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: | | ABSTRACT

‘1
In this thesis an attempt is made to study the

grinding wheel wear phenomena by analyzing the cutting )
force patterns, wheel wear and wear particles removed from

L4

the whecl.

RéSults of mcasurements of grihding.férces and Qheel
wear, in addition. to ﬁhe scanning eleétron{microscope.
ébservqtions, are presented for grinding ﬂardened MZ tool
steel and 52100 bearing .steel. Plunge-tybb surface grind-
ing tests wére performed.wifh different gpgdé hardness’
wheels of aluminum oxide grains in vitrified bond. |

Contrary- to common ‘belief, all wheels tested were .
found té maintain. their grinding cgpaﬁility,'during a long
grinding ope;ation."The method proposed, for evaluating the

performance 6§ grinding wheels frbm'force pattern and grind-

.ing wheel wear, appears to present a clear picture of the

wvear phénomenoh. And the method could be adopted for the ‘ .

selection of grinding wheels. -

L4 . -
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CHAPTER 1

INTRODUCTION

Over theiyears the grinding process has commanded
an ever increasing position in industry, until today it is
one éf'thc most productive material removal operations. " The
grinding .process is ordindyily accompanied by small or’ ’
large amounts of wear oflérinding wheels, and the degree of
wear 1s significant in gontrolling the grinding pe%formance.
Wheel wear has an imbortant cffect on the economics of the
grinding process. It affects the shape and size of the work

" piece, grinding'fofée, work surface roughness, and wheel \
life‘time before redressing. The criterion for grinding
wheel selection ié normally based on the optimum wear Behaviouf
for theloperation in question.

Very few investigations have been conducted so far on
hardened tool steels and bearing steels. Also, investigations
carried out so far on the above mentioned steels have been
with the grinding operation for a short period of time under

. non-severe conditions. These facfors have béen taken care of '

. in the work presented in this thesis.
N
>

The aim of this work is to investigate the wear
phenomena by analysing the cutting forces, wheel wear and

particles removed from the wheel. ) . "

4

The eipe}imcntal techniques adoptéd in this work falil

1
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into three catcgories:' firstly, séaﬁh?ﬂg.eié;troﬁ micfo-
scopy (ESM) to examine the grindiﬁéawhecl suff;co, the gcb-
metrical nature of grains and formpa chips; secondly,
measurements of the cutting forces while inc}easiﬁgjdown

feed; thirdly mecasutfements of the grinding wheel wear, grind-
ing ratio and correspdnding Eorccsyduriné a loﬁger grin@ing
opcration at a constant down fced. 7

The/results of the experimental work are ﬁrésenféd
and discussed in Chépters 4 and 5. -

Knowledge of #M¢ gcometry of the cutting grains, the
surface topography of the grinding whegels, and Ehe form ofv
chips was obtained and discussed in Chapter 4.

In Chapier 5, a detailéd investigation-into the cutting
abiiify of the griﬁding'wheels are described using the results
of the firét tegt.

The measuremengg of t@e %;indiqg‘wheel'wear and
corresponding forces during the second test, provided the
oppoyéunity to explain the accompanyiné changes in wheel Qear
rate and in grinding forces.

Performance of the grinding wheeli tested were evaluated
in terms of grinding ratio and wheel -1ife, so that the most
suitable wheel could be %ecommende&.

Th; e}fect of wheel hardness on both the grindingu'
fo?ces and grinding ratio was studieﬁ. Also the influence
of dressing on the performance of grinding wheels was idéntified.

Conclusions obtained in each subsection are presented in

y !

Chapter 6.



CHAPTER 2

N LITERATURE SURVEY

2.1 ~ General
. - ¢
2.1.1 Grinding Process

During the 1last threce decades grinding technology
is developing from a finishing process for hard materials
to a metal removing proéess by which a large amount of
metal can be removed. - |

, In precision production grinding operations, the
objective is,to produce work pieces to a close tolerance,
with a upiform surface f¥hish and closely controlled surface

integrity in the minimum time with the minimum cost, which

requires effective control of the many variables involved.

2.1.2 Grinding Wheels ' ~

The grinding wheel is a bonded ‘abrasive body con-
sisting usually of Alzol’or SiC abrasive grain in a matrix
of-ceramic, fesinoid or rubbe1 bond (Figure 1) Only the
ceraﬁﬁc (v1tr1f1ed) hpnded whee]s will be dlSCUQSCd in thlS
project 'as it 1s‘}he type of wheel used in ‘the large
majorify of'precisién grinding operations, fhe grinding
wheel may Re Tegarded as a mu1t1p01nt cutting tool w1th a ‘ \

~cutting actlon S1m11ar to that f a milling cutter except . \\

that the cuttlng p01nts are 1rregular1y'shaped and randomly

-

A



- . o -- ‘,

distributed over the active {ace of the wheel. Those
grains at the surface of the wheel that aé%ually perform
. ' ~

the cutting opcration are called ac¢tive grains. ° In pefi:

<
‘pheral g¢grinding cach active grain removes a . chip of grad-

. V. . . A L
ually increasing thickness in a way that is similar to the

action of. a tooth on a slab milling:cuttﬁiuk The charactor

- ! N

-

of the chips formed varies greatly depbndini\updn the geos’
metry of the grit which fg{ms~thom, as well as other physi-.
cal considerations. . o , g

- -~
. 7

hheelq are available 1n dlffcrent grlt 51zes and’
type and in dlffcrent wheel grades and structuf%s hat is,
amounts of bond. and porQ§Jty, both of~wh1ch affect the
performancé and wéa}.characterlstlcs of the wheel.

Informatlon concerning the basic structure and

L}

o

propertles of a grlndlng wheel s - glven on the wheel 1tself

- . P,

or on the wheel washer in the form of a code which takes

the following form:

Type of Nature of Grain Grade Structure Nature Manufact-
Abrasive  Abrasive  Size ~ of Bond wurer's

N Record

2.1.3 Different Factors Affecting the .
- Grinding Process ‘ )

Ramachandran and'Yanathap 12] discussed the différent
factorsraffectfng the griﬁding operation (Figure’Z).. The
quality‘of the grindi;g wheel is one of the most impor;gnt
féctors.w1th respect to surface roughness, dlmen31onal

accuracy and shapec of the work plece and wheel life, The
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-
grinding operatlon also depends on. the correct chblce of
grinding wheel, the quality of Wthh is determlned by its
physical ‘and chemlcal properties. In addition, the grlnd-:

ing operation is affected by the'number,'shape and rough-

ness of abrgsive particles. Machine rigidity and grinding

~——

—

conditions affect the quality of the work piece. Grinding
wheel wear may be considered as one of the measures of

estimating the effectiveness of the grinding process.

4

2.1.4 Grinding Wheel Wear
ﬂiAbraéive grains are secured within a wheel -in random

positions. Each active grain should-act as a simple cutting

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

are not suitably shaped or positioned ardﬂ%ithcr

pulled bodily from the wheel or fractured as the grinding

operation progresses. The grain fracturing process may

-convert an initially ineffective grain into an_ effective

cutting tool.

. , During a grinding operation, the working face of the
wheel wears away at a rate of about one million times that
of a,mqtp conventional cutting tool [3]. The significance
of wear ‘is entirely differcnt for grinding than for other
cutting {59l operatiohs in which*wear leads to a progressive
deterioratiga of the tool. |

~In grinding, wear is an intcgraltpart'of‘thc procéss

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



its consequences than a too. rapid one.
A curve relating the volume of wheel wear with -the
volume of metal removed in (Figure 3) is.found [3] to be

<

similar to ‘the wear curve of any cutting tool. The curve
has the usual pattern of primary, secondary and tertiary f
stages of wear. At the beginning of the process, the rate
?f wear is extremely high, but during the secondary stage
Ehe wear rate remains constant. As grinding proceeds the
abrasive grains make repeated contact with the Qork ﬁiece;.‘

sharp edges are worn away producing flat areas on the grain.

As this process continues furtﬁer thé flat area of the grain
. 4
increases, the force o the grain also increases until it
becomes sufficient to cause grain fraq%ure producing new
‘cutfing points Qf rhpfure of the bond post throwing the
grain out of the wheel. ’
Grindability is a term thqh is used to describe
thé ease with which a material may be ground to the required
“size and shape with an acceﬁtahle surface finish and surface
qué}ity.. One measure of grindability is the grinding ratio
'G'.and is defined s the volume of work piece material

graqund away perunit volume of wear worn ,awav. By definition

G is-the reciprocal of the slope of the wheel wear curve

in Region II. - . e

2.1.5 Wheel Wear Mechanisms

Théroverall‘wear procesé is tﬁought [1] to consist-

« .
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4

of three 'simultaneous processes in (Figure 4), namely,’
Aj Grain dulling B) Grain chipping

C) Grain pull-out.

.
\

A) Grain'dulling (attritious, abrasive or chemical wear)

Grain dulling is caused by processes which sihpl&

&

wear away the grain material without producing new cutting
edges. Abrasive wear occurs when an abrasive work piece’

material (and the chips produced) simply wears away the -

grain., Chemical "wear" occurs‘'when the work piece and

grain materials have an affinity to each other. Thege
’ J

forms of wear are generally undesirable as large ain
plateaux (flénk wear areas) areﬂproduced and new s rp cut-
ting edges are not created. When dull grains exist at -the

vheel surface in sufficiently large numbers, the wheel has

a glazed appearance. . . .

-

B) ‘"Grain chipping (grain fracture or fragmentation)

Fracture tear occurs when stresses induced in the

grain material exceéd its rupture stress. These stresses |

*

3y . . '
may be due,K to mechanical loading or they mav be thermally

induced stresses. Grain fracture on a scale comparable

with uncut chip -thickness is beneficial as new cutting edges

ate crcated and a grinding operation may proceed in an

.
)

efficient manner. This is @ften called the . "self-dressing

action". .
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C) Grain pull-out (Break-out or shelliﬂg)

Wheel wear also occurs when bond bridges fail

-

and grains are simply pulled or flung from the wheel. The

pull-out of complete grain, which is likely to occur when

soft wheels or severe grindihg conditions are employed, is
a drawback particularly in the &ase of precision grinding.

In harder wheels only a small portion of the.original

grain may be 1ef¢ when it is finally released by failure

of the bond posts.

B . .
Bl [+

The wear mechanisms can be summerized in (Figure 5).

A

2.1.6 Factors ﬁ\}fecting Wheel Wear .

The Wheel Grade (Hardness)

. If for an otherw1se leed set of grlndlnq condltlons,
only the wheel orade is chanqed the wrlndlnq ratio tends, at -
first, to ;ncréase with the wheel hardness but then to reach
a peak and Ehereafter decrease witﬁ further increase'in

wheel hardness [5]. " t

Grinding Conditions
The active grains on a whcel wxll wear away at
’ »
greater rates when thev are subjected to more severe 1oad~~

ing conditions.

Wheel Dressing T echnique

The dressing teéhniaue.émploved to preﬁare.a wheel

for a grinding operation is known to have a significant
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effect on the initial-cbndition of the wheel working surface.

v
T —

vy

Work piece material properties

t

The grinding wheel wear appears to be affected by

the chemical affinity between the material of work piece
and the kind of grains~used as well as by the hardness of
the material, specifically by the amount and size of tough

carbide, grains in-the steel.

2.2 Bibliography

2.2.1 Wheel Wear . .

In grinding, wear is an integral part of the pro-
cess. The criterion for grinding wheel selection is nor-

mally based on the optimum wear behaviour for the operation

»

in question. This wear is both phvsical and chemical in
nature. The relative significance of each of these tvpes

of wear depends upon the grinding conditions and the wheel

work piece combination.

The- nature of grinding wheel wear has been the

v »
»

subject of numereus investigations. In 1963 Yoshikawa and
Sata [6] classifiecd thé wheel ypar as:
1) Attritipus wear of grains:

2) - Mechanical f(racture of g{?ins
3) Fracture of bond bridgcs.

Their research was concerned with the fractu}e/yf
¢ )

bond bridges, and wifh‘the_clarificatﬂod of the cffect of

Y
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-grinding cgnéitidns on the wear characteristiés §f the
grinding wheel. .
Théleffect of grinding time and force on the
rate of bond fracture was verified experimentally and
obtained for weakly(boﬁded wheels (F-graae). Wear-fréé-
ments from the érinding wheel -were collected by a specia%
collec;or together with chips from work material which were
speparated by magnet.afterward; The wear fragment$ weré ‘
screened by a set of sieves and weighgd. The size distri-
bution'of wear frégments for the soft grade wheel is shown
in (Figure 6) together with that -of the origiﬁgl grain$

used in production of the wheel.
Fowy ‘

L~ ‘ With a soft wheel such as this, the average wheel

-wear particles are only,sl&ghtly smaller than the grains
used in the wheel production., Virtually all the wear,is
due to bond fracture. In 1967 Yoshikawa [7] dlso aptempted
to generalize this approach‘for harder grades of Atheels.
The overall wear was analytically determined fas the sum of.’

’ - .
grain fracture and bond fracture particles.

he predictions
vere partially supported bv experiments using/grinding wheels
of different grades. |

In 1971 invcstigation.of the mechanisms of grinding
Qheel wear and their relatiVe_imporfance to the grinding'

pracess was pfeseﬂted in two pavners by.Malkin and Cook [8,9].

Wheel wecar was attributed to attrition, gfain fracture, and

. s |
" ., \ .
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bond fracture. Attrition resulgs in the 40vclopmcnt and
growth of wear. {lats which are analogous to the wear land
on a cutting tool. Straight line relationships were found
betwcen the grinding force comnonents and the measurcd wear
flat area for a givenlgrinding condition using different
dressing procedures and wheels of different grades, (Figures\
7, 8§, 9, 10). Finef wheel dressing or harder- wheel grades
resulted in 1ar§cr wear {lat areas and conseﬁuontly gave
larger grinding forces. When grinding steel, work piece
burn was>ob§erved when a critical wear flat area was
reached and the grinding forces increased at a faster rate
with wear flat areas larger than the critical value.

The relative amount of grinding wear occurring by
~attrition, grain fracture and bond fracture was obtained

!

from a statistic?l analvsis of the size distribution of

wheel wear particles colleeied. With soft wheel as it‘wa;
prove@ by Yoéhikawa and Sato [6], almost all the wear

occurred by bond fracture, and with harder wheels, this was
reduced to about*half. A probabilistic analvsis was deve-
loped whereby the rate of fracture wear was related to the
grinding forces on each active grain. It was found that the
attritious wear.constitutes a‘negiigible pbrtion of the total
wear volume, but is the most important form of wéar, especially

in precision grinding, because it .directly controls the grind-

ing forces and the grinding wheel tobl life as limited by work.
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piece burn.:
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The results obpéined by Malkin and Cook T[38} for
the relationship betweéh,érinding forces and wear flat
area in (Figures 11, 12) were also uséa to separate the
griﬂéing forces into their more basic components. The
force intercept at:zero wear flat area was attributed to

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

area were attributed to sliding between the wear flats

and the work piece.

The ekperimental results for the force versus

wear flat area were used to propose a mathematical model

of grinding, whereby the forces are considered to arise from
ship formation, plowing and sliding vppocess. Both the
vertical and horizontal grinding forces consist of two,
components, one due to cutting and one due to sliding on the

v
wear flats.

-

¥

Fy = Fyg * Fys

) o iy = Tye * Fus

~This is illustfated in (Figure.13). The linear
increase of the vertical force with wear [lat area, Anlv
up to transition of sfeels, indicates that the average

contact pressure Pbetween. the wear, flats and work piece is

constant.. Since the horizpntal force -also increased linearly .

with wear flat area, the coefficient of sliding friction u

is also constant. Defining aé as the real area of contact
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between the wheel and the work piece, the equations men-

tioned above become

FV .= F‘V‘C + aRP
F = F + u?RF

H HC

The actual wear flat pressure is equal to-the

3

slopeﬁdFv/daR. This is obtained by dividing the slope ,
dFV/dA by the apparent grinding area. ‘

From (Figure 14), the apparent grinding area a,

.
.

is given by the expression a, = blC
where 1C is equal to the undeformed chip length

= % ,

and b is the width of work piece.

The average pressure P is then
) 2 . . ‘
_— dFV _ drv/dA
. aaR _ 51C

The friction coefficient u is given by

o . Fllg  dry/d
' tVg - dFG7d,

Kannapéan and Malkin [10] extended tﬁese'éxperiments
to cover a‘w&de range of operating parametefs and grain sizes.
Efom their results the specific cutting energy in surface -

- grinding, which is the total grinding energy minus the sliding
energy per unit volume of metal removed, And whicﬂ is obtained
from using the power fq}ce component at”zero wear flat area, -

was independent of grain sizé 'and generally decreases with an

I4
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iﬁcreg§e in table speed and down feed.- This is exnlained by
conside?eing the specific cutting energy to consist of plow-
ing emergy and chip formiﬁg energv. The specific chio form-
ation energy was found to be constant while the plowing energy
decreased with work piece velocity and depth of cut. Addi-
tional resuiﬁs vere presentéd which show the'effect of the
operating parameters and grain siée onfthé G:ratio, the
nuﬁber of ‘grinding passes prior -to burning, the critical
wear flat area and the energy input rate at the start of
'burniﬁg, éﬁd the surface f?nish. , | ,
In 1972, Lal and Shaw (11] studied the wear of
single abrasive grains using a fly milling anparatus (Figure'
15).. The main‘purpbse of this investiéatfon was to study the '
overall wear behaviour,of grinding whéeis by observing the
behaviour of .single ‘grains. Wear rates of a single grain
were found to be d@rectly'proportipnal to the cuttinghlength

and to increcase with increasing values of work piece hardness,

o

wheel speeds, and undeformed -chip thickness. The larger wear
rates observed with hard abrasive grains wis contrary to_ what

is found by precision grinding. This is attributed to ‘the

.differences in the thermal cvcle which a grain undergoecs in

-

actual grinding and iny fly milling. ,



“

.fly milling operation [11].

\

\SE/&\w‘ Figure 15. Test arrangement for over cut

In 19%5 Pahde(and Lal [12] 1nvest1gated wear
‘phenomena accompanvlng dry surface grlndlno of mild steel
under plunge cpt condition.. Wheel wear estimates were
obtained from thé amount of abrasive g}ains collected
during grinding. .The abrasive gfuins separafed from the
debris wereméicved and wesghed aﬁd the particle size distri-
butian was compared with the gra1n size dlstrlbutlon on the

wheel ‘to Obtdln the tvpe of’wear that was oacurrlng durlng

grinding. Wheel life estiifytcs were estimated from the foxce

o

-

pattern as shown in (Figure 16). —
The* same approach was taken bv Stetiu and Lal [13]

to invésti@ate the wcar‘phenomena.accomﬁanving évLindrical

grinding from the wheel particles remove&_from the wheqi;and

they were ‘succceded to identifyv the self-dressing mechunism

from the wear particle size distribution. ' ¢

-
’ - ¢

£

-
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2.2.2 ‘Grinding Ratio

Most experimental studies of rinding wheel wear

consist of measuring the G-ratio and the specific energy
(PoweT Consumed/mectal removed) for a particular grinding
condition [4]. It was noticed that a small change in

grinding conditions often lecads to large unexplainable
differences in G-ratio. ///////

% ‘ . /
Backer and Merchant {[4] used experimental evidence

»

to show the dependence of grinding mechanics on the length
and cross sectional area of the undeformed chip, and the

cutting speed. They attempted to correlate the grinding

ratio,

‘ith these variables and their attempts were unsuc-\\

cessful. ) \
G. B. Lurie [S5] found that the grinding ratio

tends at first, to increase with the wheel hardness but

then to reach a oeak and thereafter decrease with further

increase in wheel hardness. This change is thought to be

brought about as a result of work piece (chlp), bond 1nter—

ference as the quantity of the latter in the wheel structure

+

increésés, (Figure 17).

2.2.3 Cuttlng angbtlltv of Grinding Wheels

H. kallszér and G. Trmal [16] analyzed the wheel
motion relatlve to the work plece due to the wheel unbalance

and its effect on surface topography and waviness in partl-

. cular, They divided the vibration durlng grlndina into three

-

. “.‘)\
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41 Forced vibration of the machine tool structure or ifs:
various parts ceused_by the action of known excitation »
(fbrces which is mostly:cdnnected with the grinding wheel

. 4
unbalance.

b) "Passive" vibrations transmitted tﬁfough foundations
from other machines or resulting from random changes in the
. work piece material,.non-uniform wheel raiel
) ‘Seifééicited vibration (or chatter) generated by the
1nterna1 forces formed by the cutting action itself, without
the presence of, any external periodic forces. °S. Shlozakl,
M. Mivshita and Y. Eurukaw [17 compared thetself-extlted
vibratien in_grinding with thet in turning bv identifying
the folIow1ng characterlstlcs of chatter in grinding:
A) The amplitude of vibrations grows up gradually.
B) JIts growing up ;peed'differs according, to the giving
grinding cond&tiqﬁ. . S :'

Keeimark and*Ko%nbergee.[ls] discussed the various

_eymptOMS of deterioration of cutiing'cabqbility of grinding
wheels. They stated that'these éympfdms may appear: (l) “on
the work plcce in the form of burns, changes of roughness,
changes of an1ness, chanqes of re51dual stresses “and changes
of the~work~51zc, (2) on'the orlndlng wheel 1tself.1n a form
of’ changes of the‘31"e of a wear, flat area; (3) mav accompanv
~'the gr1nd1ng such as the grlndlng temnerature the grlndlng

”horsepower, theegrlndlng forces (and the v1brat10m and the

.oy

%
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‘;'v
vibratioﬂ and the sound accompanying the grindiﬁg: . ‘

~~ Experimental results were gregehted‘folil;ustrate
changes in residual tensile stresses and vib?dtibn amplitude
which occur during grinding. -  The vibration was sensed by
means of a piezo electric unit, applied to the ffbnt bearing
of the grinding wheel‘spindie.‘ (Figure 18) illustrates the
relationship between the vibration amplitude and cuttiné time.

3 ’ -

2.2.4 Dressing Influence

Malkin and Anderson i19] analyzed the relationsﬁip‘
between the size distribution of abrasive par%i;les removed
from grinding wheels by dressihg.and the number of active
grains per unit area on the wheei for different grain sizgs
and whee} crades. . Relativelv, more bond fracture was founq
with wheels of softer grades and finer abrasive grain sizes.
With more bond fracture, relatively fewer grains are left
'near énough to the wheélfpériphary to take pant in the grind-
. ing operaéionx |

Tsuwa and Yasui,[26] showed that éhe tips of abrasive
grdins left on the wheel surface are highly fragmented. During .,
initial grinding, this\fragile sﬁrface-l?ve% on thﬁhgrgin_is ¢
removed ‘leaving behind afsufface which. is To&ghéf’on a micro-
scopic scale. ;Fhenéiight~reauction in wear flat area (éupting)‘ .
edge ratio and grinding‘forceé which is often found aq/fgé{
start of grinding'wés att?ibu;ed to the femovqliof this weakly
held ubraéive laver. As g¥inding cqﬂtihﬁes, the wepr'flat"

2



area increases and the\tip oftthe abrasive gra%n becomes
smoother.

Figure 19 shows the muddv white laver disappears in
the primarv grinding process and éfterwards the miéyq—uneven—
néss appears on the surface of the cutting edges. Furthermofe,
as . the grinding process procéeds, the worn surface increases
oh the cutting éage. Therefore, the fragile layer does not
always affect grindiﬁg, although the layer is considered to
influence thp-grinding force in the initial stage of grinéing.

| Pa%itti and Rubenstein ([21] studied the influence

of 'the dressing depth of cut on tthe performance of a single
point diamond dressed alumina grinding.wheel. It was gener-
ally found that increasing the dressing depth resﬁlted‘in a
longer working life of the grinding wheel. This result can

be attributed to ihcreaséq'bond frgcturé during dressging
whe%eby a roughér wheel surface was generated and fewer active
grains were presented. IWith fewer grains, the wear flat area
'which'cbntrpls the grinding forces and Qheel'li?e should be
less after a-given amount of grfndihgk .ﬁﬁe desirabilitv of.

using a more scverc dressing procedure to enhance wheel life

may be offset by the rougher surface finish to be expected.

-~
Ve

Besuyen and Verkerk [22] observed the abrasive grains
.on the surface of a grirding wheel using a scanning electron

microscope. 'For thesc observations, a segmented wheel was

used whereby a section could be removed for direct obsefvation.

. v
wo .

.l



a) Dressed
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b) Short/ time ground

c) /A little longer time
~ground

d) Lifg overcd

’.- Il
‘jpure 19.. Schematicl représentation of the .

wear process of the cytting edge
[20}. . R
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A scanning electron microscope~clearly showed the aevelop-
ment of stfiated wear flats on the tips of the abrasive
grains which aﬁpear to consist of a layer of work piece
metal over the abrasive. Komanduri and Shaw [23] proposed

a simple non-dgstructive me thod ofvinvestigat;ng the chang-
ing aspééts of abrasive grain .topography in a grinding wheel.
The technique involved the use of the familiar replicating:
technique cbmmonly employed in transmissionlélectron micro-

scopy (TEM).

2.2.5 "Kinematic Characteristics of the Gfinding Process

_H. Optiz, W. konig, G. Werner [24j described a new
method to.determine the three-diménsional edge di;tribution
in the wheel surface. ﬁsing a stylus and measuriﬁg in the
circumference'direction, the: number of eéges touchad in a
certain tracing depth was put inté relation to the tracing
length, which yields the number of edges per unit of length
S.static as function of‘depth Z under the wﬁeel surface.
Figure 20 shows ﬁhis relation between the number of edges
per unit length and the .tracing depth. Considering the average

edge shape“perpendicular to-the circumference direction of the

wheel, it was possible to dete;mine mathemhticailv the three-
dimensional nUmbef of edges per unit of wheel suf%aca and
tracing depth, deriviing from,the‘twb-Qimensiqﬁal.nhmber of
edge per unit ofjlehgth: B ' h_ - s

-
3

E}
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A distinction.between the total number of cutting
points existing in the edge space 'of the wheel (static
numbér of cutting edges)_énd the part of these cutting
edges actually doing tﬂe éu%?&n% work (dynamic_number of
cutting edges was méde.

The important kinematic characterisﬁics of‘the
grind{ng process were formulated as functions of essential
grindiné'parameters. Those which were used are:

a) Number of engaging (dynamic) cutting edges per unit ;f
‘ the wheel surface |

2.c,7/ af_vw a , a2
N = A 1 =1 =]

dvn: - R
. KS - VS D

b) Aye%age‘value of maximum cross section at the end of

" contact length -

¢
_ 2 rl:Ké ]a [Vwil-a [ijl—a—
Qmax A P/q Vv D
2.C1 ] .S

'c) The depth to which the engaging grinding edges extend

into the edge space o . .
1 Vi, 1o a1
Lo 7 gt TP [512(PED)

«

v d) Geometrical'contaét length between wheel and work piece.

ZK } ."' . {a:D]. .

‘l‘ > LN
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e) Average chip length

%
l+a [a. D]

%
Sp
é) Aéerage value of the maximum undeformed chip thickness
v L 1
Fo= L [Vw]p+1 (27T
' A 1°7s Vg D"’ o

g) Static number of cutting edges per unit of the wheel
surface

Nstat= C1 ' KS - Z }

h) St;tic number of cutting edges.per unit of length

- 7a - ' y
Stat 'Cl_' Z. . .
g
where;
Vi = work_spéed [mm/s] -
VS = wheel speed [mm/s]
‘g = depth of cut [mm ' '
D = “equlvalent wheel d1ameter [mm] = dw.ds/(dwfds) ’
‘ds '= wheel diameter [min] )
dw = work diameter [mm] )
! Cl' = static edge densitv:[mm's]
. KS = faéfor considering the mean cdgp shape perpen-
' dicular to the cutting direction ‘
A = dépth of edge space .
P,q = .exponent1al coefficients con51der1ng the edge‘

_ dlstrlbutlon in the perlpherv of the whéel,

..2
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@ = comprehensive exponent = q/ (P+4l)

A

I}

integration constant : .
The mechanism of chip formation is described in Figures
‘(21) and (22).

In the first phase of'éontaét, no chip formation
takes place. As the depth of penetration of the cutting edge in
the /'workpiece increases the workpiece material is deformed at
flrst elastlcally and then plastically under: the cuttlng edge’
The energy created by frlctlon and plastlc deformation is
converted. 1mmedlate1y into heat The amount of heat 1ncreases '
as the contact length increases leading to the reductlon of.
re51stance of the materlal. As a result, after reaching a
Qertain temperature the process of plastic deformation is
converted into a procgss of flowing chip formation.

The reéearchers concluded that the conventional
chip formation such as encqunterea in metal cutting opera-
tipns'could not occar with the negative raKe angle of about
-85° normally cncountered +in~ grlnd1ng It was SUggested
. that Chlp could form however, if the tcmperature wag suffi-
C1ently large for visco plas;1c deformation, 'In that case:
the high negatf?e rake .angle is actually ncéessary.and the
température is constant and independent of cutting épeqd .
(Flgure 23). 1 ‘ ‘ . )

Based on ‘the mechan1cs of Chlp formation, _théi'
authors explained 'a number of practha} phcnomena ihvxhéz 0

'grinding process andiderived‘the-fbr}owing force equation: .

. - . nw '
.
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The interpretation of force equation confirmed-'a number of
practical facts (Figure 24).

Asethe exponential factor n is always smaller than
1, the grinding forces increases degressively versus the
speed ratio VW/VS’ the depth of cut and the equivélent wheel
diameter. The influence of edge density factor'C1 also
corresponds to the practical given facts. The cutting forces
increase with greater Cl value, i.e. with finer grain or
finer dressed wheels.

Koing and Lortz [25] developed a measuring system
for characteriziné the topogranhy of a grinding wheel, using

. ' oo

the stylus method, measuring-in the circumference éirection.
The number of active cut%ing edges wasvcombined with the
dynamic. chip thickness as well as ghape and angle of cutting
edges and their distance from each other.

The most important knowledge resulted was that only
a small part of the dynamic cutting edges contributes to the
actual chip formation process as it can be seen from Figure'25.
/ A three-ﬁimensional analysis of the structure of the
cutting area is also made by Kding and Lort: pzé]. By tracing
in circumférgntial as well as in transverse direction, they
obtained interrelation Eet&een the cumulétive‘static cpttiﬁg
edges and the radialeépth of penétration as it is shown in

L4

Figure 26. With the help of measuring devices and cofires-
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ponding evaluation sngem, it was possible to calculate
e#peq}mentallyJ the dvﬁamic cutting edges as well as the
chip thickness and the dvnamic cutting edge distance.

| Using statistical principle% it was possible to
extend all the considerations of a two-dimensional area to
a three-dimensional space (Figure 27).

An example of a technological relationship bgtween
griﬁding wheel topography and the obtained result was shown
in Figure 28, using a G-grade soft wheel.

It was noted that the numbér of three-dimensignal‘
cutting edges increases at the beginning of the grinding
process and reacghes ifs maximum value about 8 seconds after
dre;sing.n As a result of mechanical overloading of the active
cutéing edges the..grains .are dulled which is followed by the
breafing away of the bondipg bridge and decreasing of. the
number of cutting edges. |

| Dressing, hardly showed anv }nfluencc on'the cutting
edges éfﬁer'40'second§ of grinding time.

| Wlth the change of the number of cutting edgeb; theo
normal force also chanoed When morc stlV; edqes came in
contact w1th the work plcce, there was an increase in the’
‘normal force E — o ;,

’Duriné the decrease of the ﬁumber of active cutfjng;
edges, wear flat on grains increased and, evqntualiv sclf—'.“
sharpenlng took place. |

. . - . . )

The number of active edgeb and uork piece roughness*n
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CHAPTER 3

], - - TEST CONDITIONS
3.1 Equipment and Materials
3.1.1 Machine and Accessories

The experimental apparatus used in this investi-

?

gation is shown in Figure 29. All tests were carried out

on a2 THOMSON surface grinder Model 3B, with the following

.

modifications: ‘ '

I3

1) A specially designed head stock, 10 HP .with a two-

speed electric motor; conventional speed, 1800 r.p.

m.

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

a 14 ‘inch diameter grinding wheel, gives 6,600 ft/min.

and 13,200 ft/min. peripheral grinding spceds Tespec-

tively.

»

2) A special cooling system, in Figure .30, consists of.

16 gal/min. at 150 psi'pump. To improve the cooling

efficiency a deflector is used on the codlant nozzle

- which eiiminages the boundaxv air laver around - the

[

grinding ‘wheel and thus engbleé the coolant stream

to reach the whecl surface shown'in Figure 31.

3) A special arrangement of table.driving pump with an

3600, r.p.m. clectro-motdr; S HP which gives maximum

table speed up to r30-ft/min: h

41
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4) A special wheel éua%d made of steel plate 0.5 in.:
thick ana linqd1With an 0.5 in. thick layer of
éolyuretﬁane in.(Figure 32). |

SJ. A speciai'encloéure'dver the table for containing
aig the ébray of the increased amount of coolant

in (Figure 293.. ‘ o \

3.1.2 Wheel Size

All tests were rurr using a wheel, 14 inch diameter;
1 inch wide, and a 5 inch bore on a 1/4 inch wide work pieéé

under plunge cutting ;ondition-(wjth no cress feed)'.

3.1.3.¢ Work Piece Materials

Tool steels Mz and 52100 steel were selected for

the tests described here. M2 is rather common molﬁpdenum

high speed stecel and it may be considered as an average

representation as fegafds tbvérindagilitv of tool steels;
52100 steel is an-AISI high Carbon Chromium Steel. Work
piece dimensions werc 6 inches long X 2 inches wide 'and

2 inches Eighﬂ The wérk piééé mdterials,%oge;hef’with
their chcﬁigal composition and.room temperaﬁure hardness

are listed in Table 1.

(4

©3.1.4  Grinding Wheels . : - o

A.number of grinding wheels were used for this

investigation. Two different grain tvpes were used, denoted



k4 . \
Deflector Coolant-Nozzle

Figure 31. Coolant-Nozzle With Defle;;or.

o

Figure.32. Special Wheel Guard.

44
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here as A and B. Three hgrdnesé grades are tested which-

differ in the amount of vitreous bonding material. The

60 grain size corresponds to a‘mean'gggin diameter of
about 0.01 inch. The grinding wheels used are described
in Table 2. | |

The range of hardness as e%pressed bv fhe.I, M
and P grades has been chosen as they répreseﬁt the range
of gradings used in cen£er1ess and cylindrical grinding,

and- it excludes the atso common soft grades, H and G.

3.1.5  (Coolant
Cimperial 20 soluble oil at 20:1 concentration

with water.
\.

3.1.6 " Dressing Conditions
: The wheel was dréssed before each test by a
single point diamond-tbgl without any ‘spark-out and with

dressing depth of cut aé-= 0.001 in., dressing lead = 0.0i :

in/rev., wheel épéed Vs = 6600 ft/min.

' . 0 s
. . “, \&y‘ }
: - R s .
.

3.1.7 Constant Cufting Prameters

4

‘The wheél speed and: table speed, during the majo- .

rity of the tests, were kept constant at 6600 ft/min. and

100 ft/min. Trespectively.
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\»_
Material]- Chemical Composition,% R,
M, 0.85C, 4.5Cr, 5.00V, 12.5W, 0.6M_, 5.0C | 61
52100 [1.00C, 0.35M_, 0.30si, 1.4Cr, Bal F

62

Table 1.

Workpiece Materials

Type'of Grains

T

Hardness Gradé

JGrain Size

M

3

60

60

60

60

60

Table 2.

- Description.of Wheels -

’

[
"-
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® :
3.1.8  Balancing of the -Grinding Wheel

In spite of all precautions taken during the manu-

v

facture of the grinding wheel, it is never perfectly ba-
lanced. An unbalanced wheel produces a centrifugal force
which induced a relative vibratorv movement between the
wvheel and the work piece. The amﬁlitude‘of this moyement
depends on the rigidity, size and design of the grinding
maéhine'and leads to the formation of work piecé and
iwheel waviness generated'qn their cirququrencesﬁ thus,
the lgiel of unbalance in the ﬁheel has a large.inf;uencé
on the quality of the work being ground.. |

~ N . . -
h . . .,
In order to avoid these forced vibratiaons dge to

the wheel unbalance, the wheel was carefully,'dynamicailv

balanced at the beginning of L¢§ test to a vibration
amplitude of less than § X 1076 in. v

Two equal weights-were mounted. on the wheel
flange (Figure 36) in sucﬂha way that the resultan%vforce

Ca i . . . . '
is equal in magnitude and in opposite. direction with the

. ) } - ) !
unbalancéd weight. A velocity pick-up transducer was used

to measurc the ;‘litude of the vi'hr'a‘t'ion on the screen of .

- Q
an oscilloscope. Ce - o
- oo . :

. .
3.2 Force Measurements

3,21 . Dvndmometer

A high-dupiitv §-qomponent'dynambmetéf hasnbeenyi

designed and constructéd,.capuhlé of measdring the forces

°

7Y, a:sh«égﬂ“a»m“ “’x’s“

.

e st R, KR A R

PR S
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af a bound to hundreds of pounds. The 1oad-sensitive
clements are piczo-electric force transducers, in the form
of thjck washers, which are rapidlv finding their wav into
researchtand develofpment mcasurements as standard equinment:

e

4
3.2.2 Piezo-Llectric Transducers

The transducer is.designed to- decompose a force
0 '

acting in any direction into %hree components perpendicular

to one another. For each of the phrée-fofﬁe components, a
proportional charge signal is produced in the measuring
element. These charge signals are fed to the charge
'ampli%ier where thev are converted into voltage.which’max
be indicated or registered as desired. '

’ | Becausevéf its design, "this fo;ceimeasuring element
is very rigid. Congequently,_it has a.-high ﬁa£6r51 frequency.
For. this reaspﬁ, it can be applied to.objects to be mea5uréd

without notiéeably affecting their elastic properties.
| . S s .

3.2.3 Calibration

o
- ¥

. Tﬁe dynaﬁometer was calibrated, while.ﬁ0unted bn the
table of the maéhine, vertically up to'4q 155. using'&ead
weighté and horizontally ﬁp to 60 lbs. uging a gpfipg-type
.pu11l5ca1é, ‘Boéh thé.véfiqaﬁland hdrizontal'systems were
cpmp}etely‘linear and there was negligible interactién;

between horizontal and vertical forces.
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.3,2.4 Dvnamometer Specification

The sensitivity is.0.625 1b/mv in the normal
direction and 0.286 1b/mv in the tangential direction.
The cutting forces ;ignal was recorded bf meéns of an
ultra-violet (d.v.) recorder, provided with a pre-amplifi-
cation rénge of.1 to 1000 times, resu}tihg ihaignsitivities
of‘the record obtainable in a range of 150 1b/in. up to

0.1 1b/in. A magnetic chuck with 6 inch width x 12 inch

length was mounted on the top of the dynamometer. /

.3.2.5 Basic Circuit

Thg basic circuit of the measuring insti}lation is
. ‘illistrated in (Figure 33). .The three load cells were pl§¢éd
oh a triangular shape:and wefe'connectedhin parrallel. This
way has the advantage that both veftiéal and horizontal con-
ponents of the forces can be recorded. correctly irrgspéctive
. of the gfinding‘position along and across the table of the
dynamometer and tﬁe out-put Qoltage represéents ﬁhe.sum of
the chargés at the input of the charge_amplifiet. |
>“ ' ‘ fhe trén%ducers'ifre'connectéd to three Eharge~
P o ‘ambiifiers, wheréb? the elec%rdstatic charge (fC):generﬁred
‘ by a quértz measuring transducer was converted into a pro-

portional. voltage.’ A pover sipplv was used to give an

input current to the chafge amplifiers and take the out-put

signal. A ﬁ-C_off-seﬁ W “used toladjust the input voltage

to6 the u-v recorder and ‘an amplifier to amplify the signal

i
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R
before recording it. dk’ r .
> The experlmental set- up of the measuring c1Tcu1t
is shown in Figure 34,
3.3 Wheel Wear Measurement e

An accurate assessmeﬁt of the progfessive radial’
wear’suSTaiﬁed bv the wheel was obtained using the "razor-
Bladé” technique.

Reciprocéting plunge grinding of a work-piece
specimen of less width than the grinding wheel resulgs.iﬁ
a groove being worn on the peripherv of tﬁs grinding wheel

of the same width as the spec1men, (Figure 36).

The denth of the wear groove was measured bv first

duplicating the wheel proflle on the edoe of 0,001 in., steel

shim, by plunge grlndlng,and then measurlng the height of

the step using the tool maker microstpe,.(Figune 35) .

3.4 . Thermal Damaqe Obqervatlons

A-thermal damage to the work piece surface was

‘observed durlng the «r1nd1nq~tests ’
The onset of burnlng is charaCterlZed by temper
- colors on ‘the work p1ece. In addltlon to thls,.a flash or
rijge of material forms along the &dge QE the work p1ece,;
. x

1nd1qat1nq that some of the’ matcr1a1 to hc removed 15"

. ploughcd a51de bv the ﬂralns instead of be1nq fOImed 1nt01
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- chips:' Metallurgical examinations of burned work niece

-

-\SQrfaces [8] have.shown ‘that the surface lavers are over-
tempered and softened. The burn cdlor is the result of
surface oxidation at high temperature.- .

Discoloration. of the work ypiece surface is consi-

4

dered as an initial damage while.burn is a severe damage

. for steel work piece materials.

w5 .
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CHAPTER 4

0 —

SCANNING ELECTRON MICROSCOPE OBSERVATION -
' N

y 4,1 Inrroduction-
During recent years'the use of the scanning
electron microscope (SEM) in grinding research has become
a widely recognized technique.
- The abllity St abrasire grains in .a wheel to pro-

-

vide sharp fracture facets at micro and submicro levels

~

durlng dre551ng with a dre551ng tool and also in the actual

grlndlng ooerat1on (self sharnenlno action), contrpls to a

large,extent the eff1c1ency of the grlndlng oneration.
Knowledoe of the geometry of’the grlndipg grain,

surface topograohy of grinding wheels and of the form of

.

chips collected from the cuttlng process, ‘obtained bv
scann&ng«electrOn m1croscope observatlons, is essentlal"
for the development oﬂ the grlndlng process.
[ - : , A The great advantages of the SEM as compared with
the .optical m1cro§copg arei! high depth of focus,‘large
‘range of magnificatlon‘(up to 50,000X) and excellenr‘dls—'

»

persive.power. . e ‘ s

-' . N . . . . . (.
LN . . [V v

-

voow

4.2. .. Scanniﬁg'Electron'ﬁicrbSCOnv

..
$pec1mens for eramlnatlon were prepared bv mount1ng

thém on standard speClmen stubsfu51nq an amorphous adhesxvee
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In order to render, the surface of the specimens electrically

[ PRI

conductive , a thin 1ayer of 4% nalladium-gold was vacuum

.
K
7
L
A
:

evaporated onto it. Micro photographs were obtalned by the
SEM, Cambridge Model U-3, equipped with specimen stage Wthh
rotates and tilts. .

‘ The e*péfimencal techniques adopted in this work,
fall into three cétegoriéé: firstiv,‘observation of‘wheel
surface topography using a.test spec1men ‘which was cut out
from the surfgce_of the grlndlng wheel; secondly, observa-
o tion of grains collected in the trav connected to.the table;

14

and thiTdly, observation of the chips formed during grinding

process and collected from the table.

4.3 Results and Discussion . . = "

/

- Upon completion of a series of grinding tests the
" specimens were examined on the SEM, The results of -these .,
' examinations are summarizéd in the following figures.

“ o

Ve

L -
S 4.3.1 Wheel Surface’ Tonoqraphv

quure 37 shows a- stereo v1ew mlcrophotogranh
- of AT wheel’surface. Manv bondeq grains apc observed in
&iffercﬁt parts of the Figure: ;The‘Bon&{hg materia;'sﬁri .
?buﬁds the:indiﬁidﬁal gfains and 1{nkéjt%em gg%ether\gi}g;

; : _ - connectors called posts Dérk portidns iﬁdicate the 'po

TP
S e
v
-

Wi

v

The magn1£1ed portlon of the dresqed and ground
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i L)

o

areas .of the wheel surface are shown in Figure-38. It can
be seen that the size of pores between the grain§ becomes
'laraer w1th the ground area due to the wear of the grlndlng
' wheel and a correspondlng loss of some gralns. The micro-
photographs also show some of the chips-being adhered to
the grains of the’surfece which 'did the grinding; however,
*not much difference can be’seen for both surfaces: Figure
.39 and 40 show the microphotograph of AjP_wheei surface.
Comparing Figure 38 and Figure 40, the\difference-betWeen
grade J and p of the same wheel can be seen in terms of
the amount of bond and por051ty. .
The grade of a grinding hheei is a.measure of how
strongly%the grains are held by the bond. Figuree 41 -and
42 show the différence in wheelthardness of'ﬁlwheels. ;t
is seen that the amount of bond is much;greeter with P
grade than with 'M grade. fhis amount of-bohd controls the

rate at which fracture wear occurs 97T.
The,structure of a grlndlng wheel‘refere to the
relationship of abrasive grains to“bondiné'mater;als ahd‘
. of those two. elements to the voids between‘theﬁ;. Flgures
43 and 44 111ustrate the meanlng of gr1nd1nq wheel structure.
‘The spaces in gﬁlndlng wheel pronde ‘room for chips to escape'
' b

during a cut.l F1gure 44 a1s0 shows the development of wear -

flats'on‘the,gralns aftér grlndlng'for 4Sprasses.-—'

.,
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After  Grinding - X50

Figure 38.. Mlcrophotograph of A--60--J Wheel Surface Wlth
o Higher Magnification (After Dressing .and After

Grinding). . * . , ‘
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X20
.
After | 2w After
Dressing ' Grinding
. . ,"
2 >
M s
r Y
v!" . )~
‘ ‘ o @'Atﬁ§ :
A ' .
Figure 39. Microphotograph of A--60--P Wheel Surface,
g After Dressing (on the Left) and After Grlndlng
(on the Right). -
After Dressing‘ © xso . After Grinding X0

Figure 40. Microphotograph of A--60--P Wheel Surface W1th ' '2 -
- * Higher Magnlflcatlon '
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| Figure'

41. Mlcrophotograph of B--60--M Wheel Surface
After Dressing. .

o
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‘ Fiéure_43.

Microphotograph of B - 60 - M Wheel SurfacCe After
Grinding for 450 Passes. Work Material 52100.

Down Feed 0.001 inch, Wheel Speed 6600 ft./min.
and Table Speed 100 ft./min. v

Figure 44.

v

Microphotograph of B - 60 - P Wheel Surface After
‘Grinding Work Material MZf
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4.3, Cutting Grains

™

-4

In Figure 45 the simﬁliffed model ‘of -the threc
types of wear on grinding wheels is presented. Whenkbond
“bridges (C) afe.brokcn; the grain.fonqerned is sepatated“
from the body of the wheel. Partial fractu?eiof the.grain.‘
is illustrated'by (B). Attritious wear of a grain may oécu£'
at the top of grains rubbed by metal as illustrated by (A).
Thg’former two are definéd as the,fractufe wear of grinding
wheels. The relétive chances of bond fracture and grain
fracture are largely affected by the hardness of wheels or’
by the relative strengths of grain and of bond bridges
which holé-the(grainh The attritious wear should always
occur, whether the wheel is soft grade or hard grade 'and
may w1den the contact area between gralns and metal
Flgure 46 A shows that a single grain con51sts of

'several 1nd1v1dua1 cuttlng edges which, accordlng to the
cutting condltlons, engage the workpiece at varylng strengths.
, This!isiln agreement with Flgure 46-B wh1ch~1llustrate$ the
avefage grain shéﬁe which has been determined accorqing to
statlstlcal algorathms [25] .

The surface deformat1on of single grain is shown i
in Figure 47. Llocalized melting and plastic flqw of
(Al2 03) are observed in Figu{f 48, .
Figure 49, shows a crack on the surface of a graln.,

Thls is ‘the beglnnlng of the graln fracture wear mechanlsm.

- ¢ !
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.

Figure 46-A. Surface of a Single Grain of Wheel A - 60 - J
Collected After Grinding for 225 Passes.

~

[y

Figure 46:B. Average Grain Shape [Ref. 25].
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Figure 47.
Surface Defor-
mation of a
Single Grain

of A - 60 - J
Wheel as Caused
by Dressing.

Figure 48,

This' Figure

Presents the

Magnified Por
tion in the

| Central Part
of Figure 47.

." - m‘ !ﬁp‘ /

Figure/49.
Grain Fracture
of Wheel

B - 60 - M.

N
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Tﬁe influence of dress}ng depth of cut on the
size of the grnins removed from the wheel surface is
illustrated 4in ﬁigﬁrc 50. At small depth of cut, tinvy
> ‘ .
fractures occur, producing grains with crushed flat tops.

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

the bond.

4.35.3 Formed Chips

o Figure 51 illustrates the forms of chips for

material M, dnd 52100 respectively.

2

p Chips were collected from the table during measuring

the cutting forces with increasing down feed. ’ {
From grinding mcchanlcs [29], the average value of

the maximum underformed Chlp thickness ( T) and " the average

, chrip length Tsp can be given by

¥

\Y
gl - w a " L) 011
h = 2K A ¢5

S ,
- . /a ' - |
lsp = D . ®..2

\ Y|
'S

From equations 1 and 2 it is seen that as the

+ down feed, a, increases the chip thickness ‘and chip length
Nl ‘ < - .
increase and consequently the force 'increases.

L3

A sequence of mlcrophotogranhs of material M2 and

52100 at various down feeds are shown in Figures 52 andJ§3

SR _ It can be seen that‘with'the increase of down feed



Dressing Depth of Cut 0.001 inch.
{

» Dressiﬁé Depth of Cut 0.0005 inch.
Figure 50. . Grains of B - 60 - J.

68
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M2 Steel.

52100 Steel. . ' .

Filw- 51, * of ° T voroweo
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» 0:001

X 95

Down Feed:
0.001 inch.

o
Down Feed"
0.004 inch.

£

*

Down Feed:
0.008 inch.

<

Figure Sé. Chip Form of M, Steel When Grinaing With

aw
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Down Feed:
0.001 inch.

- Down Feed:
0.004 inch.

Down Feed:
0.008 inch.

Figure 53. ":Chip Form of 52100 ‘Steel When Grinding With
M- 60 -0 '« 1 .
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both the chip thickness and chip length increase and’

I3

N . . «

~the grinding grain, tﬁg'ﬁyrface_topography éf.grindihg

- 1S

wheelsx and the fofm'qf chips are investigated.
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consequently the forces increase. Thus, the geometry of
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' CHAPTER 5
EXPERIMENTAL. PROCEDURE AND ~

ANALYSIS OF THE RESULTS

<7 -
. 5.1 Tests for Cutting Forces and
) Maximum Metal Removal Rate -,
5.1.1 Introduction ' » \2? -
The cutting forces are used as a means to record the _
cutting ability of the grinding wheel. ) a
. ‘Cutting forces were measured in two directions: ‘<

. the normal cutting. force Fn; perpendicwlar to. the work piece’

surfg;e, and the tangential cutting force Fg

of the table m

5.1.2 Test-Pr

‘.

oti8n.

ocedure

in the direction

o Cutting forces F_ and F, werc recorded with various

down feeds The w1dth of the cut was maintained at about

)

0.4 in., and the specific cuttlng forces ? T glven as

results relate

" The séquence employed in each test was to start, after

.dressing, with

récord the last.4 passes, fhon'another 10 -passes with a = 0.002".-

and record the

such a V;Eud'a

d to 1 in. wheel width;

down feed a a = 0‘001“ grlnd 10 passes 4dnd

.7 .
last 4 passes and so on. " This was

" of down feed was reachod

where

further lncrease of a the forces did not 1ncrease

1nd1cat1ng the breakdown of the bond mater1a1 and

oo

‘done until .

with the

any more,

)

an instant- .

.
u\‘.



‘(a) less than (a
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4

'3

aneous increase of the wear.

4

This is taken as the.maximum possible load for the

iven wheel and there is a corresponhding metal removal rate
“ 8

to-be obtainged by: . . "o L (

~

'_Zlim in”/min/in. = elim(sn) xwav(ft/mln) x 12

where ’Vw is the teble speed. S

-

Durlng this test surface damage to the work piece
was observed as 1nd1céted by dlscoloratlon ‘of the ground

surface (mild, 1n1t131 damage); or burn (severe damage).

+

In some cases burn was obtainéd already at values. of

-

1im) - In other cases it coincided with the

. maximum .possiblee depth of cut.

T£Opfof the magnetic chuck and’chip form was chgcked as it

. , . ' N
While 1nterrupt1ng the test to. observe the surface

.

.damage of thc work piece the,chlps were coLlected‘from the'

was secen in Chapter 4. ' _

It is important to realize .that the totdl depth_grouhd'
in~th£s.test was between 0.10 in;and 0.36 in. for hork p@ete
materiel M2 (hore diﬁficult.to-grind) aqd‘O.ZO.up to 0.66 {h”
for work piece mérerial 52100. . |

\\J

Corrcspondlng total volumcs ground are 0. 6 to 2.16 -

~.and 1.2 to 3. 96 in>/in.

of the grinding wheel gutting capabilityf

This ‘volume of metal removed conveys a true picture
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5.1.3 Results and Discussion

The measurement of cuttlng forces, emplorlng a plezo
'electrlc dynamometer, prov1des the opportunlty for relatlng
the wear of érlndlng wheels to the grinding forces.

| Figure (54) shows two records of grlndlng forces [29].
The record on the left shows constant forces durlng a grlndlng
pass.‘ The record on the rlgh; shows a case where the wheel
is overloaded and it wears off rather fest during'the»pass
and the forees decrease continuously from the‘beginoing,of the

. pass. The graihs were immediateiy broken out_of.the'bond‘by

the overload and this i$ considered as the‘maxXimum possible

- —

load.
‘ Forces measoréd'at ihcreasing down feed 'a for ail-teEted
comblnetlons of wheel grades and work plece materlals are
" given on 1nd1V1dual graphs. (Flgures 55, 56, 57, 58 :and 59).
L “The observatlon of the thermal damage to the grouﬁd
.surfaoe is.ehown in the upper portion of edch graph " Maxi-
mum normal‘fofces F max, reached (such at which massive
graln ‘break out occurred as expla;ncd in the above statement)
'and;correspondlng down_foeds are summarized in Flgure (60).
’Conéidering.thcvlower~part of the diagram it.is,eocn
that values F oax arc almoet the ;ome for ooth.szhnd 52100
work pleco materlals for cverv wheel ’ . j‘,

This 1is due to the fa¢t that broakout of the qralns

depcnds on force onlv. uff&., K f‘ _.".' A
O p ot e ! - !

'Thls force Fn-mgx.fipcreasesj in.general,_wigh the .

O B .
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incrda§ing of wheel hardness;‘from:J to M to P for wheels -
B and from J to P for wheeis A. , ‘

In the *J and P grades where we have both maEes of )
" wheels (A and B), the A wheels are softer i.e., produce . /
N L. . \/’“‘“\é

smaller forces.

i In the uppef'part,of-the‘éamg diégram Figure (60),

\\\

correspondlng values a5 n are given as well as values of

down feeds at which discoloration and further burning occurred.

Checking on the B group of whe€ls it is. found that
for grades J and.M, the same value 6f‘a1im = 0.006 in:abplies

for M, steel and aliﬁ,=502007 in. for 52100 .steel. For-grade.
P the value of aiim ;’01004 in, with MZ and a4m = 0.006 in.
with 52100 steel. o

Checking on the A group of wheels 1t is found that . e

for grades J and P, the same value of alim = 0.007" applies
for M, steel and a,._ =-0.009 in.for 52100 steel.
2 -11im . : N ,

This is explained when -the '‘graphs menpioned above

are inspected showing that forces for cvery- down feed increase

with increasing.wheel hardness
, \ .

Obviously{ with soft wheels qrqins break out when

they develop rather small wear flats whlle duller and duller

rgrains (w1th 1arger wear fldts) hold in hardcr wheels, 'Thus

at the same down feed a forces devqlop in proportion to the

strength of "the bond..

Malkin [4] ‘found that .harder wheels have moré active

grains, larger wear Tlat areas and hence require larger

o o B e

PETTST e
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grinding forces. On SZ&&Q\§teel forces were generally smalzer .

than on MZ steel' and therefore higher al m values were

\

.reached.

In" this respect the A group of wheels act sharper

- than B Wheele.

As regards éurface damége, both a slight: one, as

characterized>by discoloration of ground surface (light or

-

heaVy discoloration), and the more serijous burn-occur at

[

lower down feeds as wheels get harder. This can be seen from

H

the upper part of Figure (60).
In many ifstances the maximum load as expressed by
the maximum down feed a11 can not be used and the rough

grinding-outpqt is limited by burn occurring at lower"

down- feed.

-

Thus practlcal max imum down‘feeds for ‘wheels B P
is [0. 003 in, instead of 0.004 in. on MZ steel. The practical-
maximum down feed for wheels A-J, B-M'and A-P are 0:@08”;
0.007" and 0.004" u51ng 52100 .steel.

. Agaln in this -respect the A group of wheels is

¥

superior. A ’

In general, it may be stated that softer- wheels

-~

‘are capable of a.larger metal removal rate. This is due to

the fact that self sharpening is predominant with soft wheels

. while  hard wheels are cutting under blunting action with

excessive wheel loading

S

- =~




5.2 Tests for Grinding Wheel
Wear. The G Ratio

~,5.2.1' Introduction
In order to establlsh an accurate method for measur-"
ing the radius wear, plunge grinding tests wére performed

and q reference surface of the wheel'was used for measuring

-

the radius wear.

’ All thé tests were carried out with a specific width

of the wheel.surface, leaving the rest of.the surface not

<
taking part in the grinding process’, as réference for measur-

s

- ing -of the wear, A}ter'each stage of the. test surface
rep;oduced on a thin steel plate (0.001 inJ by plunging
tﬂe wheel surface onto the plate.: The dfffereece Ar, between
the-reference surface and the cheting surface of the wheel

3

represents the radlus wear.

s " By dupllcatlng the wheel proflle onto a steel strip

I

an accurate record of wheel wear. is made without stopp}ng
the wheel, and with only'a short intefruption of the.grinding

test.

.

'The steel strips were collccted and measured using -

the tool. maker $ microscope after the- test

.

Five rcadlngs were tQRen for. each strlp and the.

[}

average recorded.

\ " The wear volume.cam{ be calculated from the equation-

VWC.‘}I‘ =a, D . W. ar

where D .= _the wheel diameter
. . - )" N

=

[ g

L

e ob



W = the cutting width

L1}

T AT the radius wear

‘,,
i

The results of the grinding wheel wear measurements

are fllustratéd‘by means of a dimensionless number called

86;

./k‘;.

thé'ﬂgrinding ratio" which is defined_gs the ratio of vélume/

removed to the Vplume ¢f wheel wear. G ratio is the

" generally accepted parameter for measuring wheel,wear.

V.
g = metal
wear .
. : ﬁ
where Vmetal = Yolume of metal removed
V. =" volume of .wheel wear
wear . , .

S:2ﬂ2 Test Procedure

The .dressing operation was perforimed with a single

<

point diamond dressing tool at traverse feed of 0:010 in/rev.

and with dressing depth of cut 0.001 in. before -each test.

The ‘normal and tangcntiﬁl;?orcc components were

:recorded,ht the last 4 pas§es of cvery 15 passes, and the

radial, wheel wear was obtaincd by interrupting the grinding

after every 45 passes so that the thin stoel»stfip~cou1¢ be

fed radially into the wheel and fhelhcight of the

" the wheel surface (aR) could be proadted on .the steel strip.

-~

recess in

[}

The difference in height éf the Qork piéde before

and after 45 passes was mecasured and indicated by (A$).

", Durfng'thc test the surface damage of the work piece -

A
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was 'visually ekamined‘as indicated by disceloration of the
kground surface, or by burn. Chatter)marks generated on 'the

surface of the: work p1ece were also -observed. '
Debris was collected every 45 passes in a box- 11ke
container placed in the gfinding zone.
e Abrasive gralns and chlps were exaﬁlned using the
Electro scanning m1cr%scope. Results of thls examination
were discussed in Chapt;r 4. N

The nonunlformfxy of wear which causes the unbalance

o% the grinding wheel was estimated in terms of the amplitude

‘force Value.

A}

In the recent tests 1n order to obtain a measurable
.value of- wheel wear u51ng-52100 steel the tests were carried

out using down feed 0.002 and 0. 001" for M steelu

-

The 1nd1V1dua1 radaal wheel wear (AR) every"’ 45 pqs<e5

» : was obtarhed and the 1nd1v1dua1 grlndxng ratio G was:® calculﬂted
:Also accumulated radlal wear (aR) ,was mecasured and thc
accumuldted grlndlng ratio was calculated. ’

‘The details about the ‘total depth ax ground in'a couple

of thcse tests are given in Appondlx LTI, together with the -~

total wear and the reeultxng grlndlng ratio.

- .

G = L ox o . ) ;

L4

A where L = 6 in. is the length of the wofk'picce and D = 14"

[

is. the dlameter of the qundlng wheel

These tcsts were contlnued for lonne¢ urlndlng

\a\

of forced vibration and was plotted superimposed on the average-



“

opcration (JSO.QassbS) at_constont down‘foodz

It should bo.memtionod here tﬁat.fhé“fotal depth ax
was approximatélv 0.45 in. for'M2 steel with cdnstaﬁt down ,
feed 0. 001 in. and 0. QO in; for 52100 steel us1ng constant )
down fced 0. OO”” (corrcspondlng to tOtdl volume ground 2 7
in: /1n for. Mq stcel and 5.4 1n./1n for 52100). All of
these tests wcrc run at a wheel speed V = 6600 ft/min. ond
.a table, specd V,, = 100 ft/min. . _ “

These cutting conditions, presented above are, im”the.
author;g opinion, severe cutting conditions. Previoui
reocarcﬁerse Malkin [4], Lal [12], haveé generélly adopfed

much less severe cutting conditions which do not convey the .

true pricture of the grinding wheel cutting capability.

5.2.3 Results-and Discussion of Grinding
Wheel Wear and Forces

Thé changes in the grinding force componentS'andN

grinding wheel wear, as grimdihg fime ihtféases (mumbér of ,
passes 1ncreases), are shown on 1nd1V1dua1 graphs in N
Flggres 73) to 08)1n Appendlx (I). o : . ¢

' Several crlterla are- used 1n Judglng the force graphs:

>a) average force level qf’ the normag ‘and tangential components, ' o

.

b) thermal damage to the work plege as 1nd1cated by dlscolora-

tlon ‘of the ground surface (initial damage), or_bprn

IR,

(E;evere damage)
c) nonunlformlty of wear in terms of the amplltude ~of forced

vibration.




. wear of two kinds:

_~cdpability‘oﬁxgrinding wvheels may appear:

The three crlterla are presented on each graph. -

LR 3

The nonunlformlty of wheel wear is- determlned from

" the force record as it is shown in Flgure (61) ‘and super-

»

imposed on the average force 1eve1

The observatlon of the thermal damage to “the ground -
eurface is shown in.the upper portlon .of each graph ]

The cuttlng capablllty of a properly chosen grinding
wheel, werklng in well-selected condltlons, is affected by'

LN

1. Graln fracture and bond frécture. Graln fracture

0}

may or may not eeterlorate the cuttlng capab}llty
'which depends on the state of cutting‘edges of the.
part of the‘grein which remains bended.;d the grinding
wheel. | .

o

:2. AttrlthUS wear whlch detcrlorates the cuttlng

capablllty of the edqcs

The cutting capabllltv of grlndlng wheels may also

be affocted— bv*tr“ps trappod in thc leCS or wedged in thc

'bond as it was indicated in " Chapter 4.

Generally speaking, ‘the detcrioration of cutting -

, w
‘1.' on. the work picce (dlecolorat1on ot burn),_

2. on the grlndlng wheel “itself (nonunllormlh of wenr),

~t

3.0 mdy'accomphny the grinding .(the grinding forces).

"~ Therefore, the .three criteria used in judging the

graphs can be used to determine the grinding wheel capability

.

ay bt e e &
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(grinding wheel tqol'life).

5.2.3.1‘-Variation of_ForcehComponentS“and Wheci';
R '_Wear,with Grinding Time o

.+ With a view 'to explalnlng th:j/yariation, particular .

attentlon W111 be paid to the result hown in Flgures "(62) and

(63).

-«

~The selection of this set 6f results is that they

illustrate very clearly the features shown by the data obtained

% -
for all tested combinations of wheel;grades‘énd materials..

A review of the data in Figures (62) and (63) shows 1

tﬂat these curves can be .divided into four stqges:~ i
1St;ge‘A: is'£he~non steady’stage and is charﬁcgerized by -
a rather low wear ratc (high gr1nd1ng ratlo) and

rapld 1ncrease of grinding forces w1th time. - ' ) y,

Stage B: is a tran51ent stage, in which the force holds on

~-

‘a h1gh lcvel and wear rate decreasces (grinding
ratio increases),
Stage C:a ié adbther transicent stage,. dgring which the’wqar
" ratg inéreases stoebly (grinding rdti& decreases)
and the force drops ;imultapcOusly. o

Stage D: i3 a rather stable stage with a rather high wheel

‘ﬂ

rate and low forces.

Consider the scquence of events when a wheel which

has ‘been dressed beging to grind a work piece. As thes wheel
.begins to grind, the wecakest and most damagbd grits caused

by the dressing operation, will be cither pulled out from the

. . . a o »
o ; . ‘ . ) -
. v )
. L ~
’ : ‘ - . o AN 1.
. .
.

L
R

-y,
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bond or will fracture This depends on whether- the grlt/bond‘
adhe51on is lower or hlgher than the gr1t fracture strength
Stage (A; w111 be reached when the weakest grlts w111 have

been removed or, fractured and those remalnlng on the wheel

N -

are_suff1c1ent1y strong to(w1thstand the grlhdlug:forces,
During Stage (A) the'grits‘wear,bffattrdtiom at. a reiatively'
E1ow rate and the number of grlts actlvely part1c1pat1ng in".
-work’ plece removal slowly 1ncreases.. In thls stage there 1s
a progre551ve bu11d up of forces W1th normal force rlslng
more rapldly .than the tangentlal force : Thls rapld increase.
_in the normal force is probably ‘due to the development of
' wear fldts and consequently the dulllng pf the wheel

Stage '(B) 1s a‘tran31ent stage Th1s stage is
characterlzed by the thermal damage of the WOrk‘plece With
the attalnmgnt of hlgh grit temperatures, due to the- dulling
‘of the wheel the thermal shock whlch the grit sustalns as it
.enters and leaves the wheel work plece contact area w1ll be
1ncreased o ' o

The opportunlty for grlt fracture as a result of thermal
etressee lncreases. .
It should“be mentioned here that hecause of the non-
' unlformlty of wear dur1ng Stage (b) and due to the thermal
stresses whlch cause the graln fracturc, the ‘end of thls stag
is characterlzed by the development of chatter marks caused
by the unbalance of the grlndlng wheel ‘ ~

Durlng Stage (C), the wear rate 1ncrease5 steeply P

and the force drops sxmultgneously Also, an 1ncrease of

Lt . D . R '
. ) .
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unbalehce of Ehe‘wheel is observed which is due\to«the
nonuniformity of the wear ever the circumference ef the
wheel. During this period the effec; on thermal damége of o
the grduhd»éurfece'improveez This iﬂdicates'fhat the'wheel
is reéeining its ﬁsharpness“,’or-grindinglcapability, ‘
The'ﬁheel.finally enters a rathef’staele'stage (D)
with a:faifly'*high'weér rate and low ferce, dtfseems_that.
a balance of’self sharpening- is meincdined in this etage.' :
- Thus the accompanylng changes in wheel wear rate and

"in grlndlng forces with tlme are explalned

.MItcls 1mportant t6’y01nt out here that the performance

"Conclusion ‘-

of grlndlng wheels can be evaluated from force pattern and
grinding wheel ‘wear dur;ng this long grinding test. This

Feét appéaze,te present a;clear picfure!oﬁ‘the weariﬁheﬁomendn
and could'be'adoptedwfor the selection 6f grinding wheels.

5.2.3.2 Effect of thel'Hardncse on Ferce thtern

Normal fercc patterns for different wheel grades of
both groups of wheels (A, B), under 1dent1ca1 gr1nd1ng cond1-

tions, are presented’ in the summarized Flgure (64), (Materlal

M)

" In the upper portlon of the flpure the maximum 1mp11n

~

tude of forced Vlbratlon for dlfferent wheel grades ar¢

presented. . . )

o



4
The values oresehted are taken from the individual
.

. graphs in Flgures (73- 76) in Append1x I.

In the lower part of the same flgure, th\ thermal

RS
damage to the work" p1ece as it was observed during the tests.

‘is lllustrated
W1th soft wheels A-d B—d‘.it is-seen that thé.normal

forces remain constant and the grlndlng wheels malntaln their

-
1

cuttlng ablllty over a long period of grlndlng
As regards thermal damage, the surface of the work
plece remains normal durlng the test; w1th only a little
-dlscoloratlon, in %he case of the B-J- wheel
The amplitude of.forced V1brat10n Flgures (73), f74)
does‘not change except fot group-B:where the change was
slight. o |
The above observat}on§'giye‘a‘good impression of how'
soon'the seif-sharpening pﬁenomenon takes over from thef
initial -dressing. i . |
:With ﬁard wheels, A-P and B-P, anlinérease in the
‘normal_component of gtiﬁhing fogoe is obsef&ed*duriné'the
Veariy‘pa}t of tﬁe:gnioding test, foliowed by a stabilization
of forces ‘ .
Thls _shows that self- sharponlng phenomenon is
‘not completely capable of counterlng wear - and wear flats '
are developed on the gralns as ment1oned in the pretedlng
sectlon ’ ‘

Hard ‘'whoels underwent several changes durlng the

_ early stages of the test due to: near of grlts by attrltlon

19

R .
< AL T g o W
.

PO
. .
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h;gh grits‘temperature and thermal_éhocks Which the grit:
sustains as it enters and leaves the whqel/Work.piece contact . P
area. _These changes an the wheel'resulted ih the Variation
of surface damage on the work plece (varylng between dls~

L
coloratlon and burnlng)

[

It is necessaxy to mention here that during this
rather long grinding test the thermal.effect does not increase.

" but improves. when reaching. the end of the test. The ampiitude

AL

of forced vibration changes during the 'test as it is-seen

 in Flgures (75), (76) in Appendix I.

In the upper portion of Flgure (64) it is clear that

the max imum amplltude of forced ration increases w1th wheel
hardness grades from J to M to P.

Force’ patterns for different wheel grades of both
- . N PR %
_groups of wheels (A, B) when\putting 52100 steel are summarized
“in Figure (65). : ) ’

“The facts mentiohed above about the behaviourvof wheels

with M, steel were found ta be similar to that of the = o

’

e 7

wheels with 52100 steel. . Co . '
. . . ;J
Thc only dlfference in, the beh4v1our is. that the thermal

damage in thc casc of 52100 steel 15'1ncroased

* This is owing to the det that the down Eoed was . ' RS

1ncrc§§ed from 0 001 1n.to 0.00Z in.

Conclus1on

Ed

Based on: Eorce patterns and the extcnt of thermal

Ty
’
.-
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' damage to ‘the ground surface,-as* shown in the summarized

Flgures (64) and ' (65), 1t can be concluded that all tested

I) ‘
wheels, of rather hard Varlety, continuously maintained thelr

2. -

.

'cutt1ng capablllty

, ’

The maximum normal force ?ﬁ ax reached durlng the

long grlndlng operatlon for dlfferent wheel grades are S .

summarized in Figure (66). This flgure _compares the gr1nd1ng

~

forces for M2 and 52100 steels It.is seen that max1mum
' 3

cutt1ng forces increase w1th 1né§éased wheelﬂhardness for
both work steels ThlS ‘is clear ‘from the fact that h@rder
wheels, as it 15 shown by Malkln [4] in Flgure (67), havel
more ‘active grains, larger wear flat areae and henee reqqite.
larger grinding fotrces. '

5.2.3.3 The Variation in Grinding Ratlo
: .with Wheel Hardness

Grindino ratio was calculated by two methods.: Flrstly,

based on material removed eveéry 45 passcs (ax) -and corres-

¢

ponding wheel wear (Ar).

IJ Ax ' N N i :
a D aAr | . . .

..‘-

G =

Secondly, basc$'on material removed from the beginning
ofjthe'test up ‘to é‘tiﬁc»poriod when the number of passcs |
is = n'x 45 (where'n is an intecger) aX, and corgesponding

"accumulated wheel wear (AR).

_ ‘ - N b
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"A good representative of grinding ratio is that
. ' “ ¢ .

final value of the accumulated wear and it will be taken as

>
€

the base of comparlson-

13
. .

w

N The maximum and mlnlmum 1nd1V1dual 0rlndlng ratio
| together with the f1na1 accumulated grlndlnq ratio for dlfﬁerent
comblnatlons of wheel grades and wvork materials are summariczed
in Fiéute‘(68);\ ~ ‘ .
It is neceesary to point eﬁt’that the scale for G
ratlo is two’ times larger ‘for 52100 steel than that for M2
‘steel . IR °
Checking on the B group of vheels for both séeels;
52100 and MZ;'ie can be seeﬂ that aefthe hardness_ef the
wheels increases the grinaing fatio first fncreasee agd then
decreases giving an optlmum wheel hardness
The highest grinding ratlo 15 found to be .‘69 for
'52100 steel and 6.43 for M §tee1 v1th optlmum whcel hg?dncss
h[for both .,steels. .‘. S . C L E
Checking on the A group of whcels for hoth materials
.1t is” found that as tho hardness of thc whocls 1nLIOJSOS‘
from J: to p grade the grtndlnq ratio decred<cs
It is important to mention here that the grlndlhn

- i

ratio docs not increase appreciably whilc increasing.the

c . . ..\
.
.

.wheel grade from J to M to P,
S5 .

ha

DiSCUSsion of thc Results . . v - s .

N .
Luxc [187 kound that-the urlndxng ratio tends F1r~t
to IHCTCQbU with the whecl hnxdneSs but then reachc\ a peak

) .
-

b ek

s
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5

and thercafter docfcaseé.with further increases in wheel
hardness. Our results e in"agreement with Lure's fcguit§.
The above_found Qhenomeho may be eipléinbd as ‘follows:
as the hardness is iﬁcrcaseh the wheel first grinds\ip the
self-sharpening range and later in a zone of mixed conditiéns
o
parily sharpening and partly blunting. In the final range
.bluqting is predominaﬁt, material removal rate drops with
excessive wheel loading and wheel wear increaseé. With A
wheels it appears thaf we are on both sides of‘the optimum
curve with A-Jy wheel grindiﬁg in the zone of self-;harpening
%n& A-P wheelw;grinding in the range where blunting.becomes
progressively predominanth | ‘
'Force patterns of soft wheel J for Mz steel in
Fiugures (73).and (74) show thd; the rise in forcp is small\J
comparcd to hard wheels of grade P in ﬁigufes (78) and (76)‘\
(Appendix II). This sdégééts the occurrence of self-sharpen-

k]
ing in soft J wheels with-very little of flat formation.

The variation of radial wear with the number of passes,

D for A-J wheel (%oft grade) and A-P wheel (hard grade),

’

are presented in Figures (o9 ) and (Fo) for both work steels. -

If the screen number of the used grain is 60, then

thl mean diamecter given by [19]-= 0.7 x nominal diamcter

A

1 .
50 - 0.011 inch. - ' .

The' final 'radial wear of A-P wheel Ffor M, and.52100°

= (0.7 x

steels are AR = 0,011 in and 0.012 in. respectively (about -

0.90, -1.1 times grain diameter). Also the final ‘radial wear

of the A-J wheel for M, and- 52100 steels is (R = 0.009 In. and

[N

v




WEAR

WHEEL

14

13

IN

12

n

10

ACCUMULATED
o

.

WHEELS | A-J & A-P

1

MATERIAL! M2 STEEL A-p
. - A=
DOWN FEED;0001 IN /3
. -— .
Cania SN AN NN SN NN NN SN S NS NN U N R N N —
30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480 510 540

NUMBUR OF PASS

Figure 69, Vardation of radial wheel wear with number of passcs for M, steel.

v

-

ﬁ'

901



x

IN

WHEEL WEAR

" ACCUMULATED

10

28
26,
24
22
20
'8

16

(5

WHEELS ' A-J

MATERIAL

DOWN FEED, 0002 IN

&

A-P

. 52100 STEEL

A-p

1

L1

30 60 90

Figure 70,

AN

120 150 180 210 240 270 300 330 360 *330 420 450 480 510 540 570 600

NUMBER OF PASSES

%

Variation of radial wheel wear with numher of passes for 52100 steel.

*

*

-~ e .

e s

-

B R e atus st s bt

v

{01



'hardness orade in- thns range 1eads not only to hlgher

~108

0. 005 in. (about 0. 85, 0‘47~times grain diémeter)f'

«

The above resdlts 1nd1cate that the amount of radial .

A -

wear ‘was high enough (about 0.47 to 1.1 gra1n dlameter) to

give a tehe plcture of- the wheel wear phenomenon and. the

‘:grlndlng wheeI‘cuttang capablllty

/ Unexpectedly, the softer wheels 1n theserather hard
grades (J M ano P) give 1ess\wear and higher grlndlng ratio
than the ‘hardér grédesl‘ ) - T

| The results presented‘above are, howeeér, different

1n the case of gr1nd1ng wheels of the rather soft grades”

‘(e H and J), [Ref. 277, . o -f: . ’)'1' o .,;

The dlfference 1n performance is. that 1ncrea51nc .the

» -
A

'grinding forces and a great01 e\tent of thermal damage but

also” to a lower: orlndlnn Tatlo

’

5.2.4 The.Influence.of the DTessing Process

:Sﬂ2f4.1 Introductlon . - 5

In order to enable¢the wheel to lemove mater111

-

eff1c1ont1y, the bond matcrlal between the grlts must be

removed preferent1a11y so that the space 1s “available. f01_.

-

grlndlng chips to be aceommodated 1he gr1ts must also’ bo

fractured S0 “as to reduce the plateau area This 1is the

o™

_'functlon of the dressrhu operatlon, from wh1ch whon'properlv

'performed the wheel emerges in an open and sharp tondltlon.”

?hc Lnfluence oE zeplac1ng the used dre551ng tool

(U .D. T ) w1th a ‘new dr0551ng tool (V D. T )_db well as changlng

- ¥Za

[PPSRV
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‘the dressing depth of the cut on the grinding process were
. studied. Tests were carried out using a soft wheel -

. {A-60-J) for both steels M, and 52100.

5.2.4.2 'Test Results

The variation of grlndlng force components and
grlndlng wheel wear W1th grlndlng time For M, steel 1s
shown on an 1nd1v1dual graph in Floures (79) to (82) in
Appendlx I1.. Normal force patterns show1ng the 1nf1ue2§

S :

of changing the dre551ng tool, changlng the dre551n° depth

(of " cut and the varlatlon of the down feed are shown in '/

the summallved Figures (71) and (72) for both steels.

Examining Flgure (71) for M2 steel it can be said that dre551n0

plays an 1mportant Tole durlng the very early stage§ of the

R

grlndlng operdtion. ';. ‘ _ ‘ . o *

»

The comparlson of curves 1 2 in Figure ¢71) shows

that an 1ncrease in the dTCSban dcpth of - cut fresults .

- in- réducing tho avorage force during the teqt,and the cxtcnt

of. thcrmal damage In addltlon to thls forces start with-
a lower valuc 1ndicat1ng that qmaller flats are dcveIOped
Compar1ng Flgurcs (79) and (80) 1nd Lhccklng on, the

upper part of Figure (71), it is shown that the amplltudc of

"‘the forced vibfation‘ds dcdfehsed'"&hich mcans that the

unlformztv of wheel-wear is lmproved" T e
The Jnflucnco of 1nc10351n& down feed is seen when'

comparlng curves 2,5. [n Lcncral chrcﬂklng den feed 1ncrca>c<

the aVGrdgc forue and thc nonunlformltv of the grlndlng whcel
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The increase of thermal damage seems to be the ohly oL '

L

influence of ‘dressing with a worn out diamond tool.

Iy

‘Checking the sgmmari;ed Figure (72j £pr SZlOOTstéel, the
same influence of increasing down feed and “dressing with a
used diamond ;obl is obtained. The nonuniformity of -wheel o
wear is affected by down‘feéd and the quaiity of the dress-
ing tool ‘ 7 , | -, ' .

The‘radial wheel wear iﬁcreésed frbﬁ 0.011 in.fo~

'0.015 in. and the grlndlng ratio decreased from 5 to 4 when the.

_dressing depth of the cut lncreases in Figures (81) and (82)

..(App nd1x 11).

It can be seen from the same flﬂures that 1ncrea51ng
the dressing dgpth_of thg cut 1ncTeases the rate of wear at
tpe beginning:of the test. . _f& C T

5.2.4.3 fD;scussion of Test Results

Aésthc severity of the drcssing-ihcrcases by an
increase in the dressing deﬁth of'cuf,‘the plateau area before
starting grinding will be rcd@ced hnd mbre:crﬁcksiwill have
been introduced into the grifs so that their rcaqincss f@ -
Eraéture during grinding wii&ﬁbe enhanced. .

Malkin [10] stated that the greator the dresslng
dcpth of the cut the Fewer thc number oE actxvc gvalns

Slncc the grlnd1n5 {orce 1ncrcn<cs ‘as the pldtoau

L

arca per grit 1ncroase> [4] and bccausc the pldtcau area 1s'

\

conslderablv smallel w1th a hlghcr dr0551ng depth of Scut; it

can be e\pccted that the force w111 start’ to 1ncrease from a

’

LI - . t

Ao e - .
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[y

lowver valug. Also the opportunity-of severe surface damage '

w111 be lésser and thlS would be followed by an increase in
the cuttlng ab111ty of ‘the grlndlng wheel.

~On.the other hand, if the dre551ng depth is reduced
the plateau area becomes 1arger The temperatures at the
grits rapldly exceed the crltlcalivalue at whlch grit wear
becomes exce551vely h1gh and work plece.burn occurs.

While the readlnegs of cutting gralns to fractere'
increases with increasing dressing deeth of(cuf,‘it isrto

"be expected that the ‘radial wheelﬁwear would be higher.

‘Cohciusiqn ‘ ' ‘

In agreementrwith'Malkin tlSJﬁ Pacitti [21] and
Teﬁya {203}, the experimental evidence prceented here
'.indicatcs that "a fiﬁe dressihg (smelier dressjﬁg deptﬁ of
cut)'giVesja low wheel wear but rosults in high grinding
forceé and a greater tendency to@ardAWOrk pieée therhnl

‘damage.

" — s

4% e s
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CHAPTER 6

CONCLUSTIONS

‘Resuytsfgf\meagurements of grinding fortes and'wheel.
wear, in dddiﬁioﬁ to thé scanning electron .microscope observq-
tions, were presented for griﬁddng hnrdéned %ool steel’.M2 and
CAIST bearnng steel 52100, Plunge type surface grinding tests'

. were performed with-differenent "ha rdness grade wheels of

.alumlnum ‘oxide grains in vitrified bond. <
In‘thiQ section the main conclusions of this investi-

. gation are presented: |

' i. Experimental findings indicate thai? as the wheel hard-

ness increases from grade J to M tb P, two’critepiag
areffbuné‘to_increasef the force components (normal
and tangential) and'tpe extent of thermalldaﬁage.

Contréry to common beliéf{ the grinding rétib‘dogs

noi‘ihc}ease appreciably. . .
Tﬂis is.diffe;ént in';he IOWet-range'of~wheei hard-
ness. When wheel hafdness incréasesAffom G to H éq

J, three criteria iﬁcyeaQef the force Components,
the extent of tﬁgrmél damage and the érihding ratio.’
2. Ddring~a‘10ng grinding operétion\all wheels”testedu
‘(of a rather hard Varlety) contlnuously malntaln
thelr gr1nd1ng capabllity, i.e., 'there was no increase

.

in elther the cuttlng forces or-the extent’ of thermal,

114
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. )
damage.

~ N N
L

This is contrary to Malkin ‘[4] and to what is
commonly believed. '

From the two previous cégdlusions it can bé seen
that in grinding hardened steéls'SZIOO-énd M? gndef

plunge-éﬁrfacé grinding operation, the optimum hard-

ot - .
- ‘ness grade to be used is grade.J:

This soft grade J gives the same grinding ratio as

" hard grades M and P while lower grinding forces and

less thermal, damage are obtained.

" The ‘method of evaluafiﬁg the pérformance of grip&ing

wheels from force pattern and grinding wheel wvear
aépears to present a.clear picture of ﬁhe'wear
phenomenon and it could be adopted “for the seléction

of gripding wheels.
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APPENDIX 11
INFLUENCE OF DRESSING
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Grinding Wheel: A-60-J : Infeed: . ©0:001 ip. - -

Material: . M, Steel : Table Speed: 100 ft/min.

Wheel Speéd: 6600 ft/min, . Test No: 8y - -

4

No. of - Height of- Héiiﬁt of Individual Accumulated  Accumulated Individual Individual Accumulated

Passes W/P Before W/P After - Metal - Metal . = Wheel Wear. Wheel-Wear . Grinding Grinding -
S Grinding Grinding Removed Removed _ . Ratio _ Ratio
X Xy ; - AXSXy X, 1 AX : AR . AR : G G
C45 - 1.3007 ~1.255 "_0.045 Coo0.045 0.00036 6.0936' 17.06 R i7:06
90, . L2855 1.212 0.043 = 0.088 0.00078 ° 0.00042  13.97 15.46
135 1.212° 1.167 '0:045  0.133 0.00204 0.00126 . 4.87 8.90
180 1167 1.125 © 0.08 T 07 0.0028  0.00076 7.9 " 8.63
225 1.123 . 1080, 0.043 - 0.2 ©0.00338 ‘o,oboss 1012 .. 8.8
2 1.080 1.8 - 0,042 0.262 0.0052 0.00182 ' 3.15 6.88
557 C 1038 0.993  -0.045  0.307 - 0.00574 0.0004 © 11.37 7.30
s60 - 0,993 .Ao.94§ T 0.044 -0.351 . 0.0071 0.00136 - 4.42 . 6.75
405 00,949 0.906 . - 0.043 L dsed 0.00856 ~0.00146 502 628
450 " 0.906 0.861  0.045 * - 0.430  0.00992 ©0.00136 - 452 6.04

.
i

. Moo hb s ML gy Rl s g o S

Table 3. Radial'Whecl;Wear and Grinding Ratio for A-60-J Wheel. .




i

Infeed:

-
v

&
0.001 in.

Grinding Wheel: ~ B-60-J f
Material: My Steel Table-Speed: * .100" ft/min,
Wheel Speed:- 6600 ft/min. Test No: 10)
No. of Height of Height of Individual . Accumulated Accumulated Individual . Individual Accumulated

Passes W/P Before /P After Metal Metal Wheel Wear - Wheel Wear Grinding Grinding

Grinding Grinding Removed —Renoved o . Ratio Ratio_

Xy - X, - LX=X)-X, S . AR ’ “AR G - G

15 1.260 ) 1.3:16, -0.034 O,.044' - 0.00026 - 0.00026 "23.10 23.10
94 1.216 1.173 " 0.043 - 0.087 0.00062 0.00036 16.30° 19.15
135 1.173 0 1.128 0.045 0.132 0.00188 0.0012 .5.12 ~9.58
180 L 1.128 1.085 0.043 0.175 . 0.00296 - 0.00108 5.43 - 8.07
225 1.085 1.038 0,047 0.222 0.00348 000052 - 12.34 - ©8.71
270 1.038 0.995 0.043 0.265 0.00442 10.00094 6.2 - 8.18
315 0.995 0.951 0.044 0.309 0.0057 0.00128 4.69 7.40
300 : 0,951 0..908 0.043 . 0.352 " 0.0070 0.0013 4.51 6.86
405 - - 0.908" 0.863 0.045 . . 0.397 0.0080 0.00101 6.08 *6.76
450 . 0.803 D.820 0.043 0-44 ' 0.00956 0.00155 3.79 . 6.28

Table 4. Radial Wheel Wear and Gr:ndlng Ratio” for

ot T
P L

B-60-J Wheel.
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