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ARS1RACT 

, \ 

in t;his" thesis an at~empt is -made to study the 
, -

grindin'~ \\h('('l \V"C<lr phenomcna hy analyzi!1g the cti'tting 

force patt0rns, wheel wenr and wear particles removed from 

the \.,rhee + _ 

Contrarr t9 common ~elief, all wheels tested were 

found to maintain their gririding capability, during a )ong 
I 

.. 

grinding ope~ation. The method proposed, for evaluating the 

performance 61 grinding wheels frbm'force pattern and grind­

,ing \~heel wear, appears to present a" olear picture' of the 

''''ear phenomenoJl. And the 'metnod could be adopted for the 

selection of grinding ~heels. 
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Cllr\ PTER 1 

] I'\'FRODUCT1 O:--J 

O\'e1' the years the grinding process has commanded 
, 

an ever increas,ing position i11 industry, until today 'it is 

on~ of the most produc~ive material removal operations. "The 
, 

grinding .process is ordinarily accompanied hy small or' 
. 

large amounts of wear of ~rinding wheels, and the degree of 

wear is significant in 90ntrol1ing the grinding performance. 

Wheel wear ha~ an im~ortant effect'on the economics of the 

grin'ding process. ~affects the shape and size of the work 
'\ 

piece, grinding' fo~Jc, work surface rough~e5s, and wheel \ 

life time before redressing. The criterion for grinding 
\ 

whee; selection is normally based on the optimum wear behaviour 

for the operation in question. 

Very few investigations have been conducted so far on 

hard~ned tool steels and bearing steels. Also, investigations 

carried out so far on the above. mentioned steels have been " 

with the grinding operation for a short period of time ander 

non-5e~ere conditions. These factors have been taken care of 

in the work presented in this thesis. 

The aim of this ~ork is to invcstiga~e the wear 

~henorne~a bj analysing the cutting forces, wheel wear and 

particles removed from the wheel. ,. 
"; 

The experimcnta.1 .techniques adopted in this ,,'ark raIl 

1 

.. 
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. ' . 
<, 

into three categories: firstly, $C.;;lI~·n·:i'i\g .electron micro-

seop)' (ES~I) to exam ine the grinding '''Qeel ~ur'face, the geo­

mctricnl nature of grains and [oJ;'JIIFd chips; secondly, 
" measurements of the cutting forces while increasi~g down 

f ced ; t hi rtl 1 y me asu remcn ts of the gr ind ing whee 1 wear" gr ind.:­

ing rat\o and corresponding forces durinR a longer grlnding '. 
operation at n cons~ant down feed. 

The)results of the 'experimental ,york are presented 
I 

and dlscuss~d in Chapters 4 and S. 

Knowledge of ~.~ geometry of the cutting grains, the 
, 

surface topography of the grinding wh~els, and the form of 

chips was obtained and discussed in Chapter 4. 
, 

In Chapter 5, a detailed investigation· into the cutting 

ability of tbe grinding. wheels are described using the results 

of the first test. 

The measure~ents of the grinding' wheel wear and , '\ /-

corresponding forces du!ing the second test, provided the 

opportunity to explain the accompanying changes in wheel wear 

rate and in grinding forces. 

Pe~formance of the grinding wheels teste~ were evaluated 

in terms of grinding ratio and ,."heel -life, .50 that -rhe most 
~ 

sultab1ewheel" could be ~ecommendeJ. 

The effect oi wheel hardness on both the grinding . 

forces and ~rinding ratio was studied. Also the influence . 
of dressing on the performance of ~rinding wheels ~~s identified. 

, . 
Co~clusions obtained'in each subsection aTe presented ih 

•• 
Chapter 6. 

I' 



CIIAPTEH .., 

" LITERATURI; StJRV(Y , 
", 

.' 

2. I Gcn'cral 

2.1.1 Crinding Process 

During, the lilst three decades g-rinding technology 

is devc lqp ing from a f ini sh ing pro~,es s for ha rd rna t·cr i a1 s 

to a me tal renl'ovi n~ proce 55 hy wh ic hal a rge amoun t 0 f 

n~tal can be removed. ~ 
• 

In precision production grinding opcration~, the 

objective is.to produce work pieces to a close tolerance, 

'-.:,ith a uniform surface finish and closely controlled surface 

integrity in the minimum time with the minimum cost, which 

requires effective control of the many variables involved. 

2.1.2 Grind~ng Wheels 

The grinding wheel is a bonded "abrasive body con-' 

sisting usually of AI Z0 3' or SiC abrasive grain' in a matrix 

of ceramic, ~esinoid~ or ~ubber bond (Figure 1). Onlv the 

cera~ic (v,itrified) '~o~ded W}~'ee15 will be discussed in ,this 
~ ,~, ' 

proj ect 'as it i$ the type of wheel used in ·the large 

majority o£ precision grinding operations. The grinding 
" . 

wheel may be regarded as a multipoint cutting tool with a 

cutti~g actJio~' similar to 'that\f a mil ~ing cutter except 

that the cutting points ar~ irregularly shaped and randomly 

3 
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. , 

.. 4 

J i s t rib u t G do\" crt h (' n c; t i v (' [ a c c· 0 f the w he e] . T If a s e 

'grains <it the S'ur.r(lc~' of the "'heel that actually perform 
..... 

the cutting ,opC'.rCltion are called active gTClins .. : In peri-. 
, ,-

"" . ph era I g rill d j n g , ca. c !1 act i ve g r a i n rem 0 v e s [), chi 'p 0 f g r ad -
..... , .. 

ually incrcas'ing thickness in '; \"nOy that ..is si~dlar to th.e 

actIon of. a tooth on' a slab· mill:ing: cutecr.:\ Tbe cl-wractoT 
... J II , ... t:>.",..... 

of the chips forlJl<;d vnries greatiy depcndin~ upon ~h.e' g~o~" .1t:-

metry of the grit whjch forms' them) as well as other physi~, 

'" cal ~ons{dcrations. 
. .\ 

Wh~els are availabl~ in d~ffcr~nt grit' si~es an~' 
, # 

type and in different wheel_~YRdes 

amounts of, bond, a,n8 porO:$,ity, "~~oth 
~. " ...... 

pcrforma,nce a.nd wear characteristics of the wheel. 

, Information concernin~ the basic structure and 
. " 

properties of a grinding wheel ~s'given on the wheel itself 
, " 

.. ~ 1'1;> .. 

or on the wheel whsher iri-the form of a code which takes 

the following form: 

Type of 
Abrasive 

Nature of 
Abra's i ve 

,Grain 
Si.ze 

Grade Structure 

2.1.3 Different Factors Affecting the 
Grinding Process 

Nature 
of Bond 

Manufact­
urer's 
Record 

Ramachandran and Yana than! 2] discussed the different 

factors affecting the grinding operation (Figure 2)., The 

qua 1 i ty of t}~e grinding wheel is o'ne of the rna s t impor.tant 

fae tor s wi th re s ~eC t . to surfac;e 'roughnes s, dimens iona 1 ... 
accuracy and shape of the w~rk piece and wheel lif~~ The 



" 
Figure 1. ,Grinding wheel structure. 
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.. 
grinding Qperation also depends on,the correct chbice of 

grinding w~eel, the quality of which is determined by iis 

physical :and chemic~l properties. In addition, the grind­

ing opera~ion is affected by the number,' shape and rough-

ne~~ of abrasive particles. Machine rigidity and.grinding ,~ 

conditions affect the quality of the work piece. Grinding 

wheel wear may be considered as one of the measur~s of 

estimating the effectiveness of the grinding process. 

..... 
2.).4 Grinding Wheel Wear 

, 
, ;Abrasi ve grains are secured \vi thih a 'vheel ·in random 

~ positions. Each active g:ain should-act as a ~imple cutting 

tool 'and-those which, at the beginning of a grinding operation, 

are not ~ui tab! y shaped or pas i tioned are,!ei ther 

, . pu lIed bodi ly from the \vheel or fractured as th-e grind ing 

operation progresses. The grain fracturing process may 

, convert an inttially ineffective grain into an effective 

cutting tool. 
"'" 

" During a grinding operation, the working face of the 
, 

whee~ wears away at a rate of about one million tinros that 

of a, mQre conventio·na-l cutting tool [3] ~ The sign,.ificance 
, .~-

of wear ~is entirely different fOT grinding than for other 
, . 

cutting t~ol, operatio'ns in which"'wea.r leads t,o a progressive 
, . 

deteriorati~~ of the tool . 

. In grinding, wear is an integral pa.rt of 'the proc~ss 

and, a wear rate that is too slow can be ,more undesirable in 

" 

" 
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~ts consequences than a to~ rapid one. 

A curve relating the· volume of wheel wear with -the 

volume of metal removed in (Figure 3) is.found [3] to be 
• 

similar to 'the wear curve 0~ any cutting tool. Thi curve 

has the usual pattern of primary, secondary and tertiary 

stages of we~r. At the beginning of the pTocess, the rate 

of wear is extrem~ly ~igh, but during the secondary stage 
I , I 

the wear rate r§maigs constant. As giinding proceeds the 

abrasive grains make repeated contact with" the work ~iece; 
.. . 

sha!p ~dges are worn away producing fla~ areas o~ the grain. 

As this process continues further the flat area of the grain 

increases, the force o~ the grain also increases until it 
. . 

becomes sufficient to cause grain fracture p~oducing new 
. ~"r cutting P?lnts ~r rupture of the bond post throwing the 

grain out of the wheel. 

Grindabili ty -is a term whic.h 1S used to descrihe 

th~ ease with which a mat~rial may be ground to the required 
, 

'size and shape with an acce~tahle surface finish and surface 

qua~ity. One measure of grindability is the grinding tatio 

'GI and is defined hs the volu~e of work piece material 

ground [l\.,ray perunit volume of \{ear wo"rn ,away, By definition 

G is," the reci proca 1 0 [ the slope 0 f the wheel wear curve 

in Region II. • (l-

2.1. 5 Whe~l Wear ~echanisms 

T htf overall ·~.,rear process is thought [,11 to cons is t . 

" : 
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of three 'simultaneous process.es in (figure 4) namely,' 
-

A) Grain dulling B) Grain chipping 

C) Grain pUll-out. 

. 
A) Grain"dulling (attritious, aprasive or' chemical wear) 

Grain'dulling is caused by processes which simp~y 

wear away the grain material without producing new ~ulting 
. 

edges. Abrasive wear occurs when an abrasive work piece' 

material (and the, chips produced) simply we'ars away the 

grain. Chemical "'vear" occurs 'when the work piece and 

g~ain materials have an affinity to each other. 'The e 

forms of wear are generally undesirable as large 

plateaux (fl~nk wear areas) are' rrod~ced and'new s rp cut-

ting edges are not created. When dull grains exist at -the 

wheel stlrface in sufficiently large numbers, the wheel has 

a glazed appearance. 
, 

B) 'Cfrain chippi:og (grain' fract.ure or fragmcntation) 

Fr~cture ~ear occurs when stresses induced in the 

grain material exceed its rup.turc ~trcss. These stresses 
~ , 

may be due, to mechanical loadin, or they maY be thermally 
. 

induced stresses. Grain fracture on a ~cale comparable 

with uncut chip ,thickness is beneficial a's new cutting edges 

a~~ created abd a irinding operation may'proceed in ~n 

efficient manner. This 15 orten called the ..tlself-dressing 

action". " 

, . 
'. 

.I 
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. 
C) G~ain Dul~-out (Break-out or shelling) 

Wheel wear' also occurs w.hen bond bridges fail 

and grain,S are s imply pulled or flung from th~ whe~l. The 

pull-out of complete grain, wh'ich is likel.y to o'ccur when 

soft wheels or severe grinding condi tion's are employed, is 
• • T e., , 

a dr~wback particularly in the~ase of precisi~n grinding. 

In harder wheels only a small portion of trye.original 

grain may be lef.:t when it is finally released by failure 
" 

of the bond posts. 
Q 

The wear mechanisms can be summerized in (Figure 

2.1. 6 Factors ~fccting Wheel \~ear • 

the Wheel Grade (Hardness) 

5) . 

. 
If f.or an otherwise fixed set of grinding con~itions, 

only the wheel grade 'is changed~ the grinding ratio tends" at 

first, to increase with the wheel hardness but th'en to reach 

a pea~ and thereafter decrease with further irycrease in 

wheel bardness '(5] . 
.' 

Grinding Conditions 

The active grains on a wheel will wear away a~ • • 
greate'r r~tes '''hen they are subjected to m.ore severe load ... · 

ing conditions. 

Wheel Dressing TC,chnigue 
, 

The dressing te2J~n.iaue· employed to prepare. a wheel 

J for a grinding operatibn IS known to have a sig~i~~~~nt 

(l 
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effect on the ~ni tial· condi tion of the \.,rheel wor'king. surface. 

, 
Work piece materihl properties 

The grinding wheel wear appears to be affected bv 

the chemical affinity between the material of work piece . ' 

and the kind of grains-used as weI} as by the hardness of 

the material, specifically by the amount and size of tough 

carDide.grains in-the steel. 

2.2 

2.2.1 

Bib 1iography. 

Wheel, Wear 
• 

In grinding, wear i.s an int.egra1 part of the pro-

cess .. The criterion for ~rinding wheel selection is nor-

mally based on the optimum Mear behaviour for the oceration 

in question. This wear is both ph~sical and chemical in 

nature. The relative significanc~ of each of these types 

of wear depends upon the grinding conditions and ~he wheel 
- -' 

work pi ece -comb ina t ion. 

The· na·tu re of gr i ndi ng w~ee 1 \\lear has been the 

subject of numcr()us i~1Vcstigutions, In 1963 Yoshikawa and, ., 

Sate (6] classified th',c wheel (ar as: . 

1 ) At t r i t i au s \~ e, a r 0 f g:(' a ins' 

.-
3) F~acture of hond hridgds. 

The i r rese. reh ,;as concerned." Hh the fraetu're t 
bond bridges, a~d w~ihtHe clarification of the effect of 
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·~rinding conditi6ns on the wear characteristics o£ the 

grinding \vheel. 

Thej~ffect of grinding time and force' on the 

rate of bond fracture was verified experimentally and 

obtained for weakly borided wheels {F-grade) . 
I' 

Wear-frag-

ments from the grinding wheel ,were colle~ted by a special 

collector together with chips fr6m work material which were 

speparated by magnet afterward; The wea~ fragment~ were 

screened by a set of sieves and weighed. The size distri~ 

bution of wear fragme~ts ~or the soft grade, wheel. is shown 

in (Figure 6) together \vi th t'hat 'of the origi'nc:l g'rain's 

used in production of the wheel. 
,...~ 

L_' Wi th a soft wheel such as this, the average \vheel 

-wear particles are only,slightly smaller than the grains 

used in the wheel production. Virtually all 

due to bond fracture. In 1967 Yoshikawa [7] 

to generalize this approach for harder grades of vheels. 

The overall wear was analytically determi~ed 
I 

grain fracture and bond fracture particles. 

~ere partially supported bv experiments 

of different grades . 

he predictions 

,,,hee Is 

.In 1971 investigation of ehe mcchani?ms of grinding 

whee) wear and thcir relative imporiance to the grinding 
. , 

process was presented in two raners by,Malkin and Cook [8,9]. 

~heel wcar was attributed to attrition, grai~ fracture, and 

'. 

\ 
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bonJ fracture. Attrition rcsuH~.<; in the JC'velopmcnt and 
" 

growth of wear· flats which are analogous to the wcar land-

o~ a cutting tool. Straight line relationships were found 

between the gritiding force comnonents and the mea~ured wear 

flat area for a given grinding conditfon using different 

dressing procedures and wheels of different grades, (Figures 

7, 8, 9, 10). Finer wh.eel dressing or harder- wheel grades 
o 

resulted in larger wear flat areas and consequently gave 

larger grinding forces. When grinding steel, work piece 

burn was observed when a critical wear flat area was 

reached and t~e grinding forces increased at a faster rate 

with wear flat areas larger than the critical value. 

The relative amount of grinding w~ar occurring by 

attrition, grain fracture and bond fracture was obtained 

from a statis·tical analysis of the size distri,Dution of , 
wheel wear particles collected. With soft wheel. as it was 

proved by Yoshikawa and Sato [6], almost all the we~r 

o~curred by bond fracture, and with harder wheels, this was 

reduced to ab out' half. A pr.obabi 1 is tic anal vs is was deve-

loped whereby the rate of fracture wear was related to the 

gTinding forces on each active grain. It was found that the 

attritious wear constitutes a _ne~i'igible p~rtion of the total 

wear volume, but is the mo~t importa~t for~ of wear, especial~v 

in precision grinding, because it _directly controls the grind-

in~ forces and the gr~nding wheel tobl life as limited-by work. 
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piece burn.' \ 

The resul ts obudned by Halkin and Cook 18] for 

the relationship betwe~n, ~rinding force~ and \"ear flat .. 
area in ~Figures 11, 12) were also used to separate tHe 

grinding forces into their,more basic components. The 

force i"ntercept at zero wear flat area was attributed to 

cutting. The forJes in excess of this at anv wear flat 

area were attributed to sliding between the wear' flats 

and the work piece. 

The eXDerimental results for the fOTce versus 

wear flat area were used to propose a mathematical model 

17 

of grinding, whereby the forces are considered to arise from 

ship formatio-n, plowing and sliding 'D{pcess. Both the 

'vertical and horizontal grinding. forces 'consIst of two, 

components, one due to cutting and one due tO"sliding on'the 
.~ 

wear flats. 

= 

= F + FilS He. _ 

This is illustrated in (r:igu~E', 13). The linear 

increase of the vertical force wi th ,,,ear flat area ~ only 

up tot ran sit ion 0 r s tee 1 s, i iHli cat est hat tit e a ve rag e 

con t act pre s sur e P bet wee n, the ~Y e ~ r, fl a t san d w 0 r ~ pie c cis 

constant.- Since the horiz.ontaI force 'also increa~ed linearly, 

with wear flat area, the coefficient of 51i~ing friction u 

is also constant. Defining uR as the real area of contact 

t , 

" 
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between the wheel and the work piece, the equatipns men­

tioned above pecome 

F " = 
V 

. , 

The actual wear flat pressure is equal to"thi 

slop~ dFV/daR" This is obtained by dividing the slope 

dFV/dA by the apparent grinding area., 

19 

From (Figure 14)" the appa'rent grinding ,area a
A 

is given 

where" Ie 

and b is 

by the- ~xpress ion a
A 

= ble 
is equal to the undeformed chip length 

I 

Ie = (Dd) '"2 

the width of \vork piece. 

The aver~ge pressure f is then 

dFV dFJ/dA P -, = daR ble 
T!le friction coef.ficient \l is given by 

\l = 
FII S 
rv S 

" 

" 

Kannappan and ~!alkin [10] extended these' experiments 

to cover a \V.ide range of op'erating p'ar.aiueters an-ci grain siz,es. 

From their results the specific cutting energy in, surface 

grinding, \vhich is tho' tota'I grindin.g energy minus the s lillihg 

energy p~r unitt: '.volume of J~\etal remove'li, and \.,.hioh is obtained 

from ~sing the power f~rce componen,t <1t zero Ivear flat area" . 

wa~ ind~pcndcn~ of grain si~e ~nd generally J~crcases wit~ an 

I 
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incr~~~e in table speed and down feed., This is exnlained by 

considereing the specific cutting energy to consist of plow­

ing' eRergy and chip formi~g energy. The specific chip form­

atibn energy was found to be constant while the plowing energy 

decreased with work piece velocity and depth of cut. Addi­

tional resul;s were presented which show the effect of the , 
operating parameters and grain size on'the G-ratio, the 

number of'grinding passes prior ,to burning, the critical 

wear flat area and the energy input rate at the start of 

burning, and the surface finish. 

In 1972, Lal and Shaw [II} studied the wear of 
, 

single abrasive grains using a fly milling anparatus (Figure 

15).. The main purp'ose of this investigatfon \Vas to 'study the 

overali ,,,ear behaviour. of grinding whee'ls by observing the 
"-

behaviour of ,single 'grain:5. \'1ear rates of a,s.'ingle grain, 

were found to be directly,proporti~nal to the cutting length 

and'to increase wi th increasing values of work piece hardness, 
" 

wheel speeds, and undeformed·chin thickness, The larger wear 

rates observed \.;i th 11ard ab.rasive g'rains was contrary to what 

is found by preCision grinding. This is attributed to 'the 

,differences in the the-ymal cycle which a grain undergoes in 

act u a 1 g r i n.d i n g and, i 1\ fly III i 11 i n g . 

f , 
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In 1975 Pa~de and Lal [l~] investigated wear 

phenomena acco~~anying d~y surface grinding of mild ste~~ 

under plunge cut condition.' Wheel Hear estimates Here 
. 

obtained from the amou~t of abrasive grains collected 

during grinding. ,The abrasive grains ~erarated f~om the 

debris were ~icved and weighed and the ~article si:e distri­

bu~iQn wsa compared with the grain size ~istTibutioi'Ofl the 

whe·el -to' obtai~ the tyP~ of )wear tha t \~as' occurring during 

grinding. \~heel life esti~tes were cstim~tcd from the forc~ 
. 

pattern as shown in (foigure 16) . 

The' same ap~roach was taken bv Stetiu and Lal [131 

to i nves t iga te the wear 'phenomena, accomp;1nving CV Idnd rica) 

grinding from th~ ,\'heel particles removed' .from the \"he<:;l: and 

,they were 'succeoded to identify the self.Jressing mechanism 

from the wear parti~le size distribution. 

., 
,., .. 

" 

,-
r 
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') ., ., 
_ • 4J ...... 'Grindin,g Ratio 

}lost experimental studies of rjnding wheel wear 

consist of measu~ing the G-ratio and the specific e~ergy 

(rowdr Consum~dhnetal remove~) faT a particutar grindi~g 

condition [4). It was noticed that ~ small change in 

grinding conditions often leads to large unexplainahle 
I ~. 

----/ 
differences in G-ratio. 

Backer and M~rch~nt {4) used experimental evidence 

to show the dependence of grinding mechanics on the length 

and cross sectional area of the undeformed chip, and the 

cuttin, speed. They attempted to correlate the grinding 

":.-_.,:~,~.:~5.li th these variables and thei\ a.ttempts were un~uc- \ . 

cessful. 

..... 

G, B. Lurie [5] found that the r,rinding ratio 

tends at first, to increase with the wheel hardness but 

then to reach a p~ak and ther~after decrease with further 

increase in wheel hardness. This change is thought to be 
• 

brpught about as a result of work piece (chip), bond intdr-. ' 

ference as the quantity of the latteT in the wheel structure 

increases, (Figure 17). 

, . 
• It, ,. 

4 2.2.3 Cutting Capabllitv of Grinding Wheels 
l 

H. Kalisz~r and G .. Trmal [16) analyzed' the wheel 
I ' 

motion r~lative to the work piece due to the wheel unbalance 

and its effect o~ surface topography and wavine~s in parti- . 

cular. They divided 'the vibration during grindin~ into three 

) 
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groups: 

a) Forc'ed vibr~tion of the machine tool structure or its' 

va.rious paFts c'aused ,by the action of known exci tat'ion 

for'ces which is mostly' connected with the,grinding wheel 
'\ 

unbalance~ 

b) "Passive" y,ibrations transmitted through foundations 

from other machines.or resulting from random changes in the 

work piece material,.non~uniform wheel rate~ 

, 

" ' 

cl 'Seif.:.exci ted vib~ation (or chatter)' genera.ted by the 

~nternal forces f?r~~d ~y the cutting 'action itself, without 
, .. ~ 

the presence o£ any exter~al perio~ic forces. 'S. Shiozaki, 

~I. Hiyshi ta and Y. ~urukaw [17] cbmpared the· 5e 1 f - e),."'t i ted 

vibratiOn in,grinding ~ith that in turnihg bY identifying 

the following characteristics of chat~cir in grinding:' 

A) The amplitude of v~~rations grows up gradually . 
. ' 

,B) • I t,s gro\ving up ~p,e'ed differs according, to the giving 

~rin~ing condition. 

Kac~mark and·Kotnberger. [181 d~s~ussed tbe various 

.symptoms of deteriorati'0n of cu,tljn.g ·capa.bility of grinding 
, . 

\v:heels. Th.ey stated ~hat these sympto'ms may appca'r: (1) o'n 

t~e"work piece i11 the for,m 0 f burns, -changes or' roughnes s , 
, ,~ . .. 

.'" changes of ',,,,uviness, chan'ges of residual stresses and changes 
" . 

" 

. . 
·ofthe~"".Qrksize; (2) <;>,n"the grinding whce.l-',it~elf,in a form 

.... , , . 

of'ch~nges of 'the size of' a' we-at', fl~t 'an~a; .'(3) may,'accompany 
, , 

", th~~g!ind~?g s~ch as th& grind~ng tempc~pt~ie, the i~i~ding 

",ho~rse.~o,~er·, th~lo!g~i~ding (oice;, 'a~a. the vibr."u.tioI)) ~n<.l tlle. 

, , ( 



\ 
\ 

{ 

26 

l.' 

. vibration and the sound accompanying the grinding. 

\ 

~ Experimental resul ts were l?resented, to"i 1,lustrate 

changes in residual tensile s~resses and vibrritibn amplitude 

which occur during grinding. ,The vibration was'sensed by 

means of a piezo electiic uriit, applied to'the fibnt bearini 

of the grinding \<lheel spindle. ' (Figure 18) illustrates the 

relationship between the vibrati,on amplitude and cutting time. 

2.2.4 Dressing Influence 

Malkin and ~nderson [19) analyzed the relationship 
r 

between the size distribution of abrasive particles removed 

from grinding ,vheels by dressing and tlre number of active 

gr~ins pe~ unit area on the w~eel for different grain siz~s 

and whee~ grades .. ~elative1v, more bond fracture wa~ found 
, . . 
with wheels of sOfter'grades and finer abrasive grain sizes. 

IV:1 rh, more bond fracture! re la ti ve Iv fewer gra'ips are Ie ft . . , 

near enough to the wheel ~periphary to take par,t in the grind-

ing operat ion'. 

T suwa and Yasui. [2.6] shm.,rcd that the 1:;iP5 of abrasive 

grains left on the wheel surface a T<~ }~ igh ly fragmented. DUTi J\g 

.initial grinding, this. fragile surface' laver on the grain is Ii-
, r . 6" 

removed 'leaving behind a', surface whjch. i~ \-O~g;l,~~' on a ~1i~ro-
scopic sc~lc. }he "~iig~' reduct~or) in w~ar flat a,rea (cut,ting)' 

edge rat~o and grinding £~rc~s' whi<;:h is, often found at~~,: 
, , 

start of grinding '\<las att'ribll'ted to the removal: of this \veaklv 

he id ab ras i ve laver. As gy'inding cont i'nues, the we.a r 'f 1 at' 

'\ 
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area incieases and the tip of ·the abrasive grain b~comes 

smoother. 

Figure 19 shows the muddy white laver disaopears in 

the primarY ~rinding process an~ ifterwards the mic~o-uneven­

ness appears on the surface of the cutting edges. Furthermore, 

as the grinding proc;:.ess proceeds, the worn surface increases 

pn the cutting ~dge. Therefore, the fragile layer does not 

always affect grinding, although th~ layer is considered to 

influence the, grinding force ,in the initial stage of grinding. 

palitti and Rubenstein [21] studied the ~nfluence 

of 'the dressing dep.th of cut on tthe performance of a single 

point di~mond dressed alumina grinding~~heel. It was gener­

aliy found that increasing the dressing depth resulted' .in a 

longer working life of the,grinding wheel. This result can 

be attribu·ted to increased' bond fr~ctt1re during dr,es~ing 

. whe-reDY a rougher wheel s).lrface \va~ generated and fe\~er actiyc 

grains were presented. With fewer ~rairis~ the wear flat area 

'wh i ch 'con tro Is the grinding f o/ces and lv,hee l' Ii fe shou ld be­

less af~er a ,given amount of g'rindi'ng~ ,The de-sirabilitY of· 

using a more sev~rc d~essing ptocedure to enhance wheel lif~ 

may be offset by the rougher s~rf;ce finish ~6 hc expected. 

Besuyen and Verkerk (22J obs..erveJ the abl:a~,iye grains 

on the surfacc of a grinding wheel using a scanning electron 

microscope. FO,rthesc ob,5ervation.s, a segmentcd \~Jre'el was .. 
u~ed whereb/ a section cQuid De removed for direct obse~vation. 

" ' .. 
" i 
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A scanning electron microscope~clearly showed the develop­

ment of strIated wear flats on the tips of the abrasive 

grains l'lhich appear to cons ist of a layer of ,~ork piece, 

metal over the abras{ve. Komanduri and Shaw [23] proposed 

a ~imple non-destructive method of investigating the chang-. ., 
, , 

ing aspects of abrasive grain ~opography in a grinding wheel. 

The technique involved the use of the familiar replicating­

technique c~mmonly employed in transmission'electron micro-

scopy (T EM) . 

2.2.5 'Kinematic Characteristics of the Grinding Process 
., 

H. Optiz, \II. Konig, G., ~\"erner [24] described a new 

method to. determine the ihie~-dim~nsional edge distribution 

in the wheel surface. 0sing a stylus and cieasuring in the 

circumference direction, the' number of edges touchaJd in a 

certain t~acing dept~ was put into ~elation to the tracing 

length, which yields the number of edgei ~er unit of length 

S ,static as function of depth Z under the wl~-eel sur:f;a'ce. 

Figure 20 ihows this relation between the number of edges 

pe'r unIt length and the .tracing depth. Consider:i:ng the average 
-

.e~ge shape perpendicular tOd~he circumference direction of the 
• 

w he e I, i t 'of a s nos sib let 0 de term i n e mat hem at i call v the t h r e e -" , I' . ~ ~ . 
dimensional qDmber of edg~s per unit of wheel surfac~ and 

tracing d~pth, deri vi:<ng from, the t\'iO - dimens io~a 1. numbe r 0 f ." . ... ' 

edge pe r uni t 0 f "length . 
, - -

\ : 
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A distinction"between the total number of cutt,ing 

points existing in the edge space 'of' the wheel (~tatic 

numt'r of cutting edges) 'and the part of these cutting' 

eages actually doing the c'uf'l\~ work tdynamic number of 

cutting edges was made. 

The important kinematic characteristics of the 
" 

grinding pr0cess were formulated as functions of essenti~l 

grinding parameters. Th6se whi£h ~ere used are: 

a) 
.. , 

Number of engaging (dynamic) cuttin~ edges per unit of , 

the wheel surface 

N dvn' 

z.e P/q 
= .A [ ,1 ] 

KS 

4 

ex . V1., a 
, [-'J 

Vs 

b) 
, ~, , 

Average value of maximum cross section at the end of 

con tact length 

= 

c) The depth to which the engaging grind~ng edges e~tend 

into the edge spaee 

= 
2 1 

[C K]P+T 
l' s 

, , 

" 

V\ 1 a 1 [ ~ fr+fi' ' [15 ] =2 '7"':( P=-+-:'l"'-) 
S . 

, '. d) Geomet,rical contact length hetween lv-hee'! and lv-ork piece. 
, " 

, ' 

= {a.D]~ , -
" 

" \ 

J? .. 

, j 

I 

" ! 
! 
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, , 

e) Average chip length 
... 

Q. 
1 .[a.I)]~ , = l+a sp 

, 
Average value of the maximum undeformed chip thickness 

= 

g) Static number of -cutting edg~s per unit of the wheel 

surface 

h) 

Nstat= C1 KS . zP 
, , 

, 1 
'Static number of cutting edges" fler unit of 1erwth . 
Stat = ,C 1 Z~ 

'./ 

where ~ 

-, work, sp~e<;l [mm/s] 

= \V'hee 1 speed [mm/s] . " 
~ 

= depth, of 'eut [mm] 
of 

a 

D' 
. , . + 

~ "equivalent wheel diameter [mm]. = d .d led -d ) * , ,. 'v S \V ',5 

'd = wheel di.ameter,·[inin] s 

d 
w 

- work, di "amc ter [mm] 

0#0 _ 3"· 
= static edge density: (mm J 

I, 

KS = fa~tor considering the mean cd~e shape ~erpen-
dicula! to the cutt~ng direction .' 

z " ' = depth of cdge space , . 
, , 

P ,q =. e~ponential' coefficients consid~rin~ the e'dge 
distribution in the periphery of the wh~el 

" 
,z 

' I 

. ' 



a = comprehensive exponent 

A = integration constant 

= q/ (P~) 
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The mechanism of chip formation is described in Figures 

(21) and (22). 

In the first phase of 'contact, no chip formation 

takes place. As the depth pf penetration of the cutting edge in 

the lworkpiece increa'ses the workpiece material is deformed at 
, , . 

first elastically and theri plastically unde~ the cutting edge. 

The energy created by friction and plastic deformation is 
, " 6 

, , 

converted immediately into heat, The amount of heat increases 

as the contact length increases l~ading to the reduction'of, 

resi~ta~ce of the material. As a result, after reaching a 

~ertain temperature the process of plastic deformation is 

c?nverted into ~ ~roc~ss of flowing chip formation . 

.The researchers concluded 'that .the, conventi(mal 

chip formation such as enc~untered in metal cutting opera­

t:Lons"":could not occur with the, negat~ve rat:~ ~ngle of about 

-8So normally ~nc~untered'in~grinding. ,'It was suggeste.d 

thq t chip '~ould, form; however, if t~~ tempera ture \oIaf" ~u,ffi-
, , 

ciently large for visco plast;ic deformation. ,In' that case' 
, " 

the high negatiye rake Bn~le is actually npcessary and the 

temperatu~e is constant and in~cpen~ent of cutting spe~d 

(Figure 23).. 
" . .. ~ 

Based on 'the mechariics of. ~hi:p for~nati"on, the 

authors cXpla,ined 'a number- of p'ractical p~cnomcna in' :the : . . .' . .' . ' 

, grinding prqcess and', derived'; the 'f~rlo'wing fo~ce cqu,a:'tion,:'., 
.' " 

, . . , .. 
" 

, .,f ---- .. ' 

! , 
l 

t, 
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2 I-n V 2n+l n+2 I-n 
F~ = < K .A1 (n) • [ ~!nk] --, [v~] ----y [a]""T [D]-3-

The interpretation of force equation confirmed'a number of 

practical facts (Figure 24). 

As the exponential factor n is always smaller than 

1, the grinding forces increases degressively versus the 

speed ratio Vw/VS' the depth of cut and the equivalent wheel 

diameter. The influence of edge density factor' C1 also 

corresponds to the practical given facts. The cutting forces 

increase with greater Cl value, i.e. with finer grain or 

finer dressed wheels. 

Kaing and Lortz [25] developed a measuring system 

for characterizing the topograuhy of a grinding wheel, u~ing 
, 

the stylus method, measuring in the circumference dfrection. 

The number ~f active cut'ting edges was.combined with the 

dynamic. chip thickness as well as ;'hape and. angle of ~utting 

edge s and the i:r dis tance from each other. 

The most important knowledge resulted , ... as that only 

a small part of the dynamic cutting edges contributes to'the 

• 

actual chip formatidn process as i~ can he seen from Figure ~S. 

A three-dimensional analysis of the structure of the 

cutting area is also .made by I\oing ;:md Lort: [·26}. By tracing 

in circumfeTenttal as well as in ,trarisverse direction, they 

obtai~ed interre~ation between the cumulativ~ static c~tting 

edge's 'and th~ rad'ial depth of penetration as it is shown in 

Figure 26. With the help of measuri~g devices and cofres-
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• 

ponding evaluatio~ s~stem, it was possible to calculate 
, : 

expe1Z~mentally., the dynamic cutting edges as \lIell as the 

chip thickness and the dynamic cutting ed.ge di~tance. 

Using statistical principle~ it was possible to 

extend all the considerations of a two-dimensiona~ area to 

a three-dimensional space (Figure 27). 
....~ 

An example of 'a technological relationship between i, 

.-
grinding wheel topography and the obtained result was shown 

in Figure 28, using a G-grade soft wheel. 

Jt was noted that the number of three-dimensional' 

cutting edges increases at the beginning of the grin9ing 

process and rea~hes its maximum value about 8 seconds after 

dressing .. As a result of mechanical overloading of the active J 

cutting edges the .. grains .<lre dulled which is follO\.;ed by"the 

break:''hng alllay ci f the h o~d ing b ri dge and decreas ing of, the 

number of cutti~g edges •. 

Dressing, har~ly showed any influence on the cutting 

edges aEier ~O ~econdi o£ grinding time. 

With the change of the number of cutting edges, tho 

normal force ijiso changed.When~orc activo e~ges came in 

co~tact \II·ith the \vork 'piece, th'crc 'v~lS :In incroase in ·the· .. 
" . 

normal force. • 

'During the decr~ase of the number of aGti~a cutting'. 

edges, wear flat on gtn.ins increased <l!1d, event.ually self~ 

sharpc~in~ took pla~e. 

The number of active odg,os. iH1.d work pi~ce roughness , . 
'. 

" 
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3.1 

3.1.1 

CHAPT ER 3 

T EST CONDIT IONS 

Equipment and Material.s 

Machine and Accessories 

The experimental apparatus used in this investi­
t' 

gatio~ is shown iri'Figure 29. Al~ tests were ca~ried out 

on ~ THOMSON surface grinder Model 3B, wixh the following 

modifications: 

A specially designed head stock) 10 HP,with a tNO-
, ' 

( 

speed electric motor; co~ven t ional spe·ed., 1800' r. p. m . 

and high spped, 3600 r.p:~. This in combination with 

a 14 -inch diameter grinding Nheet; gives 6,600 ft/min. 

and 13,200 ft/min. p~ripheral ~rinding ~~ceds respec: 

tively .. 

" 2) A special' cooli~g system, in Figu,re .30, con'sists" of. 

16 gal/min. at 150 psi pum.p. To improve the cooling 

efficien~y a deflector is u~e~ on the co~lant'nozzle 

. w'ni'ch e'liminates the boun'darv air larer aroll,hcl,tJ1c 
J 

, . 
grilldiI'lg 'wheel and thus cI).abies the coolu,nt st,ream 

to rcach, thc whe'cl surface shmvn'in Figure 31. 

3) A spe~ial'arrangem~nt of table,~rjving pump with an 

3600, r.p.m. c'lectro-mot~r; ?'IW ,~hich gi~es maximum 

table speed un to l30'ft/mLn: 

! 



Figure 29. Thomson Surface Grinder Model 3B. 
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4) A special wheel guard made of steel plate 0.5 in., 

thick and lined'~ith an 0.5 in. thick layer of 

polyurethane in.(Figure 32). 

5') A special' enclosure' o'ver the, table for containing 
, , 

all the spray of the increased amount of coolant 

in (Figure 29). , 

3.1. 2 Wheel Size 

All tests were rurr us ~ng- a wheel, 14 inch diameter'; 

1 inch wide, and a 5 inch bore on a Ii 4 inch 'vide 'vork p,iece 

under plunge cutting ,condi,tion, (w,i th no cress feed)'. 

3.1. 3 Work Piece Materials 

Tool steels ~2 and 5'2100 steel were selected for 
. 

the tests d.escribed here. MZ is rather common mol~denum 

h~gh speed steel.and it may He ~onsidered as an average 
.. 

representation as regards to grindabilitv of tool steels_ 

52100 steel is an ,AIS! hi'gh Carbo'n Chromiu.in Steel. Nork 

piece dirnefisions were 6 inch~s l?ng X 2 inches wide 'and 
, ' 

2 in~~c!? high.. The 'voTk piece materials, together' wi th 

their chemical composiiion and room temperature hardness 

are list'cd in T ahle 1. 

... 3.1. 4 Grinding Wheels 

, , , 

" 

A. number or' grindin'g wheels 'verc used for this 

investigation. Two different 'grain t\~pes ,~ere'.u·sed, deno,tcd 
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Deflec'tor . Coolant-Nozzle 

Figure 31 . Coolant-Nozzle With Defle~or. 

. ' 
'. 

, , 

. , . 

Figure.'·32. Special Wheel Guar.d: 
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here as A fon& B. Three h~rdn~s~ grades are tested which' 

f differ in the amount of vitreous bonding material: The 

6q, grain size corresponds to a, mean' grain diametC1r of 
-~ 

" 

about 0.01 inch. ·The grinding ,'!.heels used are described 

in Table 2. 

The range of hardness as expressed by the .J, ~1 

and P grades has been chosen as they represent the range 

of gradings used in ceQterless and cylindrical grinding, 

and' it excludes the ~ common soft g~ades) Hand G. 

3.1. 5 ,Coolant 

Cimperial 20 soluble oil at 20:1 conc~ntrati.on 

with water . 

" 
3.1. 6 ' Dressing Condition~ 

) 

The wheel was dressed hefore e'ach test by a 
\ " 

single P9int diamon~' t~91 without' any :spark-o~t and with 

dressing depth 

in/rev., wheel 
, , 

3.1.7 

of ~~t Bd-= ?ooi ~n., dr~~sing lead = 

speed V ~ 6600 ft/min. s 

'1' 

, ( 

0.01 

, 
'The whe~l sp~ed ~nd·tablc speed, during the mojo·, 

rity of the tests, wete kept constant at 6600 f~/mlu~ and 

'100 ft/mill'. 'respec ti ve 1 y . 

" 

, , 

J 

J • , 

" 

.... 
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Material' Chemical Compo.s i tion, % Rc 

~t2 ~.35.C, 4.SCr, S.OO\'J 12.5\11, 0.6M 
0' 

S.OC 61 

" 

S 21"00 
, 

1.00C, 0.35M , 0.30si, 1.4Cr, Bal Fe '9 2 
0 

Table 1. ~orkpiece Materials 

/ 
I"~ 

,. . 
Type of Grains Hardness Grade Grain Size . , 

-

A J 

) 
'60 

-A p 60 . ' .. 

B .J 60 

B M 60 

. 
B P " 60 

, , 
~ , 

Table Z. ~. Description \of Wheels 

\ 
\ . , 

• > 

'. 
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3.1. 8 Balancing of the 'Grinding Wheel 

In spite of all precautions taken during the m~n~/ 

facture of the grinding wheel, it is never perfectly ba-

ianced. A~ unbalanced wheel produce~ a centrifugal force 

which induced a relative vibratory movement between the 

wheel and the work"pi~~e. The am~litude of this movement 

depends on the rigidity, size and design of the grin~ing 

machine "and leads to the formation of ,,,,ork piece and, 

\vhee1 wavin,ess g~t:lerated '~n their circ,umfrrences; thus, 

the l"e'~e 1 of unpalance in the ', ... heel h~s a large .influence 

on the quality ?f the work being gtound., 
, ~ 

. In order to avoid these forced vibratiqns due to 

the wheel unbalance, the wheel ' .... as carefullv, 'dvnamicatlv 
• o' • 

b,al"anced at the beginning of it..t,s test to a vibration 
, - 6" 

ampli tude of less than 5 x 10 in: \" 

Two equal weights'were mounted, on the whe~l 

flange (Figure 30) in s.uch"a way that 'the resul tan't force 
" .. , ~~ 

}S equal in ma'gnitude and in oppos~te, direction with the 
I ' 

unbalancc'd weight. A yeloci ty Tli~k-ul" Itrans.(\ucer ,.,ras used 

to Olcasurc the 41itudc ~f. the 'vn~r'~tion ~:n the :screen 'of 

an osc i llos'cope . . " 

, 
3.2 ,Force Neas~remcnts 

,3.2: 1 Dvndmome t~ r 
, ~ 

;\ high, qu~ii tv ~-Gompone~t 'uynam'ometer has. been-', " 

designed and construct~d,.cara~l~ of meusu~ins the forces 

'. 

'. 
f 

, '\ 

" " 

" 
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of a hound to hundrcds of pounds. The load-sensi tive 

clements are pieza-electric force transducers, in the form 

of thich. w3shcrs-, which arc raniulv finding thci,r 'vDV into 

rese arch, and tleve.li,ment moasureme~ts as s tan<\a rtl equi nment. 

~ 

3.2. 2 Piezo~Eleciric Transducers 

The tra~sducer is, designcd'to- d6com~ose a force 
• i 

acting in any direction into \hree com~onents perpendicular 

to one another. For each of the three foice co~ponents, a 

proportional charge signal is produced in the measuring 

element. Th'ese charge signals are fed to the' charge 

"ampl ifier ",here they are converted into vo~ tage. '''hich. may, 

be indicateG or reg~~tered as desired. 

Because .of .i~s des,ign, 'this force,;:'":neasuri~g ~'l'ement 
... ~ . 

is very ri~id. ConsequentlYr it ha~ a.high natural frequency. 

FaT, this reasp.n, it can be applied t·o objects to be measured 

without ijoticeably aff~cting ~heir elastic properties. 

3.2.3 Calibration 
, . , 

The dyna~ometer was calibratea, while,~ounted, ~n the 
, . 

t~ble Qf the macHine, vertical~y up to '4~ lbs. using ,dead 
.. ' 

lv-eights and hori zontally up to 60 lbs. 1.i.sing a spr~~g- type .. 
, ' 

,pull scale.. Both the, ve't'ieal 'and horizon:tal 'systems \ve.re 
- -

completely linear and there w:as n~gligi'ble interacti'cin 

between hori zontal and vertical forces '. 

'.' '. 
......... --.:.-

. . ,,, ' ....... -, 
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Dvnamometer Specification 

The sensitivity is 0.625 Ihjmv, in the normal 

direction and 0-.286 Ib/mv in the tang~ntial d~rection. 

The cutting forces signal was recorded b~ means of an 

ultra-violet (u.v.) recorder, provided with a pre-amplifi-

cation range o'f.l to.lOOO times, resulting in,i:nsitivities 

of the record obtainable in a range of 150 lb/in. 'up to 

A magneti~ chuck with 6 inch width x 12 inch 

( 
0.1 lb/in. 

~eng.th was mounted on the top of 1;:he dynamometer. 

,3.2.5 Basic Circuit 

, ~ The basic ci'rcuit of the measuring inst~liatio~ is 

illistra~ed in (Figure 33): .The three load cells were rl~~ed 

on a triangular shap~ and were connected in parrallel. This 

way has the advantage that both ~ertical and horizontal ~om-

ponents,of the forces can be recorded, correctly irr~spective 

',of th~ grinding 'position aldng and across the t~ble of the 
, . 

dynamomete,r and the out-put vOltage represents the sum of 

th~ charges at the inpu~ of the chaTge,a~plific~. 

The tr~n~ducers ~ere 'connected to three charge ., '. 
~~~lifiers, whereby the elec~rcistatic charge epC) .gcQerated 

by a quartz measuring transduce~ w~s converted into a pro-

. . , .' portional· voltage. A ,power supnlv was used to Rive an 
, ,'" 

input current to ,toc Ch~~ge amplifier5 and take the out-put 

signal. A D-C off -'Set: '\I"~used to: adj uS t th'e fnpu t vo'l t,age 

to the u- v recorde'I: and, an a~r 1 i'fi'qr to amp! i fv the 5 ignal, 
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before recording it. .• ;, r 
,#t,-I' \ . 
~:;~ 

The expeTim~ntal set-u:p of the measuring ciiiu~t, 

15 shmvn in Figure 34. 

3.3 Wheel Wear Measurement 

An accurate assessment of the progressive radial' 

wear'suS-tained bv the wheel was obtained ~sing the "razor­

blade" technique. 

Reciprocating plunge grinding of a work-piece 

specimen'of le~s width than the gr~nding wheel res~l\s ,i~ 

a groove being ,,,orn on the peripherv of t~ grinding wheel 

of',the sam'e ,vidth as the specimen, (Figure 36) .. 
. . 

The denth of the wear groove was measured bv first 
\ 

duplicating the ,~heel profile on the edge of n'.Oen in. steel 

s~im, by pl~nge grinding. and then measuring th~ height of 

the step us ing the tool maker microscope, ,(Figur.e 3S). 

3.A Thermal Damdge Observati6ns 

A· thermal ,damage' to the work piece 'surfaCe \vas . .... . 
, , , . 

observ~d dhring the' grinding tests. , 

'The ons 01: " of bu r~i ng" 'is eha r.acteri zod, bv temp-or " 

cO,lors on 'th,e '.Jork pi~'ce. In addi,tion '~o tT~is" ~ "Clas'h or 

riJg~' of mat~rial forms ~16rig the edge 6f the work riacc t ., 

, , 

indi~oting that iomc of the:ma~crial . ~ , , ' . to he r.emovc,d is" , 
,. ... ' . ~ . ~ . 

, , 

of h~i~K for~~d into' 
, " , ~ . ., ' 

" , 

plou'ghCq a.~ide by t)H~ grai.ns im;tead 
, , 

j , 1 , 
('. 

.. , 

. 
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Figure 34. Expcerirnental Se·t-up. 
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'. 

chips.' Metallur,gic~l examinations of burn~d work niece 
. ... 

, ~ 

'. surfaces [8] have. shown ~hat the surface layers are over~ 
, ' 

tempered and softened. The burn color is the result of .. 
surface okidaiion at high temperatu~e~, 

Di~coloration. of the work ~iece surface i~ ~onsi-
, . 

dered as an ini tia! ,damf:l.ge whi1e, burn is a severe damage 

for steel'work piece ,materials; 

.. 
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CHAPTER 4 

--- SCANNING ELEcrRON MICROSCOPE OBSERVATION' 

\ 
4.1' Introduction 

During recent yea!s the use of the scanning 

electrorr ~icroscope (SEM) , in grinding research has beco'me 

a widely recognized technique. 

The ~b'ility ,6-r ~brasi~e gr,ains in.a wheel to pro-

vide sharp fracture,facets at micro and submicro levels 
" '. 

during dresiing with a dressing tool and also in the actual 
•• • .. • I , '1 

grinding operation (self-~harpening action), contrdls t~ a 
. , 

large ,extent the efficiency of the grinding o~~ration, 

Knowl'edge of the geometry Qf' the grinding grain, 

surface topograu'hy of grinding \"heels and of the form of 
. ' 

chip's collected from 't~e cutt-ing pro~es5, 'obtained bv . 

. s~anning,- electron microscope '~bser'yations I is essend.al .. , 

,£-or the d~velopm~nt 'o~ the grinding process .',' 

The gfeat ad~antages of the SEM as ~ompared with 

the "o~tical micrbS\Cop'~ are': high depth. of f,ocus,' large 
. 

'range of tnagnifi~ation .cun to' 50 ,OOQX) and excellent'd;':s'-
: 

pers i ve. p,ower. 
. .. 

S,canning 'EI,ectron '~1ic;:r'osc'ony' 
" 

, 4.2. 
" , , ,;, ." 

,Sp~ti~~n~ foi examtQ~tion ~er~ p~epa~ed 
, . .' ~ '. . . . '" bv m'ounting 

" 

. ' , 
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In ord~r to rende~ the surface of the spe~imens electrically 

conductive, a thin layer_of 4\ ,pa~ladium-gold was vacuum 

evapor~ted onto it. Micro photograp~s were obtained by the 

,SEM, Cambridge Model U-3, equipped,with sD~cimen stage ~hich 

rotates and tilts. 

The expeii~ental techniques adopted irr this work, 
. ' 

fali into three categories: 
, , 

firstly, observation of'wheel 
I ~ •• 

su:face topography us ing a, test specimen which was, cut ',out 
, , 

from the surf~ce ,of the grinding ~hee1; secondly, observa-

tion of grains' collected in the traY' connected to, the' table; 
, .. ' 

and thirdly, obs~rvation of the chips formed during iiin~ing 

process and 6011ected from the tahl~. 

4.3 Results a~d Dis~~ssion " 

Upon completion of a series of 'grindi,ng tests the 

, specimens were examined on the S'FM. T'he resuLts of ,these . "', . 
" 

examinations are summarized in the follo\vi,ng f~gun;;s. 

, , 
""-

4.3.1 Wheel Surface'Ton6graphv , . 
'Figuie 37, sho,II's a-ste'r~o vimV' microphotograph 

, ' 

of f:\.-.J wheel surface. Manv bonded grain~ are observed in . . \,. . 
I • \ "., • t 

different parts of ,the Figure: :The 80nding ~ate~~al sur-
, .. 

. 
, The magnl'f{ed' p-Qrti-o!l of the· dressed and g~<?~~d 

'....., 

.. 
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)1.20 

Sterep View Microphotograph df A--60--J 
Wheel Surface .. 

x 20' 

" 
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areas ,0£ the lv-heel surface 'are sho\v-n in F:i:gure: 38. ft can 

be seen that the size of P9re~ between the grain; becomes 

.' larger ",i th the ground, area due to the wea'r of the grinding 
l ' 

'''heel and a corresp6nding""10ss of some grains. The micro-

photo·graphs also show some of the chips. being adhered to .. 
the grains of the 'surf~ce which 'did the grinding; however, 

. not much diff~rence can b~ se~n for bo~h surf~cesl F~gure 

.39 and 40 show the microphotog:raph of A~P,wheel ~urface. 

Comp~ring Fig~re 38 and Figur~ 40, the~diffe~ence ~~t~een 

grade J and P of the same whee,l"can be seen in t'erms of 

the amount of bond and p~rosity. 

the grade of a gri~ding wheel is ~,measure qf how 
~ . 

strongly the grains are .held by the bond. Figures 41·and 

42 show the diff.~ence ~n wheel- ~ardne~s of '8 wheels. It 

IS seen that the amount of bond is much' greater ~ith p' 

gr~~~ tha~' ~ith ~ gra~e. ~his amount of~o~d controls the 
, ' , 

rate at which' fractu,re \v-ear occurs '(9)'. 
. , 

.. The.structure of a grinding wheel' refers to the 
~ '. 

r,e~atio~ship of abrasive grains to"b,onding'materials and' 
. . 

of those t.wo. elements to the voids between "the.~'.. Figures 
. , , 

43'an~ 44 ~llustrate th~ ~ianing of ~!inding ~heel st~~~~~Te. 

TIle spaces in gr:i~ding' lv-heel proviq,e room for' chips to' esc,4p~' 
, "- l ' " : ' , ' " \ ~ 

during a cut.' Rig~r~ 4~ ~lso sbows ,the dev~19pmen~ of W«ar', 
.'., \ .. , . . .' 

~lats 'op, the, grain~ af~,e,r grinding' for 45,0" passes 0' .' . " 

\ 
, ' 

", 

":' . 

" 

- . 
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Figure 38. 

59, 

After Dressing X50 

After X50 

. . 
Microphotograph 'of A-~60--J Wheel Surface With 
H.igner Magnific~ti:on '(After Dressing ,and After 
Grinding) ~. ' " . " 

t .. 

" 
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After 
Dressing 

Figure 39. 
.J 

X20 

After 
Grinding 

60 

Microphotograph of A--60--P Wheel Surface, 
After Dressing (on the Left) and After Grinding 
(on the Right). 

After Ores sing . . X 50 X50 After Grindi 

Figure 40. Microph.otograph of A--60--P Wheel Surface With 
Higher Magnification. . . 

.. ' 
. , 

I 
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Figure 41. 'Microph'otograph of B--60--M Wheel Surface 
, After DressiI.lg. 
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Figure.43. 
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62~ 
~50 

Microphotograph of B - 60 - M Wheel S~rfi~e After 
Grinding for 450 Passes. Work Material 52100. 
Down Fe'ed 0.001 inch, Whe.el Speed 6600 ft./min. 
and Table Speed. 100 ft.lmin. .". 

X50 

Figure·44. Mic~ophotogr~ph of B - 60 ~ P Wheel Surface After 
'Grinding Work'Material M2: 
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4.3.2 Cu;tfing. Grains ,I 

In F'igure 4S the simplifi'ed model 'of .the three 

types of wear on grinding wheels is presented. When hond 

bridges (C) are broken; the grain.'conc,erned is 5erar,ated 

from the body of the -\~heel. Partial fracture of the, grain, 

is illustrated by (B). Attritiou? wear of a grain may occur 

at the top of grains rubbed by metal as illustrated by (A). 
, 

The former two are defined as the fracture we~r of grinding ., 
wheels. The relative chances of bond fracture and grain 

fracture are largely ~ffe~ted by the hardness of Mheels or 

by the rel.ative 5tre'ngth5 of grain and of bond bridge~ 

which hold the grain., The attri tious wear' should always 

occur, whether the wheel is so~t grade or hard grade 'an~ . . 
may widen the contact area betwe~n grains and me~al. 

. f(~ure 46-A shows th«t a single grain consists of 

. several individuC!l cutting, edges ,,,,hich, accordIng to fhe 
. . . 

. . 

cutting condi tions, engage the workpie'C:~ at varying stre~gths . 
• 

This is in agree~erit with Figure 46-~ which~i11ustrate~ th~ 

average g~ain shape which has b~en determined accor~ing to 
. ' 

statistical algotithms [25]. 

The surface deformation of single grain is, shown 

in Figyre 47. Localized me~ting and p~astic f10w'of 

(A1 2 03) are observed in Figu~ 48', 

Figure 49,show~. a ci~ck'on the s~rfKce of a grain, 
.. 

T his' is 'the b'eginn,i,ng 'o,f the 'grain f~actYre ' .... ear mechanism, 

, . 
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x 500 

Surface of a Single Grain of Wheel A - 60 - J 
Collected After Grinding for 22~ Passes. 

:." 

. \ 

AA 6OM6V 
Wheel 

"-

Fi~ure 46~B. Average Grain Shap~ [Ref. 25]. 
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Figure 47. 
Surface Defor­
mat'ion of a 
Single Gra'ip. 
of A - 60 - J 
Wheef as Caused 
by Dlie.s sing. 

Fi¥ure ,48. 
ThlSl Figure 
Presents the 
Magnified Por 
tion in the 
Cen,tral Part 
of Figure 4 

I 

f 

I 
I 

Figure 49. 
Grain" Fracture" 
of \~hee 1 
11' - 60 - M • 
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The influcn'ce of dressing depth of cut on the 

size of the g ra i IlS removed from the \{hee 1 sur face 1 s 

illustrated ~in figure SO. At'small depth of cut, tiny 

fractures occur, riroducing grains ~ith crushed flat tops. 

At larger depth of cut, more and more grains break out of 

the bond. 

.. 

4.3.3 Formed Chips 

Figure 51 illustrates the fprms of chips for 

material ~12 and 52100 respectively. 

I 
Chips were collected from t~e table auring measuring 

the cutting forces \vi th ~ncreasing do\VTI feed. I 
From grinding inechari i cs [29] , the average value of ... 

, . 'C 

( 11) the maximum underformed chin thickness and'the average 

", chip .length I sp can be given bv 

V £ .... 1 h 2 K 
w = V D s 

T' sp 
:: ~ D 

, ' .... 2 
'\~ 

ro 

From equations 1 and 2 it is seen that as the 

do,.,n feed, a, increases the chin th'ickness 'and chip length 

increase and conse:quently the force 'increases. 

A sequerice at ~i~rop~otogranhs of material ~2 and 

52100 at various dO\m feeds are 5h'O\"n in Figures S2 and-13. . , 

. 
It"can be seen that ,with" the increase of down feed 
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x 95 

Dres~ang Depth of Cut 0.001 inch. 

< 

x95 

t 

Dressing Depth of Cut 0.0005 inch. 
Fi,gure SO .. Grains of B - 60 - J . 
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~ 475 

M2 Stee 1. 

)(475 

52100 Steel. 

\ ' 

Fi' 11· 51. of n _ ~ lar __ 
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( 95 

Down Feed: 
0'.001 inch. 

Pown Feed'; 
0.004 i1)ch. 

Down Feed:. 
o .0'08 inch. 

, 

. 
Figure 52. Chip FOJ;m of MZ Steel When Grinding Wi th • 

.. 

.. 
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x 95 

Dmvn Feed: 
a . 001 inch . 

Down Feed: 
0.004 Inch • 

Down Feed: 
0.008 inch. 

F~gure S3. :Chip Form of 52100 . Stee 1 When Grinding Wi th 
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both the chip thickne~~ and'chip length increase a~d' 

consequently the forces increase. Thus, the geometry of 
- ""''''~. ,. . . 

. the grinding, grai'n,. the ..... ~urface, topography of grindi'ng . , ' 

-
\.,rheels, and the f-orm' of Ghins are tnvestigated. , 
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CHAPTER 5 

~XPERIMENTAL, PROCEDURE AND" 
ANALYSIS OF THE RESULTS 

,d-
Tests for Cutting Forces and 
Maximum Metal Removal'Rate 

5.1.1 Introduction 

,,-

The' cutting for<::es 'are used as ..a means to re'cord the .. , 

'<;:utt}ng abi'lit.y of the' grinding whee'l. 

, . Cut,ting fO'rces were measurea. in two dire~eions: '" . 

• 

the normal cuttin-g, force F " perpendictJ>lar to, the ,."ork piece' r ' ,n ' 

s'urf~e, and' the tang'ent ~a 1 cutt ing ,force F t' i~. the 'dir~c t'ion 

of the table moti~n: 

.. 
" . 5·.1,.2 Test·'Procedure 

~ Cl!t,ting Jor.ces ',F nand 'f t, ,,,er~ reco-rded wi th variou,s 

dm-m feeds. The 'width of the c',ut ,."a.s maintained at about 

0.4 in' r and the specific cU,tting fortes r.n , Ft giv'en as 

results related to 1 in. wheel width~ 
. ,. . . 

'~he s6quence cmploye,d i.n each test -''las to start~ after' 
, . 

:d,r'ess.ing, '~ith down feed{l = 0,00'1''', :g:rind 10 pa'sses land 

r\c~rd the' ~ast, 4 passe~, t'hcn'artothc~ 10 ·passes ,Hth a = 0.002",' 
, - , '" , ' 

a~a rccor~ ihe last 4 passes and so on. This was don~ until, , 

su~h a' vTiuc a1 " ' of dOl"'.n feed ' .... as 'reached" where \{ith the' , 'f J 1m 
, . . 

further increase o~ ~ the forces' di<l not incr.ea'se· at.ly mprc, " 
, • I ~ • v •• '. ~ 't • • .~' ' , '.. ".. ·5.... .' .' . .. .',',:: ••• ' • 

indicating the breakdOl"'~,~~ the pond, m~ter'ial 'and 'ail.: ..ins'tairt ... · '.' 

,. ,. 
~ '. .., ..... 

, , \ 
, ' .' . ..... , 
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aneous increase of the wear. . ~ 

This is taKen as' the. maximum pos'sible load for th~ 

gioVen wheel' and t.her'e is a 'correspo'nding metal'.., remov~l. rate 

to· be obta·inl'd by: { 

zl····in~imin/in.= a1··'Cin) XlV "(ft/mi'n) X :1.'2 

. V 
~. w 

1m , 1m \oJ':-

is the t~ble speed . \ 

Durin'g this test surfac'e ~amage to the ~ot:k piece 

''la's' obser;ed a~ indicated by dis~oiora'tio~ 'of ~he groun,d 

surface (mild~ initial da~age); or burn (severe damage). 

In some cases burn \'las ob.tained alre.ady at values, of 

(a) less' than Cal im) . In 9ther cases' it coincided wi th the 

maiimum ,possibl~ depth of cut. 

W~ile intarruptfng ~he test'to,obs~rve the surfac~ 

,damage of the w?rk pl'ece tl}e. cl{ips were collected. from' the,: 
. 

. ~op: of the magnet~c chuck and A chip fo.rm was ch~cked as .i t 

. . 

'"~,,, 

was seen in Chapter 4. , 

It 'is important to realize ,that the total depth ground' 

in ·this.test \o{as hetween 'O.10'i11:qnd 0.:56 in',.for \~ork p~e'cc 

material tvL, (morc di[:ficult to'grind) and '0.20 up to 0.66 in .. 
L. 

for wo~k piece m~t~~ial 52100. ' 
, , 

Corres~onding tdtal volumQs ground are 0;6 to 2.16 

and 1. 2' to 3'. ~6 in~'/ in . 

This'volum~ of metal rcmo~cd conveys a true picture' 

of the gr ind'ing whe'ol c;utting capa bilit,Y. 

~ , 

".c. ' 
, I' 

" .',> 
,,' 

• 

r , 

\i • 

o' 



.. 

'.' 

,75 

5.1.3 Results ~n~ Di~cussion 
t 

o 

The measurement of cutting for~es, employing a piezo 

'el6ctrlc ~ynamo~eter~ prqvides the opportuni~~ ~or relating 

the wear ~f grinding wheels to the grindirig forces. 

Figure (54) shows two r~coTds of giinding forces [29~. 

The record on the left shows constant force~ during, a giinding 

pass. The record on the right shows a case where th'e wheel 

is overloaded and it \vears off rather fast dur,in.&' the,pass 
\ 

and the for~es decrease contin~ously'from thp be~inning, of the 
. " ( " 

pas? " The grains we re immedia te ~); broken out, of . th'e' bon<;l- by 
~ . , 

the overload and this is consigered as t~e'maximum possible 

load. 
'0 

Force s measured' at fnc reas ing down feed' a for. all· te's ted 

combinations of wheel grades and work pi~ce'mater1als are .... 
given on individual gr,aphs. ('Figures 55,56,5,7, 58'and 59). 

, . 
: The observation o,f the therma 1 da,mage to the ground. 

, . 
surface iS,shown in the uppe~ portion of each graph. Maxi-

'. mum normal for'ces F max. reached (such at which. massiv.e , " " n . > • 

" .. , 

... ,' ' 

. . ~-

" 

grain" break out occurred as expl a~ncd in the ab~v:e s'1:a temen:t) 
~ , 

, . 
·a~d.:corresp·onding down .[eeds arc summarized in Figure (60). ,', 

Con'sicfering. the lower· part of the di~gram it ,i~, seen 
, . 
< 

that values f. max are '<1:-1most th~ s.:a·me for hath ~L_.) 'and 52100 n . 
, ' 

work, ~ie'ce ma teria 1,5 for every wheel.: 

Tl~is is due,,:to the- friCt that br~a:ko~t 'of· t1w grains 
" , " f. 

pepc.n<f:s on f9r~e only'~ ...... '.'.,. .. ' . 

;Thi ~ fo~ce F 0: rn,~;·~ . .'.·i.~,~ r~as~,~; in 
. . . ~. . . . ,'\.," ~ 

" 

I ,: • 

.. 
': .' 

., . 

, ., , . 
, . .' 

g'.endral) with the. 
• I .: ~ " .... 

, " i 

.' , 

" " 

" 
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increa,sing of wheel hardness ~ tram, J to M' to P for wh'eels 

B a~d from J to P for wheels A. 
, < 

In the oj and P grades where we have both ~akes of .. 
I 

wheels CA and ~), the A wheel~ aie softer;.i.e.,' produce 

smaller forces. 

In the upper 'part of,the sa~~ diagram Figure (60), 
- ' 

cbrresponding va~u~s ~li~ are ~iven as w~ll a~ values of 

• 

do~n feeds at which dis~oloration and f~rther burning occurred. 
\' 

Checking on th,e B g'roup of whe,els it is, found that 

for grades J and.M, the same value of aI' = 0.006 in. ap'plies , 1m 

for M2 steel and ali~' =',0'.007 in. for '52100 .steel. For, grade 
'-

P the ~alue o'f a lim '0'.004. in. with M
Z 

and a lim = 0.'006 ih. 

with 52100 steel. 

Checking on the A group ~f wheels it is found that 
. 

for grades J and P, the same value of a lim = 0.007" appl~es 

for M2 steel and a
1

·, = '.0.D09 in .. for 5'2ioo 's~eel: 
. 1m. . \..' 

This is explained when ,the graphs mentioned above . . 

~~e insp~ctQd showing that forces for every' dow~ feed inc~ease 

with ~ncreasing,wheel hardne~s. 

Obvi~uSIY;" Ivi th soft wheels grains break out when 
. ' . . 

they develop rather small wcnr flats while duller and duller 
" '. . 

'grail1s (with larger'wear flats) hold in ha.rde-r, wheels,.' 'Thus 

at the sime down feed,a forces dev~rop In propo~tion to the 

5 t ten g tho f . t'h ~ bon d .. 

~Ialkin [4] 'fOllTId that .,harder wheelS' hav~ marc active 

grai~s, laigcr wear flat n~cas and hen~e requir~ larger 

! 

, 
I J 
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On Sc}~steel forces were generally smaller··· ......... . ~ -.... gri)1ding forces. 
. . 

t.han Qn 1\1 2 st.eel' and therefore h~gher a 1im values were 

. reached. 

In"this respec~ the A group of ~heels act sh~tper 

than B wheels. 
, . 

As regards surface d~mag~? both a slight· one, as 
'i •• 

characterized' by discoloration of ground surface .(light .or . " 

hea~y discoloration), and ihe ~or~ serious bu~n 'occur at 

.·lo~ver down feeds as 'vhe~ls get harder. This can be seen from 
'" '.. .. 

, . 
the. upp.~r: .pa'tt of Figure (60). 

. -
In many i4stances the maximum loa~ as expressed by 

the maximum down feed a 1': can not be used and thl3 rough . 1m 

gfindinK·outp~t is ljmi~ed by bu~n occurring at lower' 

down'feed. 

Thus practical maximum down feeds foy"wheels B-P 

is :0.003 in. instead of 0.004 in. on MZ steel. The pra<zt~cal' 

-c maximum do,"".n feed for "~heel s A-J" B-i'-I 'and A-r are 0: 008", 

o . 007" and O. 004" us in g 5,2 1 00 ·5 teo I . 

. . ',~. A g a i n in t his . r 0 S pee t t he A g r a u p 0 f '" he e 1 s . i s 

superior. 

1 n ~ en era I.. i t may be s t' ate tl t hat so f t ~ ~ . "'he cIs 

'arc capab~e o~ a.larger metal removal rate. Thii is due to 

the fact that self sharp6ning is prcdominant'~ith soft wheels 

,,,liile' hard .whoels ar.e Gutting unde,r blunting action with 

excessive wheel ldading. 

o. 

.... -- ........ 
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1 
r 
I, 



" , 

" 

, \ 

5.2 Tests for Grinding Wheel 
Wear. The G Ratio 

5.2.1 Introduct'ion. 

85 

In .order to, es.J:ablish an accurate' method fol' measur'-' 

ing the ra'dius wear, Plunge grinding test's were performed', 

and a referen'ce surface 0,£ the w.heel 'was used ~o.r. measurin,g 

the radius wear. 

.. AlI the' tests were carried 'out wi'th' a specific \oJidth 

of the wheei,~urface, leaving the iest of.the surface not 
, 

taking' pa rt in the, grinding process', as reference for meas ur-

ing ·of the wear. After' each stage of the" test sur ... face ' 

reproducea on a thin steel plate (O~~Ol inJ by plunging 

the wheel surface onto the plate., The difference ~~, bet~een 

the·reference surface and the cGtting surface 6f the wheel 

.represent..s the radius wear. . ... ' 
'. ' , '. 

By dupli~ating the wheel profil~ onto a steel s~rip 
J 

an accurate record of wheel \vear, is made ~oJi thout s.t,opp.ing' 
• • II' • , 

the wheel, and with only a shoft interruption of the.grinding 

test. 

The s'teel strips were c<?llect,ed and me'asured using 

the tool.~ak~r'~ microscope after the, test. 

Fi ve reaClings were taken for, each strip and the. 

average recorded. 

The w,ear volume. c£ be calculated from the cquati'on' 

D = ,the wheel diameter 

"J 

l 
I 
I, 

, I 

I' 
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'W;:: the. c!Jiting width I ','· 
6r _. the ra.dius wear 

, Q' 

The results 6£ the grindin.g wheel wear m,easurements 

are illustrat~~ by mcians af a diID~risionless number called 

th~' '!gritlding ratid:' which ,is defined as the ratio of vOlume; 

removed to ~~e v»lum'~ Qf' wh~el' wear. G ratio is. the 
. , 

ge·ne.rally acce.pted parameter for measuring wheel. wea'r. 

where 

,Vinetal 
G = 

Vwear . 

() 

Vmetal = 

. V. : wear = 

volume of metal removed 

volume of .wheel wear 

S.2~2 Tes~ Procedure 

.-

The .,dre~sing 'opera,tion was perform.ed with a' s~ ... ng~e 

point di~mond dressing tool at traver:,se .feed 'of 0; 0.10 iIl./rev. 

and \~lth dressing depth of cut 0.001 in. before"each test. 

The 'nor.mal and tangenti'al :force C'oplponents were 
o • G . '-)." . '. . 

,recorded' ,at the la'st 4 passes of every 15 pas~es, n}1d the 
• .' J 

Ta.d in!. wheel we~lr was obtained by interrl:'Pting tl'le gri~di.ng 

aft,or ev.ery 4S pns!?~s J;>O that the thin steel- st-rip -could ber. 

fe4 radially fnto ihe wh~el and the ~eight 6£ the recess in 
" 

the wheel surface (IIR) could be pro~lu'ced on .the steel str.ip. 

The difference in 11eight ~.f the work picc'e hefore 
, ' ' 

and after 4S 'pa.s.ses was mcas,ured and. indicated by (11*). ' 

". Dur,i'ng the test the surtacc damage of the {"ork piece 

" 

, . 

~ 

c , 

-. 
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was'visually examined 'as indicated by discoloration of the 

'ground surface, or by burn. Chatt~r ~arks generat~~ on'the 

surface of the' wor,k ,p ie.ce. were al so 'observed,. 

Debris was collec~ed everj.45 passes in a box-like 

contalDer placed in the grinding zone. 

AbrasiVe grains and chi~i were examined using the , , 

Electro scanning microfco,pe. Results oJ this examination , 

were d,i scussed in Chap~!r, 4. , ... 

The nonu~iformkY of wear which caus'es the unbalance 
'\ ' 

of the grinding wheel was estimated in terms of the amplitude 
I 

of forced vibration and was plotted superimp~sed on the average' 

'force value. 

I~ the recent tdsts jn order to obtai~ a measurable 

,v'aiu'e of· wheel \.;ear using ,52100 steel,. the t,~sts were ca'rrie,d 

out using dow,n f~ed 0'.002 and 0.001" for MZ steel-. 

'Th&~ in4ividual rad~al wheel ~~ar CAR) eveiy'45 passes 

was'obta~6& and the ~ndividual grinding ratio G was'calculated. 

,Also accumulated radial '"cat CAR) ,was mcasul'cd an-d the 

accumul<1.tcd grinding ratio was caic,ulatcd. ' 

The de!r:iil s about' the 'totaI' depth t::.x ground in r a coupl C' 

of t,hese tc'sts are given in Appendix I.I I, to~cthcr \'lith t·he 

total' wear ~nd the resulting grinding ratio. 

L'L\X 
G - 1I'D Ak 

where L = ~ jn. is the length of t~c work ~iece anJ D 14" 

is. the cliilmetcr' of tJ,le grinding wheel. 

These tests were ~ontinuccl for )on~-e-r~ing 
. ~.---

c' 
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operation (.150,p<l55·c'5) at constant llo\\'TI fcc,d' . 
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, It should be ,mentioncd here that ,t'J1C totC;l,l depth t.x 

was appr,oximatc'ly 0.45 in. for ~12 s,tge1 \dtl:l cdngt~n't down 

feed 0:001 in. ~md 0'.90 in. for 5?lOO steel u~;1ng constant 

down- fced 0.002\1' rcorre:spoIl<hng- to tota~ volume ,groun~l 2,: 7 

in~/in. for. '~12' st~cl and .5:'4 i~.3/in. for 52100). All of 
, . 

thc~e tests ~erc ru~ at a wheel speed V = 6600 ft/~in. and s 

a table, speed Vw = 100 ft/min .. 
' .. 

These cutting condition~ present~d above 
~ 

are, in 'the 

author'~ spinion, severe cutting conditions. Previous 
, 0 

!esea rehers, Malk in. [4 J , La 1 [12 J, have genera 11 y adop ted' 
.. 

'much l e s s severe cut t ing ~ondi tions "'h i cn do no t convey. th«;! 

true prict~re of the grinding wheei' cuttin.g 'capabil i ty. 

5.2'.3 Results 'and Discussion of Gilnding 
Whe~l Wear and Forces 

. 

" 

Thel cllanges in the g~inding fprce comp.one,n.ts' and, 
. ~ ~ \ 

grinding wheel wear, as grifldihg t~me in'cr,eases (numbe,r of 

passes ine,reases), axe 'shown on individuai ,graphs in 
, , 

Figures U~ to U~ in Appendix (i). . ....., tJ. " 

'Several cri terla are ~used in judg~ng the force graphs: , 
\ ' . .~ , 

'a) average forse'level Of', the ~orma~ and tangential components, 
, , 

" ' 

'b) therm'ai ,damage to 1l~e work piec;.e as indicated by discolora": 

iion "~f the. ground surface (ini tia'l damage), or burn 

(c~:ve~e dain~~e): 
~) n~nunif6rm'ity of ,.;ear i'n terms of' :t'he ampli~ude~o;f forced 

vibration. , 
y 

, . 

" 
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'The three c ri teria are pres.ented on e-ach graph . 
.or 

Th~ nonunjfQ~m{ty of'wheel wear is,d~termined from 

the force 'record'~s ~i is sha~n in Figure (61) and super~ 

imt>.ose~ on the average fot"c:e ievel. 
. . ., 

The observation' of' t~e: therm;ll damage to the ground 
. 

surface is shown in, the upper- poit iOI} .~f ea:ch gr,aph. 
'. 

The cutting' 'capability of: a prope,!,ly chosen grinding, 

wheel, w~rkini in well-selected conditions, is ~ffected bi 
wear qf·two kinds: 

1. Gr~in fracture and bo~d frck.tur~'~ Grain fracture 

may ot may not deteriorate the cutting capability 
, . ..' 

w~ich depends on the state af cutting.~dges of th~, 

pa rt of the' gridn ,.,rhich remains bonded. to" the grinding 

wheel. . . 
, ,2'. 

. , 

'Attri~ious wear whi~h ~eteriorates the ~utting 
. , 

capability of the edgps. 

" 

The cut tin g cap a b i I, i t Y 0 f g r i n din g \V he e 1. s rn ~ y ,a 1 so 

~be:. affcc-te-d by .clri'ps tr,apped in ~'}{e pores or wedged in the 

'bond as it \'Zp.~- indicated 'i.n"Chapte! 4'. 
'. 

'Goneraliy speaking, ,the· dc.tc~rioration of cutting·· " 

~ipabllity, 0[' grinding wheels may appear: 

'I. qn~thc work piece (discolorptlon;~t bUrnj, 

2. on the' grinding wheel 'itself (nonuni (Ol'll.l qY.of \.,:enr), or 
.' , 

3.,,' , rna'y' a,cCOmp~II1)' the grinding .(the gT:~nding forces). 

,Therefore, the ",three ctiteria used, in .iu(~ging thq 
.... ,,) 

g;aphs qm, b<.' usc& to dctcrmiilc th'c grindi,ng wheel ,capability 
" 

" 

, 
1_ 

i, 
l 

I . 

i 
I' 

. " I 

. . 
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(grinding whe'el tool life). 

5.2.3.1 'Var ia'1; ion of, Force ,Component's' and Wheel'" 
. Wea~ with Grinding Time 

,91 ' 

-

Wi t'h a view 'to 

attention will be paid 

explaining this,yariation, particu1a~ 

t:' 'the resui t SC1;h own in Figures '(62)' and 
, ;-

~ (63).' 

The selection of this set 6£ results is that they 

illustrate very clearly th~ features shown by the data obtained , " 

for' a 11 tes ted combinations of wheel "grades, and rna ter ia ~s ." 

A revie~ of the data in F~g~r~s (62) ~n~ (63) sho~s 

" that these curves can be ,divided into four stages: 
, ' 

'Stage, -A: i,s the' non steady' stage and is cha rac,terized by . , 

a ·r a the r I? \", ~", ear ,r ate (h i g h g r i n din g ,r a ti a ) and 

rapid increase' of gr'ind'ing forces \Vi th time. 

Stage B: is a transient stage, in which the force hDlds on 

a hi~h level and wear rate decreases {g~inding 

ratio ihcreases)~ 

Stage C: is an'other trans ien t stage." during wh ieh the' wear 

ratQ in~reases stec~ly (grinding r~tio dec~eases) 
... 

and the 'force drops s'imultnne6us1y. 
, , . 

Stage D: i5 a rather stable stage with a rather hiFh wheel 

rate and low forces. 

C6nsidcr th? sequcn~c of events when a,wheel which 

has 'bocn dressed beging to gr"ind a work.. picce. As, the- \vheel 

,begin,s to gdnd, the \-IcaKest and mo;;t dama"g'od grits caused 

by the dres~ing operation, wilf he either pUlled'dut from'the 

" 

" .'\, ;"~'. 
,\-:/ 

.. -- , 

I 
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" I 

bond ot will fr~cture. This depe~~s on ,whether-the ~r~tjbond. . I 
~4hesion is lower or "'h~g}~er th'al1 the: -iri t f::act~re strE7n~th.' .,' 

. Stag'e {AJ ,.,rill be reache.a when th'e' weake~ t- g.ri ts will have 
I ~ 

been removed o.r fractut:'ed and: those remai~i~l'g, on the wheel 

~re s~fficiently itrong·~o·wi~hsiand·the grinding f~~c~~. 
D~r~n~ St~;e (A) 'the'grits"~e"8:r,bi:at't;'iti~~' at~ a,'reiatively 
~ F..:....,.. .. . ~ . " . ' 
sl~n." rate and'the;;number of gr1ts. a~tively.' 'pa,rtictpating in', . ,. . 

, " 

,~oTk'plece.;~~oval 'sloWly incre~~es., In thi~ stage there is . . . : .... .. 

Po progressive' build,-up of f9~ces .with nor~al 'force ris,ing, 
. . ~ ~ ....... -" . .. . .. 

rn~~e ';'apid'~y .than 'the tangent.ial for~e' .. 'This', r~p~d' incr~ase, . . ' 

i~ the norm~l force is p~oba~ly'du~~to '~he, develo~me~t o~ 

we-ar ~flcrts .and Gonsequently ·the dulling :of the ,,,heel. 
, ' \. . , 

S,tage 'CB) is,~: transient stag~.·. This stag'~, is 
• ... • • 01 

. 
cha.:rac terized by the therma.l 'damage: of.' the \~ork pie,ce. '\H th 

'the at fClinm;nt of higb gt'i t tempera'tures, due to th7' dulling 
. , 

, af 'the \,."l1ee+', the thermal shock \\I'hieh -~he gri t sus,t~ins as it 

~ enters bnd leaves th~ wh~el.wo!i piece contaci area will be ' 

• I 

, , 

, ' . 
The.opport~nity for.grit ~ractq~~ as a rcsblt of th~rmnl 

\ 
stresse~ increasa~ . 

. It sh6uld"ba men~ioned here th~~, 6ecause of the non~ 
" 

uniformity ,of ,,,ea.r dt}rfng Stage (b) 'a,nd due ):0' fhe. th~rmal': 
, . . . ", 

.S t~e'sscs \vh ich,' .cau~e the} gra in,',-frac ture; • tilc 'end .o,f thi~ stage 
ot, ,. ,r • • • • • • • ~ • ." • ~.' 

is ,charactcr'ized by the development; of chatter m@-rks caused 
, • , • • , ~ I' 'I-

by the unb'~ lance 0 f ti~e grinai~g' ',;hceL 
'. ' .. ' , -. 

:' ',' " . ,',' ~ur'in~ s'~n'g~ (t), th~ '~vear .rate incre,nse~ .. st,ekpiy'~ 

a,il,d ·,·~~.e, J:'~TC~' dro'ps SiJll~~ \aneOU~lY~" "A~'.s~', :,~ri incr'ease ,,0'£ 
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tinbala~ce of th~' wheel is observed which is du~to ,the 

nonuni formi ty of the wear over the t ircumfe'rence of the, 
, , 

.wheel,. During this period the effect on the.rmai damage of " 
I. 

the grciund surface'improves. This indicates, that the wheel - .. . ~ 

, . 
is regaining its ."sharpness"; or 'grinding ,capability'., 

The' wheel, .finally enters a rath!=y' stab'le' stage CD} 
- .., 

with a.'fairly .. hi.gh' W'~ar ,rate a,ndl low force. It: s,eems_ that. 
, ' , 

~'balance of 'selr sharp~ning: is m,a~ntajned :i,.n thi; stage. 
',- • ", t , \ •• 

Thu~_J~,h:_<!~cOI~pan~ing :c~an~'.e\ i,n Whe,~~ wea~ ,r~te 

in grind~ng 'foT<:es with time are expla·ineg. 

and 

'. 

Conclusion 

, ~l.i}is important t~oint' out her,e th~t the performance 
,.' 

, I 

of g~inding wh~~ls can be ~valuated from force patterh and 

grind{ng whee'~ ·we.ar ciur~ng this long 'grinding test. This 

test appears to present a' clear ~ictur'e\o,f 'the wear p~eilOnienon 
• ~ r ' • 

, ' 

',~nd could' be a'dop't;ed .. ·for the selection df gri~ding wheels. 

5.2.3.2 Effect of Wheel 'Hardness on Force Pa'tteTl1 

Normal fbr~c, pa~terns faT d~f~eren~ wheel grades of 

both gro.U'p,s of ,',w~eels CA, B), ,u'nder ide~t~cal grind,ing condi­

tions, are presented: in .,the sU\llmarized Figure ,(64), (~Ia ter ia.1 

In the upper portion of the figuie t~~ mixirnum ampIi-. 
. , 

tude. of 'forc~d vib'ration for different whpel g'radcs qrc 

presented . 

.. 

, ' 

I 
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. . 
The _values presented are taken 'from the 'n.dividual 

graphs in·Fi~~res· (73-76) in Appendix I. 

orn the lower par;t of the same f~gu,re, .t~ ther.mal 
\] 

damaie,~o the w6rk'p~ece as it was observed during the tests, 
"/ 

,is illustrated. 

Wi t~ soft wheels A-J" B-~, ·i t is, seen t,ha t the 'I}ormal 
, . 

forces remain constant and the gri.nding w~eels maint~'i{} their 

cutting ~bility over ~ lQng period of grinding .. 
F • 

. ' . As regards therma.1 ,damage " the surface of .the work 
L • , , 

piece remai.ns normal during' the te'st~ w~th 'only a lIttle 

.discoloraiio~, in t~e c~~e ~t the B-J·wheel . 

. The amplitude of.forced vibration, Ftgu~es (73), ~74) 

does' not ~hange except for group ,B. where the change was 

~light~ 
. , 

The above observation~ give a ~ood impression of how' 
I • 

soon t~e ~elf-sharpening phenomenon takes' over from the, 

initial 'dress~n·g . 

. With h~r~ wheels, A-P and B-P, an in~rease in the 

,no,rm?1, compo-oent of g;inllqing fO~fe is o~sefved' 4ur:in~' the 

'·early .pa~rt of the .gr.inding test, foli~,.,red by a stabiliza tien 

of forces. 

This shows that self-sharpening pllenomenon 'is 

-not' completely' c,apablc"of count~rin,g: \'J~~lr,' and ,;ear flats 

arc dev~elopcd on the' grains' as' mentioned, in the p'receding 
t "', , , .. 

sett.ion. .' 
" 

Hard :whoels und~nvcnt several change.s dvririg the 

. early stage,s of the test"du~ to:wear: 'of grits by attr'ition,. 

" 

--.'-- ~ .... ",. .. -.,..~...-..,...,... -.,....-..,..'. 
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.:-. 
h~g~ grit.s tempera'ture and thermal sh'ocks which the grit, 

sus tains' as it; ente rs ,and leaves the wh~e1/work piece con tac t 

area. , These chang~s in th,e wheel resu1 ted fn the variation 

of surface damag'e on the work pie<;e (varying betwe~n dis-, 
• 
coloration and bu'~n'ing) :, , 

It is ~e~~ssa,r.y to rnerttion here that during this 

rather' long grinding t,e's't the thermal, ef~ect does not increase, 
, 

~pf impro~es,when ieachini, the ~rid of th~ test. The amplitude 
, " 

of fqrced 'vibra tion changes during the ·,test as' it is, seen, 

in Figures (75), (76) in 'Appendix I . 

In ,the' uppe'r portion of Figu're (64) 'it is clear'that 

the maxi~~~ ampli tude Q~ fo:rced ',~ration' in~r~ase~ wi th wheel 

hirdness grades from J to M to P. 
, , ' 

For'ce 'p'at,terns' for different \~hee1 gra~es' of both 

, groups of wheels (A, B') '~hen\cutting 52100 steel are su.mma,rized 

,in Figure (65). 
, . 

'The facts mentioned above about the behaviowT of wheels 

witH 'Mz ,steel weie fo~nd to be similat to that nf the' 

t .... h eels wit h 5 2 1 () 0 S tee 1, , 

'( , . 
' .. , 

The only di ffercllce ,in, the behaviour is, that the: thermal 
" ' 

damage" in' the case of 521'00 stee~ is' incr('nse~l. 

. T his i s O\~ i n g tot h e f ~r c t " t h il t, the a aivn f c. e d w 0 S . 

inc,rc~cd from 0.001 in. to O.ooZ i'n. 

,I 

.. ;; 
C,onclusion 

Bas,ed on: force po tt~rns and the', extent 0 f t,h.ermal" 
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" . 
d~mage to ·the ground ,surface,' as', show.n in the ,summa ri zed . 
Figures ,64) ahd'{65), it ~an be contluded ~hat·all tested . . 

~ U 
wh~eI5; of t~th~r ~erd variety, continuously maintained their 

/ . 
'Cl1trin~ capab~ifty. 

the maximum normal ferce ~ax rea~h~d 'd~~~ng' t.h~ 
long ~rin~ini ~perat~on for differen~ 'whe~l gr~d~s a~e .... 

summarized in Figure (66). Thi~ figure.comp~res the grih~ing 

forces for. M2 and 52100 steels. It, is s'een th1rt maximum 

cutting f;~ces incre!'l?e ~,.:i th. inc\;a's~d Whee.l.--hard~e~s for' 
. • . . • ! 

both work steels. This 'is clear 'frolJl the fact dfat ~rd'er 

wheels, as it 1.5 shown by ~1alk'in C4J in ~igure (67), have 
I. 

more 'active gr'u ins,. larger .\oJea r fIa t areas and '.hence :req~i Te , 

,I laJger grindi'ng' force,$.. 

5.2.3.3 ~he Variati6n in'Grinding Ratio. 
.with Wlleel Hardness 

Grinding ro.tio wa~ calculate,d by two mcthods.' Firstly, 

based on material r,emoved every 4S passes (6X) ,and cor-res-
~ ~ , 

ponding wheel wear (~~)., 

G = 
" 

• 
Sccon~ly, I;>;sef on I)tatcria! removed'trom the l'>eginning 

, I 

oft h etc s:t up ,t a a 't'InlC' period when t'hc I1umht'r o.f p'ussc's 
• , ~ •• f • 

IT = L .Ax 

1T 0, 6R 

• I." '\., " , '.t. '. 

I" 

1 
j 

1 
! . 
'. 
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.; 
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A goo'd representative of grinding ratio is that , 
final value of the accumulated wear and it ,<[ill be taken as' .. 
the b~se "of ~omparison. 

" 
The maximum ~nd m~nimum individ~al grinding ratio 

togeth'er 'with the final accumulated grinding ratio ,for ~lifferent 

co~~inations df '~leel grades and work materials ar~ summari:ed 

in 'F'iguy"e' (68), ' 

----It is n~cessary to poirtt out'~hat the scale for G 

ratio is t.wo ',times' larger '£OF 52100 steel' than that for ~12 " 

, ste.el. « • 

Checking 0n the B gro~p of wheels for both steelS,' 

52100 and ~12)t'it can be seen' that a,~~'the hardness ~f the 
, ' t, 

w~eels incFeases th~ ,grinding ratio first increases and then 
« 

decreases giving an optimum wheel hardness. 

TIle'highest grindi~g ~atia is round to be 9.69 [or 

5210.0 steel, and '6.43 [or M,Z tteel wi th ~,ptimuj:l ,<[heel hftclnpss 

M. for both ,5 tee Is. ' 

Checking on the 'A group of wheels fo·r both material-s 

.it is' round that as'the hardness o'f thc",,;/rec'ls increases 

," , 

from .J' to P graue, the t!.rinding ratio dccred5es. 

It is important to mention hel;c t}13i the grinding , 
ratio docs' no"t increase apprcc,iuhl), while in<;:r.easing.thc 

,,<[heel grau,e [rom J to ~I t'O P. 
r 

.. " 

DiscUssJon of .th~ .R,esu'lts ¢ • 

" ., \. . , ' " 

Lure, (18J found that,the,. grinding Tiltio tcnd~ fi.r~t 
, 

, -
.to .tn~rd(lst\ with rhe \V,hecl. h'artIness but th<;>n Teae-hes ":1 poa.k 

l , 

i 
I 

" 

) 
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and th~reafter dccrcases.with further increases in wheel 

hardness. Our resul ts f: in agreement wi'th Lure's resul ts·. 

The above found l~hen~me'no\ may be explainbd as 'follows: 
-

as the hardness is increased the wheel first grinds i~ t~c 

self-sharpening range and later in a ~one of mixed conditions 

partly sharpening and partly blunting. In the final range 

.blu~ting is predo~ina~t, material removal rate drops with 

excessive wheel loading and wheel wear increases. With A 

wheels it appeais that we are on both sides of the OPtimu~ 

curve ~ith A-~ whe~l grindi~g in the zone of self-sharpenin~ 

aner A-P ,,,heel!f"""'grinding in the Jiange where blunting becomes 

prog re s s iye I y prcdom ina n t .. 

'Force patterns of soft wheel J for ~I., steel in 

Fiugures (73) .and (74) show that the rise in force is srnall\ 
.1 

c~mparcd to hard ,whecls of grade P in Figures (75) and (76).,. 

(Appendix II). This sli'ggests the occurrence of self-sharpen-

ing in soft J wheels with'very little of flat formation. 

The variation of radial wear with the number of pas.se~, 
1 

: (or :\-.1 \"heel lsoft grade) and t\-P \\'hel"'·l (h:1l'd- grade), 
. 

are prcsentpd in F igurcs (()D) ami (70) for both work stecl s. 

I f the sc reen numher 0 f the tl~cd gra in is {)O, th<nl 

~ th} mean diameter giV~n ;)Y rl~)J.=· 0.; x n~lIlinal diameter 

1 
0.7 x bO 0.011 inch. 

T h c' fin a 1 'r a d i: 11 \ve a r 0 { :\ - l' ,\' h C c 1 ( 0 r ~ I ") and. 5 21 II 0 . 

. s tee 1 s are .~ IT = O. () 11 i n. and o. (} 1 2 . in. res p c ~ t h' ely l ~\ a ll.t . 

O.9b, ·1.1 times grain liialllcter). ~\lsa the final 'radial \"ear 

of th<.' A-J "'hcel for' ~L) and· 52LOO :-:tccis is ~R ;: O. (109 In. ami 
'. 

" -',' ;. "'., . . ... ~,~ ,-' . .. 
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J, 

.. ] 0,8 

" , , 

O:Op~ in. {about 0.85, 0.47 ,ti~es gra~n diameter). 

'Tile, a,bove ~es,ni,s 'in~icate that the amo~nt ~f ra'dia1', 
, ,\ " 

wear 'was high enough (abou"t 0.47 to i.1 'grain diameter) to 
, ~ ~ - , 

, " , .-0 ' , " , 

give a 't'r-~ pi¢tu,re of'.th,e.,whee1, l{ear phenomenon' ',tI1d, the 
. " .. . 

'grinding whe,eI- cutt'in~ capability~ " ,', 
j' , ;' , 

Une~p_e~teaiy" the s,ofter' '\vheels iIi" these xa,ther hard 

~rades' (J, M, and P) give tess we~r' and higher grinding J;'atio 
.... , " 

than the hard~r gr~des~ 

The resul ts p,rese.n~ed, abov7' are, hOlV'ever, di'fferent 

iIT t'B~, Case of g;-~~di}~g "1heei~',of the r'ather' soft gr.ades" , 
" , " 

, (G, Hand J)', [ Re.-{. 2 i] . , " 

, "" . , The'differenc'e in performqnc'e, ,is, t'haf iric~easing ,the 
, \ ' ' 

'hardnes"s grade, in' t!i'is r~n!!:e ~eads ,not ,o~~y to hi~her 

'gr,inding foF.ces.,and a g'r.~a'tcT ext,e,;)! 'of ,'the~mal damage ,but . ,... . 

, , 
5.2, A The Influence of the DTe~sing Proces~ 

, S .• 2', 4 . 1 . '" :,lri~ro-duc t io n " .-: . , 

" ' 

In ord';r' to enabl ~~ :t'llc whee 1 to', rcino"vc.,;'ma tel' ia,l 
" ,. 

, " 

effi~io~tiYI the: bond m~tc~i~l 'betwoen t~e g~its ~ust be, . .. ' . ~ . ~ . 

r~mov;d preferenti~11y '~o:that ,tl~e"s'Pace, i-savailab1e.for.,,', 
• ~ , ::;:t. • ...., ' '. '. ~ 

gtinding chi'ps to be actd,mmocl(ltc~L' :Thegrits,roust a1so'I)0 
, , • - ... 't , ' , '.~ '~ ; ~ ( ," 

,f.ractured ·so 'a's' t.o reaucc"thc ,'p1atc~l'u n~~a', This is the 
, ~ '~T r." ,. " ,.' _ ' .: .'. - " ....... • 

'function 'of the:dr~,ss:lig opc.rution,; :£to.m which,.' \vl~on 'pr'oporly 
'. . " " . 

. , 

(U ~ D. T.) 

. , . . . 
The' :inf~~cncc ,of' i'op l'ac ing .t)1c",used dr'c'ss 1J?g' .tool: 

- " .' . .. \ '" . . .' 

'~ith' ~ ~ ~e\'J 'd-rc~~s In'& ? top'!., c'N. p .,1':) " as :: \~c1. i, ~'~ ~ha~g~ng 
;', ~.' . 'i'·.." 

' ... " , , 
, " 

. ~' . . ~. .', 

" 

.\ 
1 

f' ' 
1 

J 
: ' 

. ' 

I 
t 
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.. \ - ...... 
thc dress ing depth of the cut on' the .grindin,g, process were 

" . 
studied, Test~ were c~rtie~ out using a soft wheel' 

(A-~h-j) for both steels MZ and 521QO:, 
" 

5,:2', '4,2 'Test Resul is 

The yariat~on of zrinding force compon~n~s and 

grinding. whee). 'wear \;ith grin.ding. time -for M2 steel. is' 

sh.own on .a'n ind,ividllal graph in Fi'gures .(79) to (~.2) in . . ~.,. 

Apperidi'x I ~'" N;;mal' fo:r.c.e patterns ~tiO\ving' :the.' Inf~u-e~~ 
I , . • , ' 

of changing the dreisi~g tool, changiri~ the dreising depth 
. ~. . - .. . 

of cut anq the variation· of the dOlV'il feed are shown. in 

tne'summarized Figur~s (71) a~d (72) for bqth steels. 
~ . . .'. "-\...- . ;,' 

Examining Figure ,(71) for MZ ~teel it can b~ said that dre~s~ng. 
. , (.l 

plays an im~9rt~nt, "role durin,g the very earIy stage,s of the 
, 1 

grindin'g oper~tion.. '. , . .. ~ " . 

. 1'!le comparison o,~ eurves t; 2 in Figure 01) 5h9'''s 

that an increa~~ in the drc~sing ~cpth:of . Cllt ,lre's.lil t,s . 

in· rcducin'g the: average force during the test :am.l the extent '. 
, . , 

oE t}lcrnl"al d.nmage, In addition ~o this;' fqr'ces start '<fith ' • 

. 3 lowdr viive indicating 'th~t ~m~11~r flais ate developed . 

. Co~pa.~ing, Fjgure:~ "(79)" and (80) and CI~eckin~ OI~:t'llC 
, . 

upp~r part of Figure' (71), i:t is _~ho\V"n that the amplitude o~ 

'the [<!rced vibr"ati()n',i,s o~C:ro'ase(l',' ~~hjch mcan~ th~t 

uniformjt\~' of wh'ccl,'{\,cqr is, 'imp~oved,~ 
.. , 

th.c 
'. 

',Tlle 'j.nf..1ucnc~ of increasi,ng :do\Vn ,feeo is. seen ~'ihc'n . 

, "comparing cllnr"es 2,3, 'In ~~nc~ai !nc;ensing 'dow'n, ~ecd i'l~'r¢as~s 
, 

,the aver'age force (Ino tl1C norunif9rm'ity of, the grind,ing w·h'Ce1: .. ' . . 
. ' . . . . .. . " 

. , . 
, ", 

, ' . 
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The increase of thermal damage seems to be'the only 

influence of ~ressing with a worn out diamond tool. 

'Checki'ng th,e sl:lmmari~ed Figure (72) f.,or 52100 ,'steel, the 

same influence of incre<l;sing dO\.,rn fee.d and ':dre.ss'ing wi th a 

used,diamond ~ool is obtained. ~he nonu~ifor~ity of ' wheel 

wear is affected by down fe~d and the quality of the dress~ 
/ 

ing tool 

The 'radial \.,rheel 'l.,rear increased fr'om 0'. all in. to' 
, .. 

0.015 in. and the grinding ratio decreased from 5 to 4 when the 

dres'slng depth . , of th~ cut increases in Figures (81) and (82) 

. '(APp\n~~; II). 

.It can be seen from' 1:he' same figures that increasing 

the dressing d~pth of the cut increases the rate of wear at 

t~e beginnirig of the test: 

5.2 . .4,3 :Discussion of Test Results 
. !. 

,1 

As the sever 1 ty of the d,res sing' incle ase ~ by an 
, , 

. , 

increase in' thG, dressing dep't~~ of' cut', the pla,teau are;:t before 

" 

starting grinding will be re~ll!ced and mO,re -cracks': wi 11 have 

been introduced ~nto the grits so that thoir readiness tb 

fracture duri·rig grinding \vil~. be enhanced. 

MalkiQ ,[19] ~trited thai the gr~~te~ the dress~ng 

dept'h' 0 f the cut; the (ewer' the num,ber' o,f act:i,.ve gr-::t'ins. 

'Sin~c 't.he gr.ind'ing (orce inq'etl:gcs:as the, plat,eau 
. , ~. 

area per g·r.it' increa~es' [4] and b'ec'ause th~ plateau tlrca .is 

c.onS,iderab'lY Smallei· with,n"higher (lrcs~ing depth o£\ut; ,it 

can be expecte.d that the forcc"\~il1 start'to incre'ase from a 

\ 
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; 

. 
!' 

" 

, . 
\ 
) , 

", 
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lower value. Also the opportunity-of ~eve~e.surf~~; dtimage -, 

will' b~ l~sser and this ~ould be.followed by an,inc~ease in 

the ~utting ability of the grinding whe~l. 

,On. the other hand, if the dressing ecpth is reduced 
, . 

the plateau area becbmes la~ger. The temperatures at the 
, I ' 

gri ts rapidly exc~ed the c~i tical,['value at which g'ri t wear ',' 

be<;omes, e'xcessively high an,cl wo~k pfece Durn .occurs. 
. ' 

While the readine~s of cutting grains to frattur~ 

incJeas~s with incre~sing dressing depth of cui, it is to 

be exp~cted that the 'rad~al wheel wear would be higher. 

,Concl us iO.n , . , 

I,n agreement wit,h '~1alkin [18J, Pacitti [21J .and 
, , 

T~uwa [20J, the e~pe~imental evidence present~d here 
, . 

'-.... . 
" indicates that 'a fine dressing (smaller oress~ng de,pth of 

cut) gi'ves'ft low wl~el wear but results in high grinding 

forces and a grea te r tendency toward (york piece thcl'oo 1 

damage. 
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CHAPTER 6 ' 

CONCLUSTIONS .. 
,Resu]fts 0 f measurements of g'r inding fortes and, whee 1 

wear, in ~ddition to the scanntng clc~tron,microscope ob~erva-
, ' 

tions, \jere prcsented {or grincLing h'ard~n.ed ,t?ol stee(Mz, ,and 

,AIST' bearing steel 52100. Plunge-type 'su~face grinding tests 

,were performed with'differenent 'hardn~ss grade wh~el~ of 

aluminum ~xide grains in vitrified bond . 

In tbis section the main conclusions of this investi-

gatio~ are presen~ed: . 
1. Experimental findings indicate that, as the wheel hard-

ness inc:reas~s from gra,de J to M to P, two' cri ter,ia 

are, 'found 'to inc re a,se; the force compo~ents (normal 

~nd 'tangential) and' the extent of thermal damage. 

Contrary to cpmmbri beliif, th~ grinding rati~ 'does 

noi 'ihcrease apprecia~~y. 

This ~s. different ~n the low:er,' range' of wheel hard­

ness. When wheel hardness incresses:ftom G to H to 
, • r • 

, , 

J, ;three cri teria increase:' the for,c,e componen ts, 

the extent ~f thermil da~age and the gri~ding ratio.' 

2,. Du'ring. a long ,grinding oP?ration.,all, \Vheels"'tes.ted 

,(of a rather hard variety)' continuously mai.ntain" 
, , ' . , 

the.ir g~inding capability',', i. e. , ,ther~ ,,:as no increase 
, ' ' 

in 'eithet the cuiting force~ or'~he extent' of thermal, ' 
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damage. 'h 

Thi~ is c~ntrary to Malkin '[41 and td what is 

commonly be I ie'ye-d. 

3. From the t\Vo pre.vious cO!.l,c.1usions it can 'be seen 

that in grindini hardened steel~ 52100,~nd Ml ~~de~ 

4 • 

, ' 

plunge-surfac~ grinding'operatiori, the optimum har~?, 

'.... " ne~s grade to be used is grade,J;: 

This soft grade J giY~s t~ same grinding ratio as 

hard grades M and P while'lower gr~nding forces and 

le~s ~hermal, damage are obtained, 

The 'm'ethod ,of eV'aluating the performance of gri1}di~g 

wheels f,rom f<;>Tce pattern and gr-i.nding wheel \V~a'r' 

appears ~o ~resent a,clear,picture of ~he'wear 

phenomeno'n and it could be adopted ':'for the se'l ec tion 

of g~i~~ing \Vheels, 
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45 
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180 
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27tr 
-. 

315' 

569 

405 
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. . 
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" '--", 

Grinding l\'heel: 
~1a terial: , 
l\11ce 1 Speed: 

A-60-.J 
~I.) Steel 
'6600 ft/min. 

Height .of, Height of 
NIP Before h'jp After 
Grip9ing- Grinding 

,xl . x
2 

1.300 , 1. 255 -
1... 255 1. 212 

1. 212 1.167 

'1.167, 1.12,3 

1.123 1.080 -

1.080 , . 1. 038 

1.03~~ 0.993' 

O~993. 0.949 

. 0.949 0.906 

0.906 0.861 

Individual ,Accumulated 
. ~leta1 Metal 

Removed Removed 
, AX=X

1
-x

Z 
t:.x 

0.045 0.045 

0.04~ 0.088 

'0;04ii 0.133 
\ . '" 0.044 ~ Ot 177 

0.043 0.22. 

0.042 0 .. 262 

. ·O.04? . 0.307 

0.044 "'0.351 
. 

' 0.043 ,0;394 

0.045 . - '0.4,39 

p 

Accurnulated 
Wheel Wear 

6R 

0.QOQ36 

0.00078 

0.00204 .. 

0.0028 

0.00338 

0.0052 

0.00574 

0.0071 

0.00856 

0.00992 

Infeed: . 
Table Speed: 
Test No: 

Individual 
Wheel ,Wear 

LlR 

0.0036 

0.00042 

0.00126 

0.00076 

0.00058 

0.OQ182 

0 •. 00654 

0.00136 

O.OO~· 

0: 0Ol~6 

. 

0:001 in. 
'100 ft/min; , 
(8) , 

Individual 
Grinding 
Ratio 

G 

17.06 

13.97 

4.87 

7.9 

.10.12 

3.15 

11. 37 

4.42 

4.02 

4~S2 . 

5'- --' 
. ' Table 3 . Radial Wheel. \~ear and Grinding Ratio for A-60-J Wheel. -. 

" '. .. 

~_'I!" .... :it 
.. - •• ,'.....--. 

>_~_ hP(", t, I, 

Accumulated 
Grinding 
Ratio 

G 

17.06 

15.46 

8.,90 

8.63 

.. &.88 

6.88 

7.30 

6.75 

6~2H 

6.04 
...... 
0-1 
N 

/ 

. , 

~ 

~ 

I 

i 
i 
j' 
I 

• -I' 

1 
! 
1 

.--



' . 
.... 

i ~o. of 

11'''%°' 

45 ' 

!W 

135 . 

l~n' , 

225 

2}O " 

315· 

.%0 
. 

'·lOs 

450 

.. _--

, 
'0 

Grinding 1\11ee1: 
Haterial: 
hliee 1 Spe~d: > 

Height of fleight of 
I\'/P B~fore hlP After 
Grinding Grinding 

xl x? 

1.260 1.216, 

1 . ~16 1.17.3 

1.173 1.128 

].128. LOSS 

1.085 1.038 

1. 0:;8 0.995 
/ , 

0.995 ,0.951 

0.951 0 .. 908 

. O. 9118 ( 0 ... 863 

I3-60-J 
t-IZ Steel 
6600 ft/mirt. 

Individual, AccumUlated 
Metal Metal 
Removed ~Rel)1,£ved 
6X=X -x 1 .2 lIX 

'0.0.14 0,.044 

O.OB 0.087 

O.,O-lS 0.t32 

0.D.13 0.175 

0.047 0.222 

0.0.13 0.265 

0.04.4 0.309 
~ 

0.043 0.352 

, .. 0.045 0.397 .. • <." . 
O.8b3 0.820 0.043 0'.4-1 

,~ .' Ihfeed:, 0.001 in. 
Table' Speed: ~ .100- ft/m'in. 
Test No: (10) 

AcclUTIula ted Individual Individual 
MlCe 1 \\Ie'a r ' Wheel Wcar, Grinding 
> 

Ratio 
. AR "f,R G -

0.,00026 0.00026 '23.10 

0.00062 0.00036 16.36' 

0.00188 0.0012 .~.lZ 

0.00296 ' 0'. 00108 5.43 

0.00348 0 ... 00052 ' 12.34 

0.00442 0.00094 6.2.1 

0.0057 0.00i28 4.69 

0.0070 0:0013 4.51 

0.0080 0.00101 6.08 

0.00956 0.00155 3.79 

Table .t. ' Radial \\'heel I\'car and Grinding. Ratio' for 
B-60-.J \\1)ee1. 

: a_tn'rm ... C-, 

---... ~~." # --

Accumulated 
Grinding 
Ratio 

IT 

23 . .1 a 

19.15 

9.58 

8.b7 

8.71 

8.18 

7.40 

6.86 

6.76 

6.28 

r , ..... 
("'1 

vl 

..I #~.\_ .. ,~ ••• <! .. _ .. ;"' • ....... ~". 


