 i c ro i n d e n ta t i ons  prod u c ed i n  the  

m i c rogrind i n g  process. S u bsurface d a m age ex te n d s  i n to t he  bu l k  

materia l  w i th a n1agni tude nearly e q u a l s  t h e  abrasi ve size . A d uc t i l e  

m o d e  of  l oose abrasi ve ground  surface c onsists of an  upperrnost 

c om pac ted l ayer l y i n g  above the bu l k  m ater ia l . L i t t l e  su bsu rface 

d amage is  produced by th is  process. The d uc ti l e  su rface is the  resu l t  

of glass removal due  t o  shearin g ,  where t h e  g l ass is  actua l l y  pl aned 

off on a microsca le ,  and the magni tude and depth of deforrn ation are 

dependent on the abrasive size . They a lso reported a th ird rnode of 

grind ing  where l i t t le g l ass is actua l ly  removed but smeared frorn the 

peaks to the va l leys. 
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Kenda l  [4] pointed out that plastic deforn1ati on. bei ng ess e ntia l ly a 
v o l u me process, d epends  u pon t h e  c u be o f  th e ch aracter i sti c 
d i rn e n s  i on  . 0 n th e o ther  h a n d ,  c rack  ge ne rati on and c r a c k 
propagat ion are proporti ona l  to  the area of  the  c rack 1 . e .  the square 
of the  ch aracteristic d i rnensi on . As the characteri sti c di rnension gets 
s m a I I  e r ,  t h e  a rn o u n t of  e n ergy  n e c e s s a  r y t o  i n i t i a t e p I as t i c 
deformati on bec ornes lesser than that req u i red for crac k generation. 
I t ,  t herefore , fo l l ows tha t  a t  a certa i n  c r i t i c a l  depth . th e pl asti c 
deforn1ation process IS energet ica l l y  favoured c on1pared to the crack 
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Fi gure 3.5 Specific grinding energie s duri ng  grinding with d iarnond 

and silicon carbide ( 17 ]  

genera t ion  process .  The rnodel  deve l oped by Kendall p red ic ts th at 

c rack propaga tion cannot occur in partic l es of d irnension srHal l cr than 

d: = 10 E y 
d 

where Y i s  the fracture surface energy, E Is the youngs rnodul u s  and a 

i s  the y ie ld stress. 

Now, as  i t  appears feasi b le  tha t  gri nd i n g of br ittl e materia l s  can be 

accompl i shed  w i t h o u t  prod u c i n g  l argesc a l e  m i c roc rac ks, a tte n ti on 

was focu sed by many researchers [7 -9 , 20] on ,  the cr i tical depth of 
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c u t, min imum load, grinding vel ocity, types of abrasive ,  its grain stze . 

etc . of the  microcrackfree grind ing  as  of these param e ters h ave 

prac t ica l  imp l ic ation s on  the mi crocrac kfree grin d in g  of brit t l e  

m at e ri a l s .  

K ing  et  a l  [ 1 9 ] i n  1 954 ,  reported about  the poss ibil ity  of grinding 

bri t t le  material s in the ducti l e  reg ime .  B ased on an e x perimenta l  

s tudy of crystal l ine material s ( rock sa l t, lead su l fide and ice )  King  

reported tha t  under h igh  h ydros tatic pres su re s  i n  brit t l e  materia l s .  

fracture i s  prevented and a marked p las tic deformation process  steps 

i n .  Under these conditions, p las tic yie ld s tress  reaches va l ues  very 

m uc h  greater th an the  b u l k  sh ear s tren gth  of the  u n deformed 

specimen.  This essential l y  brittle to ductile transition is at tributed to 

" h e a l i n g "  of the  fl aws and the conseq u e n t  in hibition of brit t l e  

fr ac t u re . 

S w ain  in  1 97 9  reported that material remova l  progressed in three 

s tages, n amel y ,  p l as tic groovin g, generation  of l a teral and median 

crac k s, and cru s h in g .  He reported that the  sequence is d irec t l y  

re l ated t o  t h e  force on t h e  abrasiv e  grain, with l ower forc es  

corresponding to  an increase in grinding ductil ity . 

H ag an [2 1 ]  conducted indentation experiments  on  sod a - l ime sil ica  

g l as s  and proposed a model for obtaining  the  minimum l oad for crack 

n uc l e ation . According to the mode l , the minim u m  l oad for crack 

n u c l ea tion d epend s on the h ardnes s, H an d the  critic a l  s t re s s  

in ten sity factor, K rc . 

Pc = K1c 
H 

X Kic x 885 

2 E � Klc = 

1 - v 
2 

W here v i s  the poisson's ratio and � i s  the s train energy re lease rate 

wh ich  is approx imate l y  twice the  frac ture s urface energ y .  Hagan 

found that  the critical n ormal load for crack nuc leation to be 0 .008  N 

for soda-l ime si l ica g lass .  



Dl.uuptrd b�r 

(3) 

OrlndlnK tool 

(b) 
lruumcl�nt rnrce ror (nctore 

OrlndlnK tool 

00000000000000000000000 
0000000000000000000000 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Balk mll�rfal 

0000000000000000000000 
(C) 

lruutncicnt rorre for rr�cture 

Grindlns root 

0 0 0 0 0 0 0 0 0 0 0 Derormrd la�r 

00000000000000000000000 
0000000000000000000000 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Bulk mat�rial 

0000000000000000000000 

Fi gure 3 . 6  Proposed n1odel for l oose abras i ve microgri nd i n g  (a)bri t t le 

(b) duct i le and (c) g lass fl ow (after Goloni  and Jacobs ( 18 J) 
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G ren o u  and  Ve ld ka rn p [20] conducted scratc h i n g  e x perirnen t s  on 

d i fferent  bri tt le materi a l s  i nc l ud i ng zi nk  ox ide,  lead g l ass. Sr hexa 

ferri te , m an ganese z i n k  ferr i te ,  n i c k l ezi n k ferri te a n d  a l u rn in i u rn 

ox ide .  The apparatus  u sed i s  shown in  the Fi g ure 3. 7. ;\ di a rnond 

gro u n d  to the sh ape of a square base pyram i d  con st it u te s  the 

sc ra tc h  i n  g too I .  Th e y  c o n d u c ted s c rat c h i  n g e x peri  rn c n t s w i t h 

scratc h i n g  ve loc i t ies  rang i ng from of 0.4 J.lm/sec to 400 ptn/se c  a n d  

n ormal loads ranging from 0.05 t o  0.5 N .  Figure 3.8 shows the 

-- n f_S_ - �.,. . / 1 

�:k�J:}Y\·:� - /:(�---:) c,, - ;-_:_/;;:<��;��-� ,�l 
Fi g u re 3.7 Scratc hing appara tu s deve l oped by Va n (iroe nou and 
Veldka rnp [201 S - Sarnple Mo - Motor, M i  - Micrornanipu l ator .  A -

Arn1, L - Load , C&F - coarse & fi ne vert ical adju st rnen t ,  V - Counter 
weigh t, S - Darnper. BE - Bending e le rnent, SG - St rain gauges. 

s u rface v ari a t ion (Fn ) w i t h  c u tting v e l oc i t y .  Th ey div ided p lot in to 

three region s by boundari es  I and I I .  Regi on A is des ignated as the  

reg ion of forn1at ion of c l ean grooves ,  B the regi on of cracki ng, and C 
the reg ion of c rack i n g  and ch ippi ng .  

S c h i n ker [9] perforn1ed scratc h i n g  e x peri men ts w i t h  a sing le  poi nt  

d iamond tool u sin g the set up i l l u s trated in Fi gure 3.9. lie c l a in1ed 

that h i s  set  up had avoided beari ng  p l ay ,  v i bra t ion s, and thcrn1a l  

dr i ft w h i c h  are neces sary to  m ac h i ne bri tt l e  n1 a ter i a l s  with ou t 

prod uci n g  n1 i crocrack s .  lie reported scratc h i n g  of vari o u s  g l as ses ,  

inc lud ing BK -7 ,  soda Ji n1e g l ass ,  S F  5, SF 6,  900, 403, 554 and 6 66 at 

scratch ing  speeds ranging from 1 J.lm/sec to 100 m/sec and dept h s  of 

c u t  up to 15 J.lm. He e x an1 i n ed the scratc hes  u s i n g  po l ar i zed ,  

i n terference ,  and d ark fie l d  microscopic  tech n iques .  He po i nted  out  

that p l ast ic  groove is  a parameter of cri t i ca l  de pth of cut  w h i ch 

varied fron1 0.3 Jlm to 2 Jlnl depend i n g  u pon the  scratc h i ng s peed, 
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( V c r i t i c al )  and the type of g lass. He observed l arge scale l a teral 
cracks  and med ian cracks be low the cri tical scratc h speed . Th i s  was 
reported to be ::::: 20 n1/sec, depending  on the type of g lass used . A t  
l ow scratch i ng speeds ,  h e  showed that traces of s l ip  faces are induced 
by s h ear u n der  h i g h  i n de n tati on  pre s s u re s .  B e s i de s  p l a s t i c  
deformati on ,  h i g h l y  den s i fied or c ompacted g las s was prod uced at 
the  bottom of the groove.  A l so, n1edian cracks  and l arge scale lateral 
cracks  were observed , due to res idual stresses  i nduced after the  
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Fi gure 3 . 8  S urface variat ion as a pararneter of appl ied load and 

scratch i ng veloci ty (after Goneru and V e ldkatnp (201) 

rem oval of the d iamond i nden ter. lie reported that w i th  an i ncrease 

i n  scratch ing  speed to V cri t i c al (which depend on the type of g lass 

u sed)  drast ic changes i n  deformati on the behav ior was observed, i . e ., 

from a h i g h l y  v i scous  fl ow to l ow v i scous  fl ow ,  i n d uced by a 

temperature ri se i n  the deformation zone .  No evidence of n1ed ian and 

large scale  lateral cracks  was found ,  bu t c onch o idal crac ks were 

detected at deeper scratc hes .  Fi gure 3 . 1 0 i l l u strates ex tren1e l y  th i n ,  

long chips obtai ned b y  Sch i nker at 100 m/sec scratch ing  speed o n  a 

R S  5 20 glass  surface . 



1 9 

Putt ick [8] proposed that trans i ti on from a bri ttle to a d uc t i l e  fai lure 

occurs  when a certain length attain s  a cri t ical  value .  fie proposed a 

model  for the cri t ical depth of cu t. Considering  the strai n energy 'A' 
Contained i n  a strained volume of length 'a', width 'w ' and depth 'B ' . 

A = a? w a B 
2 E 

where Or i s  the con1pressive s tress  and A ::::: w a i s  the con tact  area  

dA 
dA 

= a? B 
2 E 

Switch· 

a) Single Scratch 

b) Mulllp .. Scratch 

reed R11e: 

0 ... 20,.,n/Rav. 

P1 . • • •  'l · Llghl Barriere 

Figure 3 .9 . Schemati c  d iagram of the scratch ing  setup (after Sch i nker 

[9]) 

For delam inati on under shear 

dA 
dA 

= R11 



Figure 3.10 Long . thin chips. reported at a scratching speed of 
100 n1/scc ( after Schinker 191) 

where R11 is the fracture toughness in shear. 

lienee, the critical depth, Be is given by 

20 

Puttick's apparatus 1s shown in Figure 3. 1 1 . The gl ass satnp le  was 

n1ounted on the spind l e  and rotated at l ow speed (6 rpn1) and the 

depth of cut was given through a piezo actuator. He reported 

g eneration of crack free surfaces and chips at lower speeds. Figure 

3. 1 2  i l l ustrates the swarf prod uced In l ow speed scratching of 

Spectrosi I. Puttick 18) suggested that grooves were fonned by a 

combination of e l astic-pl astic deformation and a p loughing process. 

His findings, however, contradicts that of Schinker's [91 because he 

imposes a critical scratching speed bel ow which a crack free surface 

cannot be obtained. Puttick did point out that speed has an effect on 

the ductil e  rnachining of g lass. lie reported that increasing the speed, 

the critical depth of cut can be increased. 
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B lake and Scat terwood (71 u sed a para l l e l  ax i s  u l tra precision l a t he 

(PA UL)  as  i l l u strated i n  Fig ure 3. 1 3. They repor ted a s u rface finish  

R a of 0. 8 n rn on a gennan i un1 d i sk and  proposed a rnech a n i sn1 for 

n1 i crocrac kfree rnac hin i n g  as  i l l u strated i n  Fi g u re 3. 1 4 . They poin ted 

ou t  that the so  ca l led d ucti le  reg ime n1ach i n i n g  i s  by no tnea n s  a 

reg ime  w herei n n1ateria l i s  removed i n  a d uct i l e  fa s h i on .  M ateria l 

ren1ov a l  in  the uncut shou lder above the cri t ica l  chip t h ick ness tc  in 

Fi gure 3 . 1 4  occu rs by a cornbinat ion of  pl ast ic  f low and e x tensive 
n1 i crofracture .  For effect ive  ch ip  th i ck ness  te ff > tc, a rn ic rofract u re 

dam age zone i s  fonned a l ong the tool nose .  l)uctil e cu t tin g wit hou t 

frac ture occu rs on ly  a long the  l ower portion of the ch ip cross sec tion 

Fig u re 3. 1 1  Schetnatic diagran1 of  the  scratc hing  se t up  ( after Pu t t ick 

( 8 I ) 

where teff < tc .  The tnateria l  cou ld sti l l be tnachined wit hou t su rface 

damage i f  t he  tn icrocracks generated d id no t  penetra te  t he  p l ane  of 

the  cut s urface .  They reported tha t  too l rake a n g l e  and tool clearance 

ang l e  h ave con s iderab le  i nfl uence on  the  critica l ch i p  th ickn es s  and 

the  cu tti n g  speed has neg l i gibl e effect on the critica l ch ip t h ick ness . 

These are il l u s trated in Fig u res  3. 1 5  and 3. 1 6  and Tab les  3. 1 and 

3 . 2 .  
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B ifan o .[2 2] reported the  u se of  a prec1s1on e n gi neeri n g gri nd i n g  
apparatus  for s u per fi n i sh i n g  u l trahard surfaces  (PEG A SUS), i n  
mi crocrack free reg i rne , as i l l u s trated i n  Figure 3 .17 . The rotary 171 
moti o n  of  the  gri nd i n g  wheel i s  accompl i s hed by an ai r beari n g  
s pi nd le  wh ich  al lows gri nd i n g  speeds u p  to  5 000 rprn w i th ax ial 

error < 40 nm and the gri nd i n g  i n feed i s  accompl i shed  by a 

piezoactuator . l1e came up  wi th a pl ot (Figure 3 . 18) ,  of bri t t l e  to 

duct i le  trans i t ion as a functi on of grind ing  infeed rate . l-Ie proposed 

that a l l material s un dergo a tran s i t i on from bri t t l e  to d uc t i l e  

mach i n i n g  reg in1e i f  the  grindin g  i n feed rate i s  made smal l enou g h .  

Be low th i s  threshold  depth o f  cu t  t h e  energy req u i red t o  propagate 

cracks  i s  larger than that for p las t i c  y i e l d i n g .  Bi fano proposed a 

n1ode l  for cri t ical depth as i l l ustrated i n  the fol low ing: 

ltlOum 

Figure 3 . 1 2  Spi ral swarf adheri ng  to mach i ned grooves 111 spect rosi l 

(after Pu t t ick [ 8 ]) 

C o n s i deri n g  t h e  e l ast i c  strai n e n erg y avai l ab l e  i n  t he  p last i c  

i ndentati on zone o f  an i nd i v idual abrasi ve grai n: 
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Figure 3 .14 M echan i sm for microcrackfree mach in i ng  (after B lake 

and Scat terwood ) 

2 3 

where H i s  the  hardness  and E i s  You ngs  tnod u l u s .  The e nergy 

requi red for the crack formation in the deformati on zone i s  g i ven by 

Er a y d2 a (�c) d2 

Where Kc i s  the fracture toughness. 

But Kc = v2 y E 
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Tab le  3 . 1 Effec t of tool rake ang l e  on critic al depth ( a fter Bl ake and 

Scatterwood [7)) 

Rake angle (deg) 1:"" (nm) 
0 20 ± 2 

-10 13 ± 6 
-30 165 ± 46 

·noo) germ:"tnium, I • 2.5 pm/rev, cl�:tnnce • 6•, !peed ,. 2.1 m/s (95% r,... fitJence interval �hown for mesn values). 
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Tabl e  3 . 2 Effec t of surface cu tting speed on critica l  depth ( after Bl ake 

and Scatterwood [ 7]) 

C�tting speed (m/s) 

8.2 
2.1 
0.84 

t;r" (nm) 

168 
206 
IH.J 

--=(100) silicon, f = S pm/rev, raker- -J(r, clearance ::: 6�. 



E a I Kt ) d2 
Hence, r 2E 

and 
d - d . . a (Kc )2 - cntlcal H-

2 5  

1-1 e rePorted that s pec i fi c  gr i n d i n g  e n ergy w i I I  r e n1 a i n I a r g e I y 

constan t for ducti l e  regi n1e grind ing  but  w i l l  decrease w i th  an 

1.25 
Gt 

-tO� rake 

e 100 � co"""" .s • 6 
J:. 75 a. 

� 

cu "0 
iQ so 
� u 25 

o L-�--�--��----� 
0 

Feed btm/rev) 

Figure 3. 1 6 . Effect of tool cl earance an g le on cri t ical depth after Bl ake 

and Scatterwood [ 7) 

i ncrease I n  material ren1oval rate [23]. lie sugges ted that t h e  regi rne 
of a gri nd ing  process can be con tro l l ed by n1on i tori ng t he  specific  
gri n d i n g  energy i n  real t i rne . B i fan o and Yi  (24) fu r ther  su ggested 
that the duct i l e  regi rne gri nd ing  can be con trol l ed by n1on i tor i ng  the 

acou st i cal en1i ss ion duri ng the gr indi ng process .  

Komand uri ( 25] proposed that depth of  cut  rnay not sol e l y  di ctate 

plas ti c i ty or bri t t l eness  of a n1ater ial , becau se in order for a bri t t le  

n1aterial to e x h i bi t  p las tici ty the  state of  s t ress  shou ld  be such that 

there i s  a si gn i fican t hydros tat i c  pressure of the  order of I OMpa, as 

reported by Bridgrnan [26 ]. Mere chang ing  of depth of cu t would not 

res u l t  i n  change of rnode of deformat ion becau se i t  shows re s u l t  i n  

geometrical l y  s i n1i lar stresses .  Th i s  i m pl ies  that mere l y  chan g i n g  the 

depth of c u t  can n o t  re s u l t  in s i gn i fican t  i ncrease i n  hydros tat i c  

pre s s ure o r  i n d u ce d u c t i l i ty  a t  th e po i n t  o f  deformati on . lle , 

advanced one plaus i ble reason for the ex i s tence of a d uct i l e  reg ion i n  

gri nd i ng  at low depths  of c u t ,  based on h i gh negati ve rake ang l e  of 
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the abrasi v es presen t at s mal l  depth s of c u t .  I n  the case  of 

conventional cutti ng ,  the edge rad ius  is smal l cornpared to the depth 

of cut .  In this case, the rake angle would be determined by the rake 

face .  A s  the depth of cu t  becomes smal l (almost that of the ed ge 

rad ius), i t  becomes necessary to consider the geometry of the ed ge 

rad ius .  At these depths ,  the edge rad ius  wou ld dic tate the rake angle, 

whi c h  wi l l  be h ighly negative,  as i l l ustrated in Fi gure 3 .19 . As ,  the 

rake at smaller depths of cut can be negative,  the s tate of st ress can 

change i n  such a way that the hydrostatic c omponent n1ay reach h igh  

val ues  which can  cau se plastic deformation .  
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rate for fused si l ica (after B ifano [2 2 ] )  
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Accord ing  to h im,  the fac t that a m ach ined ( or ground surface )  i s  

smooth does  not  necessari l y  mean that the surface i s  generated by 

plas tic  deformation .  For example in d iamon d ,  s mooth surfaces are 

produced by c leavage and not by plastic deformation . Temperature 

e ffects  a l so  p l ay an importan t role .  I n  the c ase of g l a s s ,  a s  the 

temperature i ncreases above the  glass  tran s i t ion  tem pera ture� i t  

becomes vi scop lastic , which when machined can prod uce cont i nuous  

chips like the  ones produced i n  ducti le  materials . 

From the  above review,  i t  appears that  grooves  can be generated 

withou t producing microcracks when a h igh ly  bri t t le  materi a l  such as 

glass i s  i ndented or scratched under l ight l oads [3 -9, 1 6, 20, and 27] .  

One school  of thought  proposed that i t  i s  pure p l ast ic flow , as  i n  the 

case of metal s .  Another group of researchers suggested i t  to  be due 

to a pure dens i ficat ion (without any material removal ) .  A th ird group 

of re s e arch ers  prop osed t h a t  groove  for m at i on w a s  d ue to 

v i scoplast ic flow because of the flash temperatures produced d uri ng 

scratchin g .  I t  i s  h owever very difficu l t  to v i sua l ize  p l as t i c  flow in 

a m orp h o u s  m ateri a l s  bec ause  p l as t ic  fl o w  IS c h arac teri z e d  by 

d i s location motion on s l ip  p l anes ,  which is  not possi b le  in amorphous 

material s .  I t  i s  a lso d i fficu l t  to  accept the pure densification t heory , 

because material removal  h as been reported w hen scratc h i n g  g l ass  

and other bri t t le  materi al s .  Some researchers reported the formati on 

of chips when scratch ing g lass  at l ow l oads .  It i s  therefore i mportan t 

to know the mechan i sms of ch ip  formation i n  scratch ing  g l ass .  

Towards th i s  goal i t  was decided t o  desi gn a n d  bu i ld  a n  i n-s i tu 
scratch ing  stage for u se i n side an environ men ta l  scan n i n g  e lectron 

microscope (ESEM).  This  should enable scratch ing  of bri tt le material s 

such as g lass ,  i n-s i tu. I t  was a lso decided to observe the scratc hes 

in side a conven tiona l  SEM for higher resolu ti ons .  



1. Primary Deformation Zone 

2.Secondary Deformation Zone 

3. Teritiary Deformation Zone 

\Vorkpiece 

A 

Workpiece 

B 

Hfect of tool radius  at subm icron m achinin g  

Figure 3 . 19  Effec t o f  tool radius  in  conventional and su bmicron 

mach in ing  [ 1 9] 
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CHAPTER IV 

DESIGN AND FABRICATION OF IN-SITU SCRATCHING STAGE INSIDE 

ESEM 

The e nv iron menta l  scan n ing  e l ec tron microscope i s  s i m i l ar to  a 

c on vent iona l  scann ing  e lectron microscope in fu nc tion , but  h a s  an 

add i t ional  feature of being  able to v iew n on c on d uc ti n g  samp les  

without  the need for a conductive coating .  Hence,  th i s equ ipment i s  

ideal for conducting  in-s i tu scratching experimen ts o n  g lass ,  which i s  

a nonconductor. A ppendix A I i s  a brief description o f  the E S E M .  

Con sideration s for the Design o f  the In-si tu Scratch ing  S tage for 

Scratching Inside ESEM 

As  the  scratch ing  apparatus has  to be  operated i n si de th e E S E M ,  

there are several con siderations that shou ld  br taken i n to account  for 

des ign  of the  apparatu s .  The fol lowin g  are some of the  i m p ortan t  

c on s i d era t i o n s .  

1 .  Figure 4 . 1 ts a schematic of the E S E M  chamber with i t' s  main 

d imens ions in inches .  The chamber i s  cy l indrica l  i n  shape with 

an i n ternal  d i ameter of 1 3 . 5  in and an  open ing  for the door 

measuring 6 . 75  in X l l . i n  The detec tor, D i s  s i tuated at the 

center and on top of the chamber as shown in Figure 4 . 1 .  The 

stage,  wi th X - , Y - , and Z- moti ons  al on g  wi th their dri v i ng 

motors, i s  moun ted on the door of the c hamber as i l l u strated i n  

Figure 4.2. The gap between the d oor openi n g  and the top of 

the stage i s  3 in . Hence, the setup designed to perform i n-s i tu 
scratching must be capabl e  of passing  through a 6 .7 5  in  X 3 in  

ope n i n g ,  i mpos ing  res trtc tt on s  on  the  d i men s i o n s of  the  

scratch ing  apparatu s and  force sensing setup .  
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Fi gure 4. 1 .  Schematic of the ESEM chamber 
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2 .  X -, Y - , and Z- axes traces a series of motions when the  ESEM i s  

swi tched on , swi tched off, a n d  ca l i brated . W h e n  t h e  E S E M  i s  

swi tched off, t h e  stage takes a pos i t ion i n  a way  t h a t  i t  can  

pass  through the  chamber open ing  wi thou t col l i d i n g  wi th  the 

c hamber wal l .  S imi larly, when it  is swi tched on i t  mov e s  in to a 

preprogramed pos i tion  near the detec tor . When  ca l i brated .  i t  

traces a preprogramed path and the cen ter o f  t h e  s t age comes 

d irectl y under the beam. Further, some accessories .  such a s  X

ray anal yzer shaft and micro injec tor shaft are presen t  i n  the 

ch amber.  These further l i mi t  the s i ze of t he scratc h i n g  s tage . 

Hence , the eq ui pment  should be designed so that  i t  does n ot 

s tr ike  t he  X-ray a n a l y zer  and m i c roi njec tor s h aft w h e n  

performi ng these complex motion s .  

3 .  The max imum di stance that can be traversed by X- , Y -, and Z
axes  are 1 . 84 i n ,  1 . 84  i n  and 0 . 894 i n  respect i ve ly .  The total  

4 .  

we i g h t  of t h e  w hole apparat u s  shou ld  b e  less  than  7 l b  

because t h at i s  t h e  des i g n  load perm i t ted con si deri n g  the  

capac i ty of the  stage . 

S cratch ing  can  be done on ly a t  s low speeds  ( l e s s  th an  0 . 04 

i n /sec)  tn order to v ideo  t ape t h e  scratc h i n g  proces s .  I f  

scratchi ng  i s  done at h igher speeds ,  the image has to be v iewed 

at h i gh  scan rates which produces low qua l i ty I m age . 

5 .  The  too l  m u s t  be pos i t i on ed be low the  de tec tor w i thout  

v i bration s during the  cu tti ng process to  en able c lean v iewi ng of 

the scratch ing  process .  

6 .  The setup should n ot prod uce any s tray m agnet ic  fi e lds  that  

can e ffec t  t he  magnet ic  l en ses  in  the  c ol u mn . Any s tray 

magnetic fie lds  shou ld  be properly sh ie lded . 

7 .  The scratch ing  action must  take place 0 . 1 5  to 0 .25 i n  from the 

detector to obtai n max imum s ignal s ,  and thu s provide a good 

i m age . 

3 2  



8. The workpiece should not be ti l ted more than 450 · 

Requirements  of the Scratching A pparatu s  

The m ajor requ irements  for the scratchi n g  apparatu s are t h a t  i t  

should be compact,  v ibration free , rigid , and o f  high prec i sion .  Means 

should be prov i ded for rec iprocat ing the workp iece in  order to 

provide  the scratch i ng moti on rela t i ve  to a stat i onary tool . Means  

must al so  be  provided for setting up  the depths of cut ( u p  to 1 5  J.Ln1 ) 

and a force sen s ing  c ircu i t  capabl e of sen s i n g  very sma l l dyn an1 i c  

l oads  accuratel y .  

Tak ing i n to account  the con strain ts i m posed b y  the  E S E M  and the 

requi remen ts demanded by the microcrackfree scratc h i n g  proce s s� 

several des ign s for the apparatu s were attempted ,  s tarti ng  wi th  the 

s imples t  sys tem requiring min imal addi tions  and modifi cati on to the 

ESEM. 

First Design 

The E SE M  chamber has a shaft S (microi njector sh aft) i l l u s trated in  

Figure 4 .3  which i s  mounted on the  chamber wa l l abou t 1 i n  be low 

the top of the chamber, and has two knobs , K 1 and K2. The shaft S 

w h ich can be moved in  and out up  to 2 in  by operati ng  K 1 and can be 

t i l ted down by maximum of 1 in from i ts horizon ta l  posit ion i n  the Z

p lane by operating  K2. The shaft i s  about 0. 3 i n  i n  d iameter� and 

projec t s  approx i m atel y 1 in  i n s ide  the c h am ber and h as a sma l l 

c i rcul ar hole  on i t  to faci l i ta te c l ampi ng. A rec tangu l ar a lumi n i u m  

piece,  (II i n .  wide,  0 . 5  i n  h igh  and 0 .5  i n  t h i c k  i s  mou n ted a n d  

c lamped t o  the shaft as i l l ustrated in  Figure 4 . 3  An other al umi n i u m  

piece 0 . 5  in  wide, I i n  high and 0. 2 i n  thick)  i s  bol ted o n  t o  the free 

end of the a lumin ium piece, which acts as a tool holder. A d iamond 

tip, with a cyli ndrical a luminum shank i s  force fi tted i nto the tool 

33 
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holder.  The scratching tool can now be brough t  below the beam by 

operating  the K l  and K2. Table T is  mou nted on the X-, Y - , Z- stage of 

the ESEM on which  the workpiece (g la s s  s l ide)  and the  force 

transducer are moun ted. The workpiece i s  g l ued on  to workp iece 

holder which  in turn is  bol ted on to the Table T ( for deta i l s  see 

Appendix A 2 , Figure A . 2 . 1  ). The workpiece i s  positioned by mov ing  

the three axes of  t he  ESEM stage. After the workpiece i s  posi t i oned , 

movement of the X -axis  provides  the depth of cut  and movement of 

the Y -axis provides the scratching motion . The tool is held s tati onary 

bel ow the detector. The three axes can be control led by the joy stick 

or by the software . In  the software con trol mode,  every c l ick  of the 

mouse wi l l  advance the selected axis by 1 Jlm. which means i t  is not 

poss ible to obtain the requ ired con ti nuous  scratc h i n g  mot i on if th i s  

option i s  u sed . I n  the joy s t ick control option , even though w e  get  a 

conti nuous  moti on ,  we can not be sure that  we are main tai n i n g  the  

same veloci ty throughout the  cut .  Furthermore, the  s tage ve loci ty i s  a 

func tion of the magnifi cation ,  which  means there i s  n o  i ndependence 

for selecting the requi red veloci ty .  Therefore , one cannot be sure that 

scratch ing  is done  at con s tan t veloci ty .  The ESEM has an accessory , 

n amel y CPU tran si t ion modu le  to wh ich  an R S  232 and a V T  1 00 

c ou ld be h ooked up  to acqui re e xternal control of the stage .  The 

control diagram for the stage is g iven in Figure 4.4. With th i s ,  i t  is 

pos s ible  to access the ESEM software and g ive the req u i red mot ion 

comman d s  and obtai n con t i n uo u s  mot ion of t he  s tage at des i red 

vel oc i ties  and magn i fi cati on s .  

Force Measuring  Circ u i t  

Fig ure 4 . 4  i s  a schematic of t h e  force measur ing c i rc u i t .  A 3 -

compone n t  Ki s t ler p iezoelectric dynamometer i s  c l amped  by the  

pre loading  nut  and bol t  between the  workpiece holder and the  table 

T. The output from the dynamometer is connec ted to the input  of a 

charge amp l i fier and the ou tpu t from the charge ampl i fier i s  

connec ted t o  a digi tal mu l timeter. The applied l oad in  al l three axes 
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i s  read in  terms of vol tage by three separate d igital mu l ti meters . The 

techn ical detai l s  of the d ynamometer and the c harge ampl i fier are 

g iven  i n  the appendix A2 .  

A l though the scratch i ng s tage appears to have met  al l t he  above 

m e n t i on e d  requ i re me n t s ,  whe n  s cratchi n g  e x peri m e n t s  were 

conducted i t  was found that tool was not sufficient ly  st iff and would 

deflect thereby removing i t  out from the fie ld  of v iew . I t  was al so 

n ot poss ib le to conduct  low l oad scratchi n g  experi men ts w i th t h i s  

setup for the same reason. 

Hence, it was decided to retain the same design for workpiece motion 

con trol  and force measurement but change the way the scratch i ng 

tool was mounted i n side the chamber. Thi s  led to the second desi gn . 

Second Design 

Figure 4 . 5  i s  the schematic of the second des i gn and Fi gure A 2 . 2  

g ives the detai led drawing of the tool holder for th i s  design . The tool 

h older i s  c lamped to the stationary part of the stage, as i l l u strated in  

Figure 4 . 5 . A stai n less steel tube i s  bol ted on to  the  base  of tool 

h ol der, as i l l u strated in Fi gure A 2. 2. Another rec tangu lar b lock, on 

wh ich  the micrometer is moun ted, passes over the s tai n less  tu be and 

can be c l amped i n to the desired posi t ion w i th a pair of  n u ts  and 

bol t s .  The ac tual scratch ing  tool is  g l ued to the fron t  end of the 

micrometer I t  may be recal led that there i s  a gap of 1 . 5 in .  from the 

top of d oor openi n g  and the top of the c h am ber (Fi gure4 . 1 ) .  Th i s  

m icrome ter helps i n  posi ti onin g  the tool below t h e  beam . I t  was 

hoped to posit ion the tool below the beam by a few trial s .  B ut i t  was 

real ized later that  the t ip  of the tool  was below the detec tor even 

after fifteen tria l s  and the tool tip al ways m i s sed the detector by a 

few micrometers . I t  may be possi ble to bring it below the beam after 

a few more i terati ons ,  but  i t  mus t  be noted thi s had to be repeated 

for each and every experiment and thi s may damage the vacuum 
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system of the ESEM. Hence, it was decided to further mod i fy the  

design .  which  led to  the  th ird design . 

I n  the third desi gn a separate scratching stage was bu i l t  which  wou ld  

scratch without any of  the motion of  the  ESEM stage and then u se the 

X - ,  Y - , Z- motion s of the s tage to place the tool be low the detector 

and control the movemen ts of the scratch ing  s tage externa l l y .  

Third Design 

Figure 4.6 i s  a schematic of the i n - s i t u  scratc h ing  apparatus  w i th the 

complete force circu i t .  The force sens ing c ircu i t  i s  the same as  i n  the 

first two design s .  The whole  set up is moun ted on the stage of the 

ESEM in p lace of table T. Figure A2 .3  is the assembly drawing of the 

i n-s i tu scratching stage and Figures A . 2 .4 to A .2 . 1 0 are vari ou s  parts , 

such as the base p late,  the workpiece holder, the bal l screw assembly  

mount ing p la te,  the  tool holder, the piezomou nt ,  preci s ion bal l screw 

as sembl y ,  and u l tra prec i sion l inear s l ide .  The w ork m ateri a l  ( g l as s  

s l ide) i s  g lued to  the  work mount  by  an  epoxy resi n .  The  work mount 

i s  moun ted on to the nut  of the prec i sion bal l  screw assembl y .  The 

preci sion bal l  screw is powered by a geared de motor .  The speed of 

the motor can be varied by a v ari abl e de power s u ppl y to a 

maximum of 36  rpm.  The bottom of the work mount  i s  coupled to an 

u l traprec i s i on l i near s l i de to obtai n a s traig h t  scratc h .  The u l tra 

preci sion l inear s l ide i s  i n  turn fas tened to the base pl ate .  The bal l 

screw assembly i s  he ld on a bal l  screw mou n ti n g  p l ate (Fi gure 4 . 6) 

wh ich  i s  fas tened to the base p l ate . The scratc h i n g  too l  i s  he ld  

s tat ionary so that i t  can be focused under the  beam of the  ESE M ,  and 

the w ork moves back and forth to fac i l i tate the scratch ing  operati on . 

The workpiece can be moved back and forth by changing the po larity 

of the motor. The scratching tool is c l amped to the tool holder wi th 

t h e  h e l p  of  a screw . A Ki s t l er 3 -c om p on en t  p i e z o e l e c t r i c  

dynamometer i s  sandwiched between t he  tool h older and  t he  

38 
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s upport base ( see Figure 4 . 6 for detai l s)� and al l t he  t h ree 

components are prel oaded with a bol t  and a nut .  The support base in 

turn i s  moun ted on the piezoe lec tric actuator w h i c h  con tro l s t he 

scratchi ng depth an d the  force s  i nduced d uri ng scratc h i ng. The 

expans ion of the piezo ac tuator is control led by the piezo control l er .  

The piezo actuator i s  moun ted on the piezo mount (Figure 4 . 6 ) which 

i s  fastened to the base plate . The set  up is  mounted on to the stage of 

the ESEM. Motions in X-, Y- and Z- axes fac i l i tate focusi ng  of the 

beam on the tool tip and al l ow the observati on of scratch ing  i n - s i tu . 

The chamber has both BNC and pin  terminal s .  S o� de motor and 

piezoac tuator can be con trol l ed from outs ide . S i m i l ar ly� the outputs  

from the dynamometer can be fed i n to  charge am p l i fiers . located 

o u t s i d e  the  c h am ber . Th us  scratc h i ng an d po s i t i o n i n g  c an be 

c o n tro l l ed  from ou t s ide  the  c ham ber when  t h e  sy s tem i s  und er 

v ac u u m .  

The tec h nical  detai l s  of  t he dynamometer,  charge ampl i fi er, p tezo 

con tro l l er ,  prec i s i on bal l screw as sem b l y ,  and u l traprec i s i on l i n ear 

s l i de ,  cal i brat i on of dynamometer , and v o l tage v ers u s  s peed of 

workpiece graph are given i n  the appendices . 

Thi s  des ign i s  ab l e  to mee t al l t h e  req u i reme n t s i m po sed and 

perform s sati s fac tori l y .  I n - s i t u  scratch i ng  tests were performed on 

g lass at two cu t ti ng speeds and two depths  of cut� and recorded on 

v ideo .  The scratched surfaces were al so exami n ed in a con v en t i onal 

S E M  after coat ing w i th A u -Pd for further an al y s i s .  A l though  the  

v ideos were sat i s factory , i nd iv idual photograph s from them were not  

of high qual i t y .  The experi men tal proced ure an d te s t  re su l ts are 

pre sented i n  the nex t  chapter. 
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CHAPTER V 

EXPERIMENTAL PROCEDURE AND TEST RESULTS 

E x peri men tal Procedure 

1 .  The workpiece i s  glued to the workpiece holder us ing  a res 1 n .  

2 .  A l l  connections ,  namely ,  force transducer. piezoactuator con trol . 

and speed con trol are made.  

3 .  The tool i s  clamped i n  the tool h older such that the tool ti p just 

touches the glass workpiece . 

4 .  C utti n g  force i s  appl ied by  expand ing  the piezo ac tuator (by 

operating the piezo control ler) . 

5 .  Cutting motion i s  gi ven to the workpiece , relati ve to the tool , by 

i ncreas ing the vol tage of the de supply . 

6 .  Forces are rec orded i n  the X - and Y - d i rec ti on s an d the 

scratch ing process is  taped using a sony video casette recorder.  

7 .  The specimen i s  then coated w i th Au -Pd and v iewed in  a 

conventional SEM to obtain micrographs for h igher resol uti on . 

Test  Resu l ts 

A t  l ight loads ,  the I n -s i tu scratchi n g  apparat u s  produced grooves  

w i thou t  c aus ing  any surface damage . The scratchin g  process  can be 

observed as i t  progres ses , v i ewed upto a magn i ficat ion of 5 00 X .  
Above this ,  the tool covers the whole of the TV moni tor. Thi s setup 

satis fie s  al l  the constrai nts imposed by the ESEM. In the fol lowing ,  

scratching  experiments i nside ESEM, wi th a tool of 1 1 5 °  cone angle 
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are reported for two sets of conditions (Table 5 . 1  ) , and two addi tional  

sets of experiments, a long with the ones reported in Table 5.  I were 

performed outside the ESEM and are given  i n  Table 5 . 2 . 

Table 5 . 1  Cutting condi tions inside the ESEM 

Low speed Low (avg) load 

(0.034 N) 

(0. 1 43 mm/sec) A vg. Load for materi a l  

fracture (0. 1 5  N) 

Table  5 .2  Cutti ng conditions i nside the  ESEM 

Low speed Low avg.  l oad 

(0 .034 N) 
(0. 1 43 mm sec) Load for materi al  fracture 

(0. 1 5  N )  

High speed Low avg. l oad 

(0.035 N) 

(0.52 mm/sec) Load for materi al  frac ture 

(0.2 N) 

H i g her speed scratch ing  experiments were al so  conducted i n s ide the 

ESEM but were not reported because they had to be v iewed at h igher 

scan rates wh ich red uced the qual i ty of the i mage s ign ifican t ly .  The 

resu l t s  of the scratching experiments are now d i scu s sed in  detai l .  

Low Speed - Low Load Tests : Here the min imum poss ib le  l oad and 

v eloci ty were appl ied. Under these cond i ti ons ,  i t  was poss ib le  to form 

grooves  w i t h ou t  frac turi n g  the s urface. F i g u re 5 . 1  i s  a SEM 

micrograph i l lu s trati ng materia l  flow taking  place a s  the  workpi ece 

came into c on tact with the tool . Fig ure 5 . 2 is an SEM micrograph 
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i l l u s trat i n g  a represen tat ive surface of the who le  scratc h le n gt h .  I t  

can be seen tha t  c l ean grooves can be formed and t here i s  no  

evidence of  surface cracks at thi s  magnificat ion .  Figure 5 .3 i s  an SEM 

micrograph showing the groove formed when scratc h i ng i n s ide the 

ESEM under the same condi tions ,  but  with a s harp i nden ter ( I I 5 de g .  

cone  angle). I t  can be seen that the groove i s  smooth and there i s  no 

evidence of surface cracks at th i s  magnification . A l so, n ote t hat there 

i s  some side flow .  

Low Speed - Higher Load Tes ts : The n ormal l oad i s  i ncreased by 

expand ing  the piezo actuator by 20 nm (which is the least count  of 

the device)  and scratch ing was performed . Here, the majori ty  of the  

material remova l  was by bri t t le  frac ture bu t there was a l so som e  

reg ions  o n  t h e  groove where materi al  flow accompan ied t h e  fract ure . 

Man y ch ip s  were fou nd i n  t h i s  reg i on . Fi gure 5 . 4 i s  an  S E M  

micrograph showin g  fractured port ions of t h e  groove and Fi g ure 5 . 5 

i s  an SEM micrograph at h igher magnificat ion of t he  same . I t  can be 

seen tha t  cons iderab le  amou n t  of materia l  ch ippin g  had taken p l ace .  

Figure 5 . 6 i s  an SEM micrograph of the debri s formed due to bri t t le  

fracture a long wi th  a chip of approximately 80 J..Lm length . Fi gure 5 . 7 

i s  an SEM micrograph showin g  a mi xed mode of materi a l  removal 

reg i o n .  i . e . ,  bri t t l e  mode of remov a l  al on g w i t h  smooth groov e 

( toward s  the  r ig h t  s ide i n  the fi g ure ) .  Long  c h i p ,  meas uri n g  

approxi mate ly  40 J..Lm can al so b e  seen . The ch ips appear wavy l i ke a 

r ibbon and are less  than a J..Lm wide. Figure 5 . 8  i s  an S E M  micrograph 

s h o w i n g  an other type of c h i p  tha t  i s  t w i s ted a n d  mea s u n n g  

approx i m ate ly  I 00 J..Lm.  long.  

H i g h  S peed - Low Load Tes ts : H i g h  speed here refers to t he  

max imum speed that can be  attai ned by t he  scratch i ng  se t  up .  The 

resu l t s  obtained here are very much s imi l ar to the l ow speed - low 

l oad scratch ing  tes t s .  Figures 5 . 9 and 5 . I  0 are SEM micrograph s 

s h owing  represen tati ve grooves formed .  Even though a s i n g le poi n t 

tool i s  u sed , the radius of the tool  i s  ::::: I 6  J..Lm and the  too l  i s  not 

perfect ly  smooth at the tip.  I t  appears that the con tour of the tool at 

the tip i s  formed on the grooved glass surface .  There is no evidence 
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Figure 5 . 1 .  SEM micrograph showi ng materi a l  fl ow occurred whe n the 
work piece was struck by the i ndenter (Load :0 .03 5 N and Scratc h i ng 

Speed : 0 . 1 43 mm/sec ) 

Figure 5 .2 .  SEM micrograph of represen tati ve scratch ed groov e  
surface (Load :0 .035 N and Scratc h i n g  S peed :O . l 43 mm/sec ) 
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of surface cracks on the grooves at a magnification of 5 500 X .  There 

i s  s ide  flow but no chip formation . 

High Speed - Higher Load Tests : The resul ts obtai ned here are a l so  

s imi l ar to the  low speed - h i gh l oad experi ments. The major mode of  

material  removal was bri t t le  fracture , and there w ere zones  of  

e xtens ive ch ip  formati on accompanied by groove formati on wi th out  

cracks .  F igure 5 . 1 1 i s  an SEM micrograph s h ow i n g  the heav i l y  

frac tured surface ( lower part) and crack free groove (upper part). I t  

can be seen that bri ttle chippings are scattered a l l  around the groove .  

Figure 5 . 1 2  i s  an SEM micrograph of the magnified view o f  the upper 

p or ti on of the  above figure . A t  h i gher  magn i ficati on , burr l i ke 

features are formed at the edge of the side flow, as shown in  Figure 

5 . 1 3 .  Figure 5 . 1 4 is an SEM micrograph showing a chip around 30 Jlm 

l on g .  H ere , there i s  a neat groove formati on at the cen ter and 

cracking at the edge of the groove .  Fi gure 5 . 1 5  i s  an SEM micrograph 

s h ow i n g  a lon g ch ip seperati n g  from the  ed ge . A s  scra tc h i n g 

proceeds ,  materia l  i s  f lown to the s ides and t h i s  s ide fl ow gets  

separated as a l ong chip .  

Experi ments  were a l so conducted under s im i l ar l oad and v e l oc i ty 

condi t ions  ( as in 1 1 5 deg . )  from another d iamond tool of 75 deg . 

c one  an g l e .  The experimenta l  con d i t i on s  are tabu l ated be l ow in  

Tables  5 . 3 and 5 .4 .  The resu l ts formed here were very much s imi lar 

to the previ ous set of experimen ts .  Figure 5 . 1 6  i s  an SEM micrograph 

s h o w i n g  the groove obtai ned by low speed - l ow l oad sc ratc h i n g  

experiment .  A smooth groove accompan ied b y  side flow can be seen . 

Table 5 . 3 Cutting cond iti ons  inside the ESEM 75° cone i ndenter 

Low speed Low load 

(0.03 N) 

(0 . 1 43 mm/sec)  Load for materi a l  

frac ture (0 . 1 2) 



Figure 5 . 3 .  SEM micrograph showing smooth groove prod uced i n  t he  
in - s itu  scratc h ing mode (Load :0 .035 N and Scratch i ng S peed : O .  1 4 3 

m m / s e c ) 

Figure 5 .4  SEM micrograph showing a frac tured surface generated at 
(Load :0 . 1 5  N and Scratch ing  Speed :O . l 43 mm/sec ) 
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Figure 5 .5 .  SEM m i c rograph at h i gher m a g n i fi c at i on v te w  of t he c rac k 

prod uced i n  Fi g u re 5 .4 

Figure 5 .6 .  SEM micrograph of a ch ip  measuri ng approx imatel y  80  
J.Lm. (Load :0 . 1 5 N and  Scratch ing  S peed :0 . 1 43 mm/sec ) 

4 R  



Figure 5 . 7 .  SEM micrograph showing a ri bbon l i ke ch ip  n1 eas u ring  
approx imate l y  40 J.lm. (Load :0 . 1 5  N and Scratch ing  Speed : 0 .  1 4 3 

m m / s e c ) 

Figure 5 . 8 .  SEM micrograph of a twi s ted chip (Load :O . l 5  N and 
Scratch ing Speed : O . l 43 mm/sec ) 
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Fi gure 5 . 9 .  SEM micrograph ot groove rormeo oy 1 L' u c: g .  u •ul- t t tcr 
smooth grooves wi thout microcracks  can be seen ( Load : O . l S N and 

S cratch i ng  S peed : 0 . 5 2 mm/sec ) 

Figure 5 . 1 0 . SEM micrograph showing  h igher magagn i fi caton v 1ew of 

the groove i l l us trated in  Figure 5 . 9 .  

5 0  



Figt:re 5 . 1 1 . SEM micrograph showing  overal l v iew of the groove 
formed due to 0.2 N l oad and 0.52 mm/sec speed . showi n g  frac tu re 

Figure 5 . 1 2  SEM micrograph showi ng  burrs at t h e  edges of the  
groove formed duri n g  scratc h ing  

) I 
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Figure 5 . 1 7  i l l us trates the overa l l  view of the of  surface scratc hed at 

l ow vel oc i ty and h igher l oads .  A l ong ch ip  measurin g  over 

Tabl e  5 .4 Cutting condi tions outside the ESEM 75o c one inden ter 

Low speed Low load 

(0.03 1 N)  
( 0 . 1 43 mm/sec )  Load for materi a l  

fracture (0 . 1 5  N)  

High speed Low load 

(0 .035 N )  

( 0 .52  mm/sec . ) Load for m ateri a l  

frac ture (0 . 1 7  N)  

7 5 0  Jlm and  a cons iderab le  amou nt  of bri t t l e  frac ture de bri s can be 

foun d .  Fi gure 5 . 1 8  i s  an S E M  micrograph s h ow i n g  a t  t h e  h i g her  

magni fi c at ion ( 3500 X ) of  a l ong ch ip  i l l u strated above . Fi gure 5 . 1 9  
i s  an SEM micrograph showing t he  overa l l  v iew of scratch n1ade a t  

h i g h  l oad and h igh ve loc i ty .  F lat r ibbon l ike ch i ps are seen i n  Fi g ure 

5 . 1 7 .  B ri t t l e  fracture and c h i ps c an a l so be seen on t h i s  groove . 

F igure 5 . 20 i s  an SEM micrograph of ch ips formed on the  scratc h 

groove,  which  are approxi mate ly  25 Jlm. l on g .  Some poi n ts of  i n tere st 

observed duri ng the pre l im inary scratc h i ng te sts  are i l l u s t rated from 

F ig ure 5 . 2 1  onward s .  Fig ure 5 . 23 is an S E M  m icrograph sh owing  

another type of ch ip  s imi l ar to one  i l l u strated by the  Sch i nk er when  

mach in i ng  g l ass a t  over 20  m/sec . The n ormal l oads for the  scratches  

shown i n  Figures 5 . 2 1 , 5 . 1 1  and 5 . 23 was  < 0 .2  N and  the  ve l oc i ty 

was  no t  rec orded but  was some where i n  be tween the  l owes t  and 

h ighe s t  poss ib le  speed attai nab le  by the eq u i pmen t .  



Figure 5. 1 3. SEM micrograph of another k ind of ch ip  forn1cd at 0 . 2  N 
l oad and 0 .52  mm/sec scratc h i ng  speed 

Figure 5 . 1 4 . SEM micrograph showing a l ong ch ip  measuring  

approximate ly  30 �m a t  cond i ti on s as i n  Figure 5. 1 3  



Figure 5 . 1 5 .  SEM micrograph at  h igher magn i ficat ion showi n g  l on g  
ch ip  seperated from the s ide o f  the groove edge 

Figure 5 . 1 6 . S E M  micrograph showing  smooth grooves formed under 

l ow load and low veloc i ty scratch ing  w i th a 75 ° cone ang l e i nden ter 



Fi gure 5 . 1 7 . SEM micrograph of the overal l v iew of low v e l oc i t y  a n d  
h igh  l oad scratc hed surface wi th  a 75°  con ica l  i nd e n t e r  

Figure 5 . 1 8 . SEM micrograph of  the ch ip  shown 1 n  the Fi gure 5 . 1 7  a t  
h i gh mag n i fi c a ti on 

5 5  



Figure 5 . 1 9 . SEM micrograph of the overa l l  v iew of groove fonned a t  
0 . 2  N l oad and 0 .52  mm/sec scratc h in P v P i or i t v 

Figure ) . LU .  � e M  m1crograpn ot c ni ps tormed at h i g h  l oad and t l i g h  
v e l oc i ty 
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Fi gure 5 . 2 1 .An SEM micrograph of a c h i p  tha t  appears h i gh l y  

s tressed formed a t  0 .2 N l oad 

Figure 5 .22 .SEM micrograph of a bri t t le  ch i p formed at  0 . 2  N l oad 
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Figure 5 .2 3 .  SEM micrograph of another type chip 



CIIAPTER VI 

DISCUSSION 

Tool 

Figure 6 . 1 Tool ti p and the workpiece at h i gher magn ificat ions 

Thi s i nvest igation has establ i shed the req u iremen ts needed to 

conduct i n-s itu scratching studies ins ide an ESEM. 

The process  i mposes a certa i n re stri c t i on on the i n - s i t u  
observati on process .  I t  can be seen from the Fi gure 6 . 1 that 



work piece has to be incl ined at some angle to the horizontal to 

fac i l i tate viewing through ESEM. The complete tool rad iu s  does 

not come in contact wi th the work material duri n g  scratch ing  

but o n l y  one  or  more protrudi n g  poi n ts d o  the  ac tual 

scratching.  Hence when v iewed from the top the tool i t se lf  
hides the side flow formation.  

Schinker [9 ]  reported that formation of microcrack free grooves 

i s  n ot possible at scratching veloci ties < 20 m/sec.  He reasoned 

that on ly above thi s scratch ing  speed the temperatures i n  t he 

c u t t i n g  zone i ncrease to  fac i l i tate re m oval o f  materi al 

v i scoplas tical l y .  B u t ch ips  that resemble the ones reported by 

Sch inker are obtained in th i s  i nvestigation at very low speed s .  

Th i s  investi gation al so shows that m ost of t he  ch ips that are 

formed are due to the separation of the material at the edges of 

the  groove s ideflow.  It i s  observed from the  l ow speed 

experimen ts  that ch ips are not formed . Th i s  is because the 

s ideflow may be gettin g  separated due to stresses  and the  

s tresses must  be insufficient for chip formation at lower loads .  

I n  the  h igher load experiments ,  even though  g lass has cracked 

at some places al ong the groove, there has been stretc hes  

w here microcracks are not  formed even though  the major 

mode of material removal there i s  bri t t l e  frac ture ( Figure 

5 . 1 1 ) .  This  supports part ial l y  the arg ument put  forth by B lake 

and Scatterwood [7 ] . But  B lake's argumen t does not explain  the 

ch ip formation process .  

From low l oad experi ments  microcrack free grooves and  s ide 

flow formation can be seen . From h igh  load experi ments,  i t  can 

be observed that surface cracks  are produced,  and there are 

s tretches on the groove where material i s  removed by fracture , 

w i th no ev idence of microcracks  on the groove ( Figure 5 . 1 2) .  

Along  with thi s  side flow, ch ips are al so observed i n  h i gh load 

experiments . Hence, from the above observat ion s and l i terature 

rev iew, we can poi nt ou t that, for normal load s :::: 0 . 03 N a 
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microcrack free groove i s  formed due to material flow . and the 

area direct ly  bel ow the inden ter be i n g  den si fied . For n ormal 

l oads � 0. 1 5  N the groove formation i s  due to bri tt le frac ture 

and material flow, with the area direct ly below the i ndenter i s  

dens i fi ed .  The mechan i sm of materi al fl ow c o u l d  n o t be 

determined in this investigation. Even though dens i ficat ion was 

n ot measured in this study, Ernsberger [ 6] and Peter [ 1 6 ] have 

demonstrated the den sification effec t w he n  g las s  i s  i ndented 
by diamond. 
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CHAPTER VII 

CONCLUSIONS 

1 .  An  i n - s i t u  s tage for scratc h i n g  i n s ide  the E S E M  w a s  

des igned, bui l t  and tested . 

2 .  The transducer i s  capable of pick ing  up  dynamic  forces  of 

sma l l  magni tude (0 .03 N ) .  

3 .  P i ezo ac tuator i s  capab le  of g i v i n g  sma l l dept h s of  c u t s  

( up to  1 5  J.Lm) . 

4 .  The magnet i n s ide the d e  motor i s  far enough . a s  t o  n ot 

effect the beam . 

5 .  I n - s i tu scra tc h i n g  h a s  been ob served  u p to  5 00 X 
m agn i fi c a t i on . 

6 .  Scratch ing tests were cond ucted i n s ide as wel l  as outs ide 

the ESEM at d ifferent load s (�0 .03N and 0 .2  N )  and 

vel oc i t ies  (0 . 1 43 mm/sec and 0 . 5 2  mm/sec ) .  

7 .  A t  l ow load s ,  microcrack free groove s are formed a t  a l l  

scratch ing  speeds and i nden ter geometri e s  used . There i s  

s ideflow o f  materi a l  b u t  no ch ip  formati on . 

8 .  A t  h igher loads cracks are observed at some p laces  on the 

scratched surface . The maj or mode of m ateri a l  remova l  t s  

by bri t t le  fracture . A long the edges of the groove there i s  

some sidefl ow and formation of long ch ip s .  



9. At the two scratch ing  speed s u sed in  th i s  i n ve st igation  

the  scratching process seems to be i ndependen t  of  speed . 

Thi s i s  understandable cons iderin g  the narrow range of 

speeds that can be used ins ide ESEM. 

1 0.  Grooves can be viewed immedi ate ly  after their format ion 

i n  i n - s i tu scratch ing  i n side  the E S EM .  H owe ver ,  the  

formation of  sideflow and chips  in  could  n ot be observed 

because the actual tool and workpiece contact area was 

shielded by the tool i tself. 
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CHAPTER VIII 

RECOMMENDATIONS FOR FU1URE WORK 

1. A finer i ndenter should be used in the  in-si tu s c r a t c h i n g  

exper imen t s  i n s ide t he  ESEM i n  order to  fac i l i tate t h e  

observati on o f  grooving 

2 .  The scratch ing  setup should be further modifi ed by fac i l i tati ng  

a macro tool movement ,  real t ime touch sensor and feed back 

c o n tro l  

3 . In-situ scratch i n g  s tud ies  s h ou l d  be e x ten ded to  bri t t l e  

materials  suc h  as  s i l icon n i tri de ,  s i l i ca ,  al umi n i u m  ox ide ,  

german iu m ,  e tc to s tudy t he  mechan i s m  of  mi crocrac k free 

g ri nd i n g .  

4 .  Develop an analyt ical model for microcrackfree scratch i n g  of 
bri t t l e  materi a l s wh ich  can predi c t  the scratc h i n g  proces s  
complete ly, by  knowing t he  scratch i n g  parameters . 
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APPENDIX A I  

Environmental  Scanning E lec tron Microsc ope 

Figure A 1 . 1  i s  a schematic of the pumping sys tem and e lec tron optics  

of the ESEM.  Specimen chamber i s  mai ntained at a vacuum of 0 . 1 to  

50  t orr . Pumps at eac h  s tage maintain a pre ssure grad ient  wh ich  

s tops  contam i nan t s  reach ing  the upper col u mn . th u s  e n a b l i n g  t he  

spec i men c hamber to  be  he ld  at h i g her  pre s s ure s .  The  e l ec tron 

optica l  co lumn is main tai ned at  h i gh v ac u u m  ( I  Q- 6 torr ) .  ESEM 

p o s s e s s e s  an  ad v anced compu ter soft w are s y s t em t h a t  e n a b l e s  

i mproved s ignal  process ing and image enhancemen t .  A l so ,  the ESEM 

c hamber al lows hot samples (up to 1 000° C )  in the presence of l iqu ids  

and gases ,  to be v iewed in their natural s tate s .  

The  princ ip le of  operation of  ESEM i s  shown in  Fi gure A 1 . 2 .  On ly  a 

frac t ion of the beam elec trons are scat tered in to a d i ffu sed sk irt .  i f  

the  path  l en g th through the h igh pre s s ure reg i on i s  kep t  s hort 

enough ( 4 -6 mm) ,  the remai nder of the e lec trons  are u sed to form 

the  i mage . Secondary e lectron s are evol ved when the pri m ary beam 

s tri ke s  the sample .  Secondary e lectron s s tri ke gas ions  cascadin g the 

s igna l , which is  then col l ec ted by a detector and d i sp layed on a TV 

moni tor . Charges on the sample i s  neu tral ized by the posi t ive g aseous 

ions ,  perm i t t ing the sample to be v iewed in  i ts na tura l  s tate without  

any conduc ti ve coating . 
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APPENDIX 2 

Detai l s  of components used in  scratch ing  apparatu s  
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Figure A2. 1 Detai led d imensi ons  of table T 



---- ----� - - - -
I 

: () : c-� I I 
'--- -- - '  I - � I 

- - - - - - -- - -
I l/ I 

r ' l . oo r - ·- - ·  ! . 7�1 - . 1  =] t--- -- -- - - -- -- � - - - - - - - - -- - - -- - -- - - -- - -- - - - -� -- - -- - : - - : 
: () : I '/ [ 

' J 

L 
l ,  

I I 

: () : 
I I 
I I 

_ __ -- -- ---- -- --- - ----- - - - _ _ _ _____ _ _  l _ _  I 

r ' ) r-
- ' ) ' ( ' ) - - - - - -

� -�-- --- - -l __ . - -·- _ . ________ r-- : o 
' - -----------L----- -�-�---

Figure A2.2. Detai led drawing of the tool holder 

7 3  

j 



c�c[_ 

r-

� 
(I I 
1 ' 

'---QJ ·-r:.J 
CJ . L :  
Cl r J fl J 

o_ 

'-QJ 1 : 1 
( �) 
I 

CJ ( ·� f 

r Tl 

Ll l 

1.. ( _)  -1---· C:J �--] - � -
l _ __) ,- , 
r:.-) r- J QJ 

r·L 

( J 

-� 
<l ' 
\,. 
1. 1  
, , ,  

--
<.:_1 
[ ') 
c: (� 
lfl 

l_ I 
() '  I-[ I  

r 1 1 

·� 
! ) I 
r J 

<..) 
(.__) 

I 

(_f ) 

(l J  + .> CJ 
Ct 
Q) lf1 c:J en 

, -,-� 

c..... 
0 

7 4  



r-------�--�----

CJ) � LO 
LJ) co LO LrJ 

_t �-

Figure A2.4.  Base plate 

7 5  

L J ) ( ���---- c�----- - ----·- __ _ j  

� - �===-= L ___ j 
( I . 

·r---- ---
IJ ' 

CCJ 

r�1� 
( � ____ J __ _ l� . 
cr_) 

[ 



LS) ,----, ::JC'-J -�- - - r ;-- 1 --- F """ t 3----- r ' l  -- - - f 

- ------ t --= - -� 

I 

I 
I 

I 
I 

I 
I 

I 
L 

()- -- - - - f n 

U1 r--,---, 0----i 

7 6  



I . R9 

. n  (J) . 87 

() 

. L" -----·--------- ---

--- -·-- . 78 -

..___ . 59 ---.1 

9 . 5  nn thk 

l 
. 35 

Figure A2.6 .  Bal l  screw assembly mount ing plate 

7 7  



I .  20 

I I 
I I 
I I 
I I 
I 
I 
I I 

[ [  
I , )J  

-- t 

-�- l___j____--1 ,  3-S ___ ._____--___.�---. �() 

Figure A2. 7 .  Tool holder for third design 

7 8  



r-�------- 1 .  o7 -- ----- - -- - ------ 1 

/ ----., / 

t- ¢ . 25 

r 
. 58 

I . 0 1  

. 46 

--·--- ----- --- --

� A 

Figure A2. 8.  Piezo mount  

7 9  



. ..  

· � ·  r· 
� 

; ,' l',.._. ,. 

s o��P 

---- - - - - --·-- . .  

_ . L 1 _ (Hardened) 
L z  

20 (.5 . .5 )  
., 

f {· i ¢ 0  0�:> ..- ·J 

l 'f, n� "' i  
· :  

c o ) co ) 

. - ___ _ 30 __ _____ _ 

View X X 

Fi gure A2 .9 .  Ba l l screw assembly .  (a)  prec 1 s 1 on bal l sc rew assembl y 

(b)  Flange type support un i t  

8 0  



8 I 
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Piezo Trans lator with Positi on Sensor 

A piezo trans lator i s  an elec trical ly contro l l able posi t ion ing e len1ent 

which function on the principle of piezo elec tric effec t .Extremel y  fi ne 

posi t i oning movements  i n  the range from nanon s  to m ic ron s i s  

poss ib le .  The princ ip le  of a piezo trans lator i s ,  a n  e lectr ic  fi e l d ,  

paral le l  to the direction of polarization , effects an  expans ion of  the 

ceramic material in the same direction .The electric fie ld  exerc i ses  a 

torque on the a l igned d ipole.Th i s  torque causes change i n  length in  

the  m on ocry s ta l l ine  reg ion .The ac t ive  par t  of t he  pos i t i on i n g 

element consi sts (Figure A2 . 1 1 )  of a th in stack of th in ceramic d isks  

between which are found fl at metal l i c e l ec trodes  to feed in  the 

operati n g  vo l tage . Each  ceramic d i sk  l i es  between two e l ec trode 

surfaces,  one of which i s  connected to control vol tage and another to 

grou n d . The th i nner  the d i sk ,  the h ig her the  fi e l d  s tre n g t h and  

therefore the  rel ative change in length for a gi ven operati ng  vol tage 

.The disk thickness varies from 0.3 to 1 mm .The indi vidual d i sks  and 

e lec trodes  are connected to each other wi th  epoxy cemen t and 

hermetica l l y  sea led on the outs ide wi th h i gh ly  i n su lati ng  materi al . 

The mater ia l s  used are si n tered ceramics  such  as l ead z irc on i  u rn  

t i tan ate compound s .  The expan s ion o f  t h e  PET depe n d s  on  the 

app l ied vo ltage . 

Appl ication in Vacuum:  When using PET in  Vacuum i t  shou ld not be 

operated between 0 .0 1 torr to 1 0  torr because a i r  i n  the above  

ment ioned pressure range has  a l ow i n su l at ion re s i stance , i n  wh ich  

v ol tage spark over may occur. ESEM i s  general l y  operated i n  5 to  I 0 

torr range so care should be taken to operate i t  above 1 0 torr . 

Pos it ion Sensor : Four strain gages are attached to the ceramic stack In  

a ful l  bridge c ircu i t  .The ach ievab le posi t ion ing accuracy i s  0 . 2% of 

the nomina l  expansion .  
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TA B LE A2 . 1  Specificat ions of piezo trans l ator 

-------------- ----- --------- ---- -------- -- - - - - -

Nominal vo l tage, vol ts  
Max .operat ing  vol tage, vol ts 
P o l ar i t y  

Max push ing  force, N 

Max . pu l l ing force, N 

Temperature range, oc 
E lectrical connector 

Nominal  E xpansion ,  n1 icron s 

Max i mum expans ion,  rn i cron s 

Resonant  freq uency, KHz 

s tacked design 
F 

Il L =  d33· n · U 

Figure A2. 1 1 stacked design of PZT 

- 1 0 0 0  

- 1 5 0 0 

Negat i ve . 

1 0 0 0  

3 0 0 

-40 to 80° 

SMC 

1 () 

I 5 

I 6 

· f � JJ 
�, ,I P . 

. n . 

: ' I �J!.F � .... ':,. 

f'-2-13 
Casing form A 

Figure A .2 . 1 2  PZT 
outer casi n g  d i mension s ( 28 )  



8 4  

Piezo control ler 

The expan s ion of the piezo ac tuator t· s I I  c on tro ed by the  p tezo  
control ler [29 ] .  Technical specifications of the  control l er i s  l i s ted i n  
table A2.2 . 

TABLE A2.2 Specifications of piezo con trol ler 

Ou t  put vol tage, volts 0 to - 1 000 
Avg . output  current ,  rnA 1 3 
M ax . output  current .  rnA 5 0  
Inpu t  v ol tage, vol ts  0 to 1 0  
Input  impedance , megaoh m I 
Control accuracy,  % better than 0 . 2  

Lineari ty error ,  % < 0.2 

Three ax i s  piezoel ec tri c dynamometer 

The princ iple of dynamometer IS the even ly  d i s tr ibu ted force to be 

measured act s  s imu l taneou s l y  u pon s i x  washers ,  e l ectros ta t ic  c h arge s  

w h i c h  are exac tl y  proport ional t o  t h e  force e xerted a n d  are no t  

dependent on  the  s ize of  the  quartz washers . Of the  s i x  i nbui l t  quartz 

washers ,  two each are prov ided for a spec i fi c  d i rec tion of force Two 

of them are sen s i ti ve to compress ion on ly ,  and the remai n i ng four 

sole ly  to sheari ng forces ;  the sensi ti ve ax i s  of the two pairs forming  

an angle  of  90 degrees . The resu l tant  charges are picked up by the  

e lec trodes E and led to  the  three p lug connec tors S depending on the 

d irec tion of the force ,  the charges prod uced are ei ther pos i t i ve or 

negati ve .  N egati ve charges g i ve  ri se to pos i t i v e  v o l tage s at t he  

ampl i fier outpu t .  

I t  i s  apparent from figure A2 . 1 3 that quartz washers are moun ted as 

a package and are , therefore, mechanical ly  connected in  series . Thu s , 

a force wi l l  ac t s imul taneous ly  on a l l  of . them . I n  order to enable 
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ten s i l e  and she ari ng force s - i n  add i tion to the corn pre s s i on forc e s  to 
be  measured the e le  t b . ' rnen  n1 us t  e pre l oaded .  The three co tn ponent  
measunng e l en1 t · · f " · e n  t n  t ts t n t s hed fonn i s  hennet i c a l l y  \ve lded a nd 
the  p lug con nectors can be sealed by a thenno  shri nk  s l eeve . 

s 
_ _j 

F i g u re A . 2 . 1 3 . s c h e m a t i c  c ro s s  s e c t i o n  th rough a 3 - c o m pone n t  force m e a s ur i n g  e l e m e n t  

[ 29 1  

A pplica tion of force 

When s t iff surfaces l i e  upon one another ,  even the s rna l l e s t  a sper J t t es 

g ive  ri se  to very substan t ia l  overloads ,  to  avoi d such overl oad s ,  the 

c on tact ing  surface of the rneasur i n g  e l emen t  is sn1 oot h l y  n1 ac h i  ned 

and the  con tac ti ng surface of the obj ec t  be i n g  rneasured  shou l d  be 

equal l y  p l ane and s rnooth . For the e le rnent  to perfonn at i t s  he s t ,  the 

force shou ld  be appl ied so as to  be u n i forn1 l y d i s t ri buted over  i t s 

con tac ti n g  area, and bend i n g  rnornen t  and torq ue shou ld  be a voided 

when  u sing a s i n g le e len1en t  on ly  , the  poi nt  of appl ica t ion of the 

force shou l d  n ot be located too h igh above the e l e rnen t ,  i n  order to 

pre c l ud e  the  r i sk of excess ive bend i n g  n1on1en t s  as  seen i n  Fi gu re 

A 2 . 1 5 . 
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Range selection and reso lu t i on 

Even though a bui l t  i n  measuri ng e lement migh t  be subjected to a 

h igh  s tatic load ,  i t  wi l l  sti l l  enable a very smal l vari ation i n  dynan1 ic  

force to be measured very acc urate l y  as  i l l u s trated in  the Fi g ure 

A 2 . 1 4 . 

Tabl e  A2 .3  Spec ifications of dynamometer 

Measuring  range with an external pre load of 25 00Kp : 

Compression ( + )  and traction ( -) in Z ax is ,  Kp  -500 to  + 500 

S hearing force ( in x and y axi s  ) ,  K p  

Resolu ti on ,  Kp 

Overload capaci ty ,  % 

- 2 5 0 t o + 2 5 0  

0 . 0 0 I 
2 0  

Sen s i ti v i ty (compression and tract ion ) ,  

S ens i ti v i ty ( s hearing force ) ,  pC/Kp 

S ti ffness  i n  Z direction ,  Kp/micron 

pC/K p  4 I 

S ti ffness  in  x and y direct ion,  Kp/micron 

Maximum error, % 
Cross i n terference of components 

Operati ng temperature range, °C  

Max a l lowable torque, mKp 

Max . a l lowable bending moment .  mKp 

Wei g ht ,  gms 

M a teri a l  

Des ign 

75  pC/Kp 

1 0 0 

3 0  

+ or -

< 5% 
- 60 to 250 

1 . 5 

1 . 0  

3 2  gms 

S tai n less  steel 

Hermet i ca l l y  wel ded 

----------- --------------- - - ----- - - - - - - - - - - -



Pos i t i o n  o f  t h e  rno'::l t se n s i t i v e  
ranue  l l l a y  b t.:  se l e c k d o l  w i l l  

Figure A . 2 . 1 4  G r a p h i c a l  re pre s e n t a t i o n o f  r a n g e  se l e c t i o n a n d  

r e s o l u t i o n 1 2 9 1 

/ 
. �  

• I  
. ,  

I 

t 

------ --..4...----- ------

Fi gure A2. 15 . D i a g ran1 il l u strating the a pp l ic a t i o n of fo rce 1 2 9 1 

Figure A 2. 1 6 . Di agram of force measurin g el etnent 1291 

H 7 
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Charge ampl i fier 

The out  put  from the dynamometer cannot be measured d i rec t l y .  i t  i s  

input  i n to a charge ampl i fier. The princip le o f  operati on i s .  the charge 

appl ied i s  converted by a first s tage with with capac i t i ve feed back 

i n to a proporti onal vol tage . Final scal ing of the si gnal  for the vo l tage 

ou tput  takes place in the ampl i fier.  

U l tra preci s i on l i near sl ide 

F igure A2 . 1 0  [ 3 1 ] i l l u s trate s the u l tra prec i s i on l i near s l i d e .  I t  I s  

mounted on the base plate and i t  gu ides the work n1ount  prec i se ly  I n  

a s traight  l i ne .  

Table  A2 .4  Spec ificat ions  of  u l traprec i s i on l i near s l ide 

S traig htness of trave l , i n/i n 

Repeatabi l i ty of travel , i n  

Life ,  cycles 

R ated load , lb 

M a ter i a l  

0 . 0 0 0 0 4  

0 .00005 i n  

1 0  x l O  6 
8 Lbs 

B lack Anod i zed A lu minum 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Prec i s i on bal l screw assembl y 

Con s i s ts of two un i ts name ly  stand ard prec i s ion  bal l s cre w (F ig ure 

A2 .9 a) and Flange type support un i t  ( Figure A2 .9  b ) ! 32 1 .  

Table A2.5  Spec i ficat ions of prec i s ion ba l l  screw assembly 

Lead , mm 

B .C.  D, mm 

Lead angle of B .C. D. 

1 

6 . 2  

2 deg 5 6  min . 
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Table A2.5  - cont inued 
- - -------- ------------- ------------ - - - - - - -- -

Direction of turn R i ght 
B al l  d ia, 0101 0 . 8  

Number of circu i ts 1 turn X 3 c ircu i t s  
Load, dN 6 0  

A x i al c learance 0.005 max . 
Prel oad torque,  daN -co1 0 . 1 5  

S troke length,  mo1 4 0 

----------------------------------------------

A - 1 1 DC Motor 

The de motor used i s  of geared type, and n1easures  1 . 5 in long and I 

i n  d iameter. The maxi tnun1 attainable speed i s  3 6 rpn1 at a n1ax i n1 u n1 

of 1 2  vol ts  supply .  The n1o tor produces a cont i n uou s torq ue  of 48 

oz/i n  [ 3 3 ] .  Figure A 2 . 1 7  i l l us trates the speed of carriage ( workpiece 

ho lder) verses appl i ed vol tage to tnotor. 

0.6------------------------------------------------. 

0.5 

0 
Q) � .4 E E 
� 
�.3 (/) 
Q) 
� 

·a. 
� .2 
0 � 

0. 1 

Column 2 

de voltage in volts ---...--.....---�---1 
0.0 .J----T"---r--�- I ' I 

Figure A2. 1 7 . Workpiece holder speed as a function of appl ied 

v o l tage  
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