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SYNOPSIS 

The parameter defined as "rake angle", combining-the 
shape of the wheel-dreos~ng diamond In th i to orientat~on, 
has been introduced in conJunction with other associated 
dreGs~ng var~ables, such aG the depth of cut and traverse 
rate, into an evaluat~on of tl}e dreoGing process, and ~tB 
suboeQuent ~nfluence on both rough and f~n~sh cylindrical 
traverse gr~nd~ng. 

With the obJect of minim~sing d~amond wear, due to 
the h~gh cost of dressing diamonds, the nature and 
maGn~tude of the components of the dressing force have 
been recorded by means of a three-component strain-Gauge 
type dynamometer and Ultra Violet recorder. A linear 
relat~onsh~p was established between the radial component 
of force on the diamond, and the amount of diamond wear. 

The "rake angle" has been shown to have a significant 
effect on d~amond li:fe, and a critJ.cal range of values, 
correspond~ng'to stable dressing cond~tions, and resulting 
in min~murn diamond wear, has been established. 

The dressing parameter hav~ng the greatest influence 
on wh(;lel performance was the traverse rate, with the 
depth of cut being of secondary importance. These 
var~ables affected grJ.ndJ.ng wheel breakdown to a wear 
depth greater than the dresinng depth of cut, but 
influenced the workpiece surface f~n~sh only, during 
the in~tial stage of wheel wear. The initial rate of 
wheel brealcdown when gr~ndJ.ng was shown to be directly 
influenced by all dress~ng cond~tions. 

Gr~ndJ.ng forces measured by a dynamometer incorporatinG 

a three-component Quartz force transducer, have been 
shown to be s~gnificantly influenced by high traverse rates 
and low depths of cut in wheel dress~ng. This is important 
from the point of view of grinding deflection,wh~ch is 
adversely affected by hJ.gh values of the rad~al component 

of the gr~nding force, resulting from th~s part~cular 
combination of wheel dressing variables. Sudden 
increases in the ratio of rad~al to tangential grinding 
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force components, co~nciding with each otage of wheel 
wear, gave a clear ~ndication of the occurrence of these 
cventn. 

A novel theoret~cal method for assessing the 
influence of both the dressing and gr~nding variables on 
the worlcp~ece surface f~n~sh when fine grinding, has 
been establ~Ghed. TIns method was also used to predict 
the workp~ece surface finish for known values of these 
var~ables. Close agreement was found between the values 
predicted b~ the method, and those obtained from 
measurements of the ground surfaces. 
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Nomenclature .. 

Dressing parameters. 

h = dressing lead of the diamond (cross-feed) .. 
a = diamond depth of cut (in-feed applied) •. 
a' = theoretical depth of dressed profile. 
a* = measured ,depth of dressed profile .. 
x = diamond width at a depth of cut". a .. 
w = width of the diamond wear flat. 
~, = included angle of the diamond (plan view). 
cc = rake angle of the diamond. 

drag angle of the dressing tool .. e = 
Fa = 
Fr = 
Ft; = 

axial component of dressing force •. 
radial component of dressing force .. 
tangential component, of dressing force. 

Grinding parameters •. 

N = rotat~onal speed of the grinding wheel. 
III = rotational speed of the workpiece •. 
D = diameter of the grinding wheel. 
d = diameter of the workpiece. 
W = width of the grinding wheel. 
1 = length of the workpiece .. 

= traverse rate of the workpiece .. 
depth of cut (in-feed) .. 

= lead angle of the grinding wheel path .. 

= lead angle of ground surface scratches •. 
radial component of grinding force. 
tangential component; of grinding force. 

Boundary; coefficients. (Ohapter 3) •. 
o 

~ to zr' bl. to bJr ,· u
1 

to ur and el to! er· 

~ to "Xr , ~ to ~" ~ to ~ and ~ to! I r .. 

IS. t;o K.r and i\ tD ~r.' 

p, q, m and y' 

SUrface finish coefficients and parameters. 

E:t. to Er and ~ to ~ (Ohapter 3). 
Rp = smoothing depth 
Ra = average arithmetic roughness (eLA, AA) •. 
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CHAP'fER 1 

IN'fRODUCTION AND STATEMBNT O~' PHOI3LEiil 

~ INTRODUCTION 

In the early 1970's, Science Research Council 

sponsored a co-ordinated programme of research ~nto all 

aspects ~n the f~eld of gr~nd~ng, from the basic mechanisms 

of gr~nd~ng, to the design and manufacture of gr~nding 

machines. 

'flus research proJect was the result of a contract 

from Science Research Counc~l to invest~gate the dressi~ 

of gr~nd~ng wheels, and ~ts ~nfluence on the gr~nding 

process. S~ngle po~nt d~amond tools have been used as 

the dress~ng med~um in th~s work, for several reasons, 

these be~ng that they are used extensively throughout 

the metal work~ng ~ndustry as dressing tools,(l) and 

have also been the subJect of several notable prev~ous 

~nvestigat~ons. (2,3,4,5)Since ~he s~ngle po~nt diamond 

~s the most bas~c dress~ng tool available, it was felt 

that the results would be of a more fundamental nature 

than those obta~ned us~ng multi-po~nt tools or crush~ng 

rollers. Cyl~ndr~cal traverse gr~nd~ng was used as the 

process on wh~ch to test the var~ous dress~ng techn~ques 

employed, because of its un~versal appl~cat~on in ~ndustry. 

The present research compr~ses two basic parts. 

The f~rst part ~nvestigates the influence of the combined 

effects of d~amond geometry, and angular present2tLon of 

the d~amond tool to the gr~nd~ng wheel, on d~amond wear, 

and the result~ng surface cond~t~on of the gr~nd~ng wheel. 

Th~s ~s to establ~sh some general rules for decid~ng 

opt~mum dress~ng condit~ons with respect to m~n~mum 

d~amond wear, ~n v~ew of the h~gh cost, and relat~vely 

short l~fe of the wheel-dress~ng d~amonds. 

Grind~ng wheel surface topography has been exam~ned 

after dressing w~th both sharp and worn d~amonds, to 

compare and evaluate the degree of s~milarity between the 

wheel cond~t~on and the theoretical surface geometry~ 
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resultJ.ng from the diamond profile, dJ.amond depth of cut, 
and traverse rate. 

The second part investigates the effects of the 
varJ.ables connected with the wheel dressJ.ng operatJ.on on 
the grlndlng ratio, (J..e. the ratlo of the volume of metal 
removed durJ.ng grJ.ndJ.ng, to the corresponding volume of 
wheel worn away), on the radJ.al and tangential components 
of grJ.ndJ.ng force generated, and on the surface finJ.sh of 
the workpJ.ece etc. Ib is hoped that a better understanding 
of the J.nfluence of dressing varJ.ables on cylindrJ.cal 
grindJ.ng performance wJ.ll be forthcomJ.ng from the results 
of thJ.s V/ork. 

1. 2 THE NEED FOR 'rRUING AND DRESSI;IG 
In contrast to cutting tools havJ.ng a fJ.nite number 

of equJ.-spaced and geometrJ.cally definable cuttJ.ng edges, 
the grinding wheel J.S composed of a large number 
of randomly orJ.entated abrasive grits supported in a bonding 
materJ.al; those at the perJ.phery of the wheel providing 
a series of geometrJ.cally J.ndeterluinate cuttJ.ng edges. 
This shows the grJ.nding wheel to be an extremely complex 
form of cut'tJ.ng tool. DurJ.ng a grindJ.ng operatJ.on, these 
cuttJ.ng edges are subjected to mechanJ.cal and thermal 
stressing caused by wheel-lVorkpJ.ece interaction. This 
results in wheel wear taking place relatively quickly. It 
has been suggested that the rate of wear of such abrasJ.ve 
grlts, compared with that of other forms of cuttJ.ng tool, 
J.S J.n the order of 1,000,000 times.(6) SJ.nce most grinding 

processes are regarded as finishing operations, J.mparting 
to the workpJ.ece conditl0ns of size and finish of the 
order of ~ 5 pm and .5 ~ C.L.A. respectively, rapid 
wheel breakdown musb be avoJ.ded to maJ.ntaJ.n grinding 
effJ.cJ.ency. This necessitates the introduction of a 
cuttJ.ng edge regenerative process well before wheel 
brea;cdo'Nn becomes detrJ.mental to the workpiece sJ.ze and 
fJ.nish. ThJ.s is the objective of truing and dressing. 

The optJ.mum performance of a correctly selected 
grJ.ndJ.ng wheel has been shown to be markedly J.nfluenced 
by the wheel dressJ.ng techniques employed, since the 
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dress1ng cycle used can s1gnificantly affect the cutting 
act10n of the wheel, the wheel life between dress1ng, and 
the cond1tion ~nd f1nish of the ground work surface.(2,3,4) 

In add1tion to the non-product1ve t1me occasioned 
by the freQuency of the dressing operation itself, the 
mater1al removed from the wheel dur1ng dress1ng may amount 
to between 3 and 9 t1mes the wear occur1ng during grinding, 
depend1ng upon the grade of wheel, and type of material 
be1ng mach1ned. (2) These f"actors d1rectly affect 

product1v1ty, and in add1tion may lead to the selectioru 
of lower metal removal rates 1n an attempt to extend 
wheel l1fe between dressings. (7) 

A further cons1deration of 1mportance is the 
expenditure on diamond dress1ng tools, which on a world 
bas1s, 1S estimated to be close to $ 30 m1ll10n annually. 
This includes an estimated $ 6 million for the actual 
diamonds. (1) 
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GHAPTEH 2 

IN'fHODUG'rION TO THE rnUING AND DREJSING OF VITREOUS 

130Nmm GIUNDING WHEELS, nTH A REVIEW OF PAST WORK 
IN GRINDING 

2.1 TH'!!; THUING AND DHESSING FUNCTION 

The ab~l~ty of a gr~nding wheel to remove material 
eff~ciently dur~ng an abrasive mach~~ng operation ~s 
dependent, to a large extent, upon the manner in which the 
tru~ng and dressing procedures,.wh~ch precede the grinding 
operat~on, are appl~ed to the grind~ng wheel. These 
procedures, wh~ch are used ~n the preparation of a grinding 
wheel, may be def~ned as follows:-

Tru~ng ~s the mach~n~ng away of a gr~nding wheel 
surface to produce any spec~f~ed prof~le whose ax~s is 
concentr~c w~th the ax~s of rotat~on of the gr~nding wheel. 
Th~s process, wh~ch preceeds dressing, eliminates any 
errors of form brought about by ~nconsistenc~es in wheel 
manufacture, or result~ng from wheel degeneration caused 
by the act~on of a prev~ous gr~nd~ng operat~on. 

Dress~ng, on the other hand, ~s the "f~ne mach~ning" 
of a grind~ng wheel prof~le to ~mpart to ~t a spec~f~c 
cutt~ng action dur~ng a subsequent grinding operat~on. 

It can be concluded from the above defin~t~ons that 
the pro?ess of wheel dressing ~s the one responsible for 
g~v~ng the grind~ng wheel its cutt~ng characterist~cs, 
(particularly at the start of gr~nd~ng.8) In pract~ce, 
the funct~ons of tru~ng arid dress~ng often overlap. The 
act of tru~ng a gr~nd~ng wheel may not sat~sfactor~ly 
dress it, but the act of dressing w~ll accomplish a 
certain amount of tru~ng. 

Several methods of tru~ng and dress~ng v~treous 
bonded gr~nd~ng wheels are employed ~n ~ndustry,9 the 
most common ones malang use of s~ngle or llIUlt~-po~nt 
d~amond tools. Over the past few decades, the diamond 
dress~ng tool has become v~rtually indispensible for 
the ma~ntenance of grind~ng tolerances wh~ch are better 
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than: 2.5 ~m, even on high volume, fully automated 
product10n 11nes. 

In th1S chapter the d1umond w111 be discussed in 

the 11eht of 1ts wheel dressing app11cations, along with 
the performance of grinding wheels dressed with diamond 
tools, as found by previous reLearchers. 

2.2 THE DIAl,lOND AS A DRESSING TOOL 
D1amond 1S the hardest mater1al known to man, and 

as such, is employed in many maCh1n1ng processes as a 
cutt1ng tool, e1ther in crystal form or as a powder. It 
has an 1deal app11cation 1n wheel dress1ng where it 1S 
requ1red to shear through, or pluck out the part1cles 
of abras1 ve grit which form part of a gr1nd1ng wheel., 
These abras1ve gr1ts, the most CO~ilon type being alumin1um 
oxide, are relat1vely hard themselves, and so require a 
cutting tool harder than themselves for eff1cient 
mach1n1ng. In terms of relat1ve hardness, using the 
Knoop scalelO , d1amond is approximately 4 t1mes harder 
than alum1n1um oX1de, hav1ng a hardness value of 9,000 kg/mm2 

as compared w1th that of 2,000 kg/mm2 for alumin1um oxide. 

(D1amond (111) surface (110) direct10n, 500g load. Al203 
surface, direct10n and load not known.) 

D1amond is a crystal11ne form of carbon where the 
atoms are densely packed together giv1ng an extremely hard 
structure. It has several advantages as a cutting tool, 
these be1ng that 1ts coeff1cient of fr1ction 1S very low 
when rubbing aga1nst other mater1als, ensur1ng that 
attr1t10us wear will be low, and that be1ng a good 
conductor of heat, much of the heat generated during a 
cutt1ng operation will be d1ss1pated rap1dly through the 
d1amond. It has, however, several drawbacks. At 
temperatures above 7000 C graph1t1zat10n can occur in 
air caus1ng rap1d degenerat10n. Th1s effect can be 
min1m1sed either by US1ng coolant, or allowing the 
d1amond to cool between dress1ng cycles. A second problem 
is that because of its crystalline structure, the diamond 
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relies on the orientat~on of ~ts crystallograph~c axes 
for ~ts hardness, and w~ll cleave read~ly along certa~n 
planes. Should ~t be presente~ to a gr~nd~ng wheel at a 
non-preferred orientation, rap~d disintegrat~on would ensue. 
Much work has been conducted over the past few years into 
the effects of the changes of diamond hardness w~th 
crystallograph~c or~entat~on when mach~n~ng d~amonds for 
the jewellery ~ndustry, and when us~ng them for the dressing 
of gr~nd~ng wheels. 

Denningll has obta~ned gr~nd~ng hardness values for 
d~amond, expressed ~n arb~trary units, for the cube, 
dodecahedron and several ~ntermed~ate planes as a function 
of the azunuth wh~ch were taken at some conven~ent 
crystallograph~c d~rection in each case. F~g. 2.1 gives his 
observations on the cube plane. A cube ax~s was chosen 
as zero az~muth, and ~t has been shown that ~n a d~rect~on 
~ncl~ned at an angle of 450 to the cube ax~s, and still 
in the .cube plane, the relat~ve gr~nd~ng hardness ~s some 
800 times greater. F~g. 2.2 shows the lnformat~on ~n 
f~g. 2.1 replotted ~n what is called a diamond gr~nding 
hardness vector d~agram. This shows ~n a s~mple form the 
relat~ve hard and soft d~rect~ons in the cube plane. 
Fig. 2.3 shows the relat~ve wear of the dodecahedral, 
octahedral and cube planes of diamond as a funct~on of 
the azimuth. 

W~lks and W~lks12 also found from the~r exper~ments 
that the h~ghest hardness value eX1sts ~n the cube plane 
at an angle of 45 0 to the a-a and b-b axes of the d~amond 
octahedron as dep~cted ~n f~g. 2.4. Thelr find~ngs are 

related as follows:-
The soft d1r~ctions ~n the cube face are parallel 

to the a-a and b-b axes, and the hard d1rect~ons are at 
450 to the a-a and b-b axes. In the octahedron face it 
is soft ~n the d~rect~on of the dodecahedron face and hard 
1n the dlrection of the cube face. In the dodecahedron 
face it is soft parallel to the c-c ax~s and hard at 90°. 

to the c-c ax~s. 
Pahlitzsch5 conducted a series of wheel dress~ng 
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experiments us~ng spec~ally prepared diamonds hav~ng the 
shape of a quadrangular pyram~d w~th a square base, and 
the angle between the s~des at ~he top measuring 1300

• 

Three d~amonds were held ~n ~nd~v~dual steel holders such 
that one Vias held parallel to an imaginary cube face, the 
crystallograph~c ax~s (100) runn~ng ~n the direction of 
the tool mount, another held such that the ax~s (111) of 
a three-po~nt face, (octahedron face, look~ng vert~cally 
on the face) lay ~n the d~rection of the tool mount, and 
the th~rd held such that the ax~s (110) of a two-po~nt 
face (rhOlllb~c dodecahedron, look~ng vert~cally towards 
one edge) lay also in the d~rect~on of the tool mount. 
Results from the dressing tests showed that the two-point 
face d~amond (110) had the most amount of wear, and the 
three-point fade d~amond (111) had the least amount of 
wear. He concluded that in order to obta~n the maximum 
tool l~fe from a tru~ng d~amond, ~t should be gr~pped so 
that the crystallograph~c ax~s lies in a l~ne with the 
tool shaft, or so that wh~lst tru~ng is in progress, wear 
takes place on the diamond parallel to an octahedral 
plane. 

More recent invest~gations, c~ted by Busch13 , also 
~nd~cate that octahedron d~amond dressing tools should be 
set in a preferred d~rect~on relat~ve to the gr~nd~ng wheel 
for min~mum diamond wear to occur, although the sett~ngs 
spec~f~ed by the ~nvestigators are at variance. Fig. 2.5 
shoVls the diamond or~entat~on accord~ng to Frank and Busch, 
wh~lst f~g. 2.6 shoVls that according to Grodz~nsk~. Busch 
states that for Grodzinsk~'s recommended d~amond sett~ng, 
both the velocity vector of the gr~nd~ng wheel and the 
cutt~ng forces run parallel to the octahedron faces, wh~ch 
~s the most favourable gap d~rection for octahedrally 
crystall~sed d~amonds; and that the result of such a setting 
~s ch~pp~ng of the octahedron d~amond such that wear 
occur~ng through ch~pp~ng ~s greater than the d~amond wear 

result~ng from abras~on. It must be pointed out, howeve~r 
that Grodzinsk~ts recommendations fall into line with 
those stated by pahl~tzch.5 
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It can be concluded that for wheel dresskng, the 
use of regular, well formed dkumonds would make settkng 

of the dkamond for preferred crystallographkc orkentatkon 
relutkvely skmple. In practkce, however, many dressing 
tools make use of krregular shaped dkrunonds and dirunond 

chips. To determine the crystallographkc axes in these 
cases, inspectkon using x-ray technkques would be 

necessary, whkch may be nekther pract~cal nor economical 
kn an industrkal sktuatkon. 

2.3 TYPES OF DIM,IOND DRESSING TOOL 
The makn factor whkch knfluences the chokce of diamond 

dresskng tool kS the nature of the grkndkng operation to 

be performed, thks operatkon fallkng ~nto one of two 
categorkes, namely, plakn or form grindkng. In plain 

grkndkng, the wheel kS "straight" dressed. Thks entakls 
the use of a strakght-lkne dressing movement wkthout change 
of dkrectkon, and gkves ekther a parallel or tapered 
cylkndrkcal surface to the grknding wheel. This is the 
skmplest form of wheel dressing, and makes use of skngle or 

multk-poknt diamond tools, see fig. 2.7. In form grinding , 
the type of dkamond dresskng tool used depends upon the 
complexkty and Skze of the profkle requkred. For profkles 
having skmple shapes made up from curves and straight lines, 
skngle pOknt and multk-point dkamond tools are used kn 
conJunction with a trackng system, most probably of the 

pantograph type. Sknce the form dressed onto the grknding 
wheel kS transferred d~rectly to the workpiece, the 
dresskng medkum must be extremely accurate, whkch calls 
for the use of well formed di~onds of known geometry. 
In thks case, natural diamonds have to be speckally ground 
and very accurately set to meet the partkcular requirements 
of the dresskng system. For more complex shapes, roller 

truers, or block truers are employed. These consist of 
a metal roller or block, which has a coatkng of diamond 
dust or chips impregnated into the pol1er or block profile, 
see fkgS. 2.8 and 2.9. When using a roller truer, the 
roller, whkch can be driven in either direction relatkve 
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to the wheel or allowed to rotate freely, 1S brought into 
contact w1th the grind1ng wheel, and the form of the truer 
1S klllpressed onto the wheel per1phery. In the case of the 
block truer, wheel dre~s1ng 1S achieved by traversing 
the b~ock in a rec1procating motion past the grinding 
wheel face at right angles to the wheel axis whilst infeed 
kS app11ed. Gr1nding wheels dressed 1n this manner are 

used ma1nly for plunge cut gr1nd1ng, although pla1n 
cy11ndrkcal rollers are sometimes used to prepare wheels 

for pla1n traverse grind1ng. 

2.4 A GENERAL VIEN OF DRESSING FOR PLAIN GRINDING 
S1nce pla1n cylindrical traverse grinding 1S the 

sUbJect of th1s research, only s1ngle pOknt d1amond tools 
w111 be d1scussed henceforth. ' Informatkon regarding other 
dressing techniques using d1amonds can be obtained from 
several sources. 14 ,15,16. 

2.4.1 Requirements of d1amonds used kn single p01nt 

dress1ng tools. 

S1ngle p01nt di~nond tools ut1l1se all forms of 
natUral d1amond, e.g. octahedrons, rhomb1c dodecahedrons, 
tr1angular shapes and d1amond p01nts, although the latter 

two forms are not so well sU1ted, because they embody 
fewer usable cutt1ng points. 

The pr1ncipal qua11ties requ1red when assess1ng 
rough di~nonds are:-

1). The stone must be a self-contained crystal. 
2). An undamaged crystal surface must be present. 
3). There must be the requ1red number of.perfect, 

natura~ p01nts and angles. 
4). There must be no internal flaws. 

2.4.2 Dkamond Skze related to grkndkng wheel dkameter 
and face width. 

Dkamonds are selected for dressing applkcatkons 
accordkng to thekr wekght, the standard of wekght bekng· 

the carat, (designated K). Thks s~andard of weight originated 
1n the Far East where certain fruit trees grew, whose seeds 
or "carats," wh1ch were remarkably. un1form in weight 
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and sl.ze, were used as the basl.s of small weight for 
tradl.ng purposes. Fl.g. 2.10 shows the recommended diamond 
wel.ght according to grindl.ng wheel diruneter and face width. 

In practice, the maXl.mum Sl.Ze of dl.amond used for dresBing 
is around 4 carats, and the majority no larger than 2 oa.rats. 

2.4.3 Shank Sl.zes for diamond dressl.ng tools. 
In 1953 a Brl.tl.sh standard was drawn up covering 

shank sizes for dl.amond dressing tools, the shanks being 
manufactured from ml.ld steel. Fig. 2.11 describes 
BS 2002:1953. 

2.4.4 Orl.entatl.on of the dl.amond tool durl.ng dressing. 
To ml.nl.ml.se diamond wear durl.ng a dressing operation, 

the dressing tool is presented to the grinding wheel at 
preferred settl.ngs, measured relatl.ve to the vertl.cal and 
horizontal planes. It l.S recommended that the dressing 
tool be incll.ned towards the grl.ndl.ng wheel face l.n, the 
vertical plane, such tha~ the dl.amond pOl.nts in the direction 
of rotation of the grindl.ng wheel, as shown l.n fl.g. 2.12. 
The angle then measured between the axl.S of the dressl.ng 
tool and a radl.al line paSSl.ng through the Wheel centre l.S 
called the "drag" angle, and has been gl.ven values of 
between 50 and 150 , 14,15,16,17. Thl.S setting reduces the 

possl.bill.ty of cleavage or fracture due to shock or induced 
vl.brations, and helps to mal.ntal.n a good pOl.nt at the tl.P of 
the diamond. The tool is sometl.mes set over at a Sl.ml.lar 
angle to the wheel face in the horizontal plane, as indicated 
in fl.g. 2.13. When thl.s l.S done, the dl.amond tral.ls behl.nd 
the direction of the crossfeed. This, however, l.mpll.es that. 
dressl.ng should always be conducted l.n one direction only 
across the wheel face, resultl.ng l.n an l.ncrease l.n dressing 
tl.me whl.ch may be intolerable under modern productl.on 
condl.tl.ons. In conJunctl.on wl.th the above two settl.ngs, it 
is common practice to rotate the dressl.ng tool frequently 
through 200 to 400 in its holder, to ensure that the wear 
flat produced at the diamond tl.P remains as small aB 
possible, Bl.nCe dressing effl.ciency l.S impal.red if the 
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wear area exceeds 1 mro2• (17) 

2.4.5 D~amond depth of cut and traverse rate. 
Diamond depth of cut and traverse rate are a major 

consideration when dressing grinding wheels, particularly 
when us~ng single point d~amond tools. These two para­
meters, wh~ch influence both the cutting ability of the 
dressed grinding wheel and the wear rate of the diamond 
tool itself, have been the subject of much investigation. 
18,19,20. Th~s work will be d~alt w~th in deta~l later. 

The latest Brit~sh Standard covering d~amond dress~ng 
tools, BS 2 OQ~: 1973, recommends that for maximum 
diamond l~fe when dressing, the depth of cut should not 
exceed 50 pm. Several other sources g~ve general values 
of d~amond depth of cut and traverse rate, which cover a 
range of "plain" grinding conditions to be met in industry. 

Selbyl7, suggests that when dressing gr~nding 
wheels, it is preferable to take several small depths of cut 
between 12.5 ~m to 25 ~m, rather than fewer large cuts. 
These depths of cut used in conJunction with a fast traverse 
rate of the diamond across the grinding wheel face will give 
an open structured wheel su~table for large stock removal, 
but poor workpiece surface fi~sh. A slower d~amond traverse 
rate will g~ve a more superior workp~ece surface f~nish at 
the expense of high stock removal. For very good surface 
f~nishes, a slow diamond traverse rate should be combined with 
a depth of cut of between 5 ~m to 10 ~m. To ensure optimum 
condit~ons whilst" dress~ng, the diruaond traverse rate should 
be such that the diamond cuts each abras~ve grain twice, 
s~nce unnecessary wear occurs when the traverse rate is too 
slow, and a poor workpiece surface fin~sh occurs when it 
~s too fast, see fig. 2.14. 

Jones and Sh~pman21, one of the leading grinding 
mach~ne manufacturers ~n Great Britain, make recommendations 
relating to dress~ng depth of cut and traverse rate for 
rough and finish grinding s~milar to those stated by Selby. 
They are less explicit regarding diamond traverse rate, 
and leave a lot to the judgement of the machine operator. 
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On the question of wheel dressing for f~ne gr~nding, they 
suggest that the d~amond traverse rate should be in the 
reg~on of 76 mm/m~n to 125 mm/m~n approx~mately, wh~lst 
tak~ng several passes across the wheel face with an initial 
depth of cut of 10 pm, and gradually reduc~ng th~s in 
steps to 2.5 ).lm. 

Busch,13 g~ves more comprehensive data on the 
depths of cut and traverse rates in wheel dressing, and 
relates the dress~ng tool traverse rate to the gr~nding 
wheel speed. He states that the diamond depth of cut 
should not exceed 10 ~m to 40 pm, because of the possib­
~l~ty of unnecessarily h~gh diamond consumption. The 
lower depths of cut apply to ground profile d~amonds, 
small s~ngle dress~ng diamonds and fine-gra~ned mult~­
grain dressing tools, and the upper value to large single 
dressing diamonds and coarse-grained mult~-grain dress~ng 
tools. The traverse rate of the d~amond tool should be 

in the reg~on of .1 mm to .2 mm for each gr~nding wheel 
revolut~on. This means that for a gr~nd~ng wheel rotating 
at 2,000 rev/m~n, the dress~ng tool traverse rate would 
be between 100 mm/m~n to 200 mm/m~n. He recommends that 
for fin~sh grinding, the lower traverse rate of .1 mm/rev 

should be adopted, and that the h~gher rate of .2 mm/rev 
should not be exceeded. 

The above three views are representative of the 
general concensus of opinion concern~ng diamond depths 
of cut and tra~erse rate in wheel dressing. 

2.4.6 The use of coolant in dressing. 
From the po~nt of view of d~amond economy, dress~ng 

w~thout the use of a coolant is avo~ded wherever possible 
because of the high temperature exper~enced, remembering 
that graphitization of d~amond starts around 7000 c. In 
cases where dry dressing ~s encountered, e.g. when 
grinding mach~nes are not suppl~ed w~th coolant, or when 
small gr~nding wheels are used for very accurate form 
grinding, small wear resistant diamonds with well defined 
cutting points are recommended. In such cases, time is 
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allowed between each Guccess~ve cut ~o allow the d~amond 
to cool naturally. Where coolant is used for dressing, 
it ~s normal to use the same coolant as for grinding, and 
to play it onto the diamond tip before dressing commences. 
ThlS reduces the possibillty of diamond disintegration 

through subjection to high temperature gradients. 

2.5 A HBVIEvV OF PAST RESEARCH INrO ABRASIVE MACHINING AND 

THE IN1<'LUENCE OF WHEEL DRESSING ON THE GRINDING PROCESS 

Gr~nd~ng, wh~ch ~s the best known and most common 
abras~ve mach~~ng process, has been a topic for research 
for some cons~derable t~me, with such aspects as mechanisms 
of metal removal, abras~ve wheel wear and forces in 
grinding being the subJect of such research. In more 
recent years, the ~nfluence of wheel dressing on the 
gr~nd~ng process has been stud~ed in depth. The following 
~s a rev~ew of work conducted by some research workers in 
the field of grind~ng, and their f~nd~ngs. 

2.5.1 The gr~nd~ng action of abras~ve grains. 
Alden,22 (1914), and Guest23 (1915), were p~oneers 

~n formulatlng basic expresslons for ch~p-forming geometry 
durlng gr~ndlng based purely on the geometrlcal relation­
ships between the gr~nd~ng wheel and workpiece, the~r 
d~mensions and speed, and the depth of cut. In terms of 
appl~catlon"Guest's approach was more practlcal since it 
conta~ned terms WhlCh were more easily measured. Work of 
a slmilar nature was carrled out by several other investig­
ators up to 1952, when for the first tlme, Backer, Marshall 
and Shaw establlshed by means of a formula, a relationship 
between ChlP thickness and the macrogeometrlcal form of 
the ground suface. 

Backer, Marshall and Shaw24 ~n studying the size 
effect in metal cutting, ~nvestigated the cutting process 
~nvolv~ng the formation of very small chips at high cutting 

speeds, (J,hcrom~lllng), and applled the results to the 
grlndlng operat~on. They compared the shear energy 
involved ~n grind~ng to that in turning, micromilling 
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and tensile test~ng, and observed a significant increase 
~n shear energy with decrease in chip s~ze. The shear 
strength ~nvolved in gr~nd~ng metals under m~ld conditions 
was found to correspond to the theoret~cal strength which 
~s about 12.41 GPa for steel. They also showed that the 
gr~t depth of cut ~s a more important variable in ~nter­
preting gr~nding data than the more conventional wheel 
depth of cut. 

Re~chenbach et al.,25 class~fied gr~nding chips 
~nto f~ve types depend~ng upon their relative thickness­

to-length rati~, (this be~ng a funct~on of work speed 
relat~ve to wheel speed). and derived equat~ons for 
comput~ng the length or th~ckness of ch~ps of all types 
for external, surface, internal, and plunge-gr~nd~ng 
operations. From this work, they predicted that under 
f~ne gr~nd~ng cond~t~ons, Guest's assumpt~on that the 
max~mum force per gr~t would 'vary w~th the square of chip 
thickness, would hold true, wh~lst for somewhat coarser 
gr~nd~ng, Alden's assumption that the max~mum force per 
gr~t would vary directly with ch~p thickness, was 
correct. They concluded from their exper~mental work 
that ch~p thickness has an important role to play as a 
gr~nd~ng parameter, and can be used as a criterion for 
evaluat~ng the power requ~red to remove metal in­
gr~nding. 

Hahn26 ,27, has studied the mechan~sms of the 

grind~ng process under plunge-cut cond~t~ons, and found 
two d~st~nct mechan~sms, namely a ploughing and rubb~ng 
process where the abras~ve grain plast~cally ploughs a 
groove and throws up alongs~de small part~cles of h~ghly 
d~storted metal, and secondly, a cutting process where a 
ch~p is formed ahead of the gra~n. The effects of wheel 
speed, work speed, and conformity, ~.e. external, ~nternal 
or surface gr~nding, are found to d~ffer depend~ng upon 
which category the grind~ng act~on falls into. He found 
that for wheel-work combinat~ons where little or no 
rubbing and ploughing takes place, the relationship between, 
the plunge velocity and force ~ntensity is a linear one, 
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and that from th~s a well def~ned metal removal parameter 
exists. However, for wheel-work comb~nations where 
ploughing and rubb~ng predom~nate, the relat~onship between 
plunge velocity and force ~ntens~ty ~s non-linear, and 
h~gh force ~ntensities are required before cutting is 
poss~ble. From th~s work, Hahn presents a theory relating 
the metal removal parameter to the force intensity, which 
holds good when grind~ng w~th negl~gible rubbing and 
plough~ng present. 

Gr~sbrook28 investigated the cutt~ng po~nts on the 
surface of a grind~ng wheel, us~ng a proJect~on microscope, 
and measured the number of active cutt~ng points per unit 
area, and the cutting-po~nt spacing. He observed that 
the act~ve cutting po~nts wear, and form readily 
d~stingu~shable striated flats on the gr~ts, and that the 
number of act~ve cutt~ng edges decrease, and the area of 
the flats or wear lands ~ncrease as the wheels wear. 
Gr~sbrook has thus concluded that a grit may have a number 
of act~ve cutt~ng edges wh~ch merge into one as the grit 
wears. He quotes the number of act~ve points per square 
~nch for a newly dressed wheel, and a worn wheel,as 15,000 
and 2,000 respect~vely. 

. 29 Takeno and Nagaoka have observed the cutt~ng 
action of abrasive grains in the precis~on gr~nd~ng 
operation by the use of electron-m~croscop~c techniques. 
They found by observation of the shape of the abras~ve 
grit cutt~ng edge, that the angle of negat~ve rake was 
very large, and that the major~ty of the chips formed in 
grind~ng tended to be removed from the workpiece in the 
lateral d~rection relat~ve to the mot~on of the gr~t, 
rather than ~n the direct~on of cutt~ng, the ch~ps escap~ng 
ahead of the gr~t. 

Tanaka, Tsuwa and Kawamura30 have studied the 
rubb~ng of abras~ve grits in the gr~nding process, and 
have observed by use of a microscope, a transition from 
rubbing to cutt~ng as well as what is considered to be a· 
scratch made by the bonding material. They conclude tha~ 
when the depth of cut is smaller than the critical value 
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wInch l.S dependent on speeds, work materl.als and cuttl.ng 
edge condl.tl.on,the cutting edges can only rub without chip 
formatl.on. The crl.tl.cal grl.t depth of cut (independent 
of type of abrasl.ve), becomes deeper for larger grl.t size, 
harder wheels, slower grindl.ng speeds and wl.der wear 
lands. 

Shono;aki and Shigematu31 have also studied 
mechanl.sms of rubbing and bitl.ng of the cuttl.ng edge of 
abrasl.ve grl.ts. On ml.croscopl.C examl.natl.on of grooves 
made on a work surface when grl.ndl.ng wl.th a single grl.t, 
they observed a transition from ploughl.ng to cutting, and 
notl.ced a swelll.ng in front of the cuttl.ng edge, and on 
both sl.des of the trace left by the tool. It is suggested 
that the frontal swelll.ng may facill.tate the bl.te of the 
cuttl.ng edge. Further observatl.ons showed that as the 
front swelling becomes larger, the shear stress along 
the cuttl.ng edge l.ncreases untl.l l.t exceeds the ultl.mate 
strength of the work surface layer, and ml.cro-cracks grow 
as the grl.t cuttl.ng edge bl.tes l.nto the work surface. 
They concluded that l.f a work metal loses the ultl.mate 
strength of l.ts surface layer due to the very hl.gh temper­
ature of the grindl.ng actl.on, chl.ps wl.ll be formed even 
l.f the rake angle of the cutting edge l.S greater than -40 
degrees, but by a mechanl.sm pecull.ar to that case. 

Takenaka32 studl.ed the grindl.ng actl.on using a 
single grl.t attached to the periphery of a steel dl.sc. 
His results showed that metal l.S removed mal.nly by the 

cuttl.ng actl.on of the grit, but that the rate of the 
process decreases with decreasl.ng depth of cut. From 
hl.s observatl.ons he concluded that in the case of small 
depths of cut of about .5 ~n or less, all three processes 
of grl.ndl.ng action, namely cuttl.ng, ploughl.ng, and 
rubbl.ng eXl.st. For extremely small dep~hs of cut of 
.2 pIn. rubbl.ng predoml.nates wl.th the metal bel.ng torn 
l.n the form of 'leaves' from the workpl.ece, or comml.ng 
from the flattened flank of the grains to which-they 
had once adhered. 

33 Sato has revl.ewed the work of several researchers 
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on gr~nd~ng ~n Japan. Okosh~ et al., exarn~ned the effect 
of cutting speed on p~l~ng up when cutting various metals 
w~th a tr~angular pyramidal d~amond tool having a rake 
angle of -45 degrees. The r 7sults suggested that a 
sufflclently high grinding speed may improve the efficiency 
of the grind~ng wheel. Sasaki and Okamura studied the 
effect of rake angle on p~l~ng up using ceramic tools to 
cut chrom~um steel. They found that the p~l~ng up increased 
l~nearly w~th the increase ~n rake angle. Sasak~ et al., 
extended the~r research to speeds in the order of 3,000 
m/m~n and found that both s~de piling up and normal 
p~l~ng up were l~nearly related to cutt~ng speed. For all 
rake angles cons~dered, an ~ncrease in cutting speed 
resulted ~n a decrease ln p~l~ng up, and the greater the 
negat~ve value of the rake angle became, the more an 
increase in cutt~ng speed reduced the value of the p~ling 
up indices. Two p~l~ng up ~ndices were used WhlCh may be 
defined as follows:-

The normal pil~ng_up index ~s the sum of the heights 
of the peaks on e~ther s~de of a groove above the surface 
datum l~ne, d~v~dea by tw~ce the depth of the groove below 
the datum l~ne. The side p~ling up ~ndex is the d~fference 
between the width of the groove and the length between the 
two outer bases of the peaks, both measured along the 
surface datum l~ne, divided by the w~dth of the groove. 
From their tests of obl~que and tr~angular section cutting, 
they confirmed that flow type ch~ps were obtained when the 
cuttlng edge angle (s~de rake), reached 40 to 50 degrees, 
even if the rake angle was -60 degrees. 

2.5.2 Abras~ve wheel wear. 
Guest23 was interested ~n determin~ng which variables 

~n gr~nd~ng had to be altered to prevent the wheel from 
glazing, or wear~ng too rap~dly. He considered 
that glaz~ng occurs when the worn gr~ts are not fractured 
or d~slodged from the gr~nd~ng wheel, and that by i~creasing 
the forces acting on each gr~t, the worn gr~ts can be 
fractured or pulled out of the bond, thus exposing new 
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and sharp cuttinB points. S~mi1ar1y, rap~d wheel wear 
wao thought to occur when h~gh forceo act on the gr~tlJ. 

Guest concluded that to prevent the gr~nd~ng wheel 
from glaz~ng, ~n the case of external cyl~ndr~ca1 gr~nding, 
there should be an increase in force per grit, i.e. an 
~ncrease ~n work speed and work d~ameter, or a decrease 
in wheel speed. The reverse app1~es to prevent the wheel 
from wear~ng too rap~d1y. 

Krabacher34 has shown that the gr~nd~ng wheel wear 
curve ~s s~rn~lar to that for a single point tool, see 
f~g. 2.15, and explains the curve as fol1ows:-

The in~t~a1 wheel wear (1) is rap~d, s~nce the gr~ts 
are very sharp and 1~ke1y to fracture when SUbJected to 
the cutt~ng forces. The second stage (11) shows a gradual 
increase in wear caused by the du11~ng of the cutt~ng 
edges form~ng flats or wear lands (i.e., attr~t~ous wear), 
as well as some gr~t fracture and pull out. The th~rd 
stage (111) ~s caused by exces~~ve grit fracture and pull 
out, when a large proportion of the gr~ts are dulled, and 
the cutting forces are increased. He states that the wear 
of gr~nd~ng wheels is both physical and chem~cal ~n 
nature. 

Hahn26 study~ng the mechan~sms of abras~ve wheel 
wear under plunge-cut gr~nd~ng condit~ons, puts forward 
the theory that wheel wear ~s caused by thermal stresses 
set up ~n the surface layers of the gr~t, wh~ch cause a 
gradual f1alnng out of the develop~ng wear flats. He 
disputes the convent~ona1 ~dea of wheel wear, where grains 
become dull and are spl~ntered or broken away from the 
wheel bond due to ~ncreased force on them. Hahn argues 
that mechan~cal failure of structures, on which the 

convent~onal theory of wheel wear is based, is in general, 
rap~d and catastrophic, and th~s does not hold true under 
the cond~t~ons he found of slow and controlled wheel wear. 

Tarasov35 states that there are three kinds of 
interact~on between grinding gr~ts and work surfaces which 
result ~n wheel wear, the generat~on of heat in the work 
surface, and the formation of chips and abrasive particles. 
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-------------------- --------- - ------- -----------------,. 

Unll.]ce cut tl.ng tool opern.tl.ono, the wear l.S an l.ntee;ral 
part of the procesD. ::ieveral different types of Vlear may 
occur, l..e. gral.n fracture, cheml.cal reactl.on between 
abrn.sl. ve and worlcpl.ece, bond-post fracture and attri tious 
wear. He suge;ests that gral.n fracture occurs as a result 
of mechanl.cal forces aSDocl.ated with chl.p formatl.on, or 
due to thermal shock l.nduced by l.nstantaneouB hl.gh 
temperatures. Attrl.tl.ous wear l.S also grl.t fracture, but 
on such a minute scale that grl.t surfaces appear smooth 
and glazed. The bond post may fracture as a result of 
the forces actl.ng on l.t. Abrasion between the workpl.ece 
surface and the bond post may promote premature fal.lure. 
When grl.nding some materl.als, e.g. tl.tanl.um, the high 
temperatures occurrl.ng at grl.ndl.ng contact promote chemical 
reactions between chip an~ grl.t, resultl.ng in rapl.d wear. 

Yoshl.kowa and Sata36 investigated the f.racture of 
bond posts or bridges through brittle fracture. They have 
shown that the wear rate of grl.ndl.ng wheels can be expressed 
as an exponential function of the grinding force. Experimental 
results confl.rm their theoretical l.nterpretation. 

Tsuwa37 conducted an investl.gation l.nto grindl.ng 
wheel cutting edges l.nvolving photography of the wheel 
face under a ml.croscope. He concluded that the changl.ng 
behaviour of cutting edges can be classl.fl.ed l.nto several 
causes, l..e., wear, breakage, dl.g-out, newly appeared and 
partl.al breakage. The mechanl.sms of change of the cuttl.ng 
edge start wl.th the dressed grl.ts, where the cutting edge 
area has a rugged surface formed by grl.t breakage or cleavage. 
When these grits make contact wl.th the workpl.ece the cutting 
edge starts to wear. At thl.s tl.me, some portl.on may be 
broken off, and l.f the amount of breakage is much larger 
than that of wear the breakage part no longer forms the 
cutting edge. In other words, the part whl.ch forms a cutting 
edge is always the worn surface of the grl.t. 

Sat033 descrl.bes the investigatl.ons of several 
researchers on abrasl.ve wheel wear. Shiozaki, using a device 
in whl.ch the fragment of a grinding wheel was cemented to 
the periphery of a rotating di~c, notl.ced that different 
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types of abras~ves fractured into relat~vely small or large 
fragments depending on the material being ground. Takazawa 
and Yokoyama also stud~ed the wear of different types of 
abras~ve, and confirmed the r.esults obtained by Shiozaki. 
Takenaka and Sasuya, by photographing the cutting edge of 
a gr~t from three d~fferent direct~ons at intervals dur~ng 
gr~nding, found that gr~t wear occured in the form of flat 
areas on the gr~t flank side, and also as a result of the 
fracture of small port~ons of the grit adJacent to the 
cutt~ng edges. They also observed that many small cracks 
and steps ex~sted after gr~t cleavage. 

E~ss Jr. 38 measured the fracture strength of a single 
grit of alum~na abrasive when cutting m~ld steel, and 
expressed ~t as a function of depth of cut, the tangential 
force, and the number of cuts made before fracture. He 
concluded that the fa~lure mechan~sm dur~ng the f~rst few 
cuts ~s d~fferent from the mechanisms wh~ch cause long 
term fa~lure, the definition of which must ~nclude 
progress~ve fracture and wear. 

K~ng,39 ~nvestigating cerrunic tool wear, has 
~dentif~ed three separate wear processes when cutting steel, 

i,e" plast~c deformat~on, chemical reaction and m~cro­
spalling. Wear of ceram~c is dependent upon ~ts deformational, 
chemical and fatigue properties, and to a degree can be 
var~ed by ut~lising work hardened ceramics. Although 
aluminium oxide is ~nert, it w~ll react sl~ghtly with 
metal oxides, and these react~ons do contribute materially 
to the wear process. When aluminium ox~de and iron are 
heated in contact in an ox~d~s~ng environment, the iron 
ox~de f~lm can and does react with alumina to form a 
th~n layer of sp~nel (FeO Al20

3
). 

Duwell et al. ,40 have observed the role of chemical 
reactions ~n the preparation of metallic surfaces by 
abrasion, and the effects of lubr~cants on the process. 
They state that chem~cal reactions are promoted by the h~gh 
temperatures produced by the dissipation of mechanical 
energy in the chip making process, causing dulling of grits 
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by chem1cal attr1t10n. Freshly-formed metal surfaces may 
form strone udhes1ve bonds to the abraS1ve grits, leading 
to mechan1cal ruptur1ng of the bond between the grit and 
the surround1ng matrix. The 1ntroduction of sulphur and 
chlorine-containing hydrocarbon lubricants to the grinding 
process 1mproved the wear resistance of the abras1ve grits 
by reduc1ng atmospheric oX1dation. 

Buttery and Archard4l conducted a series of wear 
experiments US1ng a w1de range of abras1ve gr1ts, which 
were rubbed aga1nst metals (usually steels), the results 
be1ng observed through opt1cal and scanning electron 
m1croscopes. They found that under certa1n condit10ns, 
the rate of wear decreased with time, and at the same time, 
the worn debr1s changed from metal11c particles to f1nely 
d1vided oX1des, w1th the surface of the abrasive becomming 
glazed. 

2.5.3 Forces 1n gr1nding. 
23' Guest rea11sed that when gr1nd1ng, the forces on 

the gr1ts are related to the size of cut taken by each grit, 
and derived three equat10ns for max1mum undeformed chip 
thickness for external, internal and surface gr1nd1ng. He 
assumed that the gr1t prof1le 1S approximately triangular, 
so that the max1mum area of ?ut is proportional to the 
square of the max1mum undeformed Ch1P th1ckness, and that 
the force on the gr1t is directly proportional to the area 
of cut. Comb1ll1ng these 1deas, he derived formulae for 
calculat1ng the force per grit. 

Alden22 on the other hand, assumed that the maximum 
force per gr1t would vary directly w1th the ch1p thickness, 
and derived his equat10ns on this assumption. 

Marshall and Shaw42 were perhaps the first research­
ers to produce a grind1ng force dynamometer which they 
used in their work on dry surface grinding. With this 
dynamometer, they measured the rad1al and tangential 
components of force seperately, and related them to wheel 
speed, table speed, depth of cut, table direction, grit 
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muter1ul and S1ZC, spec1men hardness and dressing technique. 
Because the c;r1nd1ng was conducted w1thout the use of cool­
ant, work speed WFtS 11m1ted to a maX1Jnum of 5 m/min, wh1ch 
1rnposed l1m1tations on the1r work. From ~h1S work they 
estab11slted the co-efficient of grinding, i.e. 'fangential 

force/Normal.force '= ~ , and found tha~ the specific energy 
1n grinding (calculated from force measurements and the 
volume of metal removed), is higher than that for single­
p01nt tool cutt1ng processes by a factor of about ten. 

BacKer et al.,24 have shown that specific energy 
decreases as the size of cut 1ncreases. They suggested 
that the h1gh spec1f1c energy values are assoc1ated with a 
size effect 1n metals, based on the dislocation theory. 
They expla1ned that due to the very small undeformed chip 
thicknesses involved in grinding, the deformation occurs 
on spec1mens containing few or no 1mperfections or dis-
10cat10ns, and the shear stress and spec1f1c energy are 
h1gh. 

Backer and Merchant43 app11ed lilerchant's solution of the 
mechan1CS of metal cutting, and the hypothesis that 
gr1nd1ng is anologous to mil11ng, and presented new geom­
etrical concepts of grind1ng. I<'rom values of force ratio, 
1nterpreted in 11ght of tool-face friction when turn1ng 
w1th cemented-ox1de tools, they suggested that the effective 
mean rake angle of the abrasive grits 1S roughly -30 degrees. 
They found from their experiments that h1gher cutting 
speeds can reduce the un1t force (spec1f1c energy) on the 
grit by decreasing the gr1t-ch1p fr1ct10n. 

Gr1sbrook44 and Gnsbrook et al.,45 also investigated 
the forces developed 1n surface gr1nd1ng, and sUbstantiated 
the values of specific energy and the co-eff1cient of 
gr1nd1ng as found by llIarshall and Shaw42 • From h1s 
invest1gat10n, Grisbrook assumed an effective mean rake 
angle for the abras1ve gr1ts of -50 degrees. 

On046 has put forward theoretical expressions for 

the values of rad1al, tangential and axial components of . 
force 1n gr1nding. He considered the gr1nding force to 
be the product of mean force acting on one grit, and the 
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nwnber of ~;rl ts cut tine: [1.t that moment in time, and assumed 

that the force on one grit lS proportlonal to the Grit 

cuttlne area. Ono concluded from the equationo he derived, 
that the force in grlnding lncreaoes as the depth of cut 
and wheel speed increase, and the wheel dHtmeter decrea~es. 
He also flnds that the c;rinding force increases with 
decrease In grlt SlZe, lnerease In wheel hardness, and 
decrease in wheel structure number. 

Kobayaslu 47 has derlved formulae for the radlal and 
tangentlal component of grinding force for five types of 

grlt shape, l.e., cone, pyramld .. sphere, worn cone and worn 
pyramld. USlng these expresslons, he suggests that wheel 
clogging and glazlng glve an lncrease in c;rinding force, 

and that wheel wear by grit fall-out reduces the grinding 
force. 

Sato 33 conducted experlments into constant load 
grlnding, and attempted to separate the friction term from 
the shearlng term of the tangentlal component of grlnding 
force. He found that the frictlon term in dry grinding 
of annealed steel can account for 70 - 80% of the tangen­
tlal force component, whereas the shearing term accounts 
for only 20 - 30%. Sato cites the work of Kobayashi et al., 
who also separa~ed the friction and shear terms of the 
tangential component of grinding force. They found that 
In surface grinding, as the wLdth of specimen was lncreased 

in size, the shearlng force term increased from zero to 
approxlmately 1.25 times the friction term. For a narrow 
specimen, the frictlon force term was higher than the 

shearlng force term until the speclmen reached a width of 
elght millimetres. From thls pOlnt on, the shearing force 
term became domlnant. 

Yang4~ devlsed a surface grlndlng dynamometer using 

elongated octagonal rlngs wlth strain gauges flxed to them. 
ThlS form of force transducer has advantages over the 
clrcular ring type Slnce clamping of the dynamometer is 

made easy as well as the fixing of the straln gauges. He 
discusses the various design consideratlons, calculations 
and worklng principles, and also illustrates the method 
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of cllll.brat;ion and cl.rcuitry involved. 

Lundberg49 descrl.bes a cyll.ndrl.cal grl.ndl.ng dyna­

nlometer for recordl. ne the, tangential and radl.al components 

of grl.nding force whilst traverse or plunge grinding. 'Two 
cone centres are used whl.ch have flats ground on them to 

accept stral.n gauges. The stral.n gauges are so arranged 

to record the two components of grl.ndin,g force through the 
use of two independent Nheatstone brl.dge circuits. 

2.5.4 Influence of wheel dressl.np; on the grinding process. 
Pahlitzsch and Appun2 are regarded as the first 

research workers to undertake a study in depth on the 
effects of truing conditions on cl.rcular grindl.ng. Their 
paper, presented in 1954, gl.ves a detal.led account of the 
influence of the dressing tool shape (dl.amond profile), 
dressl.ng depth of cut and traverse rate on grl.nding wheel 

surface roughness, called effective roughness, and 
designated Rs. The method they used to study the effective 
roughness of the wheel face was to rotate a steel test 

pl.ece against the rotatl.ng grl.nding wheel such that the 
wheel and test pl.ece both made one revolution in the same 
tl.me. The surface of the test piece therefore became a 

" ,U d repll.ca of the surface of the rotating grinding wheel, an 
effectl.ve roughness could then be evaluated. Preliml.nary 
tests were conducted using a dressing diamond with a 
large clearance face, and altering the dressing traverse 
rate. They found that in all cases, the screw thread 
effect dressed onto the grl.nding wheel was apparent, and 
the unl.form shape of the grooves showed that the dl.amond 
cuts through the individual grain as well as the bl.nder, 
more or less accordl.ng to the trul.ng condl.tions. Further 

tests were conducted where the depth of cut 1n dress1ng was 
altered for progressl.vely coarse traverse rates, thel.r 
conclusion being that the screw thread effect became more 
pronounced as the traverse rate coarsened. Pahlitzsch 

and Appun concluded from their tests that the trul.ng feed 
has a greater effect on the surface structure of the 
grl.nding wheel and its effective roughness than the infeed. 
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Us~ng diamondn w~~h d~fferen~ clearance faces, varying 
from .02 llun2 to 1.1 nun2 , they found that cha.nges in wheel 
effect~ve roughness were cons~derable. For diamonds with 
clearance faces less than .3 nun2 , lare;e values of effect~ve 
roughness were observed, wh~lst those w~th clearance faces 
larger than .3 Jrun2 gave little improvement on the effect~ve 
roughness beyond a point. From grind~ng tests conducted 

after the dress~ng experiments, they reached the conclusion 
that the grind~ng wheel w~th the greatest or~ginal roughness 
shows the greatest wear for a lJJin~mum removal of stock. 

Pahl~tzsch and Thoeing3 conducted new research into 
the truing process ~n grind~ng, in 1959. The dressing 
tools chosen by them were single po~nt diamond tools using 
natural stones, Igel d~amond truers, (which consist of 
several small natural diamonds bonded in a hard matrix) 
and diamond tru~ng tools with well defined shapes, 
(diamonds cut ~n the shape of an eClu~lateral pyramid with 
a sCluare base, and a po~nt angle between the sloping sides 
of 1300

). By recording effective surface roughness, 
us~ng the method described by Pahl~tzsch and Appun,2 they 
observed the wheel roughness before and after grinding. 
Immed~ately after truing, the gr~nding wheel possesses 
a sharpened profile wh~ch becomes more and more flattened 
dur~ng the gr~nding process as a result of wear. During' 
the first subseCluent gr~nding strokes, only the po~nts 
of the surface irregular~ties ~ome into contact, and they 
are therefore h~ghly stressed, and wear away very Cluickly 
with a reduct~on in abrasive surface rou&hness. After' 

further use, the area of the gr~nd~ng wheel surface 
comming ~nto contac~ w~th the workpiece is ~ncreased, so 
that the ~nd~v~dual abras~ve gra~n ~s under less pressure, 
the wear ~s less, and the abrasive surface roughness drops 
more slowly. Pahlitzsch and Thoeing conducted several 
exper~ments with s~ngle and mult~-po~nt diamond tools to 
examine the~r influence on the abras~ve surface roughness 

with d~fferent infeeds and traverse rates. They found 
that for all Igel d~amonds, the abrasive surface roughness 
at small traverse rates and infeeds, appeared to be 
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grCR.tcr than w~th single diaJUondn, and expl::uned the 
reason for tlun as being that the n~ngle d~arnond was 
comparat~vely blunt and hRd a large ourface, whereas the 
rgel d~amond, wh~ch had been used for the first time, had 
sharper d~amond grits. The~r overall conclusion was that 
the more d~amond particles used in an rgel dresser, the 
smaller they are, g~v~ng a greater reduction in effective 
he~ght of roughness within the range of higher feeds and 
depths of cut, in compar~son with single po~nt d~amond 
tools. 

Thoeine; derived an equation for abrasive surface 
roughness in terms of dress~ng depth of cut and traverse 
rate, and d~amond-point geometry, from which he showed that 
traverse rate had a more marked influence on surface roughness 
than depth of cut, which he also proved experimentally. 
This conf~rmed the opinions of Pahlitzsch and Appun. 

Further work was conducted by Pahl~tzsch and Thoeing 
~n wh~ch they derived a formula for wheel surface roughness 
in terms of diamond incl~nation (drag angle), and point 
geometry, and showed that as the value of drag angle increased, 
the wheel surface roughness decreased. This was confirmed 

using the specially prepared d~amond tools. 
Grisbro'ok et al~~ noticed wh~lst conducting research 

~nto the effects of wheel wear, forces and surface finish 
in surface gr~nding, that wheel dress~ng had a marked 
~nfluence on the forces ~n grind~ng, part~cularly at the 
commencement of grind~ng when the wheel breakdown was rapid. 
For wheels dressed w~th sharp d~amonds, the forces were 
lower than for those dressed w~th blunt d~amonds. They 
also found that wheels hav~ng s~m~lar surface characterist~cs 
obta~ned w~th either a blunt diamond or a sharp d~amond, 
traversed slowly across the wheel face, behaved d~fferently 
when gr~nd~ng. To obtain repeatable results when grinding, 
they had to adopt a standard~sed dressing technique. 

Tsuwa37 has looked at grinding wheels through an 

electron microscope after dressing. He found that dressed 

grits formed sharp cutting edges as a result of small 
grit breakages. Heavy cuts using a diamond tool resulted 
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in poor cuttinrr edges, And progressively worse results were 

found uSLng a crushLng roller and a grLnding stone respect­
Lvely. He concluded that when using dLfunond dressing tools, 

fJn optLmurn dressing con<iLtLon is obtaLned when the traverse 
rate LS equal to the width of the point on the diamond, 
resulting Ln the most favourable dLstrLbution of cutting 
edges. If the traverse rate is hLgher than this conditLon, 

cuttLng edges become less than those necessary, and Lf 
lower than this condLtLon, the cuttLng edges become more 
than LS necessary to maLntaLn good grLnding condLtions. 

PattLnson and ChLsholm4 conducted work into the effect 

of dressLng techniques on grLndLng wheel wear USLng a sharp 
dLamond dressing tool, and varYLng the depth of cut ~~d 

traverse rate. They notLced that the coarser the dressing 
feed, the greater was the LnLtLal wheel wear. After fLne 
dressing, the wheel had a hLgh dLmensLonal accuracy but 

poor cuttLng efficiency. HLgh metal removal rates were 
not possLble because of premature wheel loading. By 
LncreasLng th~ severLty of dressLng, the wheel structure 
was made more open, provLdLng more chLp clearance for 

higher metal removal rates. However, owing to the more 
severe dressLng, the grLts and bond experienced greater 
damage, and theLr loss or fracture durLng the inL tia,l 
stages of grLndLng resulted in a high wheel wear rate. 

Lindsey and Hahn20 ,50 ,5l examined the effects of 

wheel dressing on internal plunge grLndLng and set up 
equatLons for abraSLve wheel wear Lnvolving terms of 

dressing lead, Land dressLng depth of cut, 0/2. They 
found that the initLal workpLece surface fLnLsh is 
closely related to the lead dressed on the grinding wheel, 
and that Ln dressing,the abrasive grits are cut and not 
simply dLslodged. Comparisons of surface records with 
profLles of the wheel, showed close correlation. They 
state that surface fLnish is dependent on dressing, 
conformity, and normal force intensity only. Dressing the 

wheel to act 'soft', L.e. CIL = 1, causes fast inLtLal 
wear, low force, and lower temperatures (heat carried 
away wLth ChLp). DressLng the wheel to act 'hard', i.e., 
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elL -= .05, cnuseo c;lazl.ng, high temperotureo, and increased 

forces. (N.B. L remainl.ng constant.) 
Buschl3 cl.tes oeveral research workers who have studl.ed 

the effect of wheel dressl.ng on grindl.ng. Ganger and 

Schwartz comment on the effects of wheel dressing on the way 

l.n wInch Grl. ts are cut, chipped or dl.slodged from the 
grl.nding wheel. For low depths of penetratl.on, the 

abrasl.ve grl.ts are cut or chl.pped by the dressinG tool, 
whl.lst at large depths of penetratl.on the grits are dl.slodged 

from the bonding materl.al. Doth Schwartz and Stade have 
notl.ced that large dressl.ng forces arl.se when fine-grained 
wheels are dressed. A very rapl.d l.ncrease l.n this force 
takes place when the dl.amond of the dressl.ng tool begl.ns 
to be even sll.ghtly worn. Busch has commented on the depths 
of cut and traverse rate l.n dressl.ng as put forward by 
Ganger, Schwartz, Stade, Krel{eler and Hornung. These have 

been reported on earlier, see statement 2.4.5. 
Vl.ckerstaffl9 conducted experiments into the effects 

of dl.amond dressing on work surface roughness l.n surface 
grl.ndl.ng, and used statistl.cal methods to evaluate the 

influence of the dressing varl.ables. He chose seven variables 
and allocated a hl.gh and low value to each. Dressing was 

then conducted using specially prepared single point 
dl.alflond tools. From hl.S signl.fl.cance test results he 
found that diamond shape, traverse rate, and combl.nations 

of the two with spark-out, were highly signl.fl.cant in 
affectl.ng work surface roughness; number of diamond passes, 
spark-out pasoes and combinations of the two with traverse 
rate and dl.amond shape were less slgnlficant, and diamond 
depth of cut and wheel speed were least siGnificant. 

Kornberger and Kozlarski52 carrl.ed out a research 
programme to evaluate the cuttlng characteristics of grl.nding 

wheels dressed by dl.fferent methods. The dressing tools 
chosen were a single pOlnt dlamond tool, a helically grooved 
crushlng roll and a rotatlng diamond-coated roll. 

Evaluatlon was conducted· on circular steel specimens uSl.ng 
the cylindrical plunge grl.ndl.ng process. They concluded 

that grlndl.ng wheels dressed by means of rotating diamond-
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~mpregnated rolls produced work surfaces of the highest 

standards of surface f~nish, and those dressed with single 
po~nt diamond tools produced work surfaces which were only 
slightly infenor to the diamond rolls. Crush-dressed 
wheels could not ensure the standards of surface finish 

wh~ch were achieved easily by the other two methods. 
Grinding wheels wh~ch were dressed by diamond coated rolls 
had the longest working life, and wheels dressed w~th single 
po~nt tools were only slightly less durable. Those which 
were crush-dressed requ~red dressing more frequently. On 
the quest~on of power consumption, when grinding was 
performed with crush-dressed wheels, less power was required 
in comparison with those dressed by other techniques, and 
wheels dressed by means of diamond-coated rolls had the 
worst performance of all. They found overall, that dressing 
w~th rotat~ng, diamond-coated rolls has much the same effect 
as dressing w~th s~ngle-point diamond tools, and that the 
helical-grooved crush~ng roll was infer~or to both. 

Bhateja et al.,18,S3 studied the effects of a care­

fully controlled dress~ng treatment on the wheel surface 
characterist~cs, together w~th an assessment of the -resulting 
wheel perfor~ance dur~ng the gr~nding of a steel workpiece 
when surface grinding. Two approaches to the study were made. 
In one, the radial wheel wear, the active grit density, and 
two components of the grinding force, were measured as the 
wheel was used to gr~nd material at a uniform rate. They 
supplemented the result with a computer assisted ~nvestiga­
t~on of a number of the characterist~cs of the wheel and 
workpiece surfaces, in an attempt to predict the corres­
pond~ng characteristic properties of the ground workp~ece 
surface. For th~s they set up differential eq~tions relat­
ing the number of peaks and valleys, relat~ve to an arbitary 
height level on the workpiece profile, after the passage 
of a number of wheel cutting profiles. From this research 
they concluded that fine dressing feed may g~ve low wheel 
wear, but result in a high gr~nd~ng force, whilst a coar6e 
dress~ng feed can result ~n metal removal with a low force 
but with a much larger loss of wheel material. From the 
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computer aO:JJ.f..lted appronch they obtD.lned theoretical 
worlqJJ.ece BoperJ. ty d.lotrJ.[)1) t.lono which were compared with 

experJ.mental re~ults, and found dJ.:JcrepencJ.es in the ohopes 
of oome of theJ.r predJ.cted curves. The discrepenc1es were 

thouGht to be due to a neglect in the mathemat1cal model 

of side. d10placernent and back transfer of work mater1a1. 
Baul et a1.,54 have looked at abraS1ve wheel surface 

topography after dress1ng w1th sJ.n~le pOJ.nt d1amonu tools, 
using a f1bre optic transducer and an electro-mechanJ.cal 
(inductJ.ve) transducer. These transducers, when passed over 
a rotatJ.ng grJ.ndJ.ng wheel, pick up surface irregularJ.ties 
i.e., J.n the case of the inductJ.ve pJ.ck-up,surface 
J.rregularJ.tJ.es are monJ.tored at slow-speed scannJ.ng of the 
surface, due to the low frequency response of the instru­

mentation; J.n the case of the fibre optic transducer, high 
speed scanning is possible. The transducer, whJ.ch consists 
of a bundle of small dJ.ameter randomly distrJ.buted optlC 
fJ.bres, transmJ.ts lJ.ght throuGh some of the fJ.bres 
on to the wheel surface. 'The other fibres receJ.ve the 
reflected lJ.ght and transmit J.t to a photocell recelver 

whJ.ch generates a current output dependent on the lntensity 

of llght receJ.ved. The slgnals receJ.ved from the two 
transducers (used J.ndepen~ently) were fed through a 
correlator whJ.ch computed values of the probability density 
functlon, the cumulatJ.ve dJ.strJ.butlon function, and the 
autocorrelation function. Using these statJ.stical parameters, 
Baul et a1., analysed wheel surface topography and 

. attempted to translate the results J.nto meaningful terms. 
They found~ using the probabllity density functJ.on, that 
the concentratlon of asperitJ.es (peaks) at the outermost 
level of the wheel surface is greater for flnely dressed 
wheels J..e., wheels having a smooth surface. Coarse 
dressing conditions result ln the concentratlon of 
asperitJ.es at the outerlJlost level of the wheel surface 

to be fewer and perhaps less flat. They conclude that in­

process measurement of grindJ.ng wheel surface~ is a poss­
lbJ.llty usinl the above mentioned statistical technlques, 
and that the optical transducer used for the few high-speed 
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tests carr1ed out, is capable of resolv1nG wheel out-of­
roundness, wheel Glazing and wheel loadinG. 

Tsuwa and Yasu1 55 conducted a rn~cro-structure 
analys~s of the dressed abras~ve cutting edges us~ng an 
elecron microscope after dressing with sinGle point 
d1amond tools. They found that the surface layer of the 
dressed abraS1ve cutting edges is formed of a frag11e 

layer wh1ch can be classif1ed into two k~nds, depend1ng on 
the1r mechanical properties. The first k1nd is composed 
of loosely bonded micro-fragments Wh1Ch are removed from 
the cutt1ng edbe under an extremely light load. The other 
possesses considerable mechan~cal strength 1n comparison 
w1th that of the former, though a lot of microcracks were 
observed on the surface. From grind1ng tests conducted, 
they gave the follow1ng analysis. The cutting edge surface, 
after a stock removal of 50 mm3 , was observed to be similar 
to that as just after dressing. After a stock removal of 
300 mm3 a m1cro-unevenness was noted, and a worn surface 
appeared on the cutting edge. As the stock removal increased 
beyond th1s point, the worn surface increased on the cutting 
edge, and f1nally the micro-unevenness disappeared from the 
abras1ve surface altogether. They concluded that the frag11e 
layer of the abrasive cutting edge only affected the grinding 
operation dur1ng the 1n1tial stage of gr1nd1ng. 

Malkin and Anderson56 conducted an investigation 
into the relat10nsh1p between the size distr1bution of 
abrasive particles removed from gr1nd~ng wheels by dressing, 
and the nUl~ber of act1ve gra1ns per unit area on the wheel 
for d1fferent grain S1zes and wheel grades. They found 
that the number of act1ve gra1ns wh1ch are obtained during 
init1al grind1ng 1S d1rectly related to the size d1stribu­
tion of the part1cles removed by dress1ng. With finer 
gra1ns and softer wheels, the active gra1n ratio is smaller, 
and relatively less fragmentation of the abrasive grains 
occurs during dress1ng. The smaller active grain ratio is 
attributed to relat1vely larger dress1ng part1cles with 
finer grain sizes and softer wheels, thereby generating 
a relatively rougher grinding wheel surface. For all 
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gra~n s~zes and wheel grades, a single relationship was 
found between the act~ve erain rat~o and the percentage 
bond fracture during dressing. They concluded that the 
larger percent bond fracture with softer wheels was due to 
weaker bond~ng, thereby enabling fewer internal grain 
fractures to occur prior to dislodgement of the grain at 
the bond. Two explanat~ons given for the smaller percent 
bond fracture w~th f~ner grain s~zes, were increased 
toughness and a relatively larger dressing depth of cut 
and traverse rate with f~ner gra~ns. 

Pac~tti and RUbenste~n57 have exam~ned the influence 
of the dressing depth of cut on the performance of a s~ngle 
po~nt d~amond dressed alumina grinding wheel dur~ng surface 
grind~ng. They state that the useful working life of a 
gr~nd~ng wheel cannot be determined with precision from 
either the force or wheel wear characterist~cs, but that 
it can be determ~ned accurately from a plot of the normal 
force component against the tangential force component in 
grinding, when considering the slope Fn!Ft. This 
conclusion is based on the propostion that, provided the 
wheel is ~n a "stab~l~zed" condition, then the normal 
component of the grinding force,Fn, is linearly related to 
the tangential component of the gr~nding force, Ft. They 
have shown, that for different dressing conditions, the 
point where eff~cient grinding becomes ~mpared by rapid 
wheel wear, is heralded by an increase in the slope of the 
plot Fn/Ft. 

2.6 A SUMMARY OF THE ABOVE WORK. 

The following narrative is a summary of the above 
work, highlighting those aspects of the dressing and 
gr~nd~ng processes that have been shown to be ~mportant, 
parameters in their study, and have conse~uently been used 
by the author as a gu~de when plann~ng th~s research work. 

It has been shown by several researchers5,ll,l2,l3 

that when dressing, the or~entation of the diamond tool 
relative to the grind~ng wheel is an important parameter 
which can influence the degree of diamond wear considerably, 
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and must therefore be regarded as a powerful variable. The 
~mpl~cat~ons here are that d~amond or~entat~on must be 
mainta~ned constant to ensure a constant wear rate, other 
th~ngs be~ng equal, and that wherever poss~ble, the 
select~on of a "preferred" or~entation ~s advantageous 
~f diamond wear is to be minim~sed. 

Another parameter wh~ch ~s cons~dered by the author 
to be equally ~mportant, but has not received the same 
degree of cons~derat~on as diamond or~entation is that of 
drag angle. many researchers 14,15,16,17 quote a 

preferred range of drag angle values of between 50 to 150 

but do not discuss i ts ~nfluence on dressing performance •. 
It is hoped to show in th~s research that this parameter 
~s inadequately specif~ed since ~t does not take into 
consideration the geometry of the dressing diamond itself, 
this be~ng thought to be ~mportant, particularly where 
shaped diamonds are used. 

Early work in dressing2 has stressed the importance 
of the cross-feed of the dress~ng tool as a dressing var~able, 
and this op~n~on has been supported by later work. 
3,4,18,19,53. Several researchers have l~nked cross-feed 
and in-feed together in the~r analyses of the dressing 
process,2,3,4,ld,19,20 and have shown that in-feed ~s of 

secondary ~mportance when compared with the influence of 
cross-feed ~n dressing. Equat~ons have been derived3,19,20 

relating ~n-feed, cross-feed and d~amond tool geometry 
to wheel surface roughness after dress~ng, which show that 
theoretical values of surface roughness can be predioted 
wh~ch compare reasonably well w~th those obta~ned ~n practice. 
Following on from this ~nit~al work ~t w~ll be shown by 
the author that the cross-feed and in-feed (modif~ed) in 
dressing can be combined wit~ the in-feed, traverse rate, 
wheel and work speeds when cylindrical grinding, to 
predict the workp~ece surface roughness, th~s being 

verif~ed experimentally. 
It has been observed from the study of the cutting 

action of the dress~ng tOol,8,45 that gr~nding wheels 

hav~ng sim~lar surface characteristics obta~ned with 
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e~ther a blunt or sharp diamond behave differently when 
gr~nding, maJang ~ t necessary to adopt a standard~sed 
dress~ng techn~que to obtain repeatable results when 
grinding. Th~s fact ra~ses the po~nt that ~t may also 
be necessary to adopt a standard~sed pre-dressing technique 
to ensure a cons~stent wheel surface pr~or to dressing. 

The forces ~n dress~ng have been measured by 
several researchers in the past,+3,62 and comments about 
the outcome have been made wh~ch are somewhat general 
~n nature and of l~ttle pract~cal value. In the author's 
op~n~on, a knowledge of such forces can be used as a means 
of assess~ng the importance of the variables ~n dress~ng, 
and has been made use of in this research. 

Much work has been done wh~ch shows the ~mportance 
of gr~nd~ng force measurement as a means of analysing the 
~nfluence of the dress~ng variables on the gr~nd~ng 
process. 20 ,42,45,50,5l,57 In part~cular ~t was noted by 

several researchers45 that wheel dress~ng had a marked 
~nfluence on grind~ng forces at the co~nencement of grinding 

when the wheel breakdown was rap~d. 
The final parameter to be ment~oned here ~s that 

of the grind~ng ratio. It was used ~n~t~ally two decades 
ago to show the rate of grind~ng wheel wear with volume 
of metal removed ~n gr~nd~ng,34 and has s~nce been used 
by many researchers18 ,44 to assess the influence of 
dress~ng and gr~nd~ng var~ables on the grind~ng process. 
The author found it of particular use as a means of 
assessing the influence of dressing var~ables on cylindrical 
gr~nd~ng at the commencement of grind~ng. 

-54-



1000 
I/) 
I/) 
Cl> 
C -g 
L:

100 
Cl 
.£ 
"0 
c ·c 
Cl 

.~ 10 .... 
a 
ID 
0:: 

l-

f 1-, 

I.. 

I-

I~ I 

45 

Fig. 2.1 

, \ ,. 
" 

,. f'. 
t , , \ 

\..) I \.J I \.;) I '" 90 135 180 225 270 315 360 

Orientation in degrees 

The relative grinding hardness of the cube 

plane of diamond. A cube axis of the diamond 

is taken as zero azimuth. 

1 800-____ --:: 
360· 

~----- O· 

I 
I , 
1_ ... , 

After Denning11 

Fig. 2.2 The vec tor grinding hardness of the cube 

plane of diamond derived from figure 2.1 

and plotted as a function of the azimuth. 



-
C 
::J 

>. 
'­o 
'­... 
.0 
'-o -
'-
o 
ID 
3: 

-0 
C 
o 
E 
o 
o 

Aft 0 
. 11 

er ennmg 

cube 

dodecahedron 

octahedron 

o 90 180 270 360 
Orientation in degrees 

Fig. 2:3 The relative wear of the 

dodecahedral. octahedral and cube 

pi anes of diamond as a function of 

the azimuth. 



c 

J---b 

a cube face (001) 

c 

c 

b~~~~~~~~b b 
a octahedron 

a 

a 

Fig. 2.4 

c 
c 

face (111) 

dodecahedron face (110) 

d=:::::::::\.-- b 

After Wilks & Wilks
12 

Representation of the diamond 

octahedron in the diamond cube. 



grinding 
_ wheel 

- -. . 
- - - -- - - ; - -- .... -.-

-' -- - --- -,. 

~~~il!l& 

velocity and 
~~~~4 cutting force 

vectors 

Fig. 2.5 

grinding 

wheel 

. . 
- . - . 

'" - --- . --. -
- -'" -: :: .. ~ 

~~~~~;~~~~t 
.:=.. -: -= ---::.. -=----:.. 

i'- 1/ 

IlZl 

Fig.2.6 

Fig. 2.5 Orientation for preferred dressing 

direction according to Frank and Busch~13) 

Fig. 2.6 Orientation for preferred dressing 

direction according to Gro dzinski~13) 



single point diamond tools 

multi-point diamond tools 

Fig. 2.7 Single and mu Iti-point 

diamond dressing tools 



Fig.2.8 

Fig.2.9 

Diamond impregnated 

dressing roller 

Diamond impregnated 

dressing block 



Wheel Diameter & Face Width Diamond Wt. 

inches mm Ave. Carats 

6 x ·5 152 x 13 .25 to·3 K 

8 x 1 203 x 25 } .5 to .75 K 
10 x 1 254 x 25 

12 x 1·25 305 x 31 ' 

14 x 1·5 356 x 38 ~ 1 to 1.5 K 

18 x 1·5 457 x 38 ... . 
18 x 2 457 x 51 

20 x 2 508 x 51 » 1·5 to 2 K 

24 x 2 610 x 51 _ 

24 x 3 610 x 76 • 
> 2K and over 

and over 
-

After Smith14 

Fig. 2.10 Recommended diamond weights 

for different grinding wheel diameters 

and face widths. 



DIMENSIONS OF DIAMOND DRESSING TOOLS (To BS 2002: 1953) 

Straight and Headed Shank Types Taper Shank Type 
SHANKS SHANK HEADS SHANK HEAD 

Diameter 0 Length L Dia. HO Length HL Dla.HD 
in. mm in. mm in. mm In. mm in. mm 

1/4 6 2 50 

5/16 8 2 50 1/2 12·5 1/2 12·5 1/2 12·5 

3/8 9·5 2 50 No. 1 Length HL 
Morse 7/16 11 2 50 5/8 16 5/8 16 in. Taper mm 

1/2 12·5 6 150 
3/4 19 3/4 19 * 5/8 16 6 150 as BS 1660 1/2 12·5 

3/4 19 6 150 

Straight Shank Type Tool L 

I I 
DC ....... 1 ---__ ---JlKio· 

Headed Shank Type Tool L H L 

I ~ I 
o C ~ir-------IIIHD ~><90' 

Fi g. 2.11 Dressing tool shank dimensions 

covered by 8S 2002 : 1953 _ 
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CllAP'rER 3 

'rilE INFLUJ<:NCE OF DRESSING AND GRINDING VARIABLES 

ON TIlE SURFACE CONDITION OF THE GRINDING WHEEL 

AND WORKPIECE, FROM A THEORETICAL POINT OF VIEN 

3.1 INTRODUCTION 

Grind~ng ~s considered primar~ly, as a finish~ng 
process, and is used to produce components to f~ne l~mits 
of s~ze. Where fine lim~ts are concerned, the surface 
f~nish produced by grinding becomes an ~mportant parameter, , 
and can affect the components function ~n service, and 
its work~ng l~fe considerably, particularly ~f the 
component is to be used wholly or in part as a bearing 
surface. 

Several researchers in the past have shown that 
the surface f~n~sh produced on a component by gr~nding 
bears a close resemblance to the grinding wheel surface 
condit~on, and that th~s ~n turn is dependent on the way 
in wh~ch the gr~nd~ng wheel has been dressed. 2 ,3,19,20,50,51. 

In part~cular. Thoeing3 derived an express~on for the 
theoretical abras~ve surface roughness Rm, for a grinding 
wheel dressed with a sharp, s~ngle-point diamond tool, and 
explained the relative importance of diamond apex angle, 
depth of cut and traverse rate, and how they affect surface 
roughness. 

In this chapter, Thoe~ng's approach has been adopted 
by the author, and alternat~ve express~ons for abrasive 
surface roughness have been der~ved which take into account 

d~amond wear. Extend~ng this approach to cyl~ndr~cal 
gr~nd~ng, an expression for workp~ece surface roughness has 
been der~ved ~n terms of dressing and gr~nding variables, 
from which values of workp~ece surface roughness can be 
pred~cted for any g~ven set of cond~t~ons. 

The validity of these express~ons is discussed in 
Chapter 7, where calculated values of wheel and workp~ece 
surface roughness are compared with those obtained 
exper~mentally. 
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hl CHOn.:r; OF ~UR1"ACl!: IvlEASUHEldl!:NT PAHAMl!:TER 
The surface measurement parameter which has been 

chosen to analyse the theoret~c~l surface roughness of 
both grind~ng wheel and ground workp~ece ~s Ra. Wh~lst 

this parameter is not an ~deal means of assessing surface 
qual~ty, s~nce ~t g~ves only an ar~thmet~cal average value 
of surface roughness, ~t ~s used extens~vely in ~ndustry. 
(Defin~tions of surface f~n~sh terms are found in Appendix I) 

~ THE INFLUENCE OF DRESSING VARIABLES ON THE GRINDING 
WHEEL SURFACE CONDITION 

3.3.1 Assumptions made:-
1. The gr~hd~ng wheel ~s considered as a homogenous 

structure. 
2. The d~amond dressing tool ~s considered to have 

a geometr~cally un~form prof~le. 
3. The dressed wheel takes on the same shape as 

the d~amond tool producing ~t. 
4. There is negl~gible waviness in the dressed 

prof~le. 

3.3.2 Dress~ng parameters:-
h = dress~ng lead of the diamond 
a = d~amond depth of cut 
B= included angle of the diamond 
W= w~dth of the diamond wear flat 

X = diamond width at a depth of cut a 

3.3.3 Dependency of the parameters. 

mm/rev 
)lm 

degrees 
mm 

mm 

Parameters selected by the operator a and h 
Natural parameters 13 and W 

Dependent parameter X (fn of a.l3and W) 

3.3.4 Calculationof Ra (and Rp) 
The der~vation of the following expressions for Rp 

and Ra (Mean L~ne and Centre Line Average values of surface 
roughness respectively) are found in Appendix ZI. 

p :)19.,.:133 
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Case 1. (hypothetical) (w=O,h=x) 

h=x h IL) 

Fig. 3.1 

From fig. 3.1 it can be shown that 

and 

Rp = a 
2 

2 
Ra = ~ tan la 

2h 2 

Simplifying Ra in terms of a 

Now h = 2 a tan if 
Substituting for h in equn. (3.2) 

.. Ra = a 
4 

.... (3.1) 

... . (3.2) 

. . . . (3.3) 

Equat~on (3.3) g~ves the basic form of Ra in terms 

of a. Th~s is a hypothetical case, where the dl.amond 

dressing tool ~s consl.dered to be "sharp" (w=O), and the 

dressing lead h, is equal to the diamond wl.dth X, at a 

depth of cut, a. 
The follow~ng cases can be checked against equation 

(3.3) for their truth. 
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Case 2. Ix < hI 

hill 

Fig. 3.2 

From fig. 3.2 it can be shown that 

Rp = ~ I h - w - a tan..@.. I 
h 2 

.... (3.4) 

and Ra = 2 a (~ tan !E..- I h _ w _ a tan la ) 
2 

h2 h 2 2 

+ wl h-w- a tan ~)) ..•. 13.5) 

Case 3. I x = h) 

w 

x=hlLI 

Fig. 3.3 

From fig. 3.3 it can be shown that 
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Rp = 

Case 4. 

" I , 
, • __ -L-

Fig.:3 .4 

a2 tan f + wa 

w + 2 a tan ~ 
. . . .13.6) 

. . . . 13.7) 

(x> h) 

hiLi 
x 

0= apparent depth of cut 

a'= actual depth of cut 

From fig. 3.4 it can be shown that 

Rp = 

and Ra 

la,)2 tan ~ + wo' 

W + 2a'tan ~ 
•... (3.8) 

.... , 3.9 ) 

Equat10ns (3.5), (3.7) and (3.9 ) are used for 
obtaining mean values of surface roughness, Ra, for a 
gr1nd1ng wheel when dress1ng w1th a s1ngle point d1amond 
tool. In the limiting case of equation (3.9 ), when 
h = W. the value of Ra is zero, and the gr1nding wheel 
surface is considered to be perfectly flat. 

The effects of the dressing variables on the 
gr1nding wheel surface roughness, Ra , will be discussed 

later 1n the chapter, after the follow1ng section. 
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H TilE INFLUENCE OF DRESSING AND GRINDING VARIABLES 
ON THE NORKPIECE SURFACE CONDITION 

3.4.1 Introduction 

In circular traverse grinding, only a portion of the 
wheel w~dth is involved in gr~nd~ng the workpiece, leaving 
the rema~nder to trail beh~nd the cutt~ng port~on. This 
causes the wheel to overlap the prev~ously ground surface, 
and results ~n the reduct~on of the effect~ve surface 
roughne.ss. The grind~ng variables causing th~s effect, i.a, 
wheel w~dth and workp~ece traverse rate, and rotational 
speed, w~ll be considered in conJunct~on w~th workpiece 
d~ameter, wheel d~ameter and rotat~onal speed, dressing 
conditions, and depth of cut ~n gr~nding, to establish a 
relat~onsh~p between these var~ables and the average arith­
met~c roughness, Ra, of the ground workpiece surface. 

3.4.2 Assumpt~ons made:-

'--

1. The assumptions for the dressing conditions are 
the same as those in statement 3.3.1 •. 

2. The dressed surface cond~tion of the gr~nding 
wheel ~s transferred to the workpiece when 
gr~nd~ng, w~th no sideways d~splacement. 

3. The depth of cut in grinding is greater than, or 
equal to the depth of cut in dress~ng. 

4. There are no spark-out passes. 

3.4.3 Parameters considered:­
Dress~ng 

The same as those stated in statement 3.3.2. 

Grinding 
N = rotat~onal speed of grind~ng wheel. rev/sec 
n = 
0 = 
W = 
d = 

= 
Vt = 

rotat~onal speed of workpiece 
diameter of gr~nding wheel 

w~dth of gr~nd~ng wheel 
diameter of workpiece 
length of workp~ece 
traverse rate of workpiece 
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mm 
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~ = Lead angle of the grinding wheel path 
over the workp~ece surface. degrees 

<t>h = Lead angle of the ground surface 
scratches on the workpiece degrees 

Boundary coeffic~ents 

Z1' Z2' Z3 ••.• Zr l b1, b2 , b3 •••• br dimensionless 
U1• U2, U 3 .•.• ur l e1, e2, e3 •... er dimensionless 

"X1, "X2."X3 ··• ·"X r l A1, A2, A3 • .•. Ar dimens~onless 
T1, T2• T3 .•.. Tr l 11, 12, 13 •..• lr dimensionless 
K1• K2• K3 •••• Kr mm 

i!1' i!2' i!3 .... i!r mm 
p and <l mm 
m and y' mm 

Surface f~n~sh coefficients 

E1• E2, E3 .... Er 
t.1• t.2• t.3 .... t.r 

mm 

mm 

3.4.4 Factors affect~ng workp~ece surface f~nish in 
c~rcular traverse grinding. 
Before values of average ar~ thmet~c roughness, Ra , 

can be calculated for a ground surface, a relationship has 
to be established between the surface patterns produced on 
the workpiece and the variables producing them. 

Fig. 3.5 shows the set up for oylindrical traverse 
-grinding. 

--jhr-

I I I I 
I I 

I I 
I 

- -
I I 
I I I Vt 
I I I 

F ig.3.S 

I w 
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Cons~der a grinding wheel of d~ameter 0 mm, wh~ch haD 
been dressed with a single po~nt diamond tool, at a traverse 
rate of h mm/rev. Th~s will produce on the wheel surface a 
screw thread of pitch h mm. Let the wheel rotate through one 
revolut~on ~n the t~me1/N seconds. If, dur~ng this rotation, 
the wheel ~s brought into contact with the workpiece, which 
~s rotat~ng at n rev/sec, grooves will be ground in the 
workp~ece surface, correspon~~ng to the dressing lead on the 
wheel surface. See fig. 3.6. 

Consider now one revolut~on of the workpiece in the 
hme lIn seconds. During th~s time, the gr~nding wheel w~ll 
make N/n revolut~ons, and the surface pattern produced will 
extend a distance of hN/n mm along the workpiece axis. For 
further revolutions of the workpiece, ~nterference may occur 
between the surface pattern prev~ously ground, and that 
being ground. See fig. 3.7. 

Fig. 3.6 

h 

~ 
I I 
I I 

no 

time~ secs. 

l\dn 
N 

nd 
I I 
~ ____ J_--L.. 

/ 
Nth ,I 
- rCiN-n - 11 

1 

I 
I 
I 
I 

,I 

Fig.3.7 

h 
y' 

ndr"L-_" ___ "_*~~~~ 
---I I--

grinding 
wheel 

t· 1 Imefisecs. 

work 
piece 

1. screw thread effect on grd. wheel. 
2. .. .. wk.piece. Interference on 

the second workpiece revolution. 

* For simplicity. only one ground groove on the workpiece is considered. 
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By symmetry:-

h 
= 

~d..!l. 
N 

.. y'= ~dh = Nh .... 13.10) 
i\ d..!l.. n 

N 

The value of y: obtained from equat~on (3.10) gives 
the length of the ground surface pattern, measured along the 
axis of the workp~ece, for one workp~ece revolut~on with no 
ax~al traverse be~ng applied. This is the case for plunge 
cut gr~nd~ng. 

Equat~on (3.10) ~nfers that the ~nterference produced 
between the ground surface patterns for each subsequent 
revolution of the workp~ece, is a function of wheel and 
workp~ece rotat~onal speed, (coupled with dressing traverse 
rate), and ~s ~ndependent of wheel and workp~ece d~ameters. 

If the value of N/n ~s a whole number, no ~nterference 
will occur, and the_value of workpiece surface roughness will 
remain constant. 

Consider now the case where the workp~ece is traversed 
past the gr~nd~ng wheel at a rate of Vt mm/sec, all other 
cond~t~ons rema~n~ng the same as before. Fig. 3.8 shows 
the relat~onsh~p between the dressed grinding wheel and the 

ground workpiece. 
From fig. 3.8 

By symmetry:-

, 
y = 

h + Vt 
N 

i\d ...!l 
N 

= 

i\dlh+1f) 

7\d l!.. 
N 

, 
y 

7\d 

= 
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Time ~ secs 

i\O 

-----Vt 

Fig. 3.8 

Time .1 secs. 
n 

n 

y'= N(h+~1 
n N 

hN 
n 

The value of y'obta~ned from equat~on 0.11) gives 
the Length of the ground surface pattern, measured along the 
axis of the workp~ece for one workp~ece revolut~on, when 
an axial traverse rate of Vt mm/sec is appl~ed. This is the 
case for pla~n cylindr~cal traverse grind~ng. 

If the traverse is applied in the same direction when 
grinding as that when dressing, then equation (3.11) becomes 

Y'=*(h_V~1 .... (3.121 

Equahons (3.10), (3.11), and (3.12) establ1sh the 
relat~onsh~p between the path of the dressed form on the 
grinding wheel, and the corresponding form on the workp~ece, 
for one workpiece revolut~on ard different conditions of 
traverse. The value of NI n • which is the factor that 
determines whether interference will occur between subsequent 
surface patterns ground on the workpiece, or not, will be 
used as a bas~s for obta~ning equations relating to values 
of ~nterference per workpiece revolution. 
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Cons~der now, the complete surface pattern produced 
by the gr~nd~ng wheel on the workpiece, after the completion 
of one workpiece revolution. Let the grinding wheel be 
dressed at a rate of h mm/rev, and the workpiece be traversed 
past the grinding wheel at Vt mm/sec. Fig. 3.9 shows a 
section of the ground cyl~ndr~cal workpiece la~d out flat. 

Fig. 3. 9 Vt Vt 

-r--.-~ ____ ~ ____ ~ r1;.-1 ---""_"7""n ---,..---;.1 ~~ 
• m· I 
• 

i\dn 
N 

nd 
ndn 
N 

• 
• 
• • 

i\dn 
1st workpiece N 

• revolution • • • 
i\dn 

N 

I h I hi. h I h I h. IKal-
vtmm/sec / 

n rev sec 1. path of grinding wheel 

hmm/rev 

direction 
vectors 

time period ~ secs. 
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As the grinding wheel and workp~ece rotate aga~nst 
each other, a band of w~dth vt/n ~s ground on the workpiece 
dur~ng each revolution. (For plain cyl~ndrical traverse 
grlnd~ng, the value of Vt/n is generally of the order of 112 
to 213 times the wheel width, W .) The dressing marks on the 
gr~nding wheel, wh~ch form the surface patterns on the work­
piece, are shown for simpl~city as start~ng at the bottom 
left hand corner of the diagram in fig. 3.9 • 

From this diagram, certain relat~onships can be 
established. 

As the workp~ece makes one revolut~on in the time1/n 
seconds, the gr~nding wheel makes N/n revolutions. 

Let 

where 
and 

i\d 
i\dn = D(+z) --N 

N 
n = 

"X is an integer 
z is a fraction 

("x+z) •••• (3.13) 

For interference to occur between subsequent surface 
patterns ground on the workp~ece, the following conditions 
must be true:-

z =fo 0: and 

The value(s) of interference are calculated from the 
boundary coefficients K and ~ ,which occur at the leading 
and tra~l~ng edges of the feed band, Vt /n • 

3.4.5 Calculat~on of the boundary coefficients K and ~. 

Calculahon of ~ 

From fig. 3.9 

m = i\dn 
- It Z 

N 
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and tan rJ> = T\dn = J!l. 
I Vt q 

• mvt · . q = ndn 

substituting for m in equ·n. (3.151 

• 
• • 

q = 1\dnz x ~ = z Vt 
N T\dn N 

nd 
Now tan rJ>h = y' 

• • • • (3.15) 

• •.. (3.16) 

• • • • (3.17) 

taking y' from equn. (3.10) and substituting in equn.(3.17) 

• • tan rJ> = ndn 
h Nh (Vt=O) 

· ... (3.18) 

taking y' from equn. (3.11) and substituting in equn.(3.17) 

• tan rJ> = ndn 
h (Nh+ Vt) ( 

· . 
Vt ~ ) direction 
h -=- vectors 

• .•. (3.19) 

taking y'from equn.(3 12) and substituting in e~un.(3.17) 

• tan rJ> = ndn · . h (Nh-vt) ( Vt .. ) direction 
h ;a vectors 

Also tan rJ>h = m 
q+~1 

· . l1 = m cot rJ>h - q 

substituting for m and q in equn.(3.21,) 

l1 = 1\ ~n z cot rJ>h _ z ~t 

~1 = ~ (ndn cot iflh - Vt) 
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For fig.3.9, the value of tan <t>h is found from equn.13.191 

hence ~ = 

= ~ ( Nh + Vt - Vt 1 

.. ~1 = z h .••. (3.231 

Calculation of K 
Consider fig. 3.10, which is an enlarged view of the 

upper part of fig.3.9 . 

Rg 3.10 ~ 
~1-~-1-=-Zh-I----h------h--~n----h-------h---I--~--1 

From fig. 3.10 

Let 

where 
and 

• .. 

Vt _ zh - L:h 
n 

vt 
"if - zh 

= h 

T is an integer 
u is a fraction 

1 T + U 1 
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The boundary coeffic1ents K andr. can be found in a 
similar manner for the cases of plunge-cut grinding, where 
Vt= 0 , and traverse grind1ng, where the traverse is applied 
in the same direction when grinding as that when dressing. 

Fig. 3.11 

Cons1dering plunge-cut grinding. ( Vt = 0 ) 

By substituhng tan «Ph from equation 3.18, into equn. 
and putting Vt = 0, a value for t:1 is found. 

(Vt=O) 

~ ( l1dn x Nh - 0) 
N 11dn 

Hence l1 = 
(Vt=O) 

zh (3.26) 

It can also be shown that 

uh (3.27·) 

Considering traverse grinding. where ~== 
Fig.3.11 shows the boundary coefficients, K and i!, 
on completion of the first work piece revolution. 

h h 

h 

* enlarged view 

Vt 
n 

h 

Iq I p 
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From fig. 3.11 

~1 = h-(q+p) • • • • (3. 28) 

also m tan ([>1 = q 

q = m cot ([>1 .. .. . . ( 3.291 

and m 
p = tan ([>h 

P = m cot ct>h .. .. .. . (3.30 ) 

now tan ct>1 
ndn = Vt 

q 
mVt (3.31 ) = .. .. .. . 

ndn 

substifuting tan ct>h from e 9..un. (3.20) into equn. (3.301. 

p = 
m(Nh - Vt) 

ndn 

substituting for pond q in equn.(3.28) 

9 = 

~1 = 

h - ....!!!...-.( Vt + Nh - vtl 
1\dn 

mNh h -­
ndn 

· .•• (3.32) 

• ••• (3.33) 

substituting m from equn. (3.14) into equn.(3.331. 

~1 = h - (l\dnZ x Nh) = h - zh 
N ndn 

.~1 = h ( 1 - z) • • • • (3.34) 
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Calculation of K 

From fig.3.11 

Let 

where 
and 

Vt _ h(1-z)- L:h 
n 

Vt _ h( 1- z) -
n 

h 
= 

T is an integer 
u is a fraction 

(T + u) 

. , " . (3.351 

.... (3.36) 

Equat~ons are now establ~shed for calculating in~tial 
values of the boundary coefficients, K and ~, for circular 
plunge-cut grinding and pla~n cylindrical traverse grinding. 

For subsequent revolut~ons of the workpiece, the values 
of K and ~ w~ll change, causing changes in interference 
between the ground surface patterns. 

Let the total number of workpiece revolu t~ons be r • 
The values of K and ~ for' each rotation are found as follows. 

Values of r. (For all cases.) 
Values of Z are calcula.~ed first from equn. (3.13) 

for each workp~ece rotat~on. 

Hence 

rX1 + z1 ) ( .!:! ) N 
= ( 'X2 + z2

' 
= 2 ( n) 

n 

('X3 + z3' 3 ( N) N 
= ('X4 + z4) = 4('0) n 

(")(5 + z5
' 

5 ( N ) ('X + Z ) = N 
= ,r( n) 

n r r 
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From which 

z· = I 
i(N)_"X. 

n I 
(for the jth revolution) 

substituting for zi in equn.s (3.231. (3.26) and (3.34) 

and 

and 

l!:. = z.h 
I I 

l!:. = z· h 
I I 

( for Vt = 0 ) 

l!:. = 
I h(1-z.)( Vt-::=-) 

I fot h -'=-

Values of K (For Vt = 0, and ~t ~ ) 
values of u are calculated first, as follows:-

( TS + uS) = ~~ - Zs 

From which 

Vt 
U· - (-- z·)-t· 

I - nh I I 
(for the ithrevolutionl 

substituting for ui in equn. (3.25) 

.. K· = U· h I I 
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Vt~ Values of K ( For h ~ ) 
values of u are calculated first. as follows:-

(T1 + u1 ) = ~ - 1 + z1 I ( T2 + u2) = '1. -1 + z2 
nh 

( T3 + u3) Vt -1 + ( T4 + u4) vt = z3 = - -1 + z4 
nh I nh 

(TS+ uS) vt -1 + Zs ( Tr + u rl vt -1 + Z = - = -nh nh r 

From which 

-_ (vt 1 ) T u· - + z· - . 
I nh I I 

( for the ithrevolution.l 

substitutin 9 for u i in equn. (3.361 

Equations are now establ~shed for obtaining values 
of the boundary coefficients, K and r , for all workp~ece 
revolut~ons. Before values of ~nterference can be calculated 
us~ng these coefficients, the effect of wheel width, VV, on 
interference, must be cons~dered. 

3.4.6 Effect of wheel w~dth, VV , on workpiece surface-pattern 
interference. 
The degree of ~nterference that will occur between 

ground surface patterns in the same band, of width vt/n, is 
dependent upon the relationsh~p between the band width, and 
the grind~ng wheel width, VV. This relationship determines 

the amount of overlap that will occur between the grindi~g 
wheel, and the previously ground workpiece surface. 
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1. ~f the w~dth of the feed band, vt/n , is equal to the 
w~dth of the gr~nd~ng wheel, VV , no overlapping will occur. 
The value of the workp~ece surface roughness, Ra , will 
remain constant over the workp~ece length, I , and be equal 
to the as-dressed condition of the grinding wheel. (Slight 
aberrat~on will occur at the boundaries of the feed bands.) 
See f~g. 3.12. 

Fig.3.12 

vt 

2. If the width of the feed 
d~visible into the width of the 
degree of overlap for each feed 

w 
Vt - 1 
n 

grinding 

wheel vt = W 
n 

workpiece 

band, vt/n , is exactly 
grinding wheel, VV , the' 
band will be equal to :-

(See fig. 3.13) 

Hence The degree of . VVn 
= - -1 =1 23 •• (3.37) wheel overlap Vt • • etc 

N.B. The degree of wheel overlap will be taken to mean the 
number of t~mes the grinding wheel cuts the previously ground 
surface of the workp~ece, in any feed band, as the workpiece 
traverses past the grinding wheel. 
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Fig.3.13 

Vt 

grinding 
wheel 

W 

~ Vt 
" n n '.~ 

Wn 
Vt = 2.3.4 .... etc. 

3. If the wJ.dth of the feed band, Vt/n , is not exactlY' 
dJ.vJ.sible into the width of the grinding wheel, W , the degree 
of overlap for each feed band will consist of two parts. 
Consider the following:-

Let 

where 
and 

Wn 
Vt 

= (A + b 1 

A is an integer (A~21 
b is a fraction 

•••• (3.381 

,Each feed wJ.dth covered bY' the trailing edge of the 
grinding wheel will have two dJ.stinct parts, namelY':-

1. A part towards the leading edge of the feed band, 

of wJ.dth b.vt/n. 
2. A part towards the trailing edge of the feed band, 

of width (1-blvt/n • 

For each part, the degree of overlap J.S as follows:-

For the part bvt In. The degree of 
wheel overlap 

For the part (1-blvt/n• The degree of 
wheel overlap 

= 

= 

( A-1I ~~ .. (3.391 

(A - 21 . . . . ( 3 . 401 

(See fig. 3.141 

The two parts of each feed band wJ.ll have, in general, 
different average values of workpiece surface roughness, Ra • 
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Fig.3.14 

--I 

b vt 
n 

grinding 
wheel 

~(1-bl~ n 

Wn = (A+bl 
Vt 

whereA~2 

3.4.7 Calculation of the values of workp~ece surface-pattern , 
~nterference! for any set of circular gr~nd~ng 
condit~ons. 

Consider f~g. 3.15. This shows feed bands of width 
vt/n side by side, with values of zh and uh, for each work­
p~ece revolut~on. 

Fig.3.15 

interference 
1st rev. 

vt vt vt n n n 

vt-­
h 

From th~s d~agram, a series of "potential" values of 
workp~ece surface-pattern interference can be established, 
as follows:-
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The values of interference wlll always be numerically 
less than the value of dressing traverse rate,h. 

Consider the first workplece revolutlon. 

Let 

where 

and 
I is an integer 
e is a fraction 

INB. notation 111 means l 
l!irst rev. on first feed bandj 

The value of interference is h.e1;1 

Hence the value of interference for the first feed 
band, subject to overlapping of the grinding wheel on the 
second workpiece revolutlon, is:-

.. (3.411 

Equatlon (3.41) can be used as a basis for 
establishing further values of interference, for example:-

Value of interference 
h.e

211 
= hQU 2 + Z3 J - 12lJ = for second feed band 

Value of interference 
h.e3;1 h~U3 + Z4 J- I 311] = = for third feed band 

Value of interference 
h.e rl1 = h~ Ur + Zr+1'-IrI1] for rth feed band = 

USlng these initial equations as a basis, others can 
be developed for calculating values of workpiece surface­
pattern interference, which occur in any feed band along the 
length of a cyllndrical workpiece, due to the action of 
prevaillng dressing and grindlng conditions. 

Such equations will now be established. 
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--------------------------------

Case 1 Wn = A. where A=2.3.4 .... 00 
Vt 

Degree of grinding wheel 

overlap for each feed width 
= (A -1) 

Consider the condition ht (.direction vectors) 

Values of Interference are as follows:-

1st feed band 

th [ uA-1 Value of IA-1) degree _ h - h ~ I u) 
of interference - .eUA-1) - L.J + 

u1 

th f u Value of IA-2) degree A-2 
of interference = h.e1.(A-2) = h L: (u) + 

u1 
down to 

Value of 1stdegree 
of interference = h.e1;1 

rth feed band 

Value of(A-1i~egree {L:ur
+A-2 

f . t f = h.e lA 1) = h (u) + o In er erence r; -
ur 

ValueofIA-2t~egree { ur+A-3 
of in terference = h.er; (A-2) = h 2: (u) + 

ur 
down to 

st 
Value of 1 degree 
of interference = h.er ;1 = h (u + z 1) - h.I r 1 r r+ ; 
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Case 1 cont inued 

Consider the condition ht =:: ( direction vectors I 

Values of interference arl:! as follows:-

1st feed band 

th { uA-1 Value of(A-Wdegree h h (I 
of interference = .e11(A-1) = L u + 

u1 

th { uA 2 Value of(A-2) degree "" -
of interference = h.eUA_21 = h L. (u) + 

u1 
down to 

st Value of 1 degree 
of interference 

rth feed band 

Value oflA-1f
h
degree {~r+A-2 

of interference = h.er;(A_ll = h LJ (u) + 
ur 

Value oflA-2t
h
degree { ur+A-3 

of interference = h.er;(A_2) = h 2: (u) + 

ur 
down to 

Value of f~egree 
f . t f = h.e o In er erence r l1 = h (u + (1-z) 1) -h.I 1 

r r+ ri 
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Case2 
Wn 
-=IA+b) .whereA~3 
Vt 

Degree of grinding wheel overlap 
for the b.vt/n part of the feed width :: (A-1) 

.1 Values of interference are the same as C asel.l 

Degree of grinding wheel overlap for 
the 11- b) vtln part of the feed width = (A-2) 

Consider the condition ( direction vectors) 

Values of interference are as follows:-

1st feed band 

th { uA-2 Value of IA-2) degree "V 
of interference :: h.e1;(A_2) :: h L.J lu) + 

u1 

Value oflA-3,hdegree ~ uA_3 

of'interference = h.eUA_3) = h l2 (u) + 

down to . u1 

Value of 1stdegree 
of interference 

rth feed ban d 

th 
Value of IA-21 degree { ur+A-3 
of interference = h.erIIA_2) = h 2: (u) + 

ur 

th {U A 4 Value of(A-3) degree r+ -
of interference = h.er,IA_3) = h ~ (u) + 

down to r 

Zr+A-

J 2: (z) -h.lr;IA-3) 

zr+1 

= h (u + Z 4 )- h.I 1 r r+1 rl 
Value of 1stdegree 
of interference = h.er•1 
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Case 2 continued 

Consider the condition ht =:: I direction vectors) 

Values of interference are as follows:-

st 1 feed band 

th { uA-2 Value of IA-21 degree _ h _ h 'V I ) 
of interference - .e1.lA-21 - L....J u + 

u1 

th { u Value of (A-31 degree A-3 
of interference = h.e1;lA-3) = h 2: lu) + 

u1 
down to 

Value of 1stdegree 
of interferenc'e = h.e1;1 

rth feed band 

Value of IA-2t~egree {2:ur
+A-3 

f . t f = h.e lA 2) = h lu) + o In er erence r. -
ur 

th {u A 4 Value of IA-31 degree . r+-
of interference = h.er,(A_3) = h 2: lu) + 

ur 
down to 

Value of f~egree 
of interference = h.er•1 

= h (u + 11-z) 4) - h.I 1 r r+1 r. 
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Case3 
Wn 
- = (A+ bl. where A =2 
Vt 

Degree of grinding wheel overlap for the b.vt/n part of the 

feed width =1. The single value of interference for each feed 
band is calculated as shown previously. 

For the (1-blvt/n part of the feed width there is no overlap. 
and the value of workpiece surface roughness, Ra, is the 
same as that for the "as dressed" condition of the 
grinding wheel. 

Hav~ng established means for evaluat~ng values of 
workp~ece surface-pattern interference, for any set of 
cylindrical gr~nd~ng conditions, equat~ons for average 
workpiece surface roughness, Ra , can be derived. 

3.4.8 Calculat~on of Ra for any set of c~rcular grinding 
conditions. 
When ~nterference occurs ~n any feed band, the degree 

of interference repeats ~tself every h mm across the feed 
band width. Th~s ~s due to the "as dressed" condition of 
the gr~nding wheel, wh~ch produces the ground workp~ece 
surface pattern. For simplicity when calculating values of 
Ra, only one w~dth of value h mm will be considered. 

It can be shown that when dressing a gr~nding wheel 
for f~ne grinding, w~th a relat~vely blunt d~amond,w = 1.09 mm 
at a low traverse rate, h = .1 mm/rev, and a small depth of 
cut, a = .025 mm, dress~ng marks on the grinding wheel 
surface are still discernible, and the dressed wheel profile 
can be approx~mated to a series of small tr~angles. (See 
Chapter 7, fig. 1.147 for confirmation.) This results 
~n a sim~lar form be~ng ground on the workp~ece. 

F~g. 3.16 depicts a portion of the ground workp~ece 
surface prof~le, with interference occur~ng. Let the term 

"value of ~nterference," be denoted by the symbol E, and the 
peak to valley height of each triangular form be denoted by 
the symbol II . 
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Fig. 3.16 
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From fig. 3.16 it can be shown that the [see AppendixII J 
workpiece surface roughness Ra is given by for the derivation 

501, 2 2 2 2 ~}2 
Ra = h4 r E1 +E2+E3+E4 J - (E2E1 +1::3 E2 +E4 E3) -hEi. + '2 

From w~ich the following general form of Ra can be written 

Ra = 

where M is the number of non-repeated values of E . 

From equation (3.44), values of workp~ece surface 
roughness, Ra, can be evaluated for a cylindrical 
workpiece, subjected to any set of cyl~ndrical gr~nding 
cond~t~ons. (The equation assumes the grinding wheel 
to have a shallow "saw-tooth" profJ.le dressed on it.) 
NB. The parameter a*in equation (3.44), represents 

the peak to valley height of the saw-tooth profile on 
the grJ.nding wheel. 
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hl DISCU~~ION OF TilE l!:Fl,'l!:CTS 0]0' DRE~SING VARIABLES 

ON G1UNDING WHl!:l!:L SURF'ACE HOUGHNESS, Ra . 
EquatJ.ons (3.5), (3.7) and (3.9) descrJ.be the 

surface fJ.nJ.sh that would be obtained on a grind long wheel 
under ideal(theoretical)dressing conditions, that is to 
say, uSJ.ng a diamond tool havJ.ng straight sides, the 
included angle at its tip belong equally displaced about 
the tool axJ.s, and any wear flat on the diamond tJ.P belong 
flat J.n a directl.on perpendJ.cular to the traverse motion 
of the tool. In practice, these conditJ.ons vary, (unless 
specially prepared dressing tools are used), causing 
discrepencies between actual and theoretJ.cal values of 
surface roughness, Ra. ThJ.s being so, the values obtained 
from the above mentioned equatJ.ons are used to show trends 
only. To ensure that the values of surface finish obtained 
from the equations are representative of the true situation, 
values of h , a, B , and W have been chosen that are met 
J.n practice. 

Equation (3.3) J.S a hypothetical case from whJ.ch 
Ra is found J.n terms of depth of cut, a only. In the 
limJ."j:, (w=O and h=x ), equations (3.5), (3.7) and (3.9 ) 
revert to equation (3.3), showing the abrasive surface 
roughness, Ra , to be equal to a quarter of the depth of 

cut, a . 
To establish the effects of h , a, Band W , on 

abrasJ.ve surface roughness, a computer programme has been 
written embracJ.ng equations (3.5), (3.7) and(3.9). This 
J.S found in Appendix!!I. Values of Ra have been plotted 
J.n fieures 3.17 to 3.21 inclusJ.ve, for changJ.ng values 
of h , a, and W ; B remaJ.nJ.ng constant at 1200

• The 
value of 1200 was consJ.dered to be the average value for B 
when uSJ.ng natural diamonds, the upper and lower limits 
being 1500 and 90 0 respectively. Values of Ra for B 
constant at 900 and 1500

( h, c: and W changJ.ng) , have 
been evaluated, but not plotted. See Appendix!!I. 

Consider initially fig. 3.17. This'shows the 
effects of changes in dressing rate, h and depth of cut, a 
on Ra. for a sharp diamond (W= 0 ). At low traverse 
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rates ( h >.1 mm/rev), the value of Ra increases oharply, 

and linearly, for small l.ncreases in h (a constant), to 

attal.n a maXl.mum value at a pOl.nt where h =x=2atan13/2. 
Beyond this point, as h l.S l.ncreased, the value of Ra 

decreases quickly at fl.rst, then more slowly, tending 

towards a "plateau" value, thl.s depending to some extent 

upon the conditl.on of the grl.n~ing wheel before dressing. 

For values of h < 2a tan13/2, the influence of a on Ra is 

less than that of h. As a is increased in value (h constant), 

Ra l.ncreases to a maximum value when h = X. Beyond this 

point Ra remal.ns constant for any further increase in a • 

For values ofh)2atanB/2,the l.nfluence of a on Ra is 

greater than that of h. The practical impll.cations of 

the above are that l.ncreasing the depth of cut a beyond 

the point where h = X would mean a loss of grl.ndl.ng wheel 

diameter for no change in wheel surface roughness, and 

that increasl.ng the traverse rate, h , beyond thl.s point , 

would result in part of the grl.nding wheel surface not 

being dressed. " 

In practice, a diamond tool would not be perfectly 

sharp, but would have a flat on the tip due to el.ther 

wear or natural cleavage. Figs. 3.18 to 3.21 l.nclusl.ve, 

show the effect on the grl.nding wheel surface roughness, 

when the flat on the tip of the dl.amond(W) l.S increased. 

As W l.ncreases in size, seve"ral changes are brought about. 

The value of h (a constant) at which Ra is a maximum , 

is increased, and is governed by the equation h=x=w+2atanB/2, 
also Ramax. takes on a hl.gher value. In the region 

O( h < W+ 2atanB/2, the l.ncrease l.n Ra due to an l.ncrease 

l.n h is rapid, and non-ll.near. For values of h <W , 

the value of grindl.ng wheel surface roughness l.S zero 

(theoretically) • The l.nfluence of a and h on Ra , are 

the same as for the case of the sharp dl.arnond (W = 0 ) . 
The angle of the dl.amond tip, 13 , also affects 

the value of grl.nding wheel surface roughness as it is 
o 0 changed. Values of Ra, calculated for B = go : 120 ~d" 

1500 are shown in AppendixDI. As f.3 is decreased from 

1200 towards 900, the value of Ra increases for any 
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set of values of a Ilnd h , and the value of a at which Ra 
atta~ns a maximum value ( h constant) ~s raised. For a 
further ~ncrease in a beyond th~s point (h = w ), the 
value of Ra rema~ns constant as before. As la is increased 
from 1200 towards 1500

, the opposite of the above state­
ments is true. 

Since the abrasive surface roughness of a grinding 
wheel affects the surface fin~sh of a component be~ng 
ground, there are l~mits of Ra for a grinding wheel 
surface, beyond which it is impractical to go. Figs. 3.17 
to 3.21 inclusive, show some values of Ra in excess of 
those recommended for rough and finish grinding, e.g., 

Rough ground .38 to 1..27 J.l.IIl 

F~n~sh ground .25 to .64 pm (Steeds.VV. 59 ) 
In pra:ct~ce, values of h , a, W and la that give 

values of Ra above those recommended would not be used. 
The above analysis helps to pinpoint such values. 

3.5 DISCUSSION OF THE EFFECTS OF DRESSING AND GRINDING 
VARIABLES ON 1/0RKPIECE SURFACE ROUGHNESS, Ra • 
The analysis shows that for c~rcular gr~nd~ng, the 

workp~ece surface roughness ~s dependent for ~ts value 
upon two factors, namely, the rat~o of the grinding wheel 
and workp~ece rotat~onal speeds' N/n , and the ratio of 
the gr~nd~ng wheel and workpiece-feed w~dths VVn/vt. 
(The parameters 0, d, and I have no effect on workpiece 
surface roughness.) The above rat~os determine the 
degree of interference, E , between overlapping ground 
profiles, and the~r values when related to the dressing 
feed h .. 

To establish the effects of N. n. vv. Vt • h and a on 
workpiece surface roughness Ra, a computer programme has 
been wr~tten which embraces the equat~ons derived in this 
study. This programme is found in Appendix IV. A range 
of values for q", Vt and h have been used to cover the 
condit~ons that would be expected in pract~ce ; the wheel. 
and workpiece rotational speeds! N and n) are taken direotly 
from the grinding machine used for this researoh. 
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llrom values of N, n ,Vt and h entered into the first 
computer proBramme, two facts are established, namely, 
that for any given set of cylkndrical traverse grinding 
condktkons, the values of knterference, E , calculated 
for the fkrst feed band on the workpiece are repeated for 
every other feed band alonB the workpiece length, and 
secondly, that traverskng the workpiece past the grknding 
wheel kn ekther the same or opposite dkrection to that 
when dresskng, gives approxkmately the same value of 

workpiece surface roughness, all other things being equal. 
These facts greatly Skmplify the analysks. 

From the second programme results, three dkagrams 
have been drawn (figs. 3.22 to 3.24 kncluskve) to show 
the effects of N , n , W, vt , h and a* on workpkece surface 

* roughness. These results show that changes kn h (a constant, 
vt variable), produce little change kn workpiece surface 
roughness, Ra , for some of the conditkons, and large 
changes for others. To simplify matters, only minimum 
values of Ra have been Plotted for the range of values 
of h used. The maximum value of Ra for any set of 

* * values of a ,Vt and h kS a/4 • 
Consider figs. 3.22 to 3.24. These show that the 

reckprocal of the ratioWn/vt , being the parameter which 
governs the amount of grindkng wheel wkdth actively 
engaged kn grknding, has a maJor influence on workpkece 
surface roughness when kt is assigned low values. This 
kS because of the increase in the number of values of 
interference as the value of vt/Wn kS reduced, (i.e. Vt/n 
reduced.) From fkgures 3.22 and 3.23, kt can be seen 
that the minkmum value that Ra can attakn for values of 
Vt/Wn>.4 , and any value of a*, kS approximately half the 
value that would occur kf no interference took place at 
all. For values of Vt/Wn <. 4, the value of Ra is reduced 
considerably as Vt kS reduced, particularly at the higher 
values of a*(lO)llll ). For the lower values of a* (2 )lIIl), 

changes kn vt have only a minimal effect on Ra. In 
* general, for values of vt/Wn>·4, the influence of a on 

Ra kS greater than that of Vt ,and Vksa-versa. Increasing 
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the value of n , N rema~n~ng constant, reduces the value 

of Vt/Wn " and ,hence reduces Ra • When the ratio Wnlvt 
has a value greater than 2, and is not an integer, the 
workpiece takes on two values of surface roughness per 
feed w~dth. 

'The theoret~cal values of workp~ece surface roughness, 
evaluated from equation (3.44), can be reduced further by 
mod~fy~ng the equation to consider the dressed gr~nding 
wheel surface as hav~ng a form composed of trapezo~dal 
elements instead of triangular ones. 

The above analys~s can be used to pred~ct the 
m~nimum value(s) of workpiece surface roughness that can 
be atta~ned theoret~cally, for any values of N , n , 
vt , W and a*. For plain cylindr~cal traverse grinding, 
~t ~s generally accepted ~n industry that the value of 
vt/Wn ~s in the order of .5 to .67. S~nce these values 
are above the value of the turning point, vt/Wn =·4 ,a 
reduct~on in Ra can be brought about only by reducing 

* the value of a. In practical terms, this means using a 
relatively blunt diamond with a low traverse rate when 
dressing. 
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CHAP'fER 4 

THE CYLINDRICAL GRINDING MACHINE AND ITS ASSOCIATED 
EQUIPMENT 

4.1 INTRODUCTION 
The research was oonducted on a Jones and Shipman 

Universal Grinding Machine, model 1300 E.I.U. This is a 
standard product~on machine capable of performing both 
internal and-external grinding operations. (See fig. 4.1 
for a general front v~ew of the mach~ne.) 

For external cylindr~cal grinding, the workpiece is 
mounted between the tail stock and workhead centres on the 
machine table, and gr~nding is performed at about 5,000 
s.Lm. (25 m/sec), using a standard 305mm hameter by 
:2 5 mm wide gr~nding wheel. 

The table traverse, wh~ch determines the long~tudinal 
dress~ng or grind~ng rate, ~s governed by a hydraulic spool 
valve wh~ch ~s inf~nitely variable over its speed range. 
Infeed of the wheel head for dressing or grinding operat­
ions, can be carr~ed out automat~cally by the machine at 
each reversal of the table traverse, or applied manually 
by the operation of two hand wheels s~tuated at the front 
of the mach~ne. 

Provision for dressing the grinding wheel is made 
by mount~ng a d~amond tool ~n the tailstock. This is 
usual on most cylindr~cal grinding mach~nes, as the tail­
stock provides a rigid means of support for the dressing 
tool. The dressing operation is normally performed at 
the same peripheral wheel speed as that for grinding. 

Coolant is supplied to the grinding wheel via a 
pump from a tank s~tuated at the rear of the machine, and 
filterat~on of the coolant ~s achieved by using a 
Phil~ps Universal Coolant Clarifier. 

~ MACHINE SPECIFICATION FOR EXTERNAL CYLINDRICAL 
GRINDING 

-89-



Standard grinding wheel 

Wheel speeds, rev/min (two) 

H.P. of wheel head motor 

Max. diameter ground with 
new wheel 

Max. grinding length 
between centres 

Table traverse rates, 
infinitely variable per minute 

Feed range at reversal-of" . 
table, reduct~on in diameter 

12" x 1" x 5" 
(305mm x 25.4mm x 127mm) 

1,750-2,300 

2 

10" (254mm) 

27" (686mm) 

3" to 144" 
(76mm to 3,658mm) 

.0002" to .0012" 
(.005mm to .030mm) 

(See fig. 4.2 for table traverse and 
cross feed hydraul~c circuit diagrams) 

Workhead speeds, rev/min 40,60,90,140,210,320. 

H.P. of workhead motor 3/4 

4.3 MODIFICATION TO THE TABLE TRAVERSE 

4.3.1 Problems associated w~th the Rydraul~c drive 
From the results of prelim~nary tests conducted on 

the mach~ne to ascertain the limitations of the hydraul­
ically operated table traverse, it was thought necessary 
to f~nd an alternat~ve mode of operation. Whilst this 
method of traversing the table was adequate to fulfill 
grind~ng requirements, it was thought unsuitable to 
cover the range of dressing conditions required: The 
main problems associated with the hydraulic drive were 
twofold, namely, the large variations of traverse rate 
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observed for small incremental changes of spool valve 
setting, and the effects of change of viscosity of the 
~ydraulic o~l during the warm up period of the machine. 
The first of these problems was caused by a poorly 
calibrated spool valve, which could best be solved by 
~nstalling a more precise method of oil regulation. The 
second problem was responsible for variations of traverse 
rate at e~ spool valve sett~ng during the warming up 
cycle of the machine, and for st~ck-slip occuring between 
the machine bed and table, at traverse rates around 3mm/sec. 
These phenomena could be overcome partially by thermostat1cally 
-contrclledheating of the hydraulic oil~thus assisting 
it to reach its stable operating temperature sooner. 
F~g. 4.3 shows the variation of table traverse against 
hydraulic valve position. It can be seen that the full 
range of table traverse rate occurs between valve settings 
of 1 and 5, this corresponding to a valve rotation of 
approximately 70 degrees, with a maximum traverse rate of 
76mm/sec. Since most dressing is done in the range 
.lmm/rev to .5mm/rev of grinding wheel, this corresponding 
to traverse rates of 3mm/sec to l5mm/sec respectively, for 
a wheel revolving at 1,800 rev/min, then the possibility 
of inaccurate traverse rate settings due to the above 
mentioned adverse conditions, is large. 

4.3.2 Alternative method of table traverse using a 
• 

fract~onal h.p. d.c. motor drive. 
Fractional h.p. d.c. motors have been used success­

fully at Leeds University, Dept. of Mechanical Engineering, 
and Salford Un~versity, Dept. of Mechanical Engineer~ng, 
where infinitely variable speed dr~ves to gr~nding machine 
tables were required, which needed accurate control. It 
was therefore decided to adopt a sim~lar system. An 

advantage of variable speed d.c. motor drives over other 
types of drive, is that motor control gear with thyristor 
actuation is simple in construction, and relatively cheap 
to manufacture. 

Tests conducted on the grinding machine showed that 
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:.l. 1/4 It.p. motor ..tdequa~ely ~ulf~llerl the tr:.l.verse 
requ~remcl1to. 

P~g. 4.4 shows a schemat~e v~evl of the variable 
speed d.c. motor dr~ve to I;he gr~nd~ne table. 'rhe motor 
un~1; (7), ~s bolted to a backplate, which in turn is 
faotened to l;!le gr~ndil1g mach~ne frame Just below the 
traverse hand wheel. A toothed wheel (5), which is mounted 
on the motor shaft, Works in conjunct~on vn th a magnet~c 
pereept~on head (6), to form part of an electr1cal feed­
back circu1t, g~ving motor speed regulat~on. The end of 
the motor shaft ~s cOl'Ulected to a reduct~on gear box (4), 
where the dr~ve ~s tru{en up by a toothed gear (3). Final 
drive to the traverse hand wheel ~s prov1ded by a toothed 
belt Wh1Ch passes over the two, toothed gears (3) and (2). 

The electrical connect~ons from the d.c. motor field 
and armature windings, and magnetic percept~on head, are 
taken to the motor regulator module, and d1g1tal feedback 
c~rcuit, respect~vely. F~g. 4.5 shows an overall view 
of the d.c. motor dr~ve to the mach~ne table. 

4.3.3 Descr~pt~on of the Motor Regulator Module and 
Dig1tal Feedback System. 
To obta1n accurate speed regulat10n for the d.c. 

motor from standstill, to a max~mum speed of 3,000 rev/min 
a regulat10n system incorporat~ng a feedback circuit had 
to be employed. 

The system chosen was a type TRll-B d.c. Motor 
Regulator Module, and a type r.IHl-A Digital Feedback Circuit, 
both manufactured by G.E.C.-Elliot Industial Controls 
Lts. The feedback circu~t was used 1n conJunct~on w~th a 
Magnetic Percept~on Head, manufactured by Smiths Industries 

Lts. 
The TRll-B is a motor regulator module ~ncorporat~ng 

a thyr~stor dr~ve, su~table fGr controlling the speed of 
a d.c. shunt wound motor by prov~d~ng a constant field 
voltage, and a variable armature voltage. It is suitable 
for shunt wound motors requ~r~ng up to 1.5 amp mean' 
armature current, i.e. about 1/4 h.p. at 180 volt d.c., 
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the mOGor f~eld being wound for 110 volt. 

The un~t incorporaGes a current limit, and a soft 
start c~rcu~t for use w~th any of the following modes 
of feedback. 

1) • Armature voltage feedbac!c. 

2). Tachogenerator feedback. 

3). Digital feedback with MHl-A amplifier and 
magnetic perceptio~ head. 

The feedback system chosen was of type (3). This 
system is more accurate than that of type (1), and much 
cheaper than type (2). Fig. 4.6 shows the external 
electrical connect~on d~agram for the TRll-B d.c. motor 
regulator module with digital tacho feedbac!c. Motor 
regulation from standstill to maximum speed, is set 
using a 10K potent~ometer. 

An ~nexpens~ve electronic tacho-generator system, 
compris~ng a magnetic perception head, and a digital feed­
back c~rcu~ t of the type MIIJ.-A was used to give a feedback 
signal wh~ch ~s d~rectly proportional to motor speed. 

The magnetic perception head consists of a coil 
wound on a permanent magnet, wh~ch ~s then f~xed close to 
a toothed wheel mounted on the motor shaft. Fig. 4.7 
g~ves mount~ng deta~ls. As the shaft rotates, the reluct­
ance of the a~r gap changes,. and· a vol tage ~s ~nduced ~n, 
the co~l. The frequency of the voltage ~s the same as the 
number of teeth passing the magnet~c poles ~n one second, 
and the magn~tude of the voltage ~s proport~onal to the 
gap between the teeth and the magnetic poles. The induced 
voltage s~gnal is passed to the I'/1H1-A amplif~er, and hence 
to the motor regulator module. The 11H1-A unit operates 
at frequenc~es up to 1,500 Hz. This corresponds to a 
30 toothed wheel on the shaft of a motor rotating at 
3,000 rev/min. 
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403.4 Culibratl.on of the varia.ble sllced d.c. motor drive. 
Sl.ncc thc variable speed d.c. motor drive was to be 

employed for wheel dressing operations, it was decl.ded to 
match the mu...'Cl.I,lUm wheel dressl.ng rate requl.red, to the 
maximum motor speed. In this way, the greatest accuracy 

.' would be obtained from the equipment over the full range 
of drcssl.ng rate. 

The grl.nding wheel could be rotated at one of two 
speeds, dependl.ng upon the wheel dl.ameter. For a new wheel, 
l..e. 12 inches diameter (305 mm), the speed would be 
1,750 rev/min, makl.ng the peripheral wheel speed 5,500 s.f.m. 
(28 m/sec), and for a wheel reduced l.n dl.ameter below_ 
10 l.nches (254 mm), the speed would be 2,300 rev/min, 
thus maintal.nJ.ng a peripheral wheel speed in the region 
5,000-6,000 s.f.m. (25-31 m/sec). To simpll.fy conditions, 
the wheel speed was fl.xed at the lower of the two aval.l­
able, makl.ng replacement of the grl.nding wheel necessary 
on reachl.ng a dl.ameter of 10 inches (254 mm), to main-
tain the correct grinding speed. This would require only 
one calibratl.on chart. 

The feed rate l.S defined in terms of distance moved 
by the dl.amond tool per revolutl.on of the grinding wheel. 
This l.S more meaningful than expressing l.t as a velocity, 
since l.t truces into account the wheel speed. 

The maximum dressing rate requl.red was .020 inch/rev 
(.5 mm/rev), of grl.ndl.ng wheel, this fact being used as a 
basis for decl.ding the drl.ve requl.rements from the d.c. 
motor to the traverse hand wheel on the grl.ndl.ng machl.ne. 

The followl.ng calculation shows how the motor speed 
was matched Wl.th the requl.red dressing rate. 

Gear ratios are as depicted in fig. 4.4 

Startl.ng at the wheel head:-

Actual speed of grindl.ng wheel = 30 rev/sec 

Max. traverse rate required = .5 mm/rev 
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:.Traverse rate of table = .5 x 30 mm/sec 

= 15 mm/sec = 

Considering the d.c. motor side:-

Actual max. motor speed 

Reduction rate of gear box used 

:.Output from gear box 

Speed reduct10n from gear 

= 48 rev/sec 

= 20:1 

= 48 x 1 rev/sec 
20'" 

~ 2.4 rev/sec 

box to traverse hand wheel = 

Number of teeth on driver gear at gear box 
Number of teeth on driven gear at hand wheel 

Speed of hand wheel 

= 10 = 1 
20 2" 

= 2.4 x 1 rev/sec 
'2 

= 1.2 rev/sec 

Now, one revolut1on' of hand wheel moves table 12.7 mm 

Traverse rate of table = 1.2 x 12.7 mm/sec 

= 15 mm/sec 

Calibration of the system was ach1eved US1ng a 
tachometer connected to the gear box on the motor shaft. 
The electr1eal element respons1ble for vary1ng the speed 
of the d.e. motor was a 10K potentiometer, giving full 
speed adjustment through 180 degrees of rotation. Fig. 4.8 
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shows the cal~brD.t~on chart of table traverse, using the 
var~able speed d.c. motor drive. 

id WHEEL DRESSING 
The grinding machine is provided w~th two means for 

wheel dress~ng. One is a toolholder forming an integral 
part of the ta~lstock, and the other is a table mounted 
f~xture. 

The tailstock arrangement is shown in fig. 4.9. It 
can be seen from the d~agram that the drag angle of the 
dressing tool var~es according to the diameter of the 
grind~ng wheel, and as such, control of the dressing 
geometry is lim~ted. Since such control ~s of pr~me 
importance, this method of dressing was disregarded. 

The table mounted fixture is shown in fig. 4.10. The 
original f~xture was modif~ed to accept the special tool­
holder des~gned for use vnth the wheel dressing dynamometer 
(see chapter 5). This arrangement presents the d~amond 
tool to the gr~nding wheel so that the po~nt of contact 
between the wheel and d~a!llond always lies in' a hor~zontal 
plane passing through the wheel centre. In th~s way, the 
dress~ng geometry remains constant, irrespect~ve of wheel 
dianeter. Th~s attachment was supplementary to the 
dressing dynamometer. 

4.5 ~ BALANCING 

4.5.1 Reasons for dynamic wheel balanc~ng being chosen as 
opposed to stat~c balancing. 
Present requ~rements in respect of surface fin~sh 

cannot, ~n most cases, be fulfilled w~th wheels wh~ch have 
been stat~cally balanced. The tolerance ~n the taper, as 
well as the run-out of the balanc~ng arbor, lim~t the 
accuracy of this balancing method. Under operating con-
di t~ons, the grind~ng wheel becomes saturated w~ th coolant 

and because of ~nherent ~nhomogene~ty ~n the wheel structure, 
the saturation ~s not uniform, and coolant unbalance 
cannot be corrected by static balancing. Often a grinding 
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wheel becomc::> unbul::mccd after ~ t has been dreosed a few 
t~meo, and removal of the wheel to check the unbalance is 
usually ~nconven~ent and t~me wnst~ng. Since much of the 
present resenrch work ~s involved with measuring the 
force generated dur~ng dressing, th~s generally being of 
a low order of magn~tude, it can be seen that any 
residual out of bnlunce force in the gr~nd~ng wheel could 
impare the accurate record~ng of the dressing force. 
Because of tnese reasons, it was dec~ded to introduce 
dynam~c balancing to the mach~ne, and balance the wheel 
~n s~tu. 

4.5.2 ELTRODYN balancing un~t for Brind~ng wheels. 
The equ~pment chosen for dynamic wheel balanc~ng 

was the ELTRODYN balancing u~t made by REUTLINGER & Son, 
of Germany. The eCJ.u~pment cons~sts of four bas~c parts, 
these be~ng a stroboscop~c hand lamp and out of balance 
ind~cat~ng un~t, and a vibrat~on piclc-up with an accom­
panying electron~c dev~ce. F~g. 4.11 shows a general view 
of the balancing eCJ.uipment mounted on the machine. 

4.5.3 Mode of operation of tll..L.ELTHODYN balancing umt. 
The schematic d~agram, f~g. 4.12, shows the bas~c 

design of the measur~ng apparatus for use with a single 
gr~nd~ng maclune. In it, ~s the headstock of the machine 
(A), the e1ectron~c measur~ng system (B), and the indic­
ating instrumentation (C). The v~bration p~ck-up (1), ~s 

mounted on the headstock casing, w~th its ax~s at r~ght 
angles to the spindle ax~s, and parallel to the gr~nd~ng 
pressure. The rest of the eCJ.u~pment, B and C, is pos~t­
ioned ~n front of the mach~ne for ease of manipu1at~on by 
the operator. 

The unbalance of the grind~ng wheel forces the 
headstock (A), to osc~llate at the same'freCJ.uency as the 
speed of rotat~on of the wheel. The vibrat~on p~ck-up (1) 
transforms th~s mechan~cal vibration into an analogous 
alternating voltage, which ~s then fed to the electron~c 
measuring system (B), by way of a sensitiv~ty regulator (2), 
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und an electr~cal f~lter~ng c~rcuit (3). Th~s c~rcu~t 

only adm~ts alternut~ng voltuges w~th a frequency corres­
ponding to the speed of rotat~on of the grinding wheel. 
In tluG way, paras~ t~e vibrations wh~ch do not or~ginate 
from the unbalance of the grinding wheel, are eliminated 
from the c~rcu~ t. The al ternatl.ng vol tugc, v/hl.ch l.S 
proportional to the magnl.tude of wheel unbalance, l.S fed 
to the l.ndl.cat~ng instrumentatl.on (C), and can be read 
on the measurl.ng instrument (5). As the wheel unbalance 
l.S corrected, by placl.ng we~ghts symmetrically at the 
same angle of arc to the "ll.ght spot" of the wheel, then 
the scale of the l.ndl.catl.ng instrument is graduated in 
degrees of arc. The measurl.ng sensitivity can be increased 
for precl.s~on balancing by means of a sWl.tch (6). In the 
case of high sensl.tl.vl.ty settl.ng, the l.ndl.cation is 
g~ven on a second linear scale of the measurl.ng instrument. 
It shows how many mm. approxl.mately, the weights in the 
wheel flange plate must be moved to achieve exact 
compensation for the unbalance. 

The fl.ltered measurl.ng voltage (sinusoidal voltage) 
in the electronl.c system, l.S fed parallel to the indl.cat­
l.ng l.nstrument to the impulse generator (4), wluch 
transforms l.ts sl.nusol.dal maxl.ma l.nto impulses, ~.e. a 
short voltage impulse occurs for each revolutl.on of the 
gr~ndl.ng wheel. Thl.s impulse causes the stroboscopic 
hand lamp (8) to flash in rythm wl.th the speed of 
rotation of the grl.ndl.ng wheel. These light flashes are 
of so short a duration, that the grl.ndl.ng wheel appears 
to stand stl.ll when l. t is l.lluminated by the,.hand lamp, 
Before the start of the test, the grindl.ng wheel face is 
div~ded up l.nto a number of segments, us~ng chalk, each 
segment bel.l1g nULlbered. The numbered portl.on whl.ch is 
hl.Ghlighted with the stroboscopl.C hand lamp, indl.cates 
the ll.ght spot about wh~ch the wel.ghts should be set, 
according to the readl.ng obtal.ned from the measurl.ng 
l.nstrument (5). When the wheel is dynamically balanced, 
the stroboscopic lamp wl.ll cease to flash. 
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4.6.1 InLroduct10n to thc teata. 
A oer1es of teots were conducted on the gr1nding 

machlne to establlsh a relat10nolnp between the temperature 
changes lnduced in the machine, due to the motion of the 
machine elements, and the resulting relative displacement 
between the table and wheel head. 

The reasons for these teots are as follo{ls:-

1). To determ1ne the "warming up" tlme requlred for 
the machine to achieve equilibrium conditions. 

2). To ascertain the relatlve dlsplacement between 
the wheel head and table, over the "warming up" 
period of the machine. 

, 
3). To provide information on the best location for 

a wheel dresslng dynamometer on the machine table. 

All the tests were commenced at the start of the 
worlnng day, and continued until the tlmes shown on the 
various figures. The pattern of these tests was 
temperature/relatlve dlsplacement against tlme for various 
machine elements ln operation. 

All temperatures were taken using a WTIiIARK THERI.IOr.lETER 
with magnetlc base, positioned on the belt drive slde of 
the wheel head. The reason for thlS position belng chosen, 
was to elimlnate the possibillty of errors in temperature 
recordlng, due to the effect of alr currents generated by 
the rotating grinding wheel. The relatlve displacement 
measurements were taken using STEINUEYER DIAL TEST INDICAT­
ORS, located on rnagnetlc stands on the machine table. 

4.6.2 General Ooncluslons From The Tests. 
1). The idle-running time for the machine to reach 

thermal stabl1lty is about 80 minutes. 
(Figs. 4.13 to 4.16) 
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2). The idle-ruru.inG time for thc much~ne to reach 
positional stab~L~ty varies between 80 minutes 
to 160 minutcs, depend~nG upon whether the 
traverse hydraulics are running, or off. 
(l!'~gs. 4.13 and 4.14). These shoVl aloo, that 
th~ wheel head has a tendency to twist, relative 
to the table as ~t warJ.Js up from rest. 

3). The traverse displacement of the table relative 
to the wheel head, as measured when their mid­
positions coinc~de (Fig. 4.15), reaches a 
maximum during warm-up, but subsequently 
d~m~nishes by approximately 50%. This tendency 
~s also observed with the table mid-position, 
located 18 ~nches (457 mm) to the wheel head 
mid-position (F~g. 4.16). However, ~n this 
pos~t~on, the steady state relative d~splace­
ment ~s approximately 75 % of the maximum value. 

4). That the best pos~t~on for locat~ng a wheel 
dress~ng dynamometer on the table, is as near 
to the table centre as possible. Th~s posit­
ion gives m~nimum relat~ve displacement 
between wheel head and table. (Figs. 4.15 and 
4.16). 
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Fig. 4.1 View of the cylindrical 

grinding machine. 
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CHAPTER 5 

'fHE DRESSING AND GRINDING DYNAMOldETERS AND THEIR 

ASSOCIATED EQUIPMENT 

5.1 IN'fRODUCTION TO FORCE MEASUREmENT 

It was envisaged that in the research conducted by 
the author, two force-measuring dynamometers should be 
used, these be~ng a wheel dressing dynamorneter, and a 
grinding dynamometer. 

For the dressing of grinding wheels, the basic tool 
used was a s~ngle point diamond, mounted in a holder. It 
is known that as a diamond traverses across the face of a 
gr~nding wheel, the indiv~dual grits ~n the wheel surface 
are e~ther fractured, or removed wholly from the wheel 
structure by bond post fracture. It ~s thought that the 
mechanism by wh~ch these gr~ts are removed from the wheel 
face, may depend upon one, or a combination of three factors, 
these being dressing depth of cut, diamond traverse rate, 
and the geometry of the d~amond tool relative to the 

wheel periphery, all other things be~ng equal. 
Tak~ng force as a parameter, it was envisaged that a 

study of the influence of the before mentioned factors on 
wheel dress~ng, would be undertaken w~th a view to establ­
ishing stable dressing condit~ons, giv~ng maximum dressing 

tool hfe. 
In the grind~ng of metals, ~t ~s known that the 

performance of the wheel during gr~nd~ng, depends upon 
several factors, e.g. hardness of wheel bond, grit type 
and s~ze, depth of cut, workp~ece traverse rate, wheel and 
work speeds, coolant type, dressing conditions, and many 
9thers. Again ~t was envisaged, us~ng force measurement 
and analys~s as a parameter to study several of these 
comb~ned effects on grinding performance. This would 
requ~re a grinding dynamometer, purpose-bu~lt to suit the 

particular cond~tions. 

g FUNDAMENTAL REQUIREMENTS OF DYNAMOmETERS 

In a force measuring dynamometer, some form of 
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transducer is used to rece~ve the force, or one of its 
component parts, and convert ~~ ~nto an electrical signal 
capable of being measured and recorded by appropriate 
instruments. To ensure that true values are recorded, 
several factors need to be considered at the design stage of 
the dynamometer. 

The ideal dynamometer should have the ab~lity to 
measure two or three orthogonal components of force without 
~nteraction, have good repeatability, and a frequency response 
wh~ch is high enough to allow the dynamometer to follow any 

rapidly fluctuating force on the sensing member. Sensitiv~ty 

should be large enough to enable the output signals to be fed 
~nto a recorder without excess~ve amplification, and at the 
same t~me, the deflection of the force sensing members should 
be small compared with the depth of cut into the workpiece. 
Output signals should increase linearly w~th applied force, 
and be free from any hysteresis or frict~onal effects. 

In practice, conflict can arise between desired 
character~st~cs, e.g., sensitivity and natural frequency. 
For a force measur~ng element to have a high sensitivity, 
and hence low st~ffness, its ~atural frequency will be low. 
Th~s results in a reduct~on of the frequency range over which 
dynamic measurements of force can be recorded accurately. 
Also, reduct~ons in stiffness resulting ~n larger values 
of deflect~on to depth of cut ratio, may lead to inaccurate 
values of force being recorded. In cases where transducers 
having a low sens~tivity value are used in conJunct~on 
with extra-stiff members, then amplification equipment 
which is costly, ~s necessary to bring the electrical signal 
representing the force, up to a measurable level. It can 
be seen, therefore, that the quest~on of high sensitivity, 

or high natural frequency, kS a matter of cOmprOmkSe. 
In practice, it is virtually kmpossible to constr­

uct a multiple-axis dynamometer that is free from inter­
actkon. This ~s because kn most cases, axes are linked 

mechanically at some point or other. This fact need not 
be detrimental, as a note of the interactions can be made 
at the cal~bration stage, and compensations made to the 
recorded force values, assuming that the interactions 
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are not negl~gible. 
In comparat~ve tests, small differences ~n cutt~ng 

force are often significant, and so a high degree of 
accuracy under all cond~tions is desirable. For accurate 
response to input signals, hysteresis effects must be 
guarded aga~nst. These usually occur through overloading 
of the force sensors, result~ng in straining be~ond the 
elast~c l~mit, and hence, permanent deformation. Knowledge 
of the probable maximwn force to be encountered would 
ensure that the load sensors could be designed to have 
adequate load bearing capacity. 

5.3 ASSESSMENT OF THE PROBABLE FORCE DUE TO WHEEL 
DRESSING 
An essent~al requirement when force measurement is 

to be undertaken, ~s a prior knowledge of the possible 
maximum force to be encountered, under_any given set of 
condit~ons, as th~s w~ll influence the choice of measuring 
system to be used. 

S~nce informat~on relat~ng to the magnitude of 
forces ~n wheel dress~ng was unobtainable, a s~mple 
dynamometer was devised to fulf~ll this requirement. 

The princ~ple upon wh~ch this dynamometer was 
based, ~s that the deflection of a ring under diameteral 
loading, is directly proportional to the force caus~ng 
the deflection. Fig. 5.1 depicts the ~nstrument so devised. 
Its mode of operat~on was such that the deflection of the 
ring (2), caused by the force generated dur~ng dressing, 
was mon~tored on a d~al ~nd~cator(l), mounted inside 
the r~ngj the scale of the dial indicator being calibrated 
in force units. Figs. 5.2 and 5.3 show how the dynamo­
meter was used in conJunction w~th a supporting cradle 
for measurement of the three components of dress~ng force, 
namely, Fr (radial), Ft (tangential), and Fa (axial). 

From a series of dressing tests conducted with the­
above ment~oned apparatus, the following average values 
of force were derived. 
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Grinding wheel type:- Universal WA 46 KV 250 mm ~ 
Wheel speed :- 1800 rev/min 
Dressing condition ,- dry 

Dressing force N Depth of cut Traverse rate 

Fa Fr Ft pm mm/rev 

- 1·2 ·8 25 .25 
- 2·2 1·4 25 .5 
- 3·0 2·0 50 .5 
- 4.0 2·5 75 .5 

These values were used as a basis in design 
calculations for the main dressing dynamometer. 

5.4 THE THREE COMPONEN.T DRESSING-FORCE DYNAMOMETER. 

5.4.1 Introduction to the dynamometer. 
A three-component, low force dresS1ng dynamometer 

was developed from a basic design produced by F.K. Grosz­
mann and C. Rubenstein,60 at U.M.I.S.T., for their 

- , 

research into single grit appraisal in grinding. The 
concept beh1nd their dynamometer, and hence the one being 
descr1bed here, is that the strain observed for a given 
displacement, is a maximum when twten in the direction 
of a direct stress. 

Employing this principle, strain elements 1n the 
form of thin r1ngs, used in conjunction with foil-type 
strain gauges, were arranged to monitor three components 
of dressing force mutually at right angles. In this way, 
the resultant force was described completely 1n magnitude 
and direction. 

5.4.2 Mechan1cal des1gn. 
The dynamometer consists basically of a rigid frame 

Vlh1Ch houses the strain (force sensing) elements. A schema­
tic representation of the dynamometer is depicted in 
fig. 5.4 The strain elements are arranged such that 
maximum straina are observed for an applied foroe in the 

-104-



three princ~pal directions to the plane of cutting. In 
th~s plane the axial and tangent~al force components 
are sensed by fo~l-type strain gauges mounted on opposing 
r~ng elements, these r~ngs being suspended between the 
frarllc and central sp~ndle carry~ng the dressing tool. This 
conf~guration ~s advantageous since it allows the setting 
up of two complete Wheatstone br~dge circuits, giving full 
temperature compensat~on. To maintain a r~gid system, the 
r~ngs are held ~n tension by apply~ng a preload. This is 
advantageous where stra~n gauges are used, s~nce the 
stresses remain positive (tensile) when a load ~s applied, 
and the gauges are not subJected to compression. The 
stiffness of the two independent ring systems in the plane 
of cutt~ng, are prov~ded by the rings themselves. 

The force component taken perpend~cular to the plane 
of cutting ~s sensed by a single ring element hav~ng 
foil-type stra~n gauges mounted on its interior and exter­
~or surfaces. In this way, a complete Wheatstone bridge 
c~rcuit is again possible. This r~ng is f~xed at its 
front end to the frame, and ~s supported at its rear end 
by the central spindle carrying the dress~ng tool. The 
sp~ndle ~s itself attached to the frame at ~ts rear end 
v~a a th~n d~aphragm, its front end be~ng supported by the 
ring elements ~n the plane of cutting. The funct~on of 
the diaphragm is to act as a fulcrum po~nt for the axial 
and radial movements of the central spindle, caused by 
the dress~ng act~on between the d~amond tool and gr~nding 
wheel. Preload is applied to the ring element by 
adJustment of a screw passing through the centre of the 
diaphragm. This causes the central sp~ndle to be drawn 
towards the rear of the frame, thus tension~ng the ring. 

In~tially, the stiffness of the axis perpendicular 
to the plane of cutting was to be provided by the ring 
element, the diaphragm being of such a th~ckness that 
its stiffness is negligible. It was found, however, 
from subsequent dressing tests, that the radial component 
of force could be considerably greater than at first 
thought possible, resulting in larger deflections being 

-105-



observed for force measurement, than could be tolerated. 
This resulted 1n the introduct1on of a thicker diaphragm 
to provide add1t10nal stiffness to that of the ring element 
in the plane perpendicular to the plane of cutting. 

5.4.3 Constructional details. 
The constructional details of the dynamometer are 

shown 1n several views in fig. 5.5. The more important 
parts will be described here. 

The lIla1n Frame. 
The main frame Wh1Ch houses the strain sensors 

cons1sts bas1cally of four parts, these being the ma1n 
body (14), the head (8), the r'ront cover plate (5), and 
the top cover plate (not shown). These parts are dowelled 
and bolted together. The material chosen for the frame 
construct1on is an alum1n1um alloy. This material had 
been used with success previously, by Yang,48 for the 
construction of a gr1nding dynamometer, the main advantages 
being its lightness and ease of machining. To ensure 
max1mum ng1dity, the main body (14), and the head (8), 
were machined from so11d. 

The Central Sp1ndle. 
The central Spindle 1S of a three-part construction. 

This consists of a circular stem and head (3), which carries 
the dress1ng tool and holder; a rectangular portion w1th 
centre sect10n machined away (15), in which is secured one 
end of the strain sensor measuring the force component Fr ' 
and a threaded tail piece (20), which 1S anchored to 
the rear end of the frame, via a d1aphragm. Parts (3) 
and (15), are made from aluminium alloy, and part (2) is 
made from mild steel, all parts being bolted together. 
Since the central spindle forms part of the infeed measuring 
un1t, it was necessary to make it as light as possible 
for dynamic reasons, the result1ng total weight of the spindle 
being .638 kg. 
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Dresskn~ Tool Holder. 
The dressing dkamond is presented to the grinding 

wheel by a steel tool-holder mounted in the central spkndle 
of the dynamometer, the diamond tool being machined such 
that its cuttkng point in contact with the grinding wheel, 
lkes on the axis of the central spindle. The tool and 
holder are shown in fig. 5.6. A series of four holders 
are avaklable, giving a range of "drag angles" of 0 0 to 

150 in 5° increments. Inversion of the holders gives a 
further three values of "drag angle", these being -150

, 

_100 and _5°. These holders can also be used in conJunc­
tion with the dressing fixture mentioned in statement 4~4. 

The Force Sensing Hlements. 
Two types of thin ring element (11) and (18), are 

employed in the dynamometer for force detection, both types 
being manufactured from mkld steel. To ensure maximum 
rkgkdity in service, the elements, which are thin rings 
wkth securing arms mounted diametrically opposite, are 
made of one piece construction from indkvidual blocks of 
mild steel. Because of the slender nature of these 
elements, speckal fixtures were devised to hold them 
rigidly throughout the sequence of turning and milling 
operatkons required for their manufacture. Fig. 5.7 gives 
details of the ring element (18), employed in the plane 
perpendkcular ~o the plane of cutting. The second type 
of ring element (11), whkch is used kn the two principle 
axes in the plane of cutting, is shown in fig. 5.8. One 
arm of the rkng element kS extended into a threaded steel 
shank which is dowelled and soldered in position. Thks 
provides a means by which opposing rkng elements kn the 

same axis are preloaded, the threaded shanks passing 
through the dynamometer head, and being held in positkon 
by ste~l nuts. Using thks form of force senskng element 
kn preference to that of strip construction, elements 
having kncreased cross-sectional areas of seventy times' 
can be employed, giving similar stiffness values, resulting 
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in a more robust system. 

The D~aphragm. 
The c~rcular diaphragm (22), wh~ch is made from ml.ld 

steel gauge plate, provides a fulcrum pOl.nt for the rear 
end of the central spindle. The or~gl.nal diaphragm, which 
was made havl.ng negl~gible stiffness, l.S shown in fig. 5.9. 
Cornrn~ssioning tests of the dynamometer showed that additional 
stiffness was.requ~red in the axis perpendicular to the 
plane of cutting, for satl.sfactory results to be obtained. 
A second, stiffer diaphragm was made to replace the orl.ginal 
one, and can be seen in fl.g. 5.10. To ensure that the 
actual and theoretl.cal values of stiffness were the same, 
a call.bration rig was devised. Thl.s consl.sts of a r~gid 
steel plate, machl.ned to represent the dl.aphragm housing in 
the dynamometer, a load carrl.er, and a sensitive displace­
ment measuring instrument. The set up is shown in f~g. 5.11. 
The thickness of the dl.aphragm was reduced until a pre-

, 

determl.ned deflection was recorded by the measurl.ng instru­
ment, for a known load, thus giving the required value of 
stiffness. 

5.4.4 Static and dynamic characteristics of the force 
measurl.ng systems. 
In any dynamometer design, the confll.cting require­

ments of adequate sensitivl.ty and hl.gh natural frequency 
have to be balanced against each other, to produce a 
practical force measuring system desl.gned to meet a specific 
set of requirements. The stiffness of the system, which 
l.nfluences both sensitl.vl.ty and natural frequency, is 
dependent upon the range of forces and depth of cut to be 
met l.n practice. flhen determl.ning the stiffness, a maximum 
dl.splacement of 10% of depth of cut was considered tolerable 
for force measurement in any of the three axes of the 
dynamometer, to gl.ve a reasonable signal output from the 
fOl.l-type strain gauges, and at the same time have 
minl.mum interference with the cuttl.ng action of the dressing 
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tool. Tulcing a maXl.mum infeed of 25 )lm, correspondl.ng to a 
force of 2.2 N in the plane perpendicular to the plane of 
cutting, a theoretical stl.ffness value of 880kN/m was 
derl.ved for a tool deflectl.on equal to 10% of depth of cut. 
This value was initl.ally adopted for all three axes. The 
resultl.ng natural frequency of each axl.S for a moving maSD 
of .638 ICg l.S 187 Hz. As stated earll.er, commissl.oning tests 
showed that larger values of the ,radial component of force 
were possl.ble under certal.n dressl.ng conditl.ons. To keep 
tool deflectl.ons small in comparison with the depth of cut, 
the stl.ffness of the axl.S perpendicular to the plane of 
cuttl.ng was increased by four tl.mes to approximately 
3,520,000 N/m, givl.ng a natural frequency of 374 Hz. This 
l.S low compared with 690 Hz for the dynamometer desl.gned 
by Groszman and RUbenstein. According to Yang,48 the 
optl.mum value of natural frequency for a tool dynamometer 
should be about 500 Hz. In practice, however, the dyna­
mometer performed satl.sfactorily under all conditions tried. 

5.4.5 Electrl.cal instrumentatl.on. 
Three independent full-bridge circuits are used for 

monl.toring the three components of dressing force mutually 
at right angles. This allows full temperature compensation 
and the maximum possible strain signal from each circuit. 

The strain gauges. 
FOl.l-type strain gauges were chosen as opposed to 

silicon type for several reasons, the prl.me one being cost. 
On average, sl.licon type strain gauges can cost 60 times 
more than foil-type gauges. 

Potma 61 l l. sts the mal.n dl.sadvantages of silicon 

type strain gauges as follows:-

l} Although the gauge factor is many times higher 
than a foil-type gauge, its actual value 
depends on the temperature. 

2). The linearity is not so good. 
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3). There can be a large spread of values of the 
parameters R (gauge resistance),OC t (coefficient 
of expans~on per °C) and K factor (gauge factor) 
from gauge to gauge. 

Another disadvantage is that silicon-type strain 
gauges are fairly brittle and can easily be broken when 
be~ng ~nstalled. On the other hand, foil-type gauges are 
more robust, have good linearity and are generally more' 
stable. The ma~n d~sadvantage is the~r relatively low 
gauge factor, i.e. in the order of 2 as compared w~th 
120 for silicon-type gauges. This means that amp11f~cation 
of the strain signal is necessary. The gauges chosen were 
of 120 ohm nominal res~~ance, w~th a gauge factor of 
approx~mately 2, and strain limits of 30,000 to 50,000 
microstra~n (3~ to 5%) tension or compression. By 
mounting four gauges on the strain r~ng in the plane 
perpend~cular to the plane of cutting, and two gauges 
on each of the four strain rings in the plane of cutting, 
the strain s~gnals were increased by a factor of 4. 

Figs. 5.12 and 5.13 show the full bridge circu~ts used. 
Soldered connections were made to each strain gauge 
us~ng f~ne screen-wire, the wires being connected to 
form three ~ndependent full bridge circuits by soldering 
to three five-p~n D.r.N. plugs mounted in the top cover 
l~d of the dynamometer, the central pin carrying the 
screen grid. 

The ampl~fier. 

The choice of fo~l-type stra~n gauges necessitated 
the use of three br~dge amplif~ers, one for each strain 
system. The ma~n cons~deration was again cost, result~ng 
in d.c. equipment be~ng chosen as opposed to a.c. equ~pment. 

',vi th modern technology, d. c. amplifiers are man1;lfactured 
wh~ch have relatively low drift. Type FE-154-ABS, FYLDE 
d.c. bridge amplifiers were chosen because of their compact 
des~gn, low drift and general su~tab~lity. Each amplifier 
is supplied from 200-250V Hz supply and provides gains 
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from 10 to 5,000 J.n nJ.ne steps. The bridge voltage can 
be varJ.ed from 0 to 12 volts d.c. and J.S zeroed by null 
method, shunt balance. The input drJ.ft is 5 V/oC 
maximum, and accuracy and stability better than l~ • 

The dJ.rect-recording oscillograph and galvonometers. 
The choJ.ce of the strain-signal recordJ.ng instrument 

was determJ.ned by the nature of the force components 
whJ.ch in the case of wheel dressJ.ng J.S of a dynamic form. 
A dJ.rect-recording ultra-violet oscJ.llograph, type 10-350 
manufactured by Shandon Southern Instruments was used in 
conjunction with three fluid damped galvonometers, one 
for each channel. rhe oscillograph J.S supplJ.ed by a 
200-250V 50 Hz supply, and will accept up to 12 input signals 
in the frequency range d.c. to 20 kHz. Each signal is fed 
to a wJ.nature tubular galvono~eter, which reflects a 
spot of intense ultra-violet light on a moving roll of 
photo-sensitive recording paper. The deflection of the 
galvonometer, and hence the movement of the lJ.ght spot, 
J.S a function of the amplitude of the input-signal 
current. 

The choice of galvonometer was governed by the 
maximum frequency and magnJ.tude of input signal- expected, 
and became a compromise between galvonometer natural 
frequency and sensitivfuty. these two factors being 
J.nversely proportional. Three Southern lleasuring Instrument 
galvonometers, type SMI/M were used, having a natural 
frequency of 1,000 Hz, a sensitivJ.ty of 1,75 mY/mm and 
a maximum allowable current of 75 mA. 

Connection between the amplifier terminals and 
each of the three channeis used on the oscJ.llograph 
was by tWJ.n screened-cable, wJ.th 10 knvarJ.able 
resistancesconnected between the amplJ.fiers and 
oscillograph to prevent overloading of the galvonometers. 

These resistances were later found to be unnecessary 
under test conditions and were removed from the 
circuits. 
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5.4.6 Statl.C and dynallll.c calibration. 
Static call.bration of the dynamometer was carrl.ed 

ou~ usine a system of dead weights suspended from a dummy 
tool holder mounted in the dynamometer head. The load was 
applied l.n ten l.ncrements of .2 Kg, gl.vl.ng a final load of 
approxl.mately ten times the maximum at fl.rst thought possible. 
Each axis was loaded separately and readings taken of all three 
axes uSl.ng the d.c. brl.dge amplifl.ers and ultra-violet 
oscillograph, the results being recorded on ultra-vl.olet 
light sensitl.ve paper. In thl.s way, any cross interference 
between any two axes was-dl.rectly measurable. At the same 
tl.me, readings of tool deflection in the dl.rection of the 
applied load were recorded using a Mitronic l.ndicator and 
electrl.cal transducer placed under the dummy tool holder. 
To ensure absolute rigl.dity of the dynamometer during cali­
bration tests, the dynamometer was clamped to a cast iron 
cube, with each of its three axes to be calibrated pOl.nting 
downwards in turn, the cube being bolted to a rl.gid cast 
l.ron marking-out table. Fig. 5.14 shows a schematic repre­
sentation of the calibration set up for each axis, and 
fl.g. 5.15 shows an actual calibration set up. From the 
readl.ngs taken of tool deflection and paper trace width, 
for known l.ncrements of load, two call.bration charts were 
plotted. Fig. 5.16 shows the chart relating to tool 
deflectl.on l.n each of the three axes for load applied in 
the same axl.s. All three plots show a ll.near relationship 
as would be expected. The followl.ng stiffness values were 

deduced from the chart:-
• 

Stl.ffness in the plane Fa 
of cutting. Ft 

Stiffness in the plane 
perpendicular to the IFr 
plane of cutting. 

axis 853 
axis 1.079 

axis 3.336 

kN/m 
MN(m 

MN(m 

These compare favourably with the design values of 

stiffness:-
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Fa axJ.s 

Ft axis 888 kN/m 

and Fr axis 3.520 MN/m 

The dJ.screpencies between the actual and design 
values of stiffness are due to the machJ.ning tolerances on 
the various dynamometer parts. 

Fig. 5.17 shows the chart relating to ultra-violet 
paper trace readJ.ngs for each of the three axes, (Fa~ Fr , and 
Ft) against applied force. The three traces are for various 
amplifier gaJ.n settJ.ngs, the Fr trace being at a higher 
value of gaJ.n than the Fa and Ft traces due to the higher 
stJ.ffness value in that axis. The followJ.ng calibration 
values of force per unit deflection were obtained from the 
chart:-

Fa axJ.S .30 N/mm ,at 2,000 gain 

Ft axis .25 N/mm at 2,000 gain 

F r axJ.s .40 N/mm at 5,000 gain 

Using these values, force readJ.ngs._could be interpr-
eted from ultra-violet paper trace recordings for any amplif-
J.er gain setting used. 

Since interaction between any two axes was within 
l~, allowances were not necessary on the static 

calibratJ.on charts. 

DynamJ.c calibratJ.on of the dynamometer was performed 
by introducing a vibrating load of known magnitude and 
frequency to the three axes in turn, and recording by 
suitable means, the ensuing amplitude and frequency of 
vibrations set up. Fig. 5.18 is a schematic diagram of 
the dynamic calibration set up. A Goodman vibration 
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generator, mOdel V47, was attached to the dummy tool holder 
by a st1ff connecting rod in each of the three principal 
d1rect10ns to be ca11brated in turn. The dynamometer was 

aga1n secured to the cast 1ron cube, the cube be1ng bo~ted 

to the nJarldng-out table. The signal to the vibrator was 
supp11ed from a Bruel and KJaer beat frequency osc111ator, 
type 1,014, through a Heathkit 10 watt high-fidelity 
amplifier, model MA12. A current output from the amplifier 
of 1 ampere, corresponding to a dynamic force in the vibrator 
of + 4N, was set US1ng an avometer, and an oscilloscope 
connected between the amplifier and vibrator provided a 
check aga1nst any distortion of waveform over the current 
range used. 

Output signals from the three axes of 'the dyanmometer 
were fed through the d.c. bridge amp11fiers to the oscillo­
graph, and the1r amp11tudes recorded on ultra-violet light 
sens1t1ve paper for a frequency range of 120 Hz to 3 KHz. 
S1nce the fundamental resonances of the vibrator and galvo­
nometer 1n the osc1110graph were 120 Hz and 1KHz respectively, 
true responses for the dynamometer could not be plotted at , 
these two frequencies. The three frequency response curves 
plotted for the dynamometer show 1ts fundamental resonances 
in the plane of cutt1ng and perpend1cular to the plane of 
cutting, and hence p01nts of 1nstability. These are repre­
sented 1n f1gs. 5.19 to 5.21 inclusive. F1gs. 5.19 and 
5.20 show the frequency response curves for the two axes 
in the plane of cutting, namely Fa and Ft respectively. Both 
axes have similar resonant frequenc1es around 260 Hz and 
360 Hz. The following shows the compar1son between actual 
and theoret1cal values. 

Axis fn actual fn theoretical 

253 Hz 

370 Hz 184 Hz 

273 Hz 

360 Hz 207 Hz 
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Fig. 5.21 shows the frequency response curve for the 
ax~s perpendicular to the plane of cutting. It can be 
seen that in th~s plane the dynamometer has only one 
fundamental resonance at 315 Hz. The following shows the 
compar~son between actual and theoret~cal values:-

Axis f' n actual . f n theoretical 

315 Hz 364 Hz 

No exact analysis of the frequency response curves 
obta~ned has been attempted because of the complex nature 
of the stra~n member supports. For practical purposes it 
~s necessary to note the po~nts of instab~l~ty and ensure, 
~f possible, that these reg~ons are avo~ded. All three 
f~gures show interactions on each ax~s due to load~ng in 
adjacent axes. These are not thought to be true values 
s~nce vibrator osc~llat~on in only one plane could not be 
guaranteed. 

5.4.7 Dynamometer sl~de. 
The dynamometer is carried on a sl~de arrangement as 

dep~cted ~n fig. 5 •. 22. The ma~n parts of the sl~de are 
manufactured from an aluminium alloy to be compatible 
with the dynamometer, and the whole arrangement ~s mounted 
on a steel baSe plate. The po~nt of contact of the 
d~amond dressing tool with the grind~ng wheel lies ~n the 
same horizontal plane as the axis of rotation of the 
grind~ng wheel spindle. The dynamometer can be fed for­
wards in accurate steps of the order of 2 pm. This is 
achieved by the use of a very fine p~tch screw (24), which 
is in turn geared down through a worm and gear drive (15 
and 16). The forward movement of the dynamometer is sensed 
by an electrical transducer (11), and mon~tored on a 
"llIitronic" indicating instrument, the lowest sett~ng on this 
instrument being + 3 pm full scale deflection. The external 
'micrometer spindle (8), as Seen in the diagram, is used 
only as a means of setting a zero datum on the "mitronic" 
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ind1cat1ng 1nstrument prior to each infeed requirement. 
After setting the infeed requirement, the top slide (3), 
is locked in position by the knurled screw (12). This 
causes the bottom slide (14) to expand 1nto the dovetail . 
of the top slide. Because the locking action takes place' 
perpendicular to the feed motion, no error is experienced 
in the feed d1rection. To compensate for backlash in the 
system, the top slide (3), 1S held positively against the 
bottom s11de (14), with a tension spring (25). Fig. 5.23 
shows the dynamometer and slide mounted on the grinding 
machine table. 

5.5 THE TWO COMPONEN'r DRESSING-FORCE DYNAIIIOIJETER 

5.5.1 Introduction to the dynamometer. 
Wheel dressing tests conducted using a blunt diamond 

tool hav1ng a wear flat of approximately 10 mm (limiting 
wear cond1tions), gave unsatisfactory results when using 
the three component dressing-force dynamometer. To assess 
the probable dressing forces under the above mentioned 
diamond tool cond1tion, a further dynamometer was con­
structed. A cantllever design was chosen capable of 
monitorlng radial and tangential components of dressing 
force separately. 

5.5.2 Dynamometer deslgn and construct10n. 
A schematic arrangement of the dynamometer is shown 

ln f1g. 5.24. The dynamometer body (5), was machined 
from a slngle steel plate 100 mm x 115 mm x 16 mm thick, and 
secured to the steel angle base (8) by three high tensile 
steel cap-headed screws. The dlamond tool holder (1) 
presents the dressing tool to the grlndlng wheel such that 
the pOlnt of contact between tool and grind1ng wheel lies 
1n the same horizontal plane as the axis of rotation of 
the grlnding wheel spindle. The tool holders are 
interchangeable wlth the three component dressing-force 
dynamometer. Force measurement is obtained using a 
Kistler quartz force transduce~ (4) mounted in the slot 

f 
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separating the cant~lever section from the main frame. 
The transducer is located pos~t~vely us~ng two ball­
bearings (3), and preload~ng is accomplished with a screw 
(7) and locknut (6). 

A high st~ffness value was chosen for the canti­
lever arm, namely 10 idN/m. This value was ach~eved pract­
~cally by extend~ng the slot ~n wh~ch the transducer is 
housed, up towards the top corner of the dynamometer body. 
The machining of the slot was stopped at several stages 
and a Imown value of load applied to the tool holder. 
Deflect~on of the cant~lever at the point of application 
of the load was monitored using an electr~cal transducer 
and "mitron~c" ind~cating instrument. When a predeter­
mined value of deflect~on was observed, machin~ng was 
completed. The above ment~oned st~ffness value was taken 
with the quartz force transducer in s~tu. 

In the set up as shown, the dynamometer senses th'e 
tangent~al component of dressing force. By rotating the 
dynamometer body through 90 0 and repositioning the tool­
holder on top of the' frame so that the dressing tool tip 
l~es on the ax~s of the quartz force transducer, the 
radial component of dressing force is monitored. 

5.5.3 Electrical instrumentation. 
S~gnals received from the quartz force transducer 

are passed into a K~stler electrostat~c charge amplifier, 
and readings taken v~sually from a galvonometer scale. 

Quartz force transducer characteristics:-

Type 903 SN. 22291 

Force range +600 kp (5,886N) 

Sensitiv:ity 42.7 pc/kp (4.4 pc/N) 

Linearity 
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Electrostatic charge amplifier characteristice:-

Type Model 566 

Output voltage +lOV; -5V 
(to high-impedance 
load) 

Output current +10 mA 
(to low-impedance 
load) 

Ranges for 10V 0.05; 0.1; 0.2; 0.5; 1.0; 2.0; 
output 5.0; 10; 20; 50; and lOOmV/pc 

Frequency response d.c. 1.0 150 kHz 

Linear~ty error .1% 

Line power 115V at 60 Hz 

5.5.4 Dynamometer calibrat~on. 
Calibration of the two axes of the dynamometer was 

carr~ed out statically using a dummy tool holder and a 
quantity of dead weights, the set up being sim~lar to that 
for the three component dressing-force dynamometer. Fig. 
5.25 shows a schematic representation of the calibration 
set up for each axis. The dress~ng forces on the dynamom­
eter under work~ng cond~tions were thought to be at the 
lower end of the force range for the quartz force trans­
ducer. This be~ng the case, a setting of 100 mY/pC, 
(highest value) was set on the charge ampl~fier to give 
a reasonable swing to the galvonometer. Deflections of 
the tool holder were recorded for each load increment 
using an electrical transducer and "Mitronic" indicating 
instrument. 
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CD.l~brD.t~on charts for the tangential and radial 
components of dress~ng force can be Deen in figs. 5.26 and 
5.27 respect~vely. 

~he main disadvantage found with the two component 
dress~ng-force dynamometer was the dr~ft observed on the 
galvanometer at the setting of 100 'mV/pC. In practice 
this phenomenon was overcome by using a "short" time­
constant for the charge amplif~er and zero~ng the amplifier 
Just before read~ngs were to be taken. 

Fig. 5.28 shows the dynamometer ~n pos~tion on the 
grinding machine with the electrostat~c charge amplifier. 

5.6 TWO COMPONENT GRINDING-FORCE DYNAMOMETER_ 

5.6.1 Introduct~on to the dynamometer. 
Two of the parameters to be measured dur~ng the 

cyl~ndr~cal traverse grind~ng operation were the radial 
and tangential components of force generated. To accom­
pl~sh th~s a two component grinding-force dynamometer 
was des~gned and constructed. 

A s~mple idea used by researchers ~n the past was to 
make one or both gr~nd~ng centres part of the dynamometer; 
this was the basis for the design chosen. In operat~on, 
the dynamometer acts as a cantilever and transm~tts force 
s~gnals through an appropr~ate transducer. These signals 
are then ampl~fiea and recorded. If, under a cylindr~cal 
traverse grinding operation, two dynamometers are used, 
(one in the mach~ne tailstock and the other ~n the work­
head), output s~gnals ~n the same axis are add~tive and 
g~ve a signal of constant magn~tude, this being s~mple to 
to analyse. If a single dynamometer is used, the out­
put varies ~nversely to the d~stance between the po~nt 
of applicat~on of the load and the transducer. For 
plunge grinding operat~ons only one dynamometer need be 
used to obtain a signal of constant magnitude. 

In the present research, only one dynamometer has 
been used to measure grinding forces because of the high 

cost of the force transducer. Fig. 5.29 shows the dyna-
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mometer installed in the tailstock on the grindkng machine. 

5.6.2 Dynamometer desiGn and construction. 
The dynamometer consists of a speckally designed 

grinding centre in which is fitted a Kistler three compon­
ent quartz force transducer. Only two of the transducer 
outputs are utilised, the third "axial" output has been 
kgnored. Detakls of the dynamometer are shown in fig. 5.30. 
The cone centre (1) is made from a standard hkgh-carbon 
steel centre, the morse taper shank portion behind the 
cone bekng reduced to form a parallel spindle which passes 
through the bore of the quartz force transducer (3). A 
taper shank body (4) fits on the spindle behind the trans­
ducer and l09ates the dynamometer in the grindkng machkne 
tailstock. Preloading of the transducer is achkeved by a 
splkt-collet arrangement which kS located at the rear end 
of the cone spindle in a "knecked down" portion. A retain­
kng ring (5) holds the two halves of the threaded split­
collet (6) together whilst axial loadkng is applied through 
the preloa.d nut (7). A small key is fitted between the 
collet and cone spkndle to prevent rotation whilst preload 
is applked. 

5.6.3 Electrical knstrumentation 
Electrical skgnals from the three component quartz 

force transducer are passed into a Kistler electrostatic 
charge amplkfker, and galvonometer amplkfker, and then to 
two flukd damped galvonometers housed in an ultra-violet 
oscillagraph where traces are recorded on ultra-violet 
light sensktive paper. 

Descrkptkon of the quartz force transducer. 
Three quartz disc pairs are hermetically welded kn 

a staknless steel housing. One pakr is sentktive to 
compression (in the transducer axis whkch kS the Z direction) 
the two others to shear (in two perpendicular directions· 
of the transducer plane, which are the X and Y directions). 
A force actkng on the tr~sducer is measured in its three 
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components X, Y and Z. In order to allow transmission of 
suff~cient forces in the X and Y directions, the transducer 
must be preloaded with a force of approx~mately 25 kN. 
Details of the quartz force transducer are given in fig. 
5.31. 

K~stler electrostatic ch~uge amlpifier characteristics:-

Type 5,001 

Measuring ranges, 12 steps, 1:2:5 ••• , 

Continuous 1:10 pC .: 10-500,000 

Range capacitors 1:2:5 ••• 

Calibration factor setting 

Output voltage 

Output current 

Frequency range 
(with standard filter-3dB) 
Linearity 

Calibrat~on input 

Sensitivity 

Maximum dr~ft 
(due to leakage current) 
Temperature drift 

pF 10-50,000 

pc/N .1-110,000 

mA 5Q 

kHz 0-180 

% .05 

pF 1,000 + .5% 

pc/mv 1 

pcls + .03 

mVloC + .5/5 

Kist1er galvonometer amplifier characteristics:-

Type 5,211A 
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Measuring rane;e 

Sens~tivity: current outputs 
4 rane;es in decadal steps 

Cont~nuous adJustment range 

Sensitivity: voltage output 

FreCl.uency range 

Linearity 

v : 10 

mA/v .01-10 

x 0-10 

v/v 0-10 

kHz 0-10 

Temperature dr~ft referred to input mV/oC 2 

Bryans-Southern ultra-violet oscillograph characteristics: 

Type 10-350 

Number of channels 12 

Supply voltage 200-250V r.m.s. 

Supply freCl.uency 50-60 Hz 

FreCl.uency range 0-20 kHz 

Fluid-damped galvonometer characteristics:-

Type Shandon Southern Instruments 

Terminal resistance 

D.c sensitivity: current 
voltage 

Maximum current 
.' 
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32 

0.05 mA/mm 
1.6 mV/mm 

75 mA 



5.6.4 Dynamometer cal~bration. 
Before calibrating the dynamometer a preload of about 

25 kffi was applied to the quartz force transducer to ensure 
its correct function in service. 

The dynamometer was calibrated on the grinding machine 
under cond~tions similar to those operative during grinding. 
The grinding wheel was removed and a fixture mounted in its 
place to receive a "Clockhouse" proving ring dynamometer 
which provided the means of measuring the applied load. 
A dummy test piece, identical to the test pieces to be 
ground, was mounted between a standard cone centre in the 
workhead and grinding dynamometer in the tailstock. 
The dynamometer was positioned so that its X and Y axes 
were in the correct orientation to measure the tangential 
and radial components of force respectively. Known incre­
ments of load were appl~ed at a series of positions along 
the test piece, and readings taken from the grinding dyna­
mometer using the ultra-violet oscillograph. The calibration 
set up can be seen in fig. 5.32~ Calibration charts for 
the radial and tangential components of force are reproduced 
in figs. 5.33 and 5~34 respectively •. Interaction between 
the two axes was small and was therefore ignored. 

As canl be seenl from the charts, the relationship 
between: the applied force and the distance moved away from 
the quartz force transducer is a linear one~ The system 
can be compared to a simply supported beam with a moving 
point load. The recorded force is a max~mum, and equal to 
the applied force at a point where the tailstock cone centre 
enters the test p~ece, and zero at a point where the work­
head cone centre enters the test piece. 

Clockhouse: proving-ring dynamometer characteristics:-

Ring number 

Dial gauge number 

Meanl sensitivity 

Maximum load 

-------------

1527 

74462 

.1332 lbf/div. ~.59 W/div.) 

200 lbf (890 N) 
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Front view 
1 Dial indicator 
2 Proving ring 
3 Fulcrum pin 
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5 Clamp plate 
6 Diamond tool 
7 Clamp block 
8 Support pin 
9 Ball pivot 

Fig. 5.1 Schematic representation of the 

Proving ring dressing -force dynamometer 
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Fig.5.2 Set-up of the Proving Ring 

Dynamometer with supporting cradle 
for measuring the radial compone nt 
of dressing force. 

L-________________________ _ 



Fig.5.3 Set-up of the Proving Ring 
Dynamometer with supporting cradle for 

measuring the axial, Fa' and tangential, 

~t ,components of dressing force 

seperately. 



Notation* 
k ra is ring stiffness in direction of Fa 

krt"" "" 11 .. Ft 
k rr 11" U I. 11 11 F r 
kd 11 diaphragm.... " " Fr 
Fa is axial component of force 
Ft "tangential 11 '. 11 

Fr ,. radial ,. 11 11 

* subscripts a.t.& r are related to the grinding wheel 

Fig. 5.4 Schematic representation of the 

three component dressing-force 

dynamometer .. 



Part No. 

J. 

2 

3 
4 
5 

~} 
8 
9, 

J.O 

llA&Bl 

1.2 

1.3 
1.4 
1.5 
1.6 
1.7 

1.8 

1.9 
20 

21. 
22 

23 
24 

Part. name. 

Diamond dressing tool.. 
Diamond tool holder. 
Central spindl.e head~ 
Dust. shroud. 
Front, cover plat~. 

Locking col.l.ar (twim rings),~ 

Dynamometer head. 
Locking nu~ ~8 off). 
S~acer (4 off). 

fForce sensing el.emen~ 
1-(Fa & Ft components) {2 

Dowel. pin (4 off) •. 
Dowel pim (2 off). 
Dynamometer body. 
Central spindle body. 
Front cl.amp block *. 
Dowel pin (2 off). 

JlForce sensing el.ement. 
l (,Fr component,) 

Rear cl.amp block *. 
Adjuster nut. (2 parts). 

pairs) • 

Circular diaphragm locating ring •. 
Circular diaphragm. 
C.ircul.ar diaphragm cl.amping ring .. 
Dynamometer body end cap. 

* for securing the Fr component 
force sensing, el.ement, 

Parts list. for the three component 
dressing-force dynamometer 



Sectional view of the 
dynamometer looking 
in the direction of the 
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Sectional view oflhe 
dynnmometer looking 
in the direction of the 
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Fig.S.S Views of the three component· dressing- force 

dynamometer. 
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Fig.5.6 Dressing tool and holder for use 

with the two and three component 

dressing-force dynamometers 
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Fig_ 5.7 Force-sensing element for the 
plane perpendicular to the plane of 

cutting in the three component 
dressing- force dynamometer 
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Fig. 5.B Force-sensing el ement for the 

two axes in the plane of cutting in 

the three component dressing -force 

dyn amometer. 
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Fig.5.9 Original diaphragm for the three 

component dressing-force dynamometer 
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1 Steel diaphragm 

2 Steel di aphragm housing 

3 Cast iron cube 

4 Cast iron table 

5 Load hanger with dead weights 
.- H 

6 Mitronic displacement indicator 

Fig.5.11 Calibration set- up for 

6 

evaluation of diaphragm stiffness 
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Mechanical layout of 

the s train gauges 

to 
~---- bridge ----~ 

amplifier 

Electrical layo ut of 

the strain gauges 

Fig. 5.12 Strain gauge layout for the 
measurement of the component of 

dressing force, Fr' 



Mechanical layout of 

the strain gauges 

___ red~____ to yellow 
bridge ----~ 

amplifier 

Electrical layout of 

the strain gauges 

Fig.5.13 Strain gauge layout for the 

measurement of the two components 

of dressing f?rce, Fa and Ft. 
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plane of cutting 
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2 dead weights 
" " 3 Mitronic displacement indicator 

4,5,6 d.c. s train bridge amplifiers 

7 ultra-violet oscillograph 
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Set-up for calibration of the axis perpendicular 
to the plane of cutting 
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indicating 
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Fig.5.14 Static calibration set-up for the 

three component dressing-force dynamometer 
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Fig. 5.15 Static calibration of the Ft axis 

for the three component dressing­

force dynamometer. 
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Fig.5.16 Calibration chart of dynamometer 

stiffness in each axis for the three 

component dressing-force dynamometer 
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Rg.5.18 El ectrical circuit diagram for the 

dynamic calibration of the three component 

dressing- force dynamometer. 
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Part, No. 

1-
2 

3 
4 
5 
6 

7 
8 

9 
:LO 

U 

12 

13 
14 
15 
16 

17 
18 
19 
20 

21 

22 

23 
24 
25 

~fr 

Part name. 

Gear box cover plate. 
Gear box. 
Top slide. 
Clamping arm 

Clamp screw 
Clamp nut 
In-feed dial. 

(2 off}.. 
(2 off). 
(2 off) .. 

lIlicrometer screw. 
rHcrometer screw clamp block.. 
Transduc.er clamp block. 
Mitronic transducer. 
Top slide locking screw., 
Transducer housing block. 
Bottom slide. 
Pinion gear. 
Worm gear. 
Location pin (2 off) .. 
Spacer. 
Worm gear housing. 
Rear bearing * .. 
Micrometer nut and screw. 
Micrometer nut locating block., 
Front, bearing *. 
Collar. 
Extension spring. 

Locking screw thrust pad. 

* for locating the in-feed 
micrometer screw 

Parts list for the three component 
dressing force dynamometer in-feed slide 



Isomelric view of Ihe inleed slide. 

Slctional view ollhe reduction 
gear housing looking In Ihe direction 
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SectionQI view of Ihe slide looking in 
Ihe direction of Ihe arrows "A·A:' 

Fig.5.22 Views of the three component dressing-force 

dynamometer infeed slide . 
• 



Fig.5 .23 The three component dressing­

force dynamometer and slide,mounted 

on the cylindrical grinding machine table. 
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Fig.5.24 Schematic representation of the 

Cantilever dressing-force dynamometer 
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Fig.5.25 Schematic representation of the 

calibration set-up for the cantilever-type 

two component dressing-force dynamometer 
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Fig. 5.28 The two component dressing..,force 

dyn<1mometer mounted on the grinding 

machine table. 



Fig. 5 .29 The three component grinding- force 

. . dynamometer mounted in the 9rinding 

machine tailstock. 
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Fig.5.30 Schema tic representation of the 

three - component. grindin g force dynamometer 
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Quartz force transducer for decomposing 0 

dynamic orquasistatic force in 3 perpendicular 
components. High resolution, high rigidity, 
sma 11 d i mens ions. 

TECHNICAL DATA 1kp = 9.81 N 

measuring ranges with an external 
preload of kp 2500 

compression(+), tract ion (-) (z-axis) kp ±500 
shear (x-, y-axis) kp ±250 

resolution kp 0.001 
overload % 20 

sensitivity: compression + traction (z) pC/kp 41 
shear (x,y) pC/kp 75 

rigidity (z-direction) kp/Ilm 85 
rigidity (x- and y-direction) kp/Ilm 30 
resonant frequency in z-direction, 

loaded with 400 gr kHz 8 

linearity (max. error) % ±1 
cross influence of the 

components % <5 
insulation resistance Q 5.1013 

capocity (x,y,z each) pF 30 

temperature coefficient %/'C 0.02 

1) 
1) 

1) 

working temperature range °C -60bis+150 
weight gr 32 

Fig. 5.31 Three component Quartz force 
transducer 



Fig. 5. 32 Static calibration set up for the 

three component grinding- force 

dynamomet er. 
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Fig. 5.33 Calibration of the radial 
force component in cylindrical 
traverse grinding for the 
configuration shown. 
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CHAPTER 6 
EXPERIMENTAL MATERIALS, TESTS AND PROCEDURES 

6.1 IN'fRODUCTION 

The experimental work for this research project has 
been conducted in two phases to sat~sfy the objectives put 
forward by the Science Research Council Co-ordinators. 
These were:-

1. To ~nvestigate the dress~ng of Aluminium Oxide 
gr~nd~ng wheels when using single po~nt diamond 
tools, w~th a v~ew to establish~ng criteria for 
eff~c~ent wheel dressing. 
2. To investigate the effects of wheel dressing 
and grinding cond~tions on the cyl~ndrical grind~ng 
process, w~th a view to establishing criteria for 
eff~cient rough and f~nish grind~ng of a particular 
workp~ece mater~al. 

The following cond~t~ons were advised:­
Wheel Dressing:-
Grinding wheel: Alum~n~um Ox~de grits, 

Vitr~fied Bond. 
Range of single point d~amond tools. 
Range of diamond angle sett~ngs. 
Range of values of in-feed and cross-feed:-

In-feed 2 •. 5 25 )lIIl 

Cross-feed 12 - 500 ~m/rev of wheel 

Grinding:-
Workp~ece material : En 31 Ball bearing steel (hardened) 

6.2 EXPERIMENTAL MATERIALS 

6.2.1 Gr~nd~ng Wheels 
The follow~ng 305 mm ~ x 25 mm w~de grinding wheels 

were recommended by two manufacturers, as being represent­
ative of the types used in ~ndustry for the cylindrical 
gr~nding of hardened carbon-chrom~um steel. 
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NORTON ABRASIVBS LTD. 
32A60 - K8VBE 
38A46 - K5VBE, 

UNIVERSAL GRINDING WHEEL Co. LTD. 

A60KV 
A46KV 

For the wheel dressing experiments all four grinding 
wheels were used. For the grind~ng experiments only one 
grinding wheel was used, to minimise the number of variables 
present. Th~s was the 32A60 - K8VBE grinding wheel, 
manufactured by NORTON ABRASIVES LTD. 

The gr~nd~ng wheel compositions and symbols are 
explained as follows:-

Grind~ng wheels cons~st of two main essentials. The 
Abrasive which does the actual grinding or cutt~ng, and' the 
Bond which holds the abras~ve particles together. In order 
to prov~de chip clearance, air spaces or voids must be left 
between adjacent gra~ns. 

Abrasive type:- A, 32A, 38A. 
When gr~nding steels, the abrasive material used 

~s Aluminium Oxide, des~gnated A. Th~s material is produced 
by fus~ng the soft clay-like m~neral Bauxite in special 
electric furnaces. After cooling, the resultant mass is 
crushed to form grit particles, wh~ch are referred to as 
blocky polyhedra. 

The Alumin~um Oxide produced by this process has 
vary~ng degrees of pur~ty, e.g., the notation 38A means a 
high purity ftlsed material of about 99 •. 5% Al203 composition. 
The grits are often blended to give the required cutting 
character~st~cs for any particular grind~ng operation, e •. g. 
cool, fast-cutting etc. 

Grit size:- 46, 60. 
When th€ fused Alum~nium Oxide has been crushed, it 

~s separated out by sieving through a series of screens . 
wh~ch have a spec~fic number of holes per linear inch. The 
grit particles are graded according to the hole sizes 
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through whl.ch they pass, gl.ving an indication of their 
mean dl.ameter; e.g. 46 grl.ts have a diameter of approximately 
350 ~m, and 60 grl.ts have a diameter of approximately 250 pm. 
Grinding condl.tl.ons are governed to a large extent by grit 
sl.ze, e.g. large grits are used for efficient stock removal, 
and smaller grits for l.mproved surface fl.nl.sh. 

Bond type: V, VBE. 
About 75% of grindl.ng wheels have a vitrifl.ed bond, 

whl.ch is basically China Clay. The porosity and strength 
of wheels made with thl.s type of bond give high stock removal 
and hl.gh preCl.Sl.on. It is not affected by water, acid, oils 
or ordl.nary temperature vari~tions. 

Bond grade: K 
Bond grade is desl.gnated by letters of the alphabet, 

A - soft to Z - hard. For the maJority of precision 
grinding operations, the grades requl.red fall between F 
and N, whl.lst grades for rough grinding range from M to Z. 
K grade is medl.um - soft. 

Structure number: 5,8. 
The structure number, which is designated by the 

numbers 0 - dense to 12 - open, gives an indication of the 
grl.t densl.ty and pore Sl.ze of the vOl.ds in the grl.nding wheel. 
It also gives an indicatl.on of the proportion of the bonding 
material in the grinding wheel, which varies from 10% to 
30% of the total volume. 

6.2.,2 Dl.amond dressing tools. 
The dl.amonds used in this research work were supplied 

by L.M. Van Moppes and Sons, and were selected for their 
unl.formity and quall.ty. Each dl.amond, which weighed 
approximately lK, was set in a steel holder (see fig. 5.6), 
the diamond Sl.ze bel.ng governed by the size of the grindl.ng 
wheel to be dressed (see fig. 2.10). Figs. 6.1 and 6.2, show 
Vl.ews of two of the several dl.amonds used, namely an 
octahedron diamond and a dodecahedron diamond respectively. 

6.2.3 Workpl.ece materl.al 
The workpiece materl.al used for the cylindrical 
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Gr~nding cxper~ments was En 31 ball-bearing steel supplied by 
S.K.F. STEEL LTD., a subs~d~ary of the SKEFCO BALL BEARING 
Co LTD. Th~s material has becn adopted by other ~nvestigators 
involved ~n the Science Research Council Co-ordinated 
Grinding Programme. The test pieces were made from 50 mm ~ 
bar, and were 150 mm long. The length to be ground was 
75 mm, and the rema~ning portion was turned down to 25 mm ~ 
so that a grinding carrier could be f~tted. 

The material specification and condition was as 
follows:-

Material composition '!> 
C •. 9 1.,2 
Si .10 - ~35 

Mn .30 -' .75 
S .05 max 
P .05 max 
N~ 

Cr 1.0 - 1.6 
Mo 

Mater~al condition 
Austenised 8600 C 
Oil quenched 
Tempered 
Ensuing hardness 

6.2.4 Gr~nd~ng coolant. 

Material type 

En 31 
BS 970 - 1955 

Soak~ng time 2 hrs. 
Oil temperature 600 C 
1 hr. at 1700 C 
63 - 64 Rockwell Scale C. 
(approx. 800 VPN) 

C~mcool S4, wh~ch ~s a semi-synthet~c, semi-transparent 
flu~d made by CINCINNATI MILACRON LTD., was used in the 
proportion of 30 : 1 water to oil mixture. 

Typ~cal physical properties:-
Colour L~ght pink 
V~scos~ty 38.5 seconds (Saybolt) at 1000 F 
Flash point Nil 
Fire po~nt 
Freezing point 

Nil 
M~nus 10 C 
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Specif~c ~ravity 

pH 
1.015 at 200 C 

10 

6.3 WHEEL DRESSING PROCEDURES AND TESTS 

6.3.1 Programme of dressing tests. 
The dress~ng of gr1nding wheels was conducted in 

four parts as follows:-
1. A series of tests in which the effect of drag 

angle on d~amond wear was observed by recording the wear 
on sharp diamonds pictorially, and the accompanying force 
when dressing gr~nding wheels at set values of in-feed 
and cross-feed. 

2. A series of tests in which the effects of drag 
angle, diamond wear, in-feed and cross-feed on dressing 
force and grinding wheel surface roughness were observed, 
when dress~ng four grinding wheels with an initially sharp 
dloamond. 

3. A series of tests in Wh1Ch the effects of in-feed 
and cross-feed on dressing force and grind~ng wheel surface 
roughness were observed when dressing four grindlong wheels 
at a fixed drag angle w~th a blunt d~amond. 

4. A single test in wh~ch the effect of continuous 
dress~ng on diamond wear, dressing force and grinding wheel 

~ surface roughness was observed,for constant conditions 
of in-feed, cross-feed and drag angle. 

6.3.2 Pre-test procedures. 
1. Dynam1c wheel balancing. 
All grlonding wheels were balanced in situ with the 

aid of the ELTRODYN dynam1C balanclong equipment after 
mount long in the grinding mach1ne. 
the balancing procedure. 

See statement 4.5.3 for 

The gr~nding wheels were checked after 
for any out-of-balance which may have occured 
wheel wear, and rebalanced when necessary. 

2. Pre-test wheel dressing. 
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In order to keep the test cond~t~ons as uniform as 
possible, a pre-dress~ng procedure was adoPted,8 which 
involved the preparation of th~ grinding wheel surface with 
a worn diamond, using several values of ~n-feed with one 
value of cross-feed. The purpooe of the pre-dressing was 
two-fold:-

(i) to mainta~n a uniform wheel surface condition 
pr~or to f~n~sh-dressing, and 

(i~) to m~n~m~se wear on the diamond tools being 
used in the tests. 

Each pre-dressed wheel surface was checked against 
that of ~ts predecessor for cons~stency 
finish analysis of a plunge-ground piece 

by a surface 
of thin plastic 

strip, before 'the commencement of each new dressing cycle. 

us~ng 

The procedure adopted was as follows:-
NO of In-feed Cross-feed 
passes pm pm/rev of wheel 

4 25 25 
4 12 25 
4 5 25 

NB. The pre-dressing procedure 
a table mounted dressing fixture. 

was carr~ed out 
See hg. 4.10. 

6.3.3 Sett~ng and measurement of test parameters. 
1. Or~entation of the diamond dressing tools. 
It has been demonstrated that the resistance of 

d~amond to abras~on varies considerably w~th changes ~n the 
direct~on of abras~on and ~n the or~entation of an abraded 
facet,5,12 hence location marks were made on the diamond 

tools to ensure precise orientat~on in the holders, which 
were ~n turn accurately located in the dynamometers. The 
orientat~on was maintained constant for each test, so that 
the diamond tool had the same presentat~on to the grind~ng 
wheel for each value of ~'drag angle" used. (The term "drag 
angle" is taken as meaning the angle measured between the 
diamond tool axis, and a line passing through the wheel 
centre from the point of contact on the wheel face. This 
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line lies in the horizontal plane. The sign convention 
adopted is that drag angles measured above the datum line 
are posit~ve, and those measured below are negative.) 

2. Measurement of dressing force. 
The force generated dur~ng wheel dress~ng was measured 

with e~ther the three-component force dynamometer, having 
a strain gauge measur~ng system, or the two-component force 
dynamometer, hav~ng a p~ezo-electric measuring system. (The 
two-component force dynamometer was used with very blunt 
diamonds, because of its greater stiffness.) These 
dynamometers are shown in figs. 5.23 and 5.28 respectively. 

Sett~ng of the dynamometers was as follows:­
Three-component force dynamometer:- Initially the 

dynamometer was advanced .to within a few micro-metres of the 
pre-dressed gr~nd~ng wheel face by manipulat~on of the 
grind~ng mach~ne controls. The dress~ng d~amond was then 
brought into contact with the wheel face by using the micro­
adJustment on the dynamometer slide, and the depth of cut 

\ (in-feed) was appl~ed through the dynamometer slide after 
zeroing the dynamometer. The force readings (Fa' Fr , Ft) 
were recorded on l~ght-sensitive paper. 

Two-component force dynamometer:- The dressing 
d~amond was brought lnto contact with the grind~ng wheel 
face using the grindlng machine controls, and the depth of 
cut (~n-feed) was appl~ed by the same means after zeroing 
the dynamometer. The force read~ngs (Fr , Ft) were read 
d~rectly from a meter scale and tabulated. These read~ngs 
were taken ~ndependently, since this dynamometer was capable 
of record~ng only one force component at a time. 

When using the above ment~oned dynamometers, the 
dress~ng traverse rate (cross-feed) was set with the thy­
r~stor controlled, d.c. motor module, which was fitted as 
an alternat~ve to the grinding machine hydraulic table 

traverse. See fig. 4.5. 

3.. Measurement of grinding wheel surface finish (Ra). 
A value of grinding wher'l surface roughness was 
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obta~ned after the execut~on of a dressing cycle by 
rap:1.dly 

analys~ng the surface of fourAP~unge-ground pieces of thin 
plastl.c str~p w~ th a HANK 'fAYLOR HOBSON "TAL YSURF" INSTRUMENT, 
IvIODBL 3, No 112/321-746. (This has a full scale, Centre 
Line Average Index Heading of 200 )l in. (5 )l1I1). 

cut-off wave length used was .03 in. (.76 mm). 
value of C.L.A. Index (Ra), taken for each set 

The metre 
An average 

of strips, 
was recorded in each case. The measurement of Ra can be 
seen l.n fig. 6.3. 

4. Assessment of diamond wear. 
Two methods for obtal.ning d~aIDond tool wear were 

used, dependl.ng upon the cond~tions being observed for the 
particular test. For the tests where the effects of drag 
angle on dl.aIDond wear were be~ng observed, the wear trend 
was shown pictor~ally after viewing the worn diamond profile 
on an ISOMA S.A. OPTICAL PROJECTOR, TYPE 119 GXB. (Ivlax. 
Mag. xlOO) , and also observing the wear through a RANK 
TAYLOR HOBSON "TALYDEN" BENT MICROSCOPE, MODEL B, which 
had a x5 mag. standard obJectl.ve, and a xlO mag. simple 
eyep~ece. For the test where dl.aIDond wear was requ~red 
volumetrl.cally for comparison with the volume of grl.nding 
wheel dressed away in the same time, the wear area on the 
dl.aIDond tl.P was measured USl.ng the above mentioned ml.cro­
scope, whl.ch had a vertical and a hor~zontal ll.near measuring 
scal~ call.brated for 1 division = .001 in. (25 )l1I1) when 
uSl.ng the x5 mag. obJect~ve. The depth of dl.aIDond wear, 
measured along the tool holder axis, was obtal.ned uSl.ng a 
micrometer screw held in a specially made fixture, see 
fig. 6.4. The second method of measur~ng diamond wear 
was adopted from work conducted by G. PAHLITZSCH5, which 
was of a similar nature 

5.. Measurement of the volume of gr~nding wheel 
dressed away. 

Loss of wheel due to dressing was obtained by 
measurl.ng the change in height of a step machined in the 
wheel face. This measurement was taken from a plunge 
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ground pl.ece of thl.n plastl.c strl.p, using a MERCER 
;::>'fAND AND DIAL 'rEST INDICA'fOR, MOD.I!:L 120, calibrated to 
measure a maXl.mum deflection of .2 l.n. (5 mm) in steps of 
.0001 l.n. (2.5 ~m). The l.nl.tl.al step hel.ght was .02 in. 
(.5 mm) deep. As the loss of wheel height approached this 
value the step was remachl.ned to form a new datum. From 
these readl.ngs, and known width of grinding wheel and l.ts 
diameter, the volume of wheel dressed away was calculated. 
Fl.g. 6.5 shows the strl.p measurement. 

6.3.4 The wheel dressing tests. 
N •. B. Values of dressing force and grl.nding wheel surface 
finish obtal.ned from the followl.ng tests are recorded in 
Appendix]T. Values of diamond wear and wheel lost through 
dressl.ng, measured volumetrically, are also recorded in 
Appendix:2I. 

Graphical representation of the above results, and 
pl.ctorial representatl.on of diamond tool wear are presented 
in chapter 7. 

TEST No 1. 
ObJectl.ve:-
To record the dressing force and tool wear (pictorially), 

when dressing with a diamond tool which is presen~ed to 
the grindl.ng wheel at different values of .drag angle, the 
in-feed and cross-feed remaining constant. 

Test conditions:-
Dressing conducted wl.thout coolant 
In-feed 12.5 ~m (constant) 
Cross-feed .5 mm/rev (constant) 
Drag angles *~5° to _150 l.n steps of 50 
Dl.amond tool No 63794/1 (sharp) 1.00 K.wt. 

o ' (Fl.g. 6.2) Included angle 120 37 
(measured in the vertical 
plane, perpendicular to the 
wheel face.) 

Grinding wheel A46 KV 
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Order of events:-
The test was conducted using the following order of 
drag angles:-
000000 0 o , +5 , +10 , +15 , -15 , -10 , and -5 , with the 

before-mentioned parameters be~ng measured at each step. 
Each dressing cycle, was repeated three times. (Fig. 6.6 
shows a general view of the test set-up.) 

TEST No 2. 
A cont~nuation of TEST No 1, with the value of cross­

feed changed t~ .1 mm/rev, all,other test conditions 
rema~ning the same as before. The objective and procedure 
were the same as for TEST No 1. Each dressing cycle was 
repeated f~fteen times. 

TEST No 3. 
ObJect~ve:-

To take four grinding wheels and two diamond tools 
of different geometry, and record values of dressing force 
and d~amond wear (p~ctorially), whilst dressing with 
different values of drag angle, the in-feed and cross-feed 
rema~ning constant. 

Test cond~tions:-
Dressing conducted without coolant 

(constant) In-feed 12.5 pm 

Cross-feed .1 mm/rev (constant) 

Drag angles +150 to _150 ~n steps of 
Diamond tools No 71784/2 (sharp) 1.05 

Included angle 950 

No 70795/2 (sharp) 1.00 
Included angle 1430 35 

50 

K. wt,. 

K. wt, .. , 

(measured in the vertical plane, 
perpendicular to the wheel face.) 

Gr~nding wheels A60 KV 
A46 KV 

32A60 K8vBE 
38A46 - K5VBE 
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Order of events:-
. The test sequence was as follows:­

Gr~nd~ng wheel Diamond tool 

32A60-K8VBE 
38M6-K5VBE 

A,46 K.V 
A60 KV 

32A60-K8VBE, 
38A,46-K.5VBE 

A60 KV 
A46 KV 

No 71784/2 
Inc. Angle 950 

No 70795/2 
Inc. Angle 1430 35' 

For each grinding wheel and d~amond combination, 
values of the before mentioned parameters were recorded 
for each value of drag angle used. Each dressing cycle 
was conducted us~ng the following order of drag angles:-

0°, +5°, +10°, +15°, _15°, _10° and _50. 

TEST No 4. 
ObJect~ve:-

To record the dress~ng force, tool wear (p~ctorially) 
and the result~ng grinding wheel surface·roughness, when 
dressing with a sharp d~amond tool presented to the grinding 
wheel at three different drag angles, and with the in-feed 
and cross-feed being varied over a range of values. 

Test conditions:-
Dress~ng conducted without coolant. 
In-feed 5 J,Ull to 25 J,Ull in steps of 5 ,llm 
Cross-feed .1 mm/rev to .5 mm/rev in steps 

of .1 mm 
Drag angles 
D~amond tool 
(Fig. 6.1) 

+5°, +10° and +150 

No 63794/2 (sharp) .90 K. wt~ 
o ' Included angle 115 55 

(measured ~n the vert~cal plane, 
perpendicular to the wheel face.) 

Grinding wheel 32A60-K8VBE 
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Order of events:-
With the drag angle constant at +5°, and the kn-feed 

constant at 5 ~m, the cross-feed was varied from .1 mm/rev 
of wheel to .5 mm/rev of wheel in steps of .1 mm, with the 
dressing force and grinding wheel surface roughness being 
recorded for each dressing cycle. The se~uence of events 
was repeated for values of in-feed, kncreasing each tkme 
by 5 ~ up to a maxkmum value of 25 ~m. The whole test 
was then repeated for the other two values of drag angle, 
namely +10 0 and +150

, with the same readkngs being taken as 
before. The dkamond tool wear ~as recorded (pictorially) 
at the end of the test. 

TEST No 5. 
Repeat of TEST No 4 using an A60KV grinding wheel, 

all other test conditkons remaining the same as before. 

TEST No" 6. 
Repeat of TEST No 4 uSkng an A46KV grinding wheel, 

all other test conditions remaining the same as before. 

TEST No 7. 
Repeat of TEST No 4 using a 38A46-KVBE grinding 

wheel, all other test conditions remaining the same as 
before. 

TEST No 8. 
ObJective:-
To record the dressing force, tool wear (pictorially) 

and the resulting grinding wheel surface roughness when 
dressing with a blunt dkamond tool presented to four 
grindkng wheels kn turn, uSkng one value of drag angle, and 
a range of values of in-feed and cross-feed. 

Test condktkons:-
Dressing conducted wkth coolant. 
In-feed 5 ~ to 25 ~ in steps of 5 ~ • 
Cross-feed •. 1 mm/rev to .5 mm/rev in steps of 

.1 mm. 
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Drag angle 
Diamond tool 

+5 0 (constant) 
(origin unknown) 
wear area dimens~ons at 
commencement of test:-
maximum width 1.3 mm 
maximum depth 1.0 mm 

Grinding wheels A46KV 

Order of events:-

A60KV 
32A60 -K8VBE 
38A46 -K5VBE 

The test was conducted using the following order of 
grind~ng wheels:-

38A46-K5VBE, 32A60-K8VBE, A46KV and A60KV. With 
the drag angle constant at +50

, and the in-feed constant 
at 5 ~m, the cross-feed was varied from .1 mm/rev of wheel 
to .5 mm/rev of wheel in steps of .1 mm, with the dressing 
force (Fr and Ft) and grinding wheel surface roughness 
be~ng recorded for each dressing cycle. The sequence of 
events was repeated for values of in-feed, increasing each 
t~me by 5 ~m up to a maximum value of 25 ~m. The test was 
repeated for each grind~ng wheel ~n turn, with the diamond 
tool wear be~ng recorded (pictorially) at the start and 
f~nish of each test. 

TEST No 9. 
Object~ve:-

To record the dress~ng force, diamond wear (volume­
trically), volume of grinding wheel dressed away and wheel 
surface roughness, when dressing a grinding wheel over a 
long per~od of time with a diamond tool presented at fixed 
values of in-feed, cross-feed and drag angle. 

Test conditions:-
Dressing conducted without coolant. 
In-feed 12.5 ~ (constant) 
Cross-feed .1 mm/rev (constant) 
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Drag angle 
Dl.amond tool 

Grl.nding wheel 

Order of events:-

+150 (constant) 
No 71784/4 (sharp) .90 K.wt. 

o 
Included angle ~38 

(measured in the vertical 
plane, perpendicular to the 
wheel face.) 

38A46-K5VBE 

The three-component dressing force dynamometer 
and the table mounted dressl.ng fl.xture were fitted side by 
sl.de on the grl.nding machl.ne table, so that the dl.amond 
tool could be transferred from one to the other at various 
stages in the test. 

Initl.ally, the dl.amond tool was mounted in the 
dynamometer, and the readings of the before-mentioned 
parameters were recorded every fifth pass up to the fl.ftieth 
one. Readings were taken again after seventy and one 
hundred passes, and then every fiftl.eth pass up to the end 
of the test. For the dressing cycles in between those at 
which readl.ngs were taken, the diamond tool was transferred 
to the table mounted fixture. Thl.s procedure commenced 
after the twenty-fl.fth pass. 

6.4 CYLINDRICAL GRINDING PROCEDURES AND TESTS 

6.4.1 Programme of grl.ndl.ng tests. 
The cyll.ndrical traverse grl.nding was conducted in 

three parts as follows:-
1. A short series of tests l.n whl.ch the effects 

of grl.nding cross-feed (traverse rate) on workpiece 
surface roughness and grindl.ng ratl.o was observed for 
constant dressl.ng and grinding condl.tions. 

2. A longer series of test in whl.ch the effects of 
dressl.ng condl.tions for "rough-grinding" on workpiece 
surface roughness, grinding ratio and grindl.ng force (]!IR·and 
FT components) were observed for constant grindl.ng 
condi tions. 
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3. A series of tests in wh~ch the effects of 
dressing conditions for "fine-grind~ng" on workp~ece surface 
roughness and gr~nd~ng force (FR and FT components) were 
ob3erved for constant grinding conditions. 

N.B. The term gr~nd~ng ratio is the ratio of the volume 
of metal rem9ved, to the volume of grinding wheel worn 
away at the same t~me. 

6.4.2 Pre-test procedures. 
1. Gr~nd~ng machine warm~ng-up period. 
The gr~nding machine was allowed to warm-up for a 

per~od of n~nety m~nutes each t~me ~t was started from 
cold. Th~s was to allow stable operat~ng conditions to be 
atta~ned. During this period, the gr~nding head, workhead 
and hydraul~c table traverse w~re operated. 

2. Dynam~c wheel balancing and pre-test wheel dressing. 
Dynamic wheel balanc~ng and pre-test wheel dress~ng 

were conducted ~n the manner described ~n statement 6.3.2. 
Dressing of the grind~ng wheel for each test condition was 
ach~eved us~ng the table mounted dress~ng fixture, w~th the 
in-feed being appl~ed through the gr~nding machine controls, 
and the cross~feed being applied through the thyr~stor 
controlled table traverse un~t. Each dressing condition 
was appl~ed in a s~ngle pass. 

3. Measurement of grinding wheel surface f~nish (Ra). 
Before the commencement of each grind~ng test a .. 

value of gr~nding wheel surface roughness ~n the as-dressed" 
condition was obta~ned as described in statement 6.3 •. 3. 

4. Wo'rkp~ece preparation. 
After the workpiece had been mach~ned to the 

required d~mens~ons, they were heat-treated by the SKEFCO 
BALL BEARING Co LTD., to the~r specif~cation. See 
statement 6.2.1. Each workpiece was then cyl~ndrically 
ground to remove the surface scale wh~ch had formed 
during heat-treatment, and to form a datum surface from 
which to work. The workpieces were checked for hardness· 
at three po~nts along their length, and surface finish 
tests were carried out to check the consistency of each 
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ground surface. 
5. IIIounting of the workp~ece between grind~ng centres. 
A constant axial thrust was appl~ed to each workpiece 

through the gr~nding centres to ensure similar starting 
condit~ons for each test. The thrust force was monitored 
by the p~ezo-elecr~c gr~nd~ng-force dynamometer. 

6. 3ett~ng of the in-feed and cross-feed rates, 
and traverse length when gr~nding. 
In-feed and cross-feed rates were set for each test 

us~ng the gr~nd~ng machine hydraulic control valves. 
The table traverse was set s~ch that the machine 

table reversed direction after the grinding wheel had 
cleared the workp~ece by about 5 mm at the end of eaah 
stroke. 

6.4.3 Measurement of test parameters. 
1. Measurement of gr~nding force. 
The f?rce generated dur~ng gr~nd~ng was measured 

w~th the three-component grind~ng force dynamometer, wh~ch 
had a p~ezo-electr~c measuring system. See f~g. 5.30. 
Values of Fp. and FT (radial and tangent~al force components 
respect~vely) were recorded on l~ght-sens~t~ve paper. The 
axial force component was not measured. 
N.B. A prelim~nary gr~nding force test was conducted to 
observe the effect of change of workp~ece d~ameter on FR 

and FT' The results are shown ~n Appendix~. 
2. Measurement of workp~ece surface finish (Ra). 
A value of workpiece surface roughness was obtained 

at po~nts throughout the tests by analys~ng the workpiece 
surface with a RANK TAYLOR HOBSON "TALYSURF" INSTRUMENT, 
MODEL 3. The metre cut-off wave length used was .03 in. 
(.76 mm). Several read~ngs were taken along the workpiece 
length, and an average value of C.L.A.Index (Ra) was recorded. 
The measureme~t of Ra can be seen in f~g. 6.7. 

3. Measurement of the volumes of workp~ece ground 
away, and gr~nding wheel worn away, ~n the same t~me. 
The volume of workpiece ground away was calculated 

from read~ngs of change ~n workpiece diameter, measured at 
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p01nts throughout the test w1th a m1crometer, and known 
workpiece length. At the same t1me, readings of radial 
wheel wear were recorded uS1ng the method described in 
statement 6.3.3, and the corresponding volume of wheel 
worn away was calculated. 

4. Check of workp1ece roundness. 
At p01nts throughout certa1n of the grind1ng tests, 

traces of workp1ece roundness were made uS1ng a RANK 
TAYLOR HOBSON "'TALYROND INSTRUMENT, MODEL 50, with a 2t in. 
p1clc-up arm. These traces were used as a means of 
1dentifY1ng the p01nt in the tests at which chatter occured 
between the worlcpiece and grind1ng wheel, S1nce this point 
marked the onset of rapid wheel wear. 

6.4.4 The cylindr1cal traverse gr1nd1ng tests. 
N.B. All read1ngs taken 1n the grind1ng tests are recorded 
in Append1x]ll. Graph1cal representation of the above 
results, and traces of grind1ng wheel and workpiece surface 
roughness, and workp1ece roundness, are presented in chapter 
7. 

TEST Nos. 1 to 4 1ncluded. 
Object1ve:-
To record the gr1nding ratio and workpiece surface 

roughness when grinding EN 31 steel at several cross-feed 
rates, with 1n-feed remaining constant, and dressing 
conditions constant. 

Test conditions:-
Dressing:- (constant cond1tions for all four tests) 

Dress1ng conducted w1thout coolant. 
In-feed 25 ~ 
Cross-feed 
Drag angle 
Diamond tool 

.3 mm/rev of wheel 
+150 

No 71784/2 (sharp) 1.05 K.wt. 
Vert1cal 1ncluded angle 108

0 

Horizontal 1nc1uded angle 950 
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• 

perpendicular to the wheel 
face, and in the horizontal 
plane respectively). 

Grinding wheel 32A60-KBVBE 

Grinding:-

Gr1nd1ng conducted w1th coolant. 
Workp1ece material EN 31 (hardened). 
Wheel speed 1,BOO rev/min 
Work speed 90 rev/min 
In-feed 12.5 }lIII/pass (rad1al) 
Cross-feed 2.5, 6.5, 13.5 and 20.5mm/sec 

Order of events:-
The gr1nding wheel and wprkp1ece were prepared 

before each test as descibed 1n statement 6.4.2, and pre­
test read1ngs of workp1ece length and diameter were recorded. 
Gr1nd1ng commenced W1 th a cross-feed of 20.5mm/sec, and 
read1ngs of loss of grinding wheel rad1us, change in 
workpiece d1ameter and workpiece surface roughness were 
recorded at var10US p01nts throughout the test. In all, 
one hundred grind1ng passes were made with approximately 
14 cm3 of metal being ground away. The procedure was then , 
repeated for the other three values of cross-feed. See fig. 
6.B for a typical test set-up. 

'rEST Nos' 5 to 16 inclus1ve. 
Object1ve:-
To record the gr1nding rat1o, workp1ece surface 

roughne~s and grinding force (FR and FT components) when 
"rough-gr1nd1ng" EN 31 steel under constant grinding 
conditions, using a wheel dressed under different conditions 
w1th a sharp diamond. 

Test cond1tions:­
Dressing:-

Dress1ng conducted 
In-feed 

without coolant. 
5, 12 .. 5, lB and 
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Cross-feed •. 1, .3 and .5 mm/rev of wheel 

Drag angle +150 

D~amond tool No 71784/2 (sharp) 1.05 K. wt. 

Grinding wheel 32A60-K8VBE 

Grindidg:- (Constant for all tests) 

Grind~ng conducted wl.th coolant. 

Workpl.ece material EN 31 (hardened) 

Wheel speed 1,800 rev/ml.n 
Work speed 90 rev/min 
In':'feed 12.5 )lm/pass (radial) 

Cross-feed 13.5 mm/sec 

Order of events:-
The tests were conducted wl.th the 

dressing in-feed and cross-feed values. 

tests.) 

following order of 
(Twelve separate 

In-feed 
Cross-feed 

25, 18, 12.5, 
.3, .L, .5 

5 )lm 

mm/rev of wheel 

The grl.ndl.ng wheel and workpieces were prepared 
before each test as descrl.bed in statement 6.4.2, and pre­
test readl.ngs of workpl.ece length and dl.ameter were recorded 
as well as a talyrond-trace being made of each workpiece 
used. From the start of each test readings of loss of 
grl.ndl.ng wheeL radius, change in workpl.ece diameter, 
workpl.ece surface roughness and grindl.ng force were taken 
at intervals of twenty passes, up to about the two­
hundreth pass, after whl.ch readings were taken every forty 

passes up to the end of each test. TaLyrond traces were 
also made of the workpl.ece at various points. 
of the twelve tests undertaken, approximately 
metal was removed from the workpieces. 

Test Nos 17 and 18. 

In each 

60 cm3 of 

These two tests were a repeat of TEST Nos 7 and 11 
respectively, except that the in-feed l.n grinding was changed 
to 5 )lffi/pass (radial). Readings of the before-mentioned 

-142-



parameters were taken with the interval between readings 
be1ng 1ncreased towards the end of the tests. (Grinding 
force was not measured.) Again approximately 60 cm3 of 
metal was removed from the workpiece for each test. 

'rEST Nos 19 to 30 inclusive. 
ObJect1ve:-

To record the workpiece surface roughness, workpiece 
roundness and gr1nding force (FR and FT components), when 

"fine-gr1nding" EN 31 steel at different cross-feed rates, 
uS1ng a grinding wheel dressed under different conditions 
with a blunt d1amond. 

Test condit10ns:­
Dressing:-

Dressing conducted 
In-feed 
Cross-feed 
Drag angle 
Diamond tool 
Gr1nding wheel 

Grind1ng:-

without coolant. 

5, 12, 18 and 25 ~m 
.1, .3, and .5 mm/rev of wheel 

+100 

No 63794/2 (blunt) .90 K.wt. 
32A60-K8VBE 

Gr1nding conducted w1th coolant. 
Workpiece material EN 31 (hardened) 
Wheel speed 1,800 rev/min 
Work speed 
In-feed 
Cross-feed 

Order of events:-

90 rev/m1n 
5 pm/pass (radial) 

5, 7.5, 10, 12 and 14 mm/sec 

The gr1nding wheel and five workpieces were prepared 
before the start of each gr1nding test, as described 1n 
statement 6.4.2, with pre-test readings of the workpiece 
diameters being recorded,_ and talyrond-traces be1ng made of 
all the workp1eces used. Twelve grinding tests were con­
ducted 1.e., one for every dressing cond1t10n, with 
readings of grinding force (FR and FT components), 
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workpiece d~ameter and surface roughness be~ng recorded 
after four passes of the workpiece at each of the five 
values of cross-feed used. A d~fferent workpiece was used 
for each cross-feed rate. Talyrond-traces were also made 
of each workp~ece •. 
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Diamond NQ 63794/2 

Profile view 

I) 11' I \\ 

- . -Ll1 1(. ~~~~ 
__ - .//~ It _ . 

W! It 
Front view 

Fig . 6.1 Front and profile views of a 
particular octahedron diamond 
dressing tool before use . 

x25Mag. 



Diamond NQ 63794/1 

Profile view 

120· 37' 

Inc. Angle 

x25 Mag. 

Fig .6.2 Front and profile views of a 
particular dodecahedron diamond 
dressing tool before use. 



Fig. 6.3 The measurement of grinding wheel 

. surface roughness after dressing. 



Fig . 6.4 The measurement of diamond wear 

usin g a special f ix tu re . 



Fig. 5.5 Measurement of loss of wheel height 

due to dressin g. 



,L 

Fig. 6.6 Test set up for the measurement of 

dressing force for different values 

ofd~ag angle. 



, -- ~-~-~------

Fig. 6.7 The measurement of workpiece surface 

roughness after grinding. 



Fig.6.8 A typical grinding test set up ~ 

~------~- '. 
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