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Abr-sives are used in various forms to produce fino finishes
on metal surfaces, Previoualy, grinding ond abrasive processes have
been studied in 4solation; the prosent work however hcs shomm that
grinding can bo usefully interpreted 4n abrasive wear terms,

- Year experiments using small prindinz vheels on a pin end ring
nachine hove becn sble to reproduce many of the effects observed
not only 4n pgrinding tut elso in such speclalised processes as
super-finishing,

Abrasive wear theory has boen re-cxamined, especlally the
paramsters making up the X factor, and then applied to the grinding
process, In order to test theoretlesl predictions a grinding
dynamomatesr was constructed to mecasure forces in surface grinding.

Idealiscd indentors having simple geometrical shapes, similar
to those essumed in abmsive'wear theory, were tracked eccross gmooth
nmotal surfaces, Measurements of the seratches produced were then
conpared with theory, .

Seratch tests on a ran;o of hoat-trected steels using both
1dealised indentors cnd ebrasive grits showed thal plleeup ab the
edge of scratchss is a highly significant fastor in determining wear
rate in adrasion and cutting forces in grinding,

Finally a wide range of technigues for cxamining ebrasives has
been studled, tho nost notable of which 4nvolved the uso of a
scanning electron microscopa.
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1. Introduction,

Grinding wheels and abrasive papers although
manufactured from similar materials exhibit certain
structural differences., A grinding wheel is made up of
abrasive particles held together by a bonding material,
the proportion of which provides a method of controlling
the hardness (grade) of the wheel, The wheel also contains
voidsy the amount of void (structurs) can be regulated
providing another method of adjusting performance.,

Abrasive papers consist of abrasive particles glued onto a
backing material, This type of construction limits the
amount of abrasive which is available and is more
susceptible to clogging than an abrasive wheel,

Despite differences in construction the ultimate
performance of both a grinding wheel and abrasive paper
depend on the abrasive grits from which they have been
manufactured., Thess grits are randomly thaped and have
been formed from the breakdown of larger pieces of abrasive.
The surface of both wheels and papers are therefore made up
of a large number of randomly orientated grits.

Grinding is a widely used commercial process and most
of the work reported in the literature has been carried out
under conditions similar to those encountered in practice.
The bulk of results involved hard materialsa/p, = 800Kg/muZ,
coarse abrasivesn/60 grit, high surface speedsns 5,000 £t/min,
each portion of the grinding wheels surface being used
repeatedly .



Abrasive wear studies, on the other hand, have been
mainly concerned with elucidating the basic mechanism of
the process, Most investigations have involved relatively
soft materials, frequently pure metals, fine abrasives
A 200 grit, slow speeds A/ 200 ft/min, and in many cases
each portion of the abrasive paper was only used once.

The purpose of the present work was to study the
broad pattern of behaviour of solid abrasives over a wide
range of conditions and to see if a connection could be
established between grinding and abrasive wear.



2+ Revieu of Surface OGrinding and Abrasive 'eapr
2.1 Introduction

Grinding is a specialised and expensive process
vhich is used, for hardened steel components in particular,
to obtain good surface finish and accurate control of
dimensionse. liany of the problems associzated with grinding
processes, such as high flash temperature, oxidation, the
mechanism of chip formation and metallurgical changes are
also important in abrasive wear,

The purpose of this review is to explore to what
extent grinding and abrasive wear processes are related,
Admittedly both processes use the same abrasive nmaterials
but the methods of construeting grinding wheels and
abrasive papers differ considerablye. Bimilarl& the
conditions under which each is subsequently used are not
the sane,

Theoretical treatments of both grinding and abrasion,
discussed later, have considered them to be cutting rather
than wearing processes, Cutting processes in this context
are those processes where each contact between work and
tool, bes the tool a cutter or an abrasive grain, produces
a chip. On the other hand a wear process involves contact
between asperities but generally only a small proportion of
these contacts produces a wear product.

Another significant difference between cutting and
wear processes is the effect of lubricants. With cutting
processes lubricants help to stabilise conditions and
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improve the efficiency of the abrasive by preventing
clogzings 1In a wear process,involving for example
the rubbing together of two metal specimens, a suitable

lubricant will drastically reduce the rate of wear.

2.2 Burface Grinding

2.24 Force Heasurements

The first reported force measurements for surface
grinding are due to Marshall and Shaw (1952)¢ They
designed a dynamometer which measured both tengential and
normal forces and they took measuremente over a considerabdble

range of conditions, Thelr dynamometer could only be used

at relatively slow work speeds; most of their results were
obteined at table speeds of Lfpm, the maximum possible
table speed being 16fpm, and their work was confined to
dry grinding. These restrictions all served to increase
the severity of the tests and make satisfactory operation
more difficult. Despite these ver& obvious departures
fron normal grinding practice their results are of
considerable interest. They showed that the vertical and
horizontal grinding forces were proportional to the inverse
of wheel speed and the width of workpiece fig(2+1); that
the vertical and horizontal forces increase with table speed

fig (2.2) and that vertical and horizontal forces are

proportionzl to the depth of cut for depths below about
0.001 in, ﬁg(Z-}) .
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As a result of their experimeunts they postulated a
’grinding coeffidient' which in formulation résembles the
coefficient of rriction, being defined as the ratio of the
t“ngential to normal force. Indeed the valus or the

'grinding coe’ficienx' when the grinding wheel 18 cutting
freely is only slichtly greater.tnan the coefficient of
friction. Typlcal values are shown in Teble 2410

The ‘actual coefficient of frictién? was measured by
clamping the wheel end dragging it across the surface of
the specimen; normal and tangential forces were recorded
using the grinding dynamomster, It is guesticnable
vhether such conditione are any different from those which
occur during grinding; seratch tests reported later have
shown that in the situation already described the wheel will
renove netal from the test pieca; .Bincs the conditions are
now identical to thoss encountered in grinding, it is not
surprising that similar values are observed for the
'orinding coefficient' and mean coefficient of friction.
Yore significant than the eotual value of the grinding
coefficient is the very marksd difference in its value and
for that observed for other cutting processes csuch as
tdrning whero the ratio of:~

¢ ential force
normal force =2 (241)

The same ratio for grinding i8 about Oe¢Hs
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Another majJor difference which they cbserved between
grinding and other chip forming processes was the speelfice
energy vhich in grinding is given by:-

vhere 1 = ensrgy expended per unit voluma removed
(1n 1b/1n°)
D = wheel dlameter (in)
Ha= tangential force in (1b)
il a wheel speed (rpm)
v = tabls epeed (f£t/min)
b = specimen width (in)
d = wheel depth of cut (in)

The specifiec energy for grinding is very much greater
than that for other chip forming processes; typical values
are given in table 2.2.

larshall and Shaw also observed that the grinding force
components and the speciifie energy were independent of the
hardness of the workplece, a singularly unexpected result
which any adequate theory must be able to explain,

This review of earlier work shows that both force
coefficients and specific enerpgies for grinding and single
point cutting differ. The most obvious interpretation of
these facts is to suggest that the basic mechanism of
metal removal in the two processes differss Backer et al (1952)
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Fig 2,4 Specific Energy-Depth of Cut Curve for

G-rinding Tests.(Backer,Marshall and Shaw 1952)

Fig 2.5 Chip Detail

1 rr,m
Fig 2.6 Carbon-Black Replica Showing Distribution of G-rits
in Surface of a Diamond-Dressed Grinding HTheel

(327.6 - H8 - VBE) X5. (Backer et al 1952).



olaim that the differencses could be expleined largely as
a silze effect, They showed £ig(2.,4) that there 1is a
significant increase in specific cnergy with decreass in
specinen (chip) slze. Indéea the deduced shear sirength
involved when grinding under mild conditions roughly
corresponds to the theoretical strength which is about
148 x 10%psi. for steel. They finally concluded that
the smallness of chip sizc was appareﬁtly the most
imporiant dictinguishing characteristic of the grinding
operation, and tho rclatively large specific encrgy and
chear stress important cffects,

However, in grinding the forces are largely
independent of workplece hardness whereas in single
point cutting the forces are strongly hardness dependent,
Thus the balance of evidence suggests that grinding and
single point cutting involve different methods of metal

removal e

2422 Chip Thicknesg
The earilest paper published concerning ths cize

of grinding chips is atiridbuted to Alden (1914). Ho
developed an expression for chip thickness in cylindrieal
grinding based on geometrical relationships assunming
that cach zrit will rcmove a chip whose dimensions are

einple geometrical projections of the wheel and workplece,
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Then expressed in surface prirding terms Alden's

egnation becones:

x = %—-!j—g,-‘-‘-_ (2.3)

where n = the nunber of grits per unit
dength at the periphery cutting

fa)

in the same groove
v = work velocity (sfpm)
Vv = vheel velocity (sfpm)
d = wheel depth of cut (in)
D = wheel diameter (4in)

The quantity n is difficult to determine by direct
neasurement and consequently its value must be established
from secondary variables, ,

Yore recently Backer, thaw and Marshall (1952)
developed the following expression for the grit depth

of cut:

: t
t = Eﬁ%—rfé] =&%%/%j (24)

where t = grit depth of cut (in)
v = work speed (sfpm)
4 = wheel depth of cut (in)
D = vheel diameter (in)

I = wheel speed (rpm)
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nuaber of cuiiing points per sguire
inch of wheel surface

r = >ratio of vidth to depth of ecratch
venerated by a grit

V = vwheel velocity {sfpm)

It can be shown that equation 2.4 is simply a
developnent of Aldean's eguation (2.3) for the grit depth
of cuts B3Backer et al clain, a3 a result of microscopic
examination of the grindiing chins, that they are of
constant width througzhout their length and that as the
conditions under which they ars formed are similar to
micro-nilling, they will be wedge shape in character
(fig 245) » |

The quantity n in Alden's equation (2.3) is then

given Ly
]
n= '"'—DT;J;LQ = b'C (2.5)
' tz
but bl= Sm% - (2.6)

conbining equations (245) and (2.6)

na _11_.;2‘_2 (2.7)

substituting for n in equation (2.,3) gives
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t o= 2 ¥ a (2.8)
vecr t/2 D

which on reerrenging is a&e before

A —
t = L v /g g (2.4)
[verJD_| |

All the guantities in the Backer et al expression can be

determined, The value of C is conveniently determined by
making a wheel track on & glass plate covered with a

uniform layer of carbton btlack egbout 0,0001 in, thick. The
soot covercd plate m=y be used as & photographic

negative to make enlarged prints of the wheel track from which
the value of C can be determined by countinz the number of
marks/in® £ig (2.6)s With a 46 grit wheel of etructure 8,

the nunber of contact points per square inch was found to be
1930, which gives a mean grit depth of cut of cbout 60u in,
for a wheel depth of cut of 0,001 in,

The width/depth ratio r nay be determined from a taper
section of a representative ground curface., The value of
r was found to lie between 5 and 20, 15 being a good
average for fine grinding.

Hahn (1955) has pointed out that in singlespoint
theory the assumpticn is usually made that the tool forces
arise from the chip bearing on the rake surface of the tool
and that the clearance surface is free of rubbing forces,

This assunption falls down however wvhen very challow cuts
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(0.,0004 in.) ars taken with tcols of small clearance.
Fig (2.7) shows the forces on a single~point tool at very
small depths}of cut. Below a depth of cut of 00,0004 in.
theroe 18 no chip;metal is removed as dust, All the forces
on the tool act on the clearance surface, Furthermore,

in this region the thrust (normal) force is about twice
the (tangential) cutting force. Consequently, the
assunption that the rubbing forces on the clearance
surface 1in grinding are negligible appears to be very
unrealistic and on the contrary, because of the relative
nagnitude of normal force to tangential force and the
independence of work hardness, a more realistic assumption
appears to be that the rubbing forces on the clearance
surface of the grain are dominant and the rake surface

of the grair are minore

Moreover, 1t will be recognised that no formal
clearance 1e provided on the grain so that interference
must occur as a result of elastic effects.

A situation in vhich there are no cutting forces on
the rzke surface of the grain will occur, if one tries to
grind tungsten carbide with aluminiumeoxide whtels, In
this case no metal at allyis renoved and yet there are

normal and tangentisl forces which must originate entirely

on the elearance surface.



2423 The Rubtbing«Crzin B

The ouservations guoted cbove lead Hahn (1658) to
formulate his rubbing-grain hypothesis, Hitherto,
most investlgators kave consideresd the grinding process
to be essentinlly like & nmilling process, but on a
microscopic ceales Cenerally, they have considered
theiforces, normal and tangential to the wheel surface,
to arice from the chipe zcting against the rake surface
of the grit and have neglected any frictional rubbing
forces on the clearance surfece of the grit.

Hzhn suggeats that there 1s considerable evidencs
which indicates thet in the grinding process it may be
more rcalistic to consider the friction=l rubbing forces
on the clearance surface end ncglect the cutting forces
on the rake curface,

In mctal cutting with single-point tcols where the
chip forces predominate, the tangential force is
generaily about twice the normal forces I1f such tools
were simply reduced to microscopic size and the forces
for a number of them added together, there would be no
rcason for the ratic of the total force to be any
different from that for eny cne tools Conseguently, if

tho rake surface forces are predominant one should find

the ratio of tzngential force (cutting) to normal forece

(thrust) to bs the same as in singleepoint machining;
rarely, about twos In grinding the reverse is true;the

12



ratic is about ¥, and consequently, more nearly
resenbles the sliding—friction procese where the ratio is
about %.

Even with single pointecutting the ratio of cutting
to normal force is about a % not 2 when very shallow cuts
are taken,

Further argument in support of the rubbing-grain
hypothesis is obtained when abrasive wheels are dressed
by‘a diemond, The diamond has been observed to actually
cut through the grain, It is known that the lead of the
diamond dAuring dressing greatly influences the cutting
action of a wheel, Clearly the dressing action is such
as to provide zero clearance on the grain., The
comparison between a slowly dressed and a rapidly drecsed
wheel is shown 4in fig (2.8) « This data was derived from
teste where the wheel was pressed against the workpiece
with a preecribed force and the rate of stock removal
measured, For the wheelbdressed at 0,0004 in/rev diamond
lead, the rate of stock removal for the freshly dressed
vheel 1 0,00018 cu in/sec corresponding to the first
point on the lower curve, sﬁbsequent grinding actually
caused the wheel to gharpen as shown. 7The rate of stock
removal for a freshly dressed wheel with diamond lead of
0,010 in/rev 18 0,00056 cu in/sec, or three times that for
the slowly dressed vheel, It 1s cleer theferore that:the

clearance surfaces of the grits play an important role in

the grinding process,.
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Test conditions: Wheel 38A801L8VBE
Wheel spzed: 34,000 rev/min
Work spzed: 1400 rev/min
Wheel diameter § in.
Work diameter: 1} in.
Dressing lead: 0-0301 in. /rev
Conventional work rotation
Coolant: Flow Rex 100
Work material: AISI 4150 53-55 R,

Fig 2.9 Wheel depth of cut versus force intensity.
' (Hahn 1962).



As a result of his controlled force grinding
experiments Hahn (1962) suggested two methods of metal
removal} namely a ploughing process where the abrasive
grain plastically ploughs a groove and throws up
alongside small particles of highly distorted metal,
and secondly, a cutting process where a true chip
is formed ahead of the grain. He also suggested that
some grains may simply rub without removing any material
whatsoever. The ploughecutting transition and the plough=-
rubbing transition are shown in figv(2.9).

Grisbrook (1960) observed that the force pattern on
a grinding wheel changed progressively during a run and
could be divided into four regions fig (2.10).

(1) An unstable region where the forces rise to
peak and then fall to a steady value as the dulling
effect, produced by wheel truing, wears off;

(1) a region of stable grinding conditions where
forces and speeds are constant and heat is in equilibrium;

(111) in this region there is a progressive build-up
of forces and power reflecting the reactions of the wheel
to the particular comdination of work speed, depth of cut
and work material., Wheel grits become dull, overheating
nay develop and grinding becomes progressively less
efficient;

(1v) the rate of increase of the forces becomes
less; there is evidence of vibration and as this develops

the magnitude of the forces commence to fall, as
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observed by Landberg (1956).

Grisbrook showed that the region of stable grinding
conditions was shorter for the smaller grit size, which
he claimed could be related to Hahn's rubbing grain
hypothesls since with the same amount of attrition on
each grit there will be a higher rate of increase of
area with the higher concentration of grits and therefore
an increase in the rate of glazing. Also by plotting
specific energy against rate of metal removal fig (2.11)
further support for the rubbing grain hypothesis was
obtained. As the rate of metal removal falls a critiecal
condition (of critical chip thickness and degree of
dullness of grit) will arise where the mechanism of
grinding changes from one predominantly of cutting to
one of abrasion, For conditions of metal removal above
this critical value, there is an almost constant
speclific energy. Orisbrook did not clarify what was
meant by the term abrasion in this context, but in view
of his reference to the rubbing grain hypothesis, he
envisaged a ploughing and rubbing mechanism.

Backer et al and Hahn's treatment of the grinding
process are largely in egreement when the wheel 1s
operating normally in that they assume in this
situation metal 1s being removed as chipe essentislly
by a cutting mechanisem., It 48 only at very low rates
of metal removal that their ideas diverge. The basiec
concept of grit depth of cut relies heavily on the



assumption that each 'active zrit' removes a chip and
that the chips formed have the preciss geomstry outlined
earlier. Backer ot al suggested that the high constant
value of specific energy observed below a certain
critieal value of grit depth of cut was due to the
material reaching its theoretical strength rather than
a basic change in the mechanisn of metal removal.
Admittedly Hahn was studying a different type of grinding
process, namely coastant force grinding, but he
attributed the changes of slope in the metal removal
rate = normal force diagram to a change in the baéio
cutting mechanisa (cutting=ploughing=rubbing) .

It i5 concluded that the exact situation operating
at the boundaries of the grinding process are in doubt
but that when the process is operating satisfactorily
metal is being removed by a cutting mechaniem in the form
of chipse In view of its critical importance in grinding
theory it is rather surprising that little evidence is
available in support of the assumption that each grit
removes a chip; a notableexception is that due to
Grisbrook (1962) discussed later,
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2.3 ABRASIVE TFAR
2431 Introduction

In abrasive processes it 1s assumed that the
abrasive surface is harder than the material belng
abraded. The action of abrading a material produces
grooves in its surface the contents of which ultimately
become the wear product.

Quantitative expressions for abrasive wear have
been developed by considering the abrasive particles to
have simple geometrical shapes; the resulting expressions

are of the general form

V/L = Kw/pm where V is the volume loss, L the
sliding distance, %W the normal load and p, the

flow pressure of the material,

Although the exact value of the constant term K varies
with particle geometry,abrasive wear theory predicts the
wear volums to be inversely proportional to the hardness
of the material being abraded and directly proportional
to sliding distence end applied load.

2432 Experimental obseryvations of abrasive wear

Abrasive papers

The relationship between hardness and resistance to
wear by abrasion when rubbed against emery paper has been

studied for a wide range of metallic materials by Kruschov
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and Babichev (1957). Their experimental conditions

were chosen so as to eliminate the effects of such factors
as speed of sliding, frictional heating of the specimen,
insufficient hardness of the abrasive and deterioration
of the abrasive in service.

They found that for a large range of anncaled pure
metals the wear resistance £ (the inverse of the
abrasive wear rate) was directly proportional to hardness
(riz 2.12), a8 would be predicted by abrasive wear theory.
However, the situation was more complex when cold worked
materiale snd heat-treated steesls were tested,

The first unexpected result was that for a wide range
of materials wear resistance is largely independent of the
amount of cold working to which the materinl has been
subjected (fig 2.13)3; since cold working increases
hardness abrasive wear theory predicts a corresponding
increase in wear resistance, Kruschov and Babichev
suggested that this apparently anonalous behaviour was
due to thé intense work hardening which occurs during the
abrasive process, They claimed that the resistance to
abrasive wear depends on the hardness of the material in
its maximum work hardencd state and as this is attained
during the courss of the test, preliminary work hardering

will have no effect,
The most interesting aspect of Kruschov and Babi-

chev's wobk was that carried out on steels, A set of

typical results for plain carbon steel are shown in fig.(2.14).
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Fig 2,15 Sketch of & - H granh showing the way
in which plain carbon steels behave,
(Kruschov and Babichev 1960)



and the general case is presented in diagrammatic form
in (fig 2.15). The results show that increasing
hardness by alloying gives a corresponding increase in

wear resistance; this observation is consistant with

abrasive wear theory. Cold working, as with pure metals,

has no effect on wear resistance. Hardened and
tempered steels exhibit anomalous hehaviour; the wear
rates for these materials falls off the linear relation
between wear resistance and hardness, Compared with
other materials, heat-treated steels are shown to wear
nore readily than would be expected from their hardness;
this anomalous behaviour is perhaps related to the
generally accepted fact that the forces produced when
grinding hardened steels are substantially the same ao
those produced by soft steels,

More recently Nathan and Jones (1967) have reported
on the influence of the hardness of the abrasive on the
abrasive wear of a wide range of metallic materislas of
varying hardness, The abrasives used were carborundum,
corundum, garnet, flint and glass in the form of abrasive
belts and the experiments were arranged such that the
specimen was continually encountering fresh abrasive, As
a result of their experiments they concluded that each
abrasive has an effective hardness which defines the
maximnm hardness of the material which it can abrade.
Yhen Nathan and Jones's results are replotted in the form
of %—(wear resistance) against hardness (fig 2.16) instead
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Fig 2.17 Relationship between the volume of abrasive wear and the
hardness of metals for the abrasives carborundum, corundum,
garnet, flint, and glass corresponding to 300-fK particle
size at a lord of 1 Eg, abrasive path 6 m, and velocity O. m/s,

(Nathan and Jones 1967).
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of wear volume egainst hardness (fig 2.17) =a similar
relationship to that observed by Kruschov and Eabichev is
obtained, Namely, for pure mctals, a linear increase in
wear resistance with hardness but for hardened stesls a
rate of increase in wear resistancé with hardness which
falls below the original line, }>

Unfortunately, the hardesf pure metal used by Nathan
and Jones was nickel p 157 Kg/mma. The harder materials
were Hi«hard cast iron and hardenecd steel; the deviation
of the later from the behaviour which would be expected
from sbrasive wear theory has already been Qlscussed,

lathan and Jones proposed an emnpirical relationship

for the vear volume in abdbrasion in the following formi=
v v 1 log, . o8 /K (2.9)
= 265 1310 ﬁm 8 »

V= volume of abrasive wear
W= load in Kg
L o s81iding distance

ﬁaﬂ the effective hardness of the abrasive
Kg/mn?
H= material hardness Kg/mm2

They pointed out that the above expressicn was unrelisble
for very soft materials such as tin and aluminium
(hardness less than 50Kg/mm2), The validity of the
formula therefore relies heavily on the results for
hardaped and tempered steels whose behaviour is known to
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be unusual, The fact that the results for the harder
materials it may therefore be purely fortuitous, The
functiocn 10350 H, yaries with the hardness of the work
material but 1tlm may well be that the mechanism of
metal removal may vary in s similar manner with the
hardness of the workpiece, particularly 4in view of the
fact that most of the harder materials were the same,
namely steels,

In the work just described the effects of clogging end
blunting of the abrasive were largely eliminated as the
netal specimens were constantly encountering fresh
ebrasives The results are not therefore dircctly
applicable to the more practical situation where the work
is traversed repeatedly over the surface of the abrasive.

Hulhearn and Samuels (1962) carried out abrasive
wear tests where the surface of the abrasive was used
repeatedly; they used silicon carbide papers,tha work
material being fully cold worked mild steels Their results
showed that the rate of abrasion gradually fell with
inéreasa in elidinz distance (fig 2.18), a finding which
18 not altogether unexpected as one would anticipate that
the abrasive would be gradually used up during the course
of a test., The efficiency of the paper will alsc be

reduced es8 a8 presult of clogging by wear debris. Hulhearn
end Samuels found that the abrasive nction stopped
earlier with fins than with course papers which supports
the suggestion of a clogging mechanism., It must also be
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remembered that the gquantity of abrasive material on the
gurface of the paper will be less with finer grades,

As a resunlt of thelr experimental work Mulhearn and
Samuecle developed an expression for the moss locos mn
of the form

Mn = 5&(1 -8 m) (2.,10)
vhere n = number of revolutions (sliding
distance)

Mn = mass loss after n revolutions

mass loss after an infinite number

=
1]

of revolutions
B = a constant

They showed that this expression was in good agreement
vith their practical cbservations. It 18 of interest to
note that with abrasive papers there is a definite limit
to the quantity of material which can be removed as the
abrasive eventually is completely used up, With the
grinding process, on the other hand, there should be no
change in the rate of metal removal prdvided,the>whee1
is self sharpening., The gxperimental results obtained
under these conditions will be the same as those produced
in wear tests when the specimen is continually
encoﬁntering fresh abrasive paper. If conditions are
such that the wheel pglazes however the abrasive grits
will bécoma blunted and the rate of nmetal removal will



fall progressively, a condition similar to that obscrved

by iulhearn and Samnucls.

2433 Eapiicle Sizo

Although abrasive wear theory tzkes account of and
18 censitive %o the gecmetry of the abrasive grits, their
actusl size is not considered. It would be cxpected
thercefors that the wear rate should be largely insensitive
to changes in parilcle cize.

liany investigators have fournd thai wihen the materiale
ebrasive combination is fixed and only the particle cize
of the abrasive varied there is a certain critical partilcle
sigze which determines the exact nature of tha vear
processe Above the c¢ritical value the wear rate 1s
independent of particle size but below the critical value
the wear rate 1s very dependent on particle size. A
typicsel set of resvlts dus to Goddarﬁ and Wilman (1962)
are chovm in (fig 2419).

The experimental observations can be explained in
tvo wayo; either the value of © in the wear equation 3.30
depends critically on particle size fﬁr fins abrasives
but for coarse parilcles 18 independent of particle size
or the finer grades of sbrasive may bs more readily
clozzsd by wear debris. A refincsment of the second
mechanism has been postulated by Rabinowic“ {1965) who
sugg eats that it 45 not so mueh the clog ging of the

ebrasive which occurs, but the formation of large particles
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which prevent the abrasive contacting the work surface,
Grinding forces have been shown to be unaffected

by variations in grit size; it should be remembered

however that grinding usually involves the use of

fairly coarse abrasives well above the critical particle

slze reported for abrasivo paperse

2,34 Groove Volume
It 18 generally accepted that the abrasive particles

produce grooves in the surface being abraded, the volume
of thess grooves becoming the wear product, When wear
predictions and experimental results were compared it
soon became apparent that there were considerable
discrepancies; several investigators (Stroud end Vilman
(1962), Hulhearn and Samuels (1962), Goddard et al (1959))
have shown that the observed wear rate was well below
that predicted often as much as by an order of magnitude.
Obvicusly only a proportion of the groove volums
displaced by the abrasive was appearing as a wear
product, ifulhearn and Samuels (1962) suggested that only
a proportion of the grits cut the material, the remainder
merely plough a groove displacing but not removing
material; thus 4if only 107% of the grits are cutting the
wear rate observed will be one tenth of that predicted,
An alternative explanation due to several workers (Stroud

and Wilman (41962) and Goddard et sl (1959)) ics that only
a proportion of the groove volume displaced by each grit
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45 removed, again 1f it is assumed that only 107 of the
volume of each groove is removed the wear rate obtained
experimentally will be one tenth of that predicted
theorestically., In view of the importance of these
concepts in abrasive wear theory they wili be discussed
in greater detail at a later stage.

2435 Coefficient of Friction
KHany investigations of abrasive wear have also

included the measurement of the coefficient of friction,
The main conclusions from such experiments with emery
paper is that above a critical particle size the
coefficient of friction is independent of particle

size but below the critical particle size the

coefficient of friction is related to particle dimensions.
The coefficient of friction is also a function of the work
material; in general the harder the work material the
lower the coefficient of friction. A typical set of
results due to Goddard and Wilman {1962) are chown in
(fig 2420). |



el Experiments and Seratch Tests
2,41 Introduction

Practical observations of the wear debris produced by a
nunber of abrasive processes, covering a wide range of
conditions, show the wear product to be ch;p—like in fornm,
similaer to that produced by single point cutting.
Theoretical treatments of abrasive wear have therefore
assumed that material is removed essentially by a cutting
mechanism involving a large number of randomly
orientated tools of indeterminate geometry.

Ons of the most significant differences between cutting
using abrasives and single point cutting is the rake angle
of the cutting tool, thought to be negative for most
abrasive grits and generally positive in single point
cutting.

A nunber of workers have reported on scratch tests
involving dboth idealised tools and single abrasive grits,
The main object of such experiments has been to provide
mors information concerning the baéie mechanism by which
material is removed during abrasions It should be
emphasised however that the epplication of the findings of
scratch tests involving idealised indentors, soft materials

and slow speeds to a process such as grinding, where the

cutting tool is an abrasive grit, the work material a
hardened steel and the cutting speed v 5000'/min, can only

be made with extreme caution.
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Scratching force: 1 - solder, F=0.1 Kg
2 - lead, P=0.1 Kg.
3 - brass, P=10.1 Kg
4 - stearin, P = 0.1 Kg
5 - brass. P = 0.5 Kg
Cutting force: 6 - Steel 5, t =2 mm s = 0.28 am/rev

(data from Wul’f et al 1948).

Pig 2,21 Scratching and cutting forces against cutting
angle for a series of metals.
(Kruschov and Babichev 1960).
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Cutting (scratching) angle S, in degrees

Pig 2.22 Coefficient of friction of facet during scratching
and cutting against cutting angleS (same conditions
as fig 2.21), (Kruschov and Babichev 1960).
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2442 Ydealissd Indentors
The effects of cutting angle on the scratching

performance of cutters having a 90° face angle has

been studied by Kruschov and Babichev (4960) usinz tools
of rake angle +25 zero and =25, They meacured scratch
force for & number of metals ranging from solder
pmhozzg/mm? to brass pmpozxg/mmz when cutters were
tracked across thelr surfaces under a constant load.
They rcported that cutters with rake angles of +25° and
zero produced a chip when seratched over 2 metal surface
but the cutter with a2 negative rake angle caused the
metal to scparate in the form of soft crushed turnings,
with solder the negative lead angle cutter ploughed a
groove in the surface without producing a turning.

Force measurements (fig 2.,21) chowed that the
tangential force depends on the material being seratched
and 1t decreases with increase in scratching angle.
Kruschov and Badbichev also quote, on the same graph,
results due to Wul'f et a1l (19548) which show that the
cutting force during single point cutting increases with
an increase in cutting angles This apparent anomaly 1s
due to the experimental conditions; in scratching the
normal force is kept constant whereas in machining
processes the depth of cut is constant and consequently the
forces will vary, Obviously in both processes the cutiing
mechanism will be the same} for example the coefficient of
rriction,of the facet during scratching and cutting against



Pig 2.23 Basic geometr** of scratching point
in Bierbauin's equipment
(Kruschov and Babichev 1960)

Pig 2,24- Cross-section of scratch produced by
Bierbaum *s equipment.
(Kruschov and Babichev 1960),



cutting engle follows the same trend as shown in (fig 2.22),
namely negative rake anzles give a low coefficient of
friction positive roke angles a high coefficient of
friction,

Kruschov and Babichev also describe a series of
scratch tests made with the indentor of a 'Bierbaum
micro~characteriser', The scratching point in the
Bierbaum test is a cube set so that its diagonal is
perpendicular to the test surface with the cube edge AE
forward (fig 2.23). The material removed from the scratch
forms ridces on its sidee (fig 2.,24). Tests on a series
of ammealed and cold worked materials showed that the
Bierbaum hardness was sensitive to cold working in exactly
the Bame way as hardness by impression, However 1f the
Bierbaum test was modified so that scratching is by cube
facet instead of.in,the normal test cube edge, a different
type of scratch is produced with the separation of a chip.
Under theee conditions the scratch hardness was shown to be
insensitive to cold work (work hardening) which indicates
that the material had reached its 1limiting work hardened
condition during the test. It should dbe pointed out that
the material used for these tests was nickel which, of
course, is well known for the rapidity with which 1t work

hardens.

“As a result of their experiments Kruschov and Babichev
concluded that two types of scratch were possible one
involves the formation of a groove by a ploughing action



material baing displacsd but not removed, the other a
cuttiny mechanism the groove volume being removed as a
turning,s Their results also suggest that the transition
from cutting to ploughing depends on the material being
scratched, the cutiinz angle of the indentor snd its
orientation relative to the surface being scraiched
(facet cuts, edce plouchs). Confirmatery evidence for
this later observation has been providsd by a number of
workers (Tabor (1954) NFL (1952), who have reported that
when scratching with the facet of an indentor a chip is
rexoved but when scratching by edse plastically impressed
grooves are produced withou$ removing material,

The existence of cutting and non-cutting grits on
abrasive papers has been explained by ulhearn and
Samuele (1962) in terms of critical 'attack angle'; the
attack anzle being the angle between the cutting facet of
indentor and the work material (in cutting tool nomen-
clature 90° 4+ the ra%s angle), They concluded as a result
of experiments with idealised cutting tools that the critical
'attsck angle' for fully work hardened mild steel was 90°,
Applying the results obtained with 1dea11§ed indentors to
ebrasive grits they sugcested that the grits with attack
ancles less than the critical value plough a groeove without

removing materisl, grits with greater attack engles

remove a chip, Using elegant metallographic techniques
they found that only 1077 of the grits on their abrasive
papers had attack angles exceeding the critical value. They
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ir; 2,23 Tyr-'-nidal tools used to siiaiilr.te abrasive particles.
Pace ABC is in contact with the raaterial. .Ingle
AC3 = 90° In all cases. Angle "a" is referred to as
the "attach angle". The arrow iniicctes the direction
of sliding. (hulhearn and 3a:inels 1962),
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Pig 2.26 Curves I and II represent the variation of the cross-
sectional area of the groove with attack angle as
calculated from eqns.(l) and (2)resnectively. The
experimentally measured values arc shoan by black
clrcles. (Copper woiirsiece).

(icdriks and !llulheam 19).

donation 1. donation 2.
A =TIl +Mtrnb\ A JL -7
cp\ix - tr.nbj cscota + D
where ; A = cross-sectional area of groove,
P = yield pressure of workpiece material,
b = rake angle =a - 90*"a= att ck angle),
¢ = constant
. coefficient of friction between the contacting
surfaces.
Al = coefficient of friction between the tool face

and the material.
= shear strength of the work iece material,

llw
||

a-plied load.



concluded thereforc that only 1077 of the grits wers
cutting and that the remainder plough a groove without
removing matericle.

dore recently Sedriks and Mulhearn (1963 & 1964)
have uscd pyramidal tools of known geometry and orientation
t0 simulate scratching by obrasive particles, Previocus
treatments of abrasive wear have considered the lcad to be
carricd by onc or more of the inclined faces which stey in
contact with the work (fig 2.25). Gedriks and Mulhearn
point out that for particles with 'attack angles' greater
than 90° thers ic no frontal facet to support the load and
the tool would dig into the work materialj obviously in this
situation conventional abrasive wear theory 1s inapplicable.
They therefore discussed the two mechanisms of material
displacemcnt namely seratcehing by plouching end scratching
by cutting in terxzs which are valid for all vslues of
Yattack angle', The ploughing mechanism was analysed in
terms ¢f the shearing end ploughing term &s uscd by Bowden
and Tabor (1950) to predict frictional force. The cutting
mechanism was analysed in terms of the orthogonal cutting
tool theory developed by lierchant (1648). Cedriks and
Mulhearn (1963 & 1964) suggested, as a result of plotting
their scratch width predictions and experimental results
on the vame greph (fig 2,26), that the critical ‘attack’
angle occurs at the point vhere the two curves intersect.

The graph also shows very good agreenent betwacn the



predicted and experimental figures. They concluded that
the change from ploughing to cutting depends on the
coefficient of friction between the tool face and the
material and the critical 'attack' engle. It is of
interest to note that abrasive wear theory would predict
a graph of a similar shape to that shown in (fig 2.26)
but seizure would ocour at an 'attack' angle of 90°,

The fact that seizure does not occur could be explained by
assuming that the tool is not absolutely sharp and a
surficient area is provided to support the normal load in
the form radiused cutting edge, wear land or built up
edge. In orthogonal cutting the tool is assumed to be
supported by friction; when tools having a positive rake
are used the coerfficient of friction up the tool face has
to have unusually high values if the frictional force is
to be great enough to balance the normal force.

Abrasife wear theory is very sensitive to the width/
depth ratio of the scratches produced on the abraded
surface, in other woms the shape of the grit. The use
by both Sedriks end Mulhearn (1963 & 1964) as well as
Kruschov and Babichev (1960) of indentors having a width/
depth ratio of 111 does not therefore seem entirely
Justified in view of thé fact that most investigators have
reported ratios of between 5:1 and 10t1 when sélratchiﬁg
with actual abrasives. Hulhearn and Samuels (1962)

found that single~point cutting tools which had an apex
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angla of about 90° produced grooven with an epex anzle of
160°. They d1d not further explore this highly sirnificant
observation btut 1t could bs advanced es a reason for using
tools with a width/depth ratio of 1:1, Moreover in their
theory Mulhearn and Semuels (1962) followed other workers
in assuning that the groove forn wes identical with that
on the indentor. This large difference dbetween tool apex
angle and groove ongle hap not been noted in other
experinents including thoze of the present author which
ara reported later,

"hen a sphere or cylinder is tracked scross 8 surface
deformation can occur elastically or plastically, Plastic
deformation in this situation involves the fornestion of a
groove either by displacement (material beinsz plouthed but
not removed) or by 2 cutting action (materisl piles up in
front of the indentor and under favouradble conditlions 1is
removed) . Kragelekii (1965) has analysed the ploughinge
cutting transition for both & sphere snd a cylinder and his
findings show that the significant factors are fo the
true molecular coefficicnt of friction between the work
material end the indentor and the ratio I/R (h being the
depth of the groove and R the radius of the sphere opr
cylinder). The analysisc chows that the greater the value of

u the gnaller the valua of the ratio h/n for cutting to occur.

In the cape of a cphere cutting beglnsg at o value of
h/R =0 if m= 4 end for a cylinder cutting begins at
h/p = 0 12 )1 = 0439 showing that meterial 1o more roadily



recove Ly £ cylinder than a sphere.

Sedriks and Mdhearnts analysis of cutting with a
pyranidal incentor ond Xeagelskil's anslysis for a sphere
and Zor & cylirder all involve the melecular coefficlent
of frictlon between the indentor and the work materisald;
the other significent factore bLeing for pyramidal
inientors critical Ysttack! angle zxnd for spheres end
cylinders the ratio h/i?.. However, in the context of the
present vwork, the most significand acpect of Rragelskii's
findings ia that they cast some doubt on tha concept of a
eritical 'attack' angle as they chov that material can be
reucved uvnder favourcble conditions by tools which are
very blunt and have effectively very emnll 'attack'

anzles.,

243 Experiments involving files and abrasivae surfaces
Sparr and Hewcomb (1957} have studied the wear
behaviour of & number of materials when rubded against
files under loads of 10-70g. Their tosts were unusual
in that the dirsctlion of sliding was ¢pposite to that
used in the normal f£iling process and the file teeth
therefore had Yattack'! angles of between 142 and 19°,

The reosults produced showed that the wsapr rate was
dircctly proportional to the product of the load and
tan © (© being the angle of inclination of the file

teethe Having dsveloped an expression for the rate of
metal removal based on the assumption that the frontal
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facets of the file testh support the normal load Spurr and
Newcomb pointed out that the actual gquantity of material
removed was less than that predicted. Table 2.3 shows the
coefficlents of wear K, for a range of materials

calculated from experimental results and the expressionie

w = KL (2411)
p tan®
where ¥ = volume loss per unit sliding distance
L = normal load

P = the flow pressure of the material

© = the angle of inclination of the file
teeth

Bince the valuee of the coefficients of wear K,
are all less than unity, the process is obviously less
than 1007 efficient; indeed under the most favourabdble
conditions only 507% of the predicted wear volume is
actually removed. A notable featurs of the values of K,
is that they tend to inerease for the work materials of
greater hardness showing that proportionally higher
wear rates can be achieved with harder metals.

Spurr and Newcomb's findings are of particular
interest when compared with the critical 'attack'
angle concept suggested by Mulhearn and Samuels (1962)
and further developed by Sedriks and Mulhearn (1963 &
41964) » Mulhearn et al: interpreted the critical 'attack'
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Measurements made on the trolley machine.
O Measurements made on the Denison test machine.

Fig 2.27 %ear of Petals 'jliding Over Files Plotted Against
Tangent of the .Ingle of Inclination 6 of the File
Teeth, (Spurr and Newcomb 1957)e

(d)

Fig 2,23 Traces of hair shadows (at X260) across some
tynical grooves on a specimen of silver, Note
that there is usually higher oile-uo at the
deeoer side of the grooves,

(Stroud and IVilman 1962),



angle for a pyramidal tool in terms of orthogonal

cutting theory, typical attack angles being about 50°-90°
depending on the work material, Yet Spurr and Newcomb
have shown (fig 2.27), using similar materials, that
material can be removed by tools having very small
attack angles under cohditioxié whicﬁ are a better
approximation to orthogonal cutting, Indeed, they
suggest that tools with even shallower angles than those
which they used (14° = 49°) might remove material., These
marked variations in findings may be partially explained
by geometrical differences between the cutters and
differences in the experimental conditions (the pyramidal
tool was tracked across the surface once whereas the
specimen encounters a succession of cutting edges when
rubbed against a file).

The most widely quoted aspeet of Spurr and Newcomb's
work is their correlation of rates of abrasion with the
elastic modulusof the material, rather than its hardness;
this result is very difficult to explain and remains
unsupported by any other published work.

A number of investigators have carried out experiments
using either single abrasive grains or abrasive surfaces;
typical of this work ia that due to Stroud and Wilman
(1962) . The& showed by traversing a block of silver a
short distance "V 1mm over emery paper that only a
proportion of the groove volume was removed o107 the



remainder of the material being displaced by a ploughing
mechanism. Using a light profile technique they observed
a ploughed up ridge at the edge of the groovee (fig 2.28).
Pile up at the edgse of surface scratches has been observed
by other workers both with idealised indentors and
abrasives,

One of the most striking omissions in the literature
is the lack of experimental data on the scratching of
hard materials such as hardened steel. Admittedly
idealised indentors are difficult to manufacture and could
easily be chipped when used on hard materislsjy this
argunent does not apply however to abrasives, The fact
that more investigators have not studied hard materials
is 2ll the more surprising since such materials are
frequently machined by abrasive processes,



2.5 @eneral Conclusions

A study of the literaturs has shown that despite
the marked similarity of grinding and abrasive wear
processes they have been studied very largely in
isolations There seems to be little justification for this
state of affairs particularly because theoretical
treatments of both processes have regarded them as cutting
on a micro scale,

Another‘ noticeable feature common to both grinding
and abrasive wear is the anomalous behaviour of heat=
treated Bteéla; grinding forces have been found to be
largely independent of the hardness of the workpiece and
abrasive wear tests reveal that hardened steels have less
resistance to wear than would be anticipated.

In both types of process the precise mechanism by
which material is removed is still in doubt. In abrasive
processes i1t has been suggested that often only a
proportion of the grits are cutting whereas in grinding
it is generally assumed that all the grits are cutting,
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3 Abrasive Wear Theory

3.1 Introducti
In the following sections we sghall firstly set out the

methods of calculating the volume of materiasl removed per
unit sliding distance for aiffering tyres of indentors.
Secondly this theory will then bs applied to the
conditions of grinding.

For the purpose of calculation it will be assumed
that the abrasive grits are pyramidal or conical in
shapes It 18 also assumed that the abrasive has very
charp cuttinz edges and when tracked across a surface under
load will cut a groove, the dimensions of the groove
being determined by the geometry of the particle, the
hardnecss of the material besing abraded and the applied

normal force,

342 Predictions based on Idealised Indentors

3+2+1 Sguare Based Pyramid
(1) Cutting by facet
Let the base angle of the scratch be 20 and the

width of the scratch formed be 2a, figs (3.1 end
346)
The area of crossesection of the scratch is given by

A, = 8°cote (34)



For a typical particle the area supporting a
load oW 1is A1

Pn
therefora
82 = a_j_{ (3 12)
Py

In a sliding distance oL the volume of metal

removed OV is

3V = dla® cotd

- ?oote (343)

Combining (3.2) and (3.3):

%, 2ncotd (3.8)
oL P

For a total load W and assuming all the grits have

the came geometry,

Volume loss per unit sliding distance

= [ _cotd (3.5)
pm



(41) cutting by edge
For a scratch base angle 20 and width 2a

figs (3.2 and 3.6)
The area of the scratch is given by .

A, = a® cote (3.6)
In a sliding distance OL the volume removed OV is

OV = a2 cote JL (347)

The normal load is supported by the erea A1
but 2

Ay = &% = s_ﬂ (3.8)
Pn
Combining (3,7) and (3.8):
v _ 3V _cot® (3.9)

oL P n
For a total load W assuming all particles to be of

a similar shape:

Volume l1loss per unit sliding distance = ¥ _cot ©
Pn

(3.10)

302 2 Trimgag gaed mragid
(1) Cutting by facet



Tith a scratch of width 2a and base angle 20
£1n3s (343 cnd 3,6) the area supporiing the normal
load is given by

. 2
A" &2 g——ﬁ = @ (3.11)
3 p
mn

Thepefore a2 = 290 (3.12)

V3 p,

The area of the scrateh is

A, = 2 cote (3413)

Combining equations (3,12) and (3.13)

A, = oW ___cotd (3.14)
Pn
If the total load is carried by a numbder of
particles of the same shaps ’

Volume loss per unit eliding distance

= \/jw me (3015)
pm

(14) Cutting by edge
Vith a scratch of width 22 and dbase angle 2©
figs (3.4 and 3.6) the area supporting the normal

load 18 given by



3.

2 .
D g o

A -] = T el 3.16

4 3 pm ( ' )

Therefore 8° = 390W (317)

2[5 v

The area of the scratceh is

Ay = a® coteo (3.18)

Combining equations (3.17) and (3448)
AZ = 5 ;"" cot© (3.19)
2 Py
If the total load is carried by a number of grits

o2 the szcme shap®

Volume loss per unit sliding distance

a 3 W cot® (3.20)

2 Pm

Conical indentor

Let the base angle of the indentor be 20 and the
width of the scratch 2a, £ige (3.5 and 3.6)

The area of cross-section of the scratch

4, = a2 cote (3.21)
Area supporting the loaddll is A, where
2
Ay = A - oF (3.22)

2 Py



N
Q
=

therefore a2 o

(3423)

£

o
B'd

Let there be I particles when the total load

W= NOW or oW = % (3.24)

From (3+23) and (3.24)

a T S (3425)

For a sliding distance L the worn volume V is

given by
V = AL (3.26)

Combining (3.24)s (3,25) and (3.26)

I . DLeoto (3.27)

3e244 Discussion

The general forn of the equation for the volume loss
per unit sliding distance 1is
I . clcot® (3.28)
L P
where the constant C is some function of the geometry of
the abrasive particle,
In the initial calculations no allowance was made
for the build.up at the front of the indentors or ploughing



+6*0 - 115%0

Lg°0 Lg*0

Lg*0 VAR
g0 O 4
6*0 ot

PITITPON ve3uInoIBe]
0 30 enysA

Joqine £q onrea TBIUSWLIAAXS &

pa:hjce)
mmum,
13382

83po

TOTIBIUIS 8]

2Udd

pruexid JBINEUBIIL
Prusasd JOTNOUBTLL
piuexld sxenbg
Prusz4d 3aenby

203uopUT



at the edge of the scratches,

Sedricks and Eulhearn (4963) have shown that when an
1dealised tool is tracked across a flat surface facet
first, the chip formed runs up the tool face to atout the
same extent as the scratch depth, thus increasing the
load bearing area by a factor of twoe This effect halves
the value of C in the cass of facet first scratches in
equation 3428,

Similar tests carried out by Kruschov and Babichev
(1960) using a diamond cube indentor showed, when
soratching annealed electro=deposited nickel, that
scratching by facet produced a chip but scratching with
the cube edge ploughs a groove. Experiments reported
later in this thesis confirm the importance of ploughing
when scratching by edge but have shown that material can
be removed by thie mechanism. The ploughing mechanisn
will be assumed to reduce ths efficiency of edge scratching
by a factor of two thus halving the calculated value of
Co

The calculated and modified valucs of C are shown
in table (3.1).

In further calculations a representative value of
C = 0,5 will be used giving 2 wear equation

Va Sadflcotol (3.29)
pm



where W = load {ia Xg
=  hal® angle of a typlcal scratch
L = 8liding distance in cus
flow pressure or hardness in Kg/cm2

i

Pn

The mesn valus of © ie ¢btailned experimentally.
Values of © cobserved in fine grinding and sbrasive
wear give width/depth ratios of between 50 and 5 to 1.,
an average value beaing about 20:1.

Even when the width/depth ratioc is taken into account
abrasive wear theory has been found to be in error when
applied to actuzl wear situations, the predicted figures
being greater than the obscrved. Two possible explanations
for this discrepancy ars (1) cnly a proportion of the grits
are cuiting ai eny one time or alternatively (11) only a
proportion of the seratch volume 4igc actually removed, To
allow for both possibilities equation (3.29) requires
modificetion, two new parameters being incorporated; ol
proportion of grits ectunlly cutting and B proportion of

groove volume removed, <“he eguation now tecomes:

s}

Experimental evidenco supporting the concept that
cnly a proportion of the grits are cutting is provided by
Mulhearn and Samuels (1962); who have shown that for



any material there 18 a critical attack angle and grits
with an attacik angle less than the critical valus do not
remove a chips The cecond mechaniem has been observed

by Stroud and Vilman (1952)»when rubbing silver over an
abrasive surface; they concluded that only a proportion
of the scratch volume is removed, ths remainder being
displaced to the edge of the groove. The present work
also provides further experimental suppori for this latter
nechanicm,

In wear studies the diecrepaﬁcies between the
theoretical and practical wear rates are acccunted for
by the so called K factor, In abrasive wear theory the
K factor has effectively been subdivided into three
distinet parts. |

K = d. B .cotd (3.31)
Not only does each individual parameter have a
definite physical eignificance but they can all be

neasured for any pariticular procees,

3.3 Zhe Application of Abrasive Vear Theory to the
nding Proces |
3+3.1 Introduction
Any attempt to reconcile grinding and abrasive wear
theory must rely heavily on the basic premise, fundamantal
to both processes, that when the abrasive 1is performing



L7

catinfecetorily natallic perticles are being removed
easentially by a cutting cction.

The very marked similarities between the rcsults
reported for both processss are 21l the more remariable
in vicw of the very differcnt conditions under which
experimentse have been carried out,

Grindinz i=s o widely used commexcizl process and
nost of the work reported in the literature has been carried
out under conditions similer %o those encountercd in
normal) practice, The bulk of recults involved hard materials

N p, = 800 Kg/mmz, coarse abrasives N/ 60 grit, high

surface speeds N/ 5,000 £i/min each portion of the
erinding wheelos surface baing useﬂ repeatedlys ZLbrasive
wear studies, on the other hend, have been directed in the
rain to elucidatineg the basic mechanism of the process,
In most studies relatively soft nmaterials have been used,
frequently pure metals, fine abrasives A/ 200 grit, slow
speeds /V 200 £t/min and in many investigations each
portion of the abrasive paper was only used cnce,

Theoretical treatments of grindipng have regarded the
process cssentially es one of cutting using very small
single-point tools. Each grit 1o assumed to remove a
chip. Experimental observations have chown that the ratio
of normal to tangential force is 0,5 in grinding and 2
for single point cutting. Abrasion, on the other hand, has
been regarded as a scratching process, ILach particle

cuts & groove in the work surface whose contents is



renoved as a wear produci, probably some form of chipe The
abrasive particles are assuned to naﬁe a negative rake

and allowance can be made for ploughing and mibbing grits.
The coefficient of friction is sbout 0,5 similar to that
observed with grinding, |

Despite the very obvious differences in experimental
conditions and theoretical treatment the marked
similarities of practical results are considered to Justify
an attenpt %o interpret the grinding process in gbrzeive
wear terms, Indeed it will be suggested later that some
of the anomslies of the present theories of grinding can
be explained by adopting an abrasive wear approach,

Then applying the exprecsions developed from
abrasive wear thoory to grinding 1t 16 sssumed that the
szme conditions sre applicable. That is to say, the
geometry of the groove cut is determined by the shape of
the abrasive grits, the hardnees of the material being
ground and the applied normal force.,

In order to apply abrasive theory to grinding the
rate of mztal removal psr unit =l1lidiny distance must be
expressed in terms of the parameters of the type of
grinding being studied, l.c. surface, cylindrical or
internal, The resulting expression ie then substituted

in the wear equation (3,%0) to obtain the norzal grinding

forca.



3432 Surface grinding

An expression for the normal force in surface
grinding for example is derived as follows:
lat: = whéel diameter in inches
= wheel speed in revs per minute
table speed in feet per minute

& 131 8 U
]

a wheel depth of cut 4in inches

P, = hardness of material being ground in
Kg/om?

w = work width in inches (plunge crinding)

or cross feed in inches per

traverse

Then
Wheecl surface speed@ = 2,54 D r T em/min (3.32)
Tork epeed = 2,54 12 T c/min (3.33)

Combining (3.32) and (3.33)
S11ding speed (up cut) = 2,54 (D rT + 12T) c/min

(3.34)
and
Sliding speed (down cut)= 2,54 (D rr -« 127) cm/min
(3435)
The rats of mstal removal is
Vv = 12284° T a v en’/uin (3.36)

Combining (3.352) with (3.34) and (3.33) with (3.34), the



“rate of metal removal per unit sliding distance is

given by the expressionsie

Up cut ¥y . 122 545 T 4w cm%ga (3.37)
L 254(D rr + 127)

Down cut X o 1 2, 2052-3-3 T aw cm3 cn (3638)
L 2.54(D rr ~127) |

Since the table cpeed in surface grinding is only
1/100 of the wheel speed an average value for the rate

of metal removal will be assunel.

¥ (average) = W (3439)
1 2.50(D 1)

sabstituting the above expression in the wear
equation {(3.30) and rearranging in terms of W

W = 42.2.0° Tawp 10° Kg

- (3.40)
2.54(D 21 )d B 05 cot®
The normal foroe in pounds N = 2,273 thus
evaluating the constant terms:

D rdpcoté



333 Cylindrical Grirdina

Let: I = wheel diamater in inches
D, = work diameter in inches
d = vheel depth of cut in inches
r, = wheel speed in rpm '
r, = work cpeed in rpm
W = ﬁork width plunge grinding or
cross feed/rev conventional
grinding
then
Wheel surface gpeed = D ry T 2454 em/min  (3.42)
Vork speed = D, r, T 2.5L en/min (3.43)

Therefore combining (3.1:2) and (3.43)

0liding spced (conventional)
' e 2,547(D r44D, "2) cn/min

(3.44)

£11ding speed (climd) |
z 2,54 (D 2y =Dy T,) cn/min

(3.45)
The rate of metal removal = avrbw Ty W 2.5'43 cmj/min
(3.46)
Combining (3.414) with (3.46) end (3.45) with
(3.46) the rate of metal removal per unit sliding

distance is:



conventional V iir Pg w 2.54"

L P* ¢ D, Pg)
(3A7)
climb 1 <grD # w 2.54
L F3:VTF p* . b, Pg)
(3.48)

Putting the above expreesione in the wear equation

(3.30) and rearranging in terms of *

conventional » A PB~A Oy A2 # D 54N 100

2.54TT(D p~ + Pg) 0,5 cot Kg

(3.49)
climb u a cL%,TrD« » 2.54~ 100
2,54ir(D p, - D Pg)0,50< 3 cot® Kg

(3.50)

Evaluating the constant terms and converting to pounds
the normal grinding force is:

conventional IS = 2*840 p D w dl 1b (3.51)

................. o "ttlliw 1 1, 1

(D p + Pg)o(. /Scot©

climb M a 2,840 Pg D, Pg wcL Ib
(D P - Pg)ol cot© (3.52)



lJ]
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Abrasive wear theory can be applied to other
grinding processes by substituting the -rate of metal removal
per unit sliding distance in the wear equation. Thus the
parameters required to interpret grinding in abrasive
wear terms are:

(1) the rate of metal removal per unit sliding

distance,
(11) the width/depth ratio of the scratches

formed on the surface. '
(111) ol the proportion of the grits cutting.
(iv) [ the proportion of the groove volume removed,

(v) the hardness of the material being ground,

3.4 Grinding go;g'e Predictions
3441 Iniroduction

Many studies of the grinding process involving
dynamometer force measurements have been reported and in
the first instance we will use this earlier published
work to test the theoretical predictions of the normal
grinding force obtained using abrasive wear theory.
Unfortunately some of the parameters raquired for
calculation were not measured or even considered by
other workers and it has therefore been necessary in
most cases to assume representative values., The

parameters in question were those which make up the K
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factor in equation (3.31) namely cot©, oL and 8, 1In the

initial calculations a value of cot® typical of fine
grinding was adopted (cot® = 0.1), and &l and B were
assumed to be unitye. The fact that the well known
expreseion for the grit depth of cut in grinding
(equation 2,4) assumes that all the grits are cutting

and that the whole of the groove volume is removed would

seem to Justify a value of unity for ol and 8 when
applied to the grinding processe.

3.1442 Surface Grinding

The first reported force measurements for surface
grinding are due to Marshall and Shaw (1952). Their
dynamometer could only bs used at relatively slow table
speeds; most of their results were obtained at tabie
speeds of Lfpmj the maximum possible table speed being
16fpm, and their work was confined to dry grinding,
These restrictions all served to increase the severity
of the tests and make satisfactory operation more
aifficult. They measured the width/depth ratio of the
grinding scratches using a taper section technighe and
they found 15 to be an average value for the width/
depth ratio in fine grinding.

Force predictions using Marshall and Shaw's
results for a stesel of hardness 43 Rockwell C (420 DPK)

are shown in fig (3.7). The forces predicted were below
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those observed in all cases and for the silicon carbide
wheel were considerably in errore.

One of the most eignificant and surprising of the
rindings of Marshall and Shaw was that the grinding
forces were independent of the work pisce hardness. The
results of abrasive wear calculations based on this work
are given in table 3,2,

For hardened steel the force predictions are within
107 of the observed value. For the same material in the
annesled condition the calculated values are only 255
of the experimental value, It would appear therafore
that hardened steel is a unique case; the force calculations
suggest that both the whole of the scratch volume is
removed and every grit is cutting., Re-examining the
earlier calculations for the steel having a hardness of
Rockwell CL43 (420 VPN) showed that the forces observed
with the alumina wheel were consistent with those predicted
for a steel having a hardness of Rockwell C65 (830 VFN).

Grisbrook (1962) extended the work of Marshall and
Shaw, using a similar type of dynamometer, to more
practicallconditions; namely higher table speeds and
wvet grinding. He observed thaﬁ the force pattern on a
grinding wheel changed progressively during & run and

could be divided into four regilons fiz (2.10). Force
predictions were made, using abrasive wear theory, for the
steady state regions of the force pattern curves fig (3.8).
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The tests carried out at the higher table speeds gave
longer periods of grinding etability, and the best
agreement between the theoretical predictions and
experimental force measurecments, |

Observed and predicted forces for several table
speeds are shown in table 3.3

34443 Cylindrical Grindinz
Landberg (1956) has reported on the cylindrical

crinding of steels Using measuring centres tangential
and normal forces are measured. A particularly
interesting featurs of Landberg's work was the selection
of grinding conditions which gave an exceptionally long
period of grinding stability (n 4120 mins of continuocus
grinding) ., Applying abrasive wear theory the forces
predicted were considerably less than those observed;
in fact they were only 25% of the observed force.
Table 3.4, ‘ |

In view of the extended period of grinding
stability, it would appear that this discrepancy must be
accounted for by some difference in grinding mechanism
possibly the width/depth ratio or more likely the
proportion of groove volume removed or grits cutting
(assumed to be unity in all the initial calculations),
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The experiments earried out by Marshall and Shaw
and by CGricbrook were mainly concerned with hardened
steels, although they did observe the ilndependence of
ths grinding forces from the workplece hardness, Force
predictions for hard steels were in good agreement with
the practically observed values, Landberg's work
howsgver was performed entirely with mild steel and force
predictions were well below the practical values,
Calculations based on HMarshall and Shaw's results for
soft materials were also in error dy & similar amount,
It is suggested that some differences in wear mechaniem
operate between the grinding of hardened steel and
softer materials,

Landberg also observed that a hard wheel gave the
highest forces,a soft wheel the lowest. The hard wheel
is more likely to glaze, the soft wheel to self sharpen.
It 1s to be expected therefore that the soft wheel will
have sharper grits and theee will give grinding scratches
with & smaller width/depth rztio and consequently lower
cutting forces,

34 Constant Force Grinding
Constant force grinding is a recent innovation and

the set~up shows considerable similarity to the pin and
ring machine reported later. Usually small dianeter
wheels are employed and these are loaded against the
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work under the action of a constant force. Hahn (1955,
1956, 1962, 1964, 1965) has reported extensively on
this type of grinding. When the process 48 operating
eatisfactorily the rate of metal removal versus tims
shows a linear relationship; similerly the rate of metal
removal versus normal force is linear f£ig (3.9).

The relationship between observed and prediocted
normal forces in the case of Hahn's results for controlled
force grinding are shown in £igs (3,10 and 3,41)., In all
cases the predicted forces are greater than those observed,
the error being an over estimate of about 25%, This may
well be accounted for by the value of the width/depth
ratio assumed namely 20:1.

Opitz et al {1965) have alco studied controlled
force grinding and their resulis show a linear relationship
between normal force and ground volume per unit time, The
steel being ground was of relatively low hardness

v 200 Kg/mm2 compared with v 600 Kg/mma in Hahn's
experiments, Force predictions based on Opitz et al's
work, shown in fig (3.12) are in error by a factor of
fourj the predicted figures being only 257 of the

cbserved.,

3405 Abrasive Ysal
Abrasive wear theory can equally well be applied

to the rubdbing of materials against abrasive papers such



as emery, Unless the specimen is constantly presented
with fresh atrasive paper thae wear rate gradually falls

a8 the abrasive is used uDe

liulheern and Camuels {1962) performed experiments
in which the abrasive surfaca was used rcpeatedly. They

showed that metal was removed in the form of chips and
that the wear rate fell progressively as the surface of
the paper gradually lost its abrasive properties, Their
theéretzcal predictions were in error by & factor of ten;
this was due they postulated to the fact that only 1070
of the grits were cuttingy the remainder merely plough
the surface as they do not have suitable 'attack angle',
A typical wear curve is shown 4in fig (2.18).

Abrasive wear ¢alculations were carried out for the
linear portion of the test at the beginning of the runjg
these gave a wear rate three times that of the experimental
ficure, It should be pointed out that the metal being
ebraded was mild steel p, 255Ka/mm® so the discrepancy
iz similar to that observed when grinding soft nateriale.

Kruschov and Babichev's (4557) experiments using
abracive papsrs Aiffered from those already mentioned
in that the epecimen was continucusly encountering 507
fresh emery paperi changes in thae properties of the
wearing surfaces in somé® cases due to clogzing and in
others due to blunting of the abrasive will largely be
eliminated, Their results were expressed in terms of
wear resistance and they showed that with pfre metals this



Table 3.5.

EBxperimental wear results for a ra.ng; of materials run against carborundum
“ ‘Por a distance of 6 m. under a loed of 1 Kg at a velocity of 0.5 m/s(due
to Nethan and Jones 1967) compared with theorctical wear rates.
Material V.P.N.  Carborundum Theory ©.

Vol. removed mm3. Vol, removed mm3 .

Tin, :  -"','" | . | 16.‘8“ . 16415 . 27.9
Aluminium, 5349 ' .78 8.85
Copper. o | 61.9 - 5.27 5.15
Phosphor B:Eonze. o 7045 | 3.28. - L.26
Nioblum. - | | 109;.3: 3.9 2.
Steel, 123 } 2.48 | 2.4
Nickel, 157 2,30 1.91
Steel. ! 177.5 213 1.69
Steel. 202 185 1.35
Steel, -.: 286,5 - 2.06 1.05
eels ! 38 . 180 0.7
Steel. =~ Wey 1.65 © 0.62
steel. 516 146 0,58
Steel. 576 : 1.23 0.52
 Ni-hard type he . 628 1,63 0.48
Ni-hard type 1. 689 | 1.55 Oulidy
Tool steel. 82, .29 0.3% .

Tool steel. - ' - 891 , 1.07 , ' 0434

* fTheory using equation 3.30 assuning o = 1, B = 1 and cotd = 0.1
L ' R
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varied in & linear manner with hardness, Steels on the
other hand behaved differantly; with a hardness variation
of 424 (200 Kg/mn? soft to 850 Xg/mme hard) the wear
rate only changed by a factor of two., This observation
adds further support to the idea that the efficiency of
the abrasion process 1s greater for hard than soft
materizle; this spplies even vhen the abrasive is
performing satisfactorily, icnoring the effects of_
clogging rig (2,12 and 2.,14).

In a study of the influence of the hardness of
abrasives on the abrasive wear of metals Nathan and
Jones (1967) used abrasive belts and a very large range |
of metals of widely differing hardnesses. The tests
were arranged so that the specimen was constantly
being presented to frech abrasive, Their results
showed the relationship between wear volume and metal
hardness for a number of different abrasives fig (2.17).
Thus with carborundum changing the hardness of the steel
being abraded from p 123 to p 891 Ke/mn” a factor of
gbout 8:4 only produces a change in wear rate of 2.431.
As in previous work already discussed it appears that
hardened steel 1s more readily abraded than would be
expected relative to a soft steel, The results of
applying abrasive wear theory are shown in table 3.5 and
1z (2.17)+ With carborundum corundum and rlint the
theoretical and practical curves meet at a hardness
value of ebout 150 Kg/hmz, the predicted wear rates for



hardaaed steel being well below those observed
practically* This apparent departure from the
previous pattern of results, namely good agreement
between observed and predicted forces with hardened
steels poor with soft steels, is probably due to the
value of the width/depth ratio assumed which was 20:1 e
This figure althou” typical of fine grinding is
probably Inaccurate for abrasive belts and if adjusted
to give the correct wear rate for hardened steel, that
for steel with a hardness of 123 Kg/mm* will be about
three times the practically observed value¥*

3.5 Discussion and Conclusions
Undoubtedly the most significant fact which emerges

from a study of experimental results reported in the
literature is the very marked difference in the wear
behaviour of hard and soft steel. Force predictions
were in good agreement with the practically observed
values with hardened steels assuming the parameters oC and

were unity. Similar calculations for soft materials

were in error; observed forces being greater than
predicted by as much as h;1. Several explanations

are possible; the width/depth ratio assumed could be in
error for example; this would imply that the scratches
formed on a hardened steel are sharper than those produced
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?ig 3.13 Showing a possible effect of ploughing on the
cutting mechanism of a single grit.



on a soft steel under similar conditions. There is no
practical evidence to support suggestion. Alternatively
only a proportion of the scratch volume may be removed
or only a proportion of the grits may be cutting.
Obviously adjusting either or both ¢ and g to values of
less than unity would reconcile the practical results
with the theoretical predictions. Altering either
parameter will considerably influence the basic cutting
mechanism. If it is assumed that only a proportion of
the abrasive grits are cutting, the others merely
ploughing a groove, it would imply when only 10% were
active that each grit will remove a chip ten times as
large as it would have done had all the grits been
cutting. The alternative explanation, that only a
proportion of the groove volume is removed,appears to
give a more acceptable result. For example, in a
process such as surface grinding the assumption that
only 10% of the groove is removed leads to the ratiier
surprising conclusion that each grit will still remove
a chip of the same size but this will, of course be a
proportion of a much larger groove fig (3 *13) ¢ The
mechanism by which a proportion of a groove can be
removed must be fairly complex and probably very
different from that of single point cutting; the breakaway
of the built up edge of the groove may well be a

significant factor. Experimental support for the second



suggestion 18 provided by Stroud and tiilman (1952), who,
as a result of tbsts with abrasive papers concluded that
only a proportion of the groove volume was actually
removed; a value of Av207 was quoted as a result oi
thelir works Additicnal evidence io provided by

Griebrook (1562), who carefully determined the nuaber of
factive' grits in the surface of a grinding wheel and
then counted the number of chips produced when grinding
with the same vwheels He deduced that the number of
active grits was substantially the same as the number of
chips formed so that each grit could be said to have
removed & chipe These observations fully support the
suggestion that in certain circumstances only a proportion
of the groove volume is removed; if it is ascumed that
only a proportion of the grits are cutting there should be
a corresponding reduction in the number of chips produced.
Consequently one would have expected a significant
difference between the number of chips and the nunber of
gritas,

Baekers Marshall and Shaw (41952) claimed that the
grinding procees should be interpreted in terms of grit
depth of cut and speclific energy; thesae parameters do not
form a part of an abrasive wear treatment of grinding.
The grit depth of cut is difficult to determline; 1ts
value depends critically on the width/depth ratio of the
scratches on the ground surface and the number of cutting
points per square inch of wheel surface., It is the latter



factor which is the most difficult to ohtain end for
which the widest variations havae been observed. For
exomple, in the case of a 36 grit wheel values of C
ranging from 900 to 15000 have been reported. Obviously
this casts considerable doubt on the £inal grit depth of
cut figures which have been derived, Desplte the
difficulty of obtaining a precise value for the grit
depth of cut 1t provides a useful parameter in terms of
which the grindinz process ¢an be discussed, I% enadles
ong to predict the poesible effects of alterations in
the grinding conditions (vhesl speed, wheel depth of
cut, crosc-feed and grit size) on the behaviour of the
wheel an.d the quality of the surface produced. The
equivalecnt factor in abrasivs wear theory is the rats
of metal removal per unit sliding distance,

Tho second paranmeter, specific energy, is a measure
of the work done to remove a specific volume of work
naterial and is calculated using the tangential force
developed in the grinding process, Abrasive wear theory
as such makes no direct prediction of the tangential
force but practical values when grinding steel have.been
of the order of O.4 to 0,6 of the normal force, Provided
alteration of the grinding conditions has no effect on © ,
ol and [ there would be no corresponding change in
specific energy. Any drastic change in© , o, and B
would produce a corresponding change in the tangential
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force znd therefore in the specific energy. If the
procesc becomes less efficient © very large and d and 8
considerably below unity the specific energy will
increase, but at no time would o condition be predicted
et which a constant vaelue would be obtainzd as csuggested
by Backer et ale The more recent work of both Hahn
(1962) and Grisbrook (1960), although gupporting =
rubbing cutting transition does not further the concept
of a critical 1limitinz value for the epecific energy.
Surface finish is an important feature of the
grinding process and in many applications accounts for
its use in prefercnce to other nmachining npethode.
Abresive wear theory makes no direct predicitions
concerning surface finichj however one could surmiea
that the lowexr the rate of metal renoval per unit sliding
distance the better will be the resulting surface finish,
A grit size does not feature in the theory presuusbly |
surface finish will be substantially independent of this
factor; Crisbrook's (1960) results cupport this statement
although the range of grit sizes used wan relatively
suall, More recently on experimental study by Farmer,
Brecker and Shaw (4963) has shown that the nost important
variableo to produce a good surface finish in surface
grindiny was a low table speeds The varisbles liseted
below being only a half to & third es important and chould
be adjusted in the direction indicated for a géod finish,



laM E E ¥0R GOOD FINISH

»iliesl dreiicing Fine
?,"heel grade High
Grain sizs Fine
Type of grind Up

Wheel speed High

Wheel depth of cut Low
Work hardness Hard

It is highly significant that those variables which
give a good surface finish are also moved in the same
direction to reduce the rate of metal removal per unit
eliding distance, namely table speed, wheel speed, wheel
depth of cut and work hai»dneeB.

The rapid removal of metal is therefore incompatible
viitcn @ good surface finish; and the variable which is
most significant in controlling metal removal rate,
namely table speed, has the greatest effect on surface
finish*

In most precision grinding processes the wheel is
dressed using a diamond; a number of studies involving
various techniques have been reported. It is necessary
to develop a standard technique if subsequent grinding
experiments are to five consistant results. Although
there is no general agreement as i“egards the method to
be adopted (type of diamond, cross feed per rev, wet
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or dry) most workers have chown that marked variations
occur in grinding forces, for exemple when different
dresocing proccdures ere used, Ho very precise reasons
have been edvanced fop these force variations, except

for the suggestion that in general terms they are a
funcvion of grit sharpness, An abrasive wear treatnent
showa that the rate of metal removal depends critically

on the width/depth ratio of the seratches formed by the
individual grits, IS the method of dressing produces

grits with g gmall included angle, the grinding forces will
be low grits with a very larce included angle on the other
hend would give high cutting forces, 'The variables & and
B arc largely a function of the material being ground

and the effect of the grinding conditions on the abrasives
performance; glazing or loading will reduce the abrasive's
effectiveness.

Grisbrook (1960) has shown that the grinding forces
can gradually change during a test; in the latter stages
forces increase, Such changes are compatible with an
abrasive wear treataent if 1t 18 assumed that © gradually
changes as grinding proceeds; 4t would be necessary to
use a larger value of © which implies that the grits are
getting blunter, In a process such as super-finishing the
values of © probably approaches 90°.

In wear studles the dicerepancies dbetween the

thecretieal and practical wear rates are accounteé for by
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the so-callzd E factor. In sbrasive wcar theory the
K factor has effectively bean subdivided into three
distinet parts, all of which can be measured for any

particular proccscs,

K = cote.d,‘s.

Knowing the hardness of the work material, the rate
of metnl removal per unit sliding distance, the width/
ratio of the scratches on the greound surface and the
proportion of the groove volume removed, 1t 4s now possible
to predict grindins forces. 1t 18 suggested that curves
similar to thoce shown in fige (3.14 ard 3.15) could be
used for estimating forces provided the process is

operating satisfactorily.

CONCIURTONS

(1) ¢Grinding can be regaried as an abrasive wear
process; the most important parameter being the
rato of metal removal per unit sllding distance,

(11) The grinding wheel must be cutting 'freely' it
force predictions are to be mcdee If metalllce
particlesd are not boilpg removed abracive wear
theory will glve & qualitive assesczent of the
Procecs, Cece super Tfinishing. |

(111)In order to make accurate force predictions the width/
ratio of the scratches made on the ground surface

must be known.
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(iv) The high Torceo observed when grinding soft

(v)

materials can be accounted for 1T 4t is assuned
that only a proportion of the groove volume ia
renoved, or conly a proportion of the grits are
cutting. These factors nmust be taken into account
vhen making force caleulations,

To predict grinding forces the hardness of the work

material must be XNOWNR.



Le  Wear Tests,
L.1. Introduction.
Probably the most obvious and significant difference

between grinding and abrasive wear is the rubbing speed
used in each of the processes, Typical surface speeds 4in
grinding are n/5,000 £t/min, those for abrasive wear

N/ 200 £t/min, Indeed a number of studies of the basic
méchaniem of abrasive wear have been carried out at
extremely low sliding speeds/\/1 f£t/min.

The main purpose of the present work with solid
abrasives (grinding wheels and sbrasive sticks) has been to
explore the types of wear behaviour which occur over a wide
range of speed and loads. It was hoped to obtain some
indication of whether a similar mechaniesm applies throughout
the range and ascertain whether the resulis could be use=
fully compared with those reported elsewhere in the
literature for adhesive wear, in particular the mild-severe
wear transition reported for steels (Welsh 1965) .

Experiments with solid abrasives also provide an
opportunity of assessing to what extent the removal of
material by a grinding wheel ¢an be regarded as an abrasive
wear mechanism, especially when the results are compared

with those predicted by wear theory.

L.2 Apparatus.

Two pin and ring machines wers used. One was capable
of covering a wide range of speeds and loads (130,000 rpm.
and 40g=-10Kg), the other a low speed machine (1lrpm) could
also accomodate loads of LOg to 10Kgs The essential
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Pig, L.1 Two arrangements of the pin and ring wear machine.

Fig, 4.2 biamond dressing attachment fitted to the pin and ring
wear machine.
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details for the abrasive wheel experiments are shown in
figJiesla; a ring B nominally 1 inch diasmeter mounted on a
ghaft A is rotated against a preformed pin C under a load
Ps The ends of the 1" diameter steel pins were machined
to 0,175" square and then preformed by grinding to a "
radius. A square preformed pin was used to ensure that a
constant nonminal area of contact was maintained since
changes in nechaniem hay be sensitive to pressure. In
order to avold excessive tvibration, particularly at high
speeds, it was found necessary to dress the abrasive wheels
when they were in position on the machine, 7o this end a
small cross slide was fitted (fig. L4.2) the wheels being
diamond dressed} a standard procedure was adopted and
subsequent wear tests with steel gave reproducible results.
The wear of the pin was measured by weighing using a chemical
balance; that of the wheel was generally too small to be
measured reliably except when using very high loads A/10Kg.
High loads produced excessive wear of the abrasive probably
due to bond post rupture and crushing of the grits,

For tests with abrasive pine a cross-=c¢cylinders
configuration was used, fig.4.lb; the wear of the abrasive
pin was measured by observing the wear scar on the pin and
that of the steel ring by weighing.

Both the pins and rings made from steel had a ground
finish and were degreased immediately prior to use.

The tests were carried out, unlubricated,



Table 4.1.

WHTH3HRDH far fs V.P.N.
Code.

AD 0.025 0.01 0.01 0.001 0.006 0.011 0.002 210
N 0.63 0.13 0.05 0.24 0.07 0.048 0.04 263
D2K 0.985 0.12 0.07 0.23 0.64 0.05 0.032 350

28 r Ferriti* stainleas steel 20j33r 198
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Le3 lMaterials,

A range of both steels and sbrasives were tested.
Most of the materials listed were used for wear, griﬁding
end scratch testis.

The steels were provided by the British Iron and
Steel Research Association and their analyses are shown in
Table Liele

Abrasives.

The abrasive materiasls, which were supplied by the
Carborundum Company Ltd., wers in the form of sticke and
grinding wheels, Complete Qetails of the materials used
are given belowe. |

Abrasive sticks,

i" diameter Medium Grade Silicon Cwbide (equivalent

to C 180 = Q5 =~ V).
Grinding wheels.

Aluninium oxide vitrified bonded wheels were used
in three grit siges, hardness gnd struoturs being kept

constant .

1% diameter wheels for the pin and ring machine
BA36 - L5 - VFBLU,
BAG0O « L5 =~ VFBLU,
BA120 ~ 15 = VFBLU,

7" diameter wheels for Jones and shipmah 540 surface

grinder.

BA36 =~ L5 < VFBLU.
BAGO = L5 =~ VFBLU.
AAlOO = 15 = VF8,.
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?ig.4.6  Wear curves of diameter silicon carbide pin and 1" diameter
0,6 steel ring rubbing together under .a load of 375g and
at a speed of 750 rpm. I

Pig. 4*5 Glazed abrasive pin. Pig. 4.7 Glazed abrasive wheel.
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Loy Preliminary Experiments.
. Weax/Clidlnz distance beheviour.

Expzriuments were carried out over a wide range of
loads and sliding speeds using several materials; the tests
| irvolved the ribbing of abrasive pins against steel rings
and steecl pins against abrasive wheels.

Tw0 tyoes of wear pattern emerged.

(1) TVear was directly proportional to sliding
distance, the wear product being metallic chips {C.fe.
severe wear) .

(2) The wear rate pgraduslly fell with sliding
distance, The wear product changed during the test from
finely divided metallic debris to finely divided oxidised
mctallic material (c.f. mild wear),

Generally the abrasive wheel experiments gave linear
rates of wear (fig Le3) but AL conditions were particularly
unfaevourable a progressively changing wear rate was observed
(fiz L.J;)e This decline in wear rate was usually associated
with glazing (fig L.5). Experiments with abrasive pins
always showed a reduction in wear rate with sliding distance
(fig L.6); the fall in wear raée ﬁas again ascoclated with
glazing and clogging of the abrasive with wear debris
(fig Le7)« A linear wear rate was heve: observed in the
abrasive pin exper;mepts, probably due to the severity of
thevconditions.  The same area of the pin is always in
‘contact with the steel ring thus clogging and glazing are
more likely to occur, effects ﬁhich are further aggravated
by the relatively fine grain size of the pin material
(180 grit). |



100 1000 10,000
LOAD /v 6-wms.
Fig 4.8 Vear rrtes of 180 grit ;:br-“sive pins r.nd Qo"IC steel rings

robbing together under vr.rious lords ot a speed of 730 rpn; and
rear rate oT 0,6 C steel lins on 60 grit wheels at 1,500 rpn.
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The variation in wear rate with sliding distance
shown in Figures 4.4 and 4.6 seem, at first sight, to be
analagous to the severe wear/mild transition noted in
earlier investigations of adhesive wear, In both the
adhesive wear experiments and in the present tests the
transition clearly represents a change in the mechaniem of
wear, For example, when using an abrasive pin (Fig L.6)
the tests started with the abrasive removing metallic
particles and the wear rate gradualiy diminished until, in
‘the final stages, the debris consisted entirely of finely
divided oxide, However the important difference is that
under abrasive conditions the transition is much more
gradual. These more gradual changes in rates of removal,
vhich occur with abrasives, indicate a progressively
changing wear situation. At the outset charp grits cause
renoval of metallic fragments; at the end the grits are
blunt and highly polished mnd this glazing is accompanied
by clogzing with oxide debris, The role of different
factors in the glazing of abrasive wheels requires further
investigation,

In the abrasive pin experimenté the wear rates of
both the abrasive and the steel could be measured accurately.
Thesa showed (£ig L,.8) that the wear pattern for both
materinls vas the same; a high rate of wear for the abrasive
wag associéted with a high rate of metlal removaly a low rate
of wear in the abrasive resulted in & correspoundingly low

rate of metal recmovale.

A qualitative assecocnment of the surfaces produced in

the abrasive pin experiments showed that a glazed abrasive



pin was associated with a highly polished steecl surface
and a free cutting ﬁbraaive»with é ground finish on the
steel surface.

The effects Just described in the wear cycle for
abrasive pins are very similar to those of the supere
finishing process, This process is claimed to "remove
the foughness of the ground surface, produce any reasoﬁably
selected mamoothness, and then automatically cease removing
metal”, The superfinishing process is normally applied to
ground surfaces the obJect being to dmprove surface finish.
The process is carried out at relatively slow speeds 50 {o
60 feet per minute and the same area of the abrasive is
continuously in contact with the work under a pressure of
about 10 to 40 1bs., per square inch and a low viscosity
lubricant is applieds A fine abracive of about 600 grit
is normally used,

The superfiniching ¢ycle has been described as
follows (Gisholt Machine Company 1947) s~

When the stone is flrst applied to the rough surface,
it only contacts the ridges. 1If the correct bond hardness
of stona 1s used it will break down to come extent, thus
exposing new and sharp grits which will remcve the peaks
rapidly in the fornm 6r comparatively large chips. As the
peaks are reduced the surface becomes smoother and more
grits make contact reducing the pressurz on the individual
grits. 1Instead of the blunt grits being torn out they now
remain in place becoming gradually duller. Hetal is now
removed in progressively smaller particles; these oxidise
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immediately and are deposited in the pores of the abrasive.
These deposits gld in the building up of a glazed abrasive
surface which will produce a highly polished surface of
greatly improved geometry. TFinally the abrasive and metal
surface effectively "run in", the lubricant forms a fluid
film and tha removal of metal ceases, |

The wear cycles for the two processes Just desoribed
ara virtually identical; the only departure is the terminal
stage (no metal removal) vhich is not shown in the abrasive
pin experinents, This may well be due to the conditions
used and the fact that finer abrasives are used in super-
finiching. Another important difference is the use of a
lubricant in the superfinishing process, Initlally a
lubricant would ascist the abrasive process by removing
wear 4ebrisi however, once two smooth surfaces have formed
the lubricant can prevent contact and therefore wear.

The preliminary experimcnts show that many of the
effects observed in the prinding process can be reproduced,
using suitable abrasives, on a pin and ring machine, This
applies not only to normal grinding processes but also to
such specialised processes as superfiniching,

A basic difference between grinding processes and pin
and ring experiments is stabllity. In surface grinding for
example, if a grit becomes dull the forces on it increase
and 1t will either be torn out exposing fresh grits or
fracture producing new abrasive surfaces. The process 18
therefore self sustaining; effects such as glazing will

only occur when conditions are particularly unfavourable,
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On the other hand, tests using a pin and ring machine
favour change; 1f glazing starts to occur forces do not
increase so glazing will continue unhampered, This
situation also applies in the recently introduced
controlled force grinding process and is utilised to
particularly good effect in the superfinishing process.

L. Tear rates,
Lis541 Introduction,

The preliminary experiments had shown that s linear
rate of wear could not be obtained with abrasive pins, It

was therefore decided to concentrate on experiments with
abrasive wheels as these were more representative of the
grinding process, Ferritic stainless steel was found to
give the nmost consistent results, €o the broad pattern of
behaviour will be discussed mainly with reference to this
material for which most results wers obtained,

Some interesting similarities can be seen between
_abrasive wheel and abrasive pin experiments particularly
when these are compared on the basis of initial rather than
final wear rates,

Only one type of abrasive vheel was used for these
experinents namely BA6Q « 15 « VFRLU, The oteels were
eilther normalised or fully c¢old worked énd the experiments
were performed without lubricant.

The experinents were designed to study the effects
of sliding speed, load, sliding distance, materials and
configuration on wear rate, The effects of grit size end

heat-treatment on wear rates will be discussed later,
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li+5+2 Changes due to load. speed end sliding distance,

As with the preliminary tests, wear rates wers
determined over a wide range of loads and speeds; the steel
pins were preformed and the abrasive wheels nominally one
inch diameter.

Load,

The effects of load on the wear rate of ferritic
stainless steel are chown in figure L.9; weay rate ie almost
directly proportional to load., The slight deviation at the
heavier locds is protebly due to thermal effects, breakdown
of the sbrasive and vibration.

A comparative set of resulte for Armco iron, 15C steel
DAKS5 and & 0,6)C steel CNY are shown in figure 4,0, These
results confirm that over the range of conditions studied,
wear rata 1s directly proportional to load. loreover even
when & transitioa ia the mechaalenm of wear occurred during
ths experiment it was found that both the initial and final
eguilibriuvm wear rates were proportional to the load. For
example, in Tigure L4.11, this 18 shown for experiments with
the 1.0/C steel DAK 5 running against an abrasive wheel at
17000 rpn. Figure L1411 alco shows the Uarchall and Shaw
(1952) rescults for grinding expressed in wear termsj not
only 13 wear rate alamost directly prcportional to load but
the wear rates observed are in good agreemesnt with those for
the DAK5 steel at 1,500 rpn, Doth thecse observations
provide further support to the idea that grinding is an

abrasive weal process.
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Speed.
. The relaticnship between speed and wear rate for the
ferritic stainless steel using loads of 40g to 10Zg is shown
in figure L4.2. For the range of speeds used (1lrpm -~ 3,000

rpn) the rate of wear can ba seen to be substantially
independent of speced, Only under extreme conditions is
there a tendency for wear rate to be influenced by speed.
For exemple heavy loads/high speeds (10Kg. 3,000 rpn) or at
1icht loads/slow speeds (LOge 1rpme)e

The series of experiments using the 17C steel DAKS is
of particular interest as these were extended to particulary
hich speeds (17,000rpn.) s They show that even when the
speed is increased by more than an order of masnitude fLrom
1,500 rpma to 17,000 rpm, the initial abrasive wear rate
per unit sliding distance falls by only a factor of two.
Thie is demonstrated in figure L.11 for loads of less than
1l Kgs At 17,000rpm, and loads greater than 1¥z the pin
beecame visibly hot and tho wear prate started to fall with
further increascs in lozd.

It 18 concluded that the wear rate is substantially
independent of specd p:ovided conditions do not favour a
change in mechanism. Changes in wear medhanism are
obviously more likely to occur with either extensive
frictional hecating due to a combination of high speed/hecavy
load or at the other extreme slow speeds and light loads
vhen a clogzing/glaezing mechanism may be inttiated,
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§liding distance.

The two 4ypes of wear behaviour reported earlier
vere confirmed, nsmely a constant wear rate, (wear being
directly proportional to sliding éistance) or a gradually
changing wear rate with sliding distance, The later type
of behaviour was only observed at the extremes of the
conditions studled or with abrasive pinsi mosi tests
carried out with abrasive wheels gave wear rates directly
proportional to sliding distance,

L5e30

A series of tests were carried out using a cross

cylinders arrangement consisting of a 1" diemeter
carborundun pin and a 0.6C steel (CHM) ring 1" diameter.
The tests were carried out at 750rpm,. using loads varying
from 4Og to 10Kg. The wear curvee chowed a gradual fall
in wear rate with sliding distancs, the equilidbrium wear
rates being difficult to ascess, However a morec sensible
result was obtained A1f the initlal wear rate was determined
for ezsch curve and then plotted as a function of load

(£ic L8)s Vear rates for both the metal and abrasive are
chown; that of the metal being recorded in weight loss in
gns/ca sliding and that of the abrasive in volume loss
cm%/am nliding. For comparison the wear rate of the same
steel when rubbed against an abrasive wheel BAG0 « L5 « VFBLU
rotating at 1,500 rpm. isshown on the same dlacram, The
wear rates for the oteecl are the same using either

configuration and are directly proportional to load,
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It 1s of interest to note that the wear rates of
the sbrasive piné follow the same pattern as those of the
osteels The grinding ratio (ratio of metal removed to
ebrasive rcmoved) ronges from 3.3:1 with a load of 4Og up
to 1,7:1 with a load of 5Xg. Hahn (1965) has reported
similar valnes with controlled fbrcé grinding when
conditions were particularly unfavoursble, The high
valuze of grinding ratio arc probably accountcd for by the
unusual test conditions, the sane area of the abrasive pin
being continually in coantact with the work,

h.B;u Tffocts of liateriol,

All the materials used were steels; the hardness
range covered was rclatively small (198-356Kﬂm{i It was not
intendzsd at this atage to make a detalled siudy of the
cffects of hardness variations on wear rates,

Fach of the materials testcd gavo a gimilar pattemn
of wear behaviour, a typlcal set of results being shown in
figure L .10, The cffects of hérdness are not completely
consistent dut in the range of hardnesses covered the harder

naterinls tend t9 have the lower wear ratces.

44545 Discuscione

Over a wide runge of speods and leoads wear rates were
indepcndent of specd and directly proportional to load. The
recults therefore glve the type of wear behaviour which is
predicted by the wear equation 3,30, To carry out preccise
predictions the valuoc of the K factor aust be Lknown. A

value for K was obtained from tho rcesults for the ferritic
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stainless ateeljy a theoreticel wear curve was produced
using the formula,

Wear rate = K oW ./ _ gus/cm sliding,

S e P.o lob
o (L)
where,
) i4 = assumed to be unitye.
W = normal load in gns,.
Y =  density of steel 7.9 gme/en>
) =  flow prescure Vg/mn® (198VPH,)

end 1s shovn on figure 4.,9. The calculated wear curve
apsuned K = 1 but to reconclle ths theorctical and practical
curves a value of K in the region of 0., to 0,05 is required,
The desired value of X could be obtained by altering the
nunerical values of the parancsters from thich it is made up
(equation 3.31)s For example, a value of 0,1 could be
ascsuued for cot @ or the values ofdand 8 could be less than
unity. Althouch a value of cot @ = 0,1 1s typleal of
eurface grinding, values of cot 6 = 0,25 were typical of
abrasive wear test using = 60 grit wheel. In this instance,
1t would gppeear that the value of K = 0,1 depends not only
on the width depth ratio of the scratches formed dut also
on the proportion of the ceratch volume removed or the
proportion of active grite.

Although 2 linesr wear ratc wes not obteined in the
abrasive pin sxperinents snd some abrosive vheel
experinents, 1f the initlel weer prates uere cetermined

these compared favourzbly with the linear rates observed
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with abrasive wheels,s This suggests that the abrasive
cuts at the start but conditlons ars such that ths cutting
action f2lls off and a clogged glazed surface results,
This surface 1s eimilar to that formsd on superfinishing
ebrasives, wvhere conditions are similar to those in the
abrasive pin experiments in that the saxns portion of the

abrasive is continuously in contact with the work,

L.5,6 Cecnclusions,

(1) Two types of wear curve were observed (1) wear
inereases in a linear manner with sl1iding diestance and
(11) wear rate gradually falls with increasing sliding
dictance,. ‘

(2) Tor the ferritic otainless stcel in particular
and t0 a lesszr extent with the other steels, wear was
elmost independent of speed over a wide range end increased
in approximately direct proportion to lond,

(3) Over s wide renze of specds and loads metal wae

emoved a8 nctallic particles c.fe severe wear.

(4) At very light loads & mild wear corditlon was
oksexved chafgeterised by the produetion of dust or oxide
rather then mcfallic particles c.fe nild weare The curface
of the wheel gradually becene glazed.

(5) A mild wear condition was also obgserved at very
hish speeds and again the abrasive wheel took on a glazed
appearancd

(6) then rates of material removal reported elsewhere

in the literature for grinding conditions orec re-interpreted
as a rate of abrasive wear they agree closely with the wear
rates reported heree.



(7) Linear wear rates correspond to the grinding
process working satisfactorilys the gradual deterioration
of ths grinding vheel dus to glazing 1s represented by a
wear curves The latter condition 1s representative of
superfiniching,

(8) The wear results obtained using the pin and
ring machine show that 1t is not only possible to simulats
the grinding process bul to a lesser exient such
specialised processes as superfinishing, This inmplies
that the same dbasic mochanisn applies to each process and

that each eon be interpreicd in abrasive vear terms.
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Fig* 5*1 Ma «nd ring ##ar machine fitted «ith a trsnaduoer to
ccajttxe tongemtlal forme*
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5s COrindins Dynamometer end Associated Terts,
541 Introduction,

Both wear tests and & study of the llterature have shown
that the grinding procees could be usefully exemined in

abrasive wear torms.,

Unfortunately there are no recorded ezperiments involving
both grinding and abrasion in vwhich all the paramcters for a
complete analysis have been measured. It was therefore
decicded to perform such a series of tests. The neasurement
of grinding forces involved the construciion of a simple
grinding dynamometer desceribed later,

Cns of the more significant facts revealed by a study of
the literature was the anomalous behaviour of hardened steel
wvhen abraded =2nd grounde (Abrasive wear tests had shown that
hardened steels viear more readily than would be expected whilst
grinding experiments indicated similar cutting forces for hard
and coft cteelss) The present series of experiments were
therefore designed to make a particular study of the grinding
and abrasion of heat-treated steels of various hardnesses.

The effects of grit cize on both processen wac 21so included in

the programmne.

5.2 Apparatus,
Vear Tests,

Tests using steel pine and abrssive wvheels were carried
out on the pin and ring machine described earlier, The steel
pins were preformed and used in the vertical position (fig 4.la)

the wear of the pin was neasured by loss in weight,
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Tangential force was measurcd during these experiments
by observing the deflection of the loading arm by means of a
transducer (fig 5e1), the systen Leing cz2librated against

deaZ loadse.

Grindin~ Lxperimentse.

surface Grinder,

All ths grinding experiments were carried out on a Jones
and Shipman 540 Surface Grinder, The only modification to the
machine was to £it a tachometer to the grinding wheel shaft to
monitor whgel speed, 'The output from the tachomster was
dicplayed on a Honeywell U.Vl.Eecorder,

Grindine Dvnamonetsr.

General layouits of both the dynamometer and mcasuring
circults are shown in figurca 5.2 and 543

‘“he dynamometer consicts of a siople cantilever A with an
integral vice B which holde the specimen, '‘hen the specimen is
in place the surface to be ground is at the neutral axis of the
cantilever; this arrangement was adopted to reduce twisting of
tho beams, The vertical and horizontal displacenents of the
beam under load were observed by two transducers € and D
positioned at right angles to ono another and locating against
two.glass flats. The trangducers were connected to two
Pendeford HMultincters whose outputs were in turn fed into a
Honeywell UV Recorders (f1g 5.4)« The dynanoneter was
calibrated against dead loads when in position on the surface
grinder (fis 5.5). Interfercnce betiween the horizontal and
vertical force measurcnenta was negliglible. Callibration was

checked at tho begciming and end of each series of experiments.
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Table speed was obtained by measuring the time taken to
make a cut from the U,V.Reccorder trace and since specimens of
known length were used the average table speed could be
calculated.

5 .3 Materinls.

The grinding wheels used are listed in 4,33 the ona inch
diameter vheels for the pin and ring machine and the seven
inch diameter for the surface grinder,

The specimens for surface grinding were 0,375" square by
one inch long; preformed pins were used for the abrgasive wear
tests. The same range of materials was used to manufacture
both types of specimen,

Steels,
DAK5 0,985%C., Hardened and Tempered to the following hardnesses,

890 V.P.N. 710 V,P.N, 573 VePJie
LU5 VP, 314 Vl.P.N. 257 VP.N.
Bright Drawn M1l1d Steel 184 V.P.N,.
Annealed iild Steel. 112 V.P.N,
Stellite 100, 823 V,P.N,

5. Experimental Procedure.

S5eliel Grinding Dynamometer,
A period of half an hour was allowed for both the grinding

machine and measuring equipment to warm upe. The dynamometer
was calibrated at the start and finish of each series of tests,
Vet grinding conditions were used for all the tests and ths

transducers on the dynamometer were protected from the coolant
(soluble o011, mixed 1 t 4O with water), The grinding wheels
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M g# 5*6 Riotograph of dynamxmoter under the grladiag
wh#ol OS a OBt Is W ag made.
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were diamond dressed; a standard procedure was adopted to
ensure consistent results, As a further check hardened DAK 5
specimens (pm = 890Kg/mm?) wvere used as a control, force
measurements being made with this material at the beginning
and end of each series of experiments,

When a cut was put on the specimen both the dynamometer
and the grinding machine deflected so that a number of cuts
had to be taken before the down feed was equal to the material
being removed. For the conditions used for most of the
experiments (0.0003" depth of cut, wheel speed 2,800 rpm. and
a table speed ofnv50'/min.) steady force readings were obtained
after 4O passes, Force measurcments were therefore taken
after forty successive traverses; both the up and down cut
forces were measured. a record being taken using the U,V.
Recorder. The dynamometer is shown in action in fig.5.63 and a
typical recorder trace in figurs 5.7. A Talysurf trace was
taken from each of the ground specimens using a X500 horizontal
magnification and an apprOpriatg vertical magnification; the
width/depth ratio of a typical scratch was then determined by
sampling the results.

Another specimen of the same material which had Just been
ground was then fitted into the dynamometer; this specimen had
a micropolished surface. The grinding vheel was clamped to
prevent rotation and then brought into contact with the
specimen, the wheel was lowered until the dynamometer indicated
the same normal load as recorded in the grinding test. The
table was moved past the wheel by hand, force measurements

being taken with the U.V.Recorder, Talysurf traces were taken
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Pig, 5,7 Typical TJLV, recorder trace, material hardened IcC
steel, wheel depth of cut 0#0005", table speed S0ft/min.

Pig* 5*8 Scratched IfcC steel specimen, 1 18#
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and the scratches examined microscopically. A typieal
scratched specimen is shown in figure 5.8.

S5e4+2 Wear Tests,

The wear tests were carriecd out dry at a speed of 750rpm.
the wear being measured after a run of one minute. Since the
standard grinding conditions gave similar normal forces with
all materials tests were carried out using an average normal
force of 18 1b, A few tests involved a range of normal loads
these are described separately. Tangential forces were also

measured in most of the experiments.

5¢5 Results,
Grinding,

5¢541 Effects of grit size and workpiece hardness,
The first series of experiments was arranged to study the

effects of abrasive grit size and workpiece hardness on
grinding forces and grinding coefficient.

Tests were carried out using three grit sizes (36, 60 and
100 grit) and workpiece hardnesses ranging from 250Kg/mn® to
BQOKg/mm2 (DAK 5 steel hardened and tempered). OGrinding
conditions were kept constant throughout the tests (0.,0003"
wheel depth of cut, 50 f£t/min. table speed and a wheel speed of
2,800 I’Pmo) .

The complete set of results for hardened and tempered
DAK 5 1s chown in figure 5.9} normal force, tangential force
and grinding coefficient are plotted as a functton of hardness,
The results show that grinding forees are only slightly
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dependent on hardness; reducing hardness by a factor of 3.5
reduces normal force by 15% with the 36 grit wheel, 20%Z with
the 60 grit vheel and 30% with the 100 grit wheel, These
reductions in normal force are partly associated with changes
in grinding coefficient; reducing the hardness of the work-
plece increases the grinding coefficlient fromw 0.5 toas 0,7,
higher values of grinding coefficient reduce both wheel and
table speed with a corresponding drop in normal force.

Grit size can be seen to have some influence on normal
force, the coarsest grit wheel giving the highest forces,
These differénces vere found to be due mainly to variations in
width/depth ratio for the three grinding wheels(determined
fron both the ground and scratched specimens ag shown in
table 5;9. Results from the two types of test show reasonable
agrecment and the mean width/depth ratio (a2lthough width/depth
ratios are more difficult to determine from grinding than from
scratching) can be seen to fall as grit size gets finer. This
trend supports the experimental observations of normal grinding
force (fig 5.9)3 theory predicts lower forces with emaller
width/depth ratios, width/depth ratio measurements also help
to explain the particularly large drop in normal force observed
with the 100 grit wheel when grinding soft steel (250Kg/mm?).
The hardened DAKS specimen used as a control showed no change
in the mormal force with the 36 grit and 60 grit vhecls,
However, with the 100 grit wheel normal force obtained at the
end of the test was 157 less than the original value, The
width/depth ratio remained the same for all experiments with
the 36 grit and 60 grit vheels but dropped by 12,57 with the



Table 5.1,

The relationship between the width/depth ratio obtained from
ground specimens and scratched specimens for a number of

abrasive wheels.

Vidth/depth ratio

Vheel Grinding Scratching - Average
36 grit 133 ¢ 1 by ¢ 1 13.3 ¢t 1
60 grit 137 ¢t 1 12.8 ¢ 1 13,3 3 1

100 grit 4.1 : 1 11,7 ¢ 1 12,9 : 1
Table 5.2,

A comparison of observed and predicted normal forces for fully
hardened and hardened and tempered DAKS steel using a range of

abrasives.
Hormal force 1lb.

Vheel Hardened specinmen Pp Soft specimen p
= 890Kg/mm? = 250Kg/mm? m'
Bbserved Predicted Observed Predicted
¥
36 grit 2242 22.3 19,0 4.98
60 grit 1947 20.6 15.5 5.35
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100 grit vheel, One would therefore expect lower normal

forces from the wheel having the smallest width/depth ratio.

5562 Force predictions based on dynamometer tests, |
The grinding conditions quoted in figure 5.9 are nominal

and to calculate grinding forces the individual measurements
appropriate to each experiment will be used,

Specimen calculations will be made for the grinding of
fully hardened DAK5 (pm = 890Kg/mm2) with each grit size of
wheel, In 81l calculations it is acsumed that o and 8
are unity so that divergences between theoretical and
experimental values thould be capable of explanation by

assuming other values of these parameters,

36_grit vheel,

Vheel diameter 6.581", width of speeimen 0.375"
Normal force (average) 22.2 lb, Wheel depth of cut 0.,0003"
Wheel speed (average) 2,769 rpm.

Table speed (average) 52,6 ft/min,

Width/depth ratio 16,3 1 1 grinding average 14.8 ¢t 1
13.4 ¢ 1 scratching.

Substituting in equation 3.4l.

K = 10,830X52.6 X 0,0003 X 0.375 X 890 1b.
64851 X 2,769 X 1 X 1 X 0.135

n 2243 1lb.
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60 _prit wheel,
Yheel diameter 6.765" Width of specimen 0.375"
Average normal force 19.65 1lb, Wheel depth of cut 0,0003"

Table speed (average) 51.25 f£t/mine.
width/depth ration t 1 grinding
14 : 1 seratching average 14 : 1

Wheel speed saveragiz 2,790 rpm,.

Substituting in equation 3.4l

R = 10,830 X 51.25 X 0,0003 X 04,375 X €90 1d
6765 X 2,790 X 1 X 1 X 0,143

= 20 06 lb.

120 prit wheel,

Vheel diameter 6,.,843" idth of specimen 0,375"
Normal force (average) 20.1 1lbe Wtheel depth of cut 0,0003%
vheel speed (average) 2,753 rpme.

Table speed (average) 51.6 f£t/min.

Vidth/depth ratio 16 : 1 grinding
12 : 1 scratching. averaze 14 : 1

substituting in equation 3.41

N = 10,830 X 51.6 X 0,0003 X 04375 X 890  1b
64843 X 2,753 X 1 X 1 X 0,143

= 20.8 1b,

The same calculations were repeated for the completely
softened DAKS (pm = 250Kg/mm2) and these results are presented
with those already shown in table 5.2.
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The relationships between observed and predicted forces are

very similar to those developed earlier when applying grinding
theory to results avallable from the literature (namely
predicted and observed forces are in good agreement for hard
materials but with soft materials there is a marked divergences) .
As the hardness of the workpiecs falls, the difference between
observed and predicted force will increase, 'ith completely
soft DAXS (pm = 250Kg/mm2) for example the predicted force is
only n/307 of the observed force.

5«53 Grinding of Mild Steel and Stellite,
Specimens of mild steel in the bright drawn (pm = 18&Kg/mm2;

and annealed (pm = 112Kg/mm2) conditions were ground to study
the effects of cold work on grinding force. Using the standard
conditions (0.0003" depth of cut, 50ft/min table speed, 60 grit
wheel and plunge grinding) both the bright drgwn and annealed
specimens gave similar normal forcesj; N/18 1b, These results
are similer to those observed by Kruschov and Babichev (1960)
who when abrading a range of materials on abrasive papers found
that cold work did not increase wear resistance.

Experiments were carried out on Stellite as this is a
material which is intrinsically herd (p, = 823Ke/mu’) unlike &
steel which requires heat-treatment. The normal grinding
force was particularly high A¥90 1b when using the standard
conditions, Grinding coefficient on the other hand was low,
typically 0.19, It was noted that the grinding vheel
exhibited slight glazing. The high forces were partly
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accounted for by the high value of the width/depth ratio 35 : 1,
Iinrmal force predictions were 42 1b, only about 507 of the

observed valuee.

54544 Effects of Table Speed on Normal Grinding Force.

The simplest way of achieving a large variation in metal
removal rate on & grinding machine having a constant wheel
speed i3 to vary table speed, The results of varying table
speed on normal force are shown in figure 5,10, As would be
expected from wear theory normal force shows an approximately
linear variation with table speed for both hard and soft

nateriala,

5455 Teaxr Tests,

Wear test results for the range of materials used in the
dynamometer experiments are shown in figure 5,11, All the
tests were carried out using a spced of 750 rpme., & load of
18 1b and one inch dismeter wheels, The results are plotted
as weight loss in grams against specimen hardness, Vith the
DAK5 pins the weight loss only increases slightly as the
hardness of the pins falls from 890Kg/mm2 to 350Kg/mm2; below
a hardness of 350Kg/mm2 however the weight loss increases
rapidly. The high weight loss with the soft pins was
ascociated with rapid wheel wear and some vibration.

The weight loss of the Stellite 100 pin was small conpared
to that of the steel specimens, Thic observation 1s consistent
with the large normal grinding force recorded by this material

when compared with steel.
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The weight losses of both cold worked and annealed mild
steel were similar; again there was rapid wheel wear and some
evidence of vibration.

To simulate the effects of changing table speed in
surface grinding tests were carried out using progressively
smaller normal loadsji the results of these tests are shown in
figure 5.12. Viith both the hard and soft materials weight
loss falls in & linear manner with reduction in normal force.
Homever the resulte show certain discreparcies with materials,
having a hardness below 300VPi. (see fig 5.11) probably due to
rapid wheel wear end vibration, Discrepancies in this area

occur in other tests and are diccvsced later,

5.5:6 Friction measurements.

The coefricient of grinding and the coefficient of
friction were measured in the majority of experiments; the
values for a wide range of hardnesses and different sbrasive
grit sizes are chown in table 5,3 The main feature of the
results is that both grinding coefficient measured in the
dynanometer tests and coefficient of friction measured in the
wear teets increace steadily as hardness falls, the coefficient
of friction showing the greater increase, ¥With the exception
of the sBoftest materlals, when the coefficient of friction was
higher, both coefficients had similar values in comparative

tests,
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5¢6  Discuseions

The dynamcmeter pepformed satisfactorily and the results
produced were in good agreement with thoss of other workers
reported earlier (Chapter 2). Vhen grinding theory was
applied to the present results good agreement was obtained
with hard materials dbut soft materlals showed considerable
error. These inconsistencies are the same as thoss observed
when the theory was applied to results avallable from the
literature (Chapter 3).

Both wear and grinding theories ars critically dependent

on the value of the width/depth ratio of the scratches formed
on the abraded surfacee. ~hen obtaining ths value of this
ratio from, for example, a Talysurf trace the finer the
scratches taken into account inevitably the smoller the value
obtained for the widtn(depth ratioe. Since in the precsent
experiments the value of the width/depth ratio for both ground
and scratched specimens are substantially the same the validity
of the technique is not in doubt,

It was particularly reassuring to see the pattern of
behaviour observed with the dynamometer repeated in the wear
tests, For example, Stellite 100 was difficult to grind
giving large normal forces and a low grinding coefficient,

The corresponding wear tests showed that the material was wear
resistent and had a low coefficient of friction, The
anomalous behaviour of the softests materials is thought to be
due to the rapid wheel wear and vibration vhich was observed

with these naterials, Vibration itself tends to increase
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wear and the rapid breakdowvn of the wheel probably produces
particularly sharp gritz again increasing wear rate,

It 18 of intcrect to note that the wear rates in the
tests with hardened steel (647 X 10~“5gm/cm sliding) were
similar to that in the grinding experiments using the
standard conditions (85476 X 10'5gm/cm sliding) .

5«7 Conclusion,

(1) Thé grinding dynamometer worked satisfactorily and
gave results similar to those of cther workers,

(2) The method of determining width/depth ratio in the
grinding experiments agrees with the results deduced from
scratch tests.

(3) Grinding force predictions are accurate with hard
materials but with soft materials the calculated forces
assuming ol and B are unity are as low as 25 to 307 of the
observed values.

(4) Materials vhich are difficult to grind show good
obrasion resistance and Vvice versa,

(5) Within the 1limited range of experiments carried
out, grinding force and wear rate are unaffected by cold worke.
(6) Friction measurenments show the same behaviour

pattern 4n both wear and grinding; grinding and friction
coefficients are greater with soft than with hard matcrials.
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6. Scrateh tests with Fockwell nnd Vickers Indentors.

641+ Introduction.

The fact that abrasive wear theory depends critically on
the relationship between the abrasive grits and the scratches
vhich they precduce has stimulated a number of practical
investigations of the mechanism of scratching using idealised
cutting tools. Earlier, when discussing this work (2.4) it
was pointed out that the majority of investigators used soft
naterials (p, = 10Kg/m?® to p = 200K/mn®) and tools with
90° face snglesy euch a tool gives a width/dcpth ratio of
2:1 vhen cutting at zero rake angle. These conditions are
quite difierent from those occuring in grinding; a process
usually applied to hard materials the width/depth rztio of a
typical grinding scratch being 20:1. So that even ignoring
the effects of opesd, the conditions in grinding are very

different {rom thoce used in the scratch tests reported in

- the literature.

The most critical feature of scratch tests, which a study
of the literature leaves unresolved, i1s the possibility of
metal removal by a cutter having a negative rake angle.
Earlil:r theorlies of abrasive wear assume that the normal load
is carried on the frontal facets of the grits and that such
grite remove material; obviously 4if negative rake grits do
not remove material then the basis of such theories of
abrasive wear will be in questions On the other hand the
work of Mulhearn and Samuels (1962) and Sedriks and Mulhearn
(1963 and 1964) implies that grits with rake angles lower than
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& criticcl value, clese t0 zero, digploec bub 49 not remove
rafcrinlg material renoval i4s then almoct entirely due to
g0 with positive ke ouslen.

In the crperinents reporiad Lelow the ceraiching of

materiale having & wide rence of hardncs: (p, = 20Ke/ma” to

,u;g/hﬂ“) wng gtudied Ii: theoo tocts the Vickers Diamond
indentor and the Rockwell cons werc uscd, Adthouyl. theso
tsolc were uned beczuce of thelr ready avellability they alco
have the merit that thelr width/depth ratios are siniler to

thooe of rriniins acratches.

-

Oe2 Inzmayatus ond linteriale,

A feu exploratory exneriments vere carriced out using the
Vickers Projccticn Hicroscope Yicro-hardnezus tester, the
indentor being trocked acrose a mieropoliched spesizen by
wesng of the micrometer cercws fitted to the nieroscope ctazae.
In order to eliminate manunl traclkiing of the indentor and to
cliow tangsentiel forcee to be meacured 1f roguired the majority
of expecrimcnts wero perforaed on e £1iding friction paching
(Geserived elsevhere Archord 1956) with o nechanieally driven
stzacog speed Leas per minute,

The sprginene were 1" X 03757 equare, the gurfoce to be

serateched beins prepared to & nicroe-polichcd finish,

Hetepionlo,

Eardened and tespered to the following se
£GOVTS,
TAOVEL
598VFl
LBIVIT .
315Vrh,
263V o



2/329 :C H W iz=i_MADE IN ENGL/

BSON LEICESTER

Pig, 6.1 A typical scratch showing pile-up, material Stellite 100,
Vickers indentor edge-first orientation, load 2Kg,
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0.27C Steel (BDUS) 223VPhil &
as aobove annealad 120VPIl o

Copner {Bright Drawn)  102VPN,
Annecaled) 50VPLD o

Alunindun 2Br1ght Drawn) LOVEL,
Annealed) 20VPX o

Stellitz 100, 823V

643 Experimental Procedurs,

A sories of single sciatches wes formed on cach specimen
using both the Rockwell and.Vickergthelattarbeing tracked
using both the facet forward and the edge forward
coafizurationss The scratches were then examinced optically
end a nuadber of Talysurf traces were taken across each
scrateh using a X100 and X500 magnifications and the
appropriate vertical magnifications, The Talysurf trace was
uscd to measure the scratch width, ingluding pile-up, as
indicated in figure 6.1, and the amount of mmetal removed.

A study of the literature suggests that there exists some
confusion atout mcthods of characterising the geometry of the
sciateche Thils 18 best understood by reference to a typleal
scratch, chown in figure 6.1, upon a surface which was
originally optically smoothe Consider a sceratch of unit
length having the cross section shown. The volume of material
displaced is equal to the area AB but, of this material, a
volunze equal to the area A, is retained upon the surface as
piled-up material. Thus the volume of material removed

(wear) is equal to (A_.5 = A,). On the other hand, as already



REOPROCAL or THE SCRATCH WIDTH SQUARED

(**) AGAINST HARDNESS FOR A

coMJ*iTiQMs; ROCKWELL CONE.
2 K&. LOA3ZI.

STELL/TE t00 *

THEORY EQUATION LI

p-ANNEALfT> MIID STEEL

too 500 300 400 500 éoo Too “00 loo /Jooo
HARDNESS V.RM.

FIG-. 6.2.
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dlocusscd, abrasive wear theory is concerned with thae load
supported upon the frontal regions of the indentor. To
sinplify tho subsequent discussion it will be assuaecd that
the pile-up in the frontal regions is related to that chown
at the sides of the final scratch (fig 6.,1). Therefore in
terms of wear theory (Chapter 3), end in particular in
connaction with the factor 8 , one is conceraned with the
total scratch volume; this, in our example, is equal to
(53 + Az).o

In sscessing the resulis of the present scratch tests
the results were analysed by the following technigue, The
threo volumes were obtained by cutting & copy of the
Taiysurf record into appreopriste areas and veiching these on
a chenical bhalence, The resulis are expressed below as the
materisl removed either as & fraction of material disnlaced
1;= (A3 - 52)/A3, or as a fractior of the total groove valume
B= (by = 8,)/ (85 + Ay)e

644 Results of Sinrle Scratches.

kockwell «

The 8cratch widths werse nessured from the Talysurf traces
taken at X500 horizontal megnificaticns The resulis are shown
in figure 6,2 plotted in the form of the reciprocal of the
scratch width squared against hardness., The figure chows that
the experimental results are in good azreeaent with
theoretical values of the scratch width based upon the
assumption that the load is supported only on the frontal half



Pm =263 IgmL

-P,‘ H] 3‘5%"‘”’.
Pz a4] I@,»?

. m * 578 ,'"71
10, ) P

. Pm = 890 iglvm"

x$oo

Fig. 6.3a Composite picture of a series of Rockwell scratches in
hardened and tempered 19 steel, load 2Kg.

x§00

Fig. 6.3b Composite picture of a series of Vickers facet scratches
in hardened and tempered 19 steel, load 2Kg.
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of the indentor and if n valua of 0,5 ic used for the constant
of proportionslity in the wear equation 3,30,
This assumption ylelds the result,

2a = 2 , v cn
anmoloé- * (6‘1)

2 = half the scratch width in cms,
¥ rornal loz2d in Kz,
p, = flow pressure Kg/ma“ «

where »

it

A particularly interesting featurc of most of the scratches
vas the piied=-up edges (fig 6.1), a phenomcnon which has been
noted by a number of other wvorkers. An advantage of taking a
Talysurf trace of each scratch was that this enabled a
guzntitative essescnent to be nade, of the effects of pile-up
on metel removel, The results, which are shown in Table 6.l
are exprecced in the foru of per cent metal removed as a
proportion of either metal displaced or total groove voluige

The effects of plle~vup on scratch geometry are shown
quite clearly in figure 6.38 in which all the traces for the
hardencé cnd tempered 17C steel speeimens have been assembled,
These observations taken in coajunction with reesults shown in
Table Sl indicate that pile-up at the edge of a seratch
conslderably affects the proportion of the groove volunme
removed, It can be seen that the softer the material the
greater the degree of pille-~up and as a consequence the smaller

the proportion of the groove volume removed., With fully
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hardened steesl (pm = 890Kg/mm2) 57% of the total zroave
volume was removed but with the same materisl 4empared to

p, = 263Kg/mn° this proportion had fallen to 12%. The
“chaviour of the coficr materials (mild steel, copper and
aluminiua) although less consistent, providea further support
foxr the assuaption that the scratching process is mcore
erfficient viith hard materials. Tests were also carried out
with S8tellite 100, a materlal which 18 intrinsically hard but
having a metallurgical structure different Ieom that of
hardened vteelss apgain a hizh proportion of the groove volume
was reumoved and this sugyests that these observations upon the

effecis of hardness have a wider, more general, significance,

Vickers Indentor.

The Viclicrs Dilawond Indentor has a number of advantages
over the liockwell Ccn2s both facet and edgewise scratches can
be nsde and the scrateh geometry is constant., However, the
Rockwell cone can produce only one type of scratch and,
because the tip of the cone is radiused, the scratch geometry
alters with depth of penetzration.

Scratching with the Vickers indenor in the facet-first
orientaticn gave similar recults to these obtained with the
keckwell conee A graph oi the reciprocal of the ecratch
width sguared agsinst hardnees is ehown in figure 6.4 together
with a thecoretical line calculated from the equation (6.l1)
clacec, once again, it is assumned that the load is supported
only on the frontal half of the indentor and due to plle-up
at the front of the indentor the value of the constant of

proportionality in the wear equation is again 0.5,



RECIPROC.AL OF THE SCRATCH WIDTH SQUARED (%qf
AGAINST HARDNESS FOR A RANGE oF MATERIALS.

CONDITIONS: VICKERS FACET.

X10¥ con: , 2KG LAAD.
32AF :

30oF e

2 STELLITE Joa —*

ALk

o

22r

2of

I8r

R4

12

l4}

(2]

L}
,ao b

o8}

ANNEALED MILD STEEL.
COPPER.

— ALUMINILM,

A 2 1 ' i 1 2 1 i _4 |

O 10 200 300 400 500 60O T £o0 9J00 1000

HARDNESS MAN.

FIG. 6.4



RECIPROCAL OF THE SCRATCH WIDTH SQUARED feiT

AGAINST HARDNESS FOR ARAN&EoF MATERIALS.

CONDITIONS VICKERS EDQE

a KG LOfIH.
X10 Ach-
|
hS
li *
STELLITE 100
. «
u
DAKS.
hi
DAKS
oa DAKSA 7
06 THEORT EQUATION 6.2
04
__B.DM.S
ojZ AN AANNEALEIs P
COPPER.
A AUIM/N/IUM.

HARDNESS V.P.N.

FIG. 6.5.



104

The theoretical scratch widths are slightly preater than
those observed experimentally., Cutting efficiency was again
found to be greater with hard materisle ( A/ 507 of total groove
voluzme with hardened steel) than with soft materials ( N/ 10% of
total groove voiume with mild steel),

“he results obtained when scratchinzs with the Vickers
Indentor in the cdge=-first orientation are presented in fig.6.5.
They are in good agreement with the theoretical line obtained

from the expression,

2a =2|_W ¢, (642)
P 10<

with the exception of the two hardest materials, Stellite 100
and the fully hardened steel, It nay be siznificant that

thess were the only materials from which a measurable quantity
of material was removed ( A/ 107 of total groove volums). Vith
the softer materiels (below 600Kg/m32) metal was piled-up at
the edge of the scratches but nothing was removed, This
observation is in agreement with those of other workers (e.g.
Kruschov and Babichev 1960) who found that no material was

removed when scratching with a cube edge.

6.5 Mierosconic observetions of sinzle scratches,

Uscful additional information conceraning scrateh geometry
and the nechanien o metal removal was obtained by uleroscopic

examination. Althouch the complete range of specimens was



Pig. 6.6 Vlokors iniantoor faoeft-flrst orloitatloa# m aterial B.9.H .3.,
load 500g, aagnifleatlom Z 440.

fig. 6.7 Tickart iadenttor faeet-edge orioatatioii, m aterial hardened
Ifto steel, load 500g, miagndfisation X 1045.

fig 6.8 Tiokars indemtcor faoet*first orientation, material harianod
steel, lead 500g# mmagnifioatlon Z20.
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studied the scratche: cn hardened steel and bright drawn
mild steel were founk to be representative and will be quoted
as 1llustration, Tle scratches formed by the Vickers
indentor were of pariicular interest since they can bde made
with either the facei=-first or the edge-first orientation.

Most of the Talrsurf traces had shown pile~-up at the edge
of the scratches an effect which could also be observed
optically using a hish resolution light-profile technique on
the Vickers projectim mieroscope. Stroud and Wilman (1962)
used this method to stuly scratch geometry, and the proportion
of the scratch removel, However, in the author®s opinion the
Talysurf method is mcre convenient and gives more reliable
results.

The front end of the scratches is important when
considering theoreticil predictions; frontal pile-up was
observed when scratching in the facet-first orientation
(fig 6.6) but was abs:nt when scratching in the edge-first
orientation (fig 6.7). The extent of the pile-up at the front
of the scratch formed by the facet face was equal to the depth
of the scratchj this sbservation is in complete agreement with
Sedrike and Mulhearn 1963) .

Microscopic examnation confirmed that facet-first
scratches remove material (figs. 6.8 and 6.9) and that material
is more readily removed from hard materials. There was no
evidence of metal remeval with scratches made with the edge-~

first orientation.
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fig. 6.10 B«peatod track flohcr# ladantor faoct-flrst orlcotatioe,
m aterial haxdaoed 3" «teel, load 500g, magnification ZUO.

fig. 6.11 mepeated track Ticker, Indaator facet-flret orientation,
m aterial B.D.X.S.* load $00g, magnification X 440.
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6.6 Repeated scratches,
- Obviously tracking en indentor over a micropolished

surface is very different from the situation in normal
abrasion where after the first few sbrasive particles have
scratched the surface all subsequent particles encounter
material which has been tbraded. Kruschov and Babichev (1960)
for example, suggest as an explanation of their observation
that the wear rate of metals 1s unaffected by cold work, that
the maximum work hardened condition 1s achieved during
ebrasion. To get closer to practical conditions the effects

of repeated tracking in the same groove were therefore studied.

Experiments were carried out with the Vickers Diamond
Indentor using a 500g loal; most of the tests involved hardened
steel (pm = 890Kg/mm2) « To carry out the experiments
successfully the apparatus had to be carefully aligned; this
being particularly critical with facet=-first scratches,

When the Vickers j.ndentor was trecked in the facet-first
orientation in the same groove it readily cut a chip with
hardened steel (fig 6.10) but with a softer material such as
mild stesl (pm = 223Kg/mm2) chips could only be formed with
aifriculty (fig 6.11). These observations confirm that
scratching with a facet face, even one having a negative rake
angle, will remove matericl.

. Repeated scratching of hardened steel using the Vickers
indentor in the edge-first orientation produced the most
startling results. The original scratch had a relatively
smooth piled-up edge (fig 6.12) but there was no evidence of
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fig. 6.12 Tioksrt in&entor fecet-edge orleatatloa, aaterial harienad
BOB steel, load 300g, magnifloation X 440.

Hg 6.13 Bepeatod traoks uslag Ylotore indentor faoet-edge orientation,
m aterial hardened 3" steel, load 500g, magnifieatloo X440.



fig. 6.34 Repeated traekt Tiokars indentor faoet-edge orlaBtatloa,
m aterial hardened 3gaC steel, load 300g, magnlfioation Z 440.

fig. 6.13 Bod of repeated traoks Tiokers indentor faoert-edge orientation,
m aterial hardened 1" steel, load 500g, magnlfioation X 1045.



TABLE 62

Coefficlents of friction during scratching under a load j
of 2Kg, speed Yem/min,

Haterial Hardness Coefficlents of friction

TP Ne Rockwell Vickers Vickers
Indentor Indentor Indentor
edge=-first facet~-firs

19Csteel (DAX5) 896G 0.16 045 0450
" n 710 0.10 0155 0460
" " 573 0.2, 0455 0.60
" " 449 0,16 0.50 0,40
" " 320 0.2 OM5 0,50
w263 0,32 0,50 0 .60
B .D .[’(i .S L] 223 O .60 o .’48 0 .50
Annealed M.Se 120 0460 0.40 0.60
Cu. Hard. 102 0.60 0.40 0.50
Cu. Soft. 50 0.60 0.40 0455
Al ., Hard. LLO 0.60 0050 0.60

Ale Softe 20 0460 | (o JRIVI] 0456
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any material having been removed, Vhen a series of traverses
(six in all) were made in the same groove two effects were
observed; '

(1) a ehip started to form in front of the indentor,
several of which are shown in fig 6.13, and

(11) echips started to appear due to breakaway of the
piled-up edge at the side of the groove (fig 6.14),

Careful study of the edges of the groove showed that chips formed
by the second mechanism were probably produced by a shearing
action (fig 6.15)+ Thus edge-first ecratehes produce chijo
vhen scratching is repeated; however the process still eppears

to be less efficient than facet-first scratching.

6.7 Coefficicnts of friction.

In & number of runs on the friction machine the coefficient
of friction was measured during scratching. Table 6.2 shows
the values of the coefficient of friction obtained in this way.

These coefficients chow no very marked trends although two
tendencies meay be noted. First, there is a trend towards lower
values of friction with harder materials, ©8econd, when using
the Vickers indentor, the friction is generally somehhat higher
in the facet-first orientation than in the edge-first

orientation.

6.8+ Theoretical analysis of scratch geometry,
For a scratch of given width the volume of material removed

depends on two factors, The first of these is the width/depth
ratio of the scratch which is already allowed for in the wear



SCRATCH WIBW.

Fig 6.16a 3\ov.'ing tlic effect of 0 01 scratch voluno.

SCRATCH, wm :
No VILd-UP

Fig 6.16b All the scratches Irvo the vii All ana ease male
but vararing auounts of 'ile-uo.
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equation 3.30 being the value of cot © (fig 6.16&). However,
the scratch tests have shown that a second factor must be
considered, namely pile-up at the edge of the scratc¢h

(fig 6.16b) . This means that only a proportion of the groove
volume is removed and in the wear equation (equation 3.30)
this is represented by the factor @.

A typical scratch with pile-up is shown in figure 6.1}
the important parts of the scratch are the total groove
volume (Al + Aj) the volume piled-up (Aa) and the volume
dicplaced (AB) « The percentage of the total groove volume -

actually rcmoved is given by the expreession :=-

Az = By X 100% (6.3)

A1 + AB

Cutting efficiency 1svvery sensitive to the amount of
plle-upj; and expressions for the volume of metal removed will
be derived for the two types of pile-up which were observed in
the experiments (6.17)« Tabor (1951) has observed similar
ridges at the sides of hardness indentations. In the theory
which follows we chall consider the volumes associated with a
regular scratch of unit length and we shall use the notation
of figure 6,1 to indicate the different elements of material,



6.13a Jetail of scratch with s-amctrical rlaro.

?i". 6.18b Detril of scratch with, asyiwictrical :'i ;0.
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Groove with symmetrical ridre.

The assumed geometric shape is shown in figure 6,18a.
The height of the ridge is R the total depth of the scratch
is X and the width of the ridge on each side of the scratch is
2y wvhere y = Rtan @

Then
Volume of pile up = A, = 2 R? tan © (6.3)
Volume displaced = A3 = (x - R)ya tan @ (6.5)
Total groove volume = (A,+ A3) = x° tan @ (6.6)
Volume removed = (Ag = A,) = (x%2xR - R°) tan @ (6.7)
Ve nov denote the severity of pile-up by the factor r

where
r = % (6.8)

It is now possible to express the volume removed by the

two methods defined in section 6,3 abovse,

-9 = _Volume removed = Az = A, = x° = 2XR = R%
! vVolume displaced A} (x - B)2
2

= Volume removed s A3 - A2 = X~ » 2XR - R
7 Total groove volume

AI*AB X
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Groove with an asymmetrical ridse,

For the more general case the width of the ridge on
each side of the scratch is assumed to be (n+ 1) ¥

Then, as before,

Volume of pile«up = A, = (n + l)than e (6.11)
Voluze displaced = Ay = (x = R)*tan o (6.12)
Total groove volume = (A1 + A3) = x°tan @ (6.13)

Volume removed = (A3 - A2) = (x2 « 2XR = nRz)tan e (6.14)

As before, the volume removed may be expressed as

= Volume removed = 1 = 2P - nr? (6.15)
A Volume displaced (1 - r)? |
Aa. = Volume removed = 1 = 2P « nr2 (6.16)

Total groove volume

It will be observed that the groove with a symmetrical
ridge is a special case of the general formulae with n = 1,

In figure 6.19a,b the ratios and A representing the
volume removed are plotted against the ratio r = (ridge
height)/(total scratch depth) for different types of grooves,
It will be cbserved that for a given ridge height, typically
about 30 to 4O% of the total scratch depth, the volume
removed falls to zero.

In figure 6,20 is shown the interrelationship between
the two methods of expressing the volume removed, Also

plotted on this graph are the results obtained from Table 6.1



Fig, 6.20 Intor-rclationshin between methods of expressines the
nronortion of noterisl removed,

© Roclarell indentor; 19C steel (DAKS) Hardened and temncred.,
® Rockwell indentor; other materials (Tsble 6.1).

A Vickers indentor, facet-forward orientation; 14 steel.

& Vickers indentor, facet-forward orientation; other material
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(vhich refer to experiments with a Rockwell indentor) and
similar results obtained with a Vickers indentor in the
facet-first orientations It will be observed that the
experimental results are in reésonably good agreement with
the theory. The experimental results plotted in fisure 6.20
algo seem to imply that with the harder materials, for which
the proportion of material removed is larger, the pile-up
tends to be more acymmetric (i.ec. larger values of n in
equations 6,15 and 6.16). There is an indication of this
fact in the profiles of figure 6.3be.

Finally figure 6.21 shows the results of Table 6,1 for
scratch tests in which hardened and tempercd 19C steel was
used in conjunction with a Rockwell indentor, The proportion
of the volume removed (expressed in the two alternative ways
defined above) ic plotted against the hardness, Results
obtained with the same material using a Vickers indertor in
the facet-first orientation show the same trend, with somewhat
greater scatter, and the same conclusion applles to scratch
tests with the other materials listed in Table 6.1. The
general trend of the results is quite clear, As thehardness
of the material is increased the efficiency of the scratch;ng
process becomes higher; a larger proportion of the material

is removed and appears as worn debris,

6.9 Discussion,
The most important aspect of the work described in this

Chapter i1s the discussion of the methods of characterising the
geometry of the scratch, This is shown by the different
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volumes of figure 6,1 and the analysis of the results in these
terms given in section 6.8+ Althouch the work of Kruschov
and Babichev (1960) is of great importance in this field their
results, upon closer examination, seem particularly confusing,
Although they measured the width of their tracks with an
optical microscope they claim that the track width corresponds
to A1 of figure 6.1 [How thino could be achieved in the
presence of appreciasble pile-up is difficult to understand,

In the present work the total width of the track,
including the pile-up, has been taken as the parameter of
greatest signfficance for abrasive wear theory, The
comparison between theory and experiment shown in figures 6.2,
6.4 and 6.5 suggests that this assumption is fully justified,
The agreement is very close indeed both for the Rockwell
indentor and for the Vickers indentor in the edge-first
orientation, For tests with the Vickers indentor in the facet=-
first orientation the agreenecnt is a 1little less satisfactory
but presumably this divergence is concerned with the assumed
relationship between the pille-up at the front of the indentor
and that observed at the sides of the scratch after the test,
It may also be noted that the agreement between theory and
experiment obtained in these tests is far more satisfactory
than that obtained from an analysis of the results presented
by Kruschov and Babichev.

The results of these seratch tests also have some
significance for the theory of abrasive wear. The good
agreement between theory and experiment suggest that, elnce



113

the wear equation (equation 3,30) is based upon the same
assumpt;ona, the value of 0,50 for the constant of
proportionality in thic equation is Justified, However,
becauss the total track width including pile~up lc used, the
inclusion of the factorf(representing the material removed as
a proportion of the total track volume) is ncw sn ecssential
part of an acccptable wear equation.

The tests have shown that matcrisl can be rcmoved by
cutters having negative rake angles; but the ease with which
material is removed depends on the way in which the cutter is
presented (facet cuts more readily than edpe), the number of
timece the material hae been seratched end the material being
scratched (hard materinls chow proportionslly higher wear
ratec than soft materials). V4ith repeated tracks in scratches
with the edge«first orientation, the main mechanism of material
removal appears to be shearing of the plled-up sdge; the chips
produced by this mechanism are relatively short compared with
those produced by scratching in the facet-first orientation.

Finally, the fact that a higher proportion of the total
groove volume is removed when scratching hard materials seems
to be highly significant. It could go some way towards
expleining the fact, noted by Kruschov and Babichev, that rates
of gbrasive wear f£all less rapildly with increasing hardness
than might be expected by simple theorles, Secondly 1t could
provide an explanation of the relative independence of
grinding forces to changes in hardness of the workplece. A
more complete discussion of these questions will be given in

Chapter 8.
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6,10 Conclusions,

(1) Material is removed by indentors having negative
rake angles.

(2) Theoratical ond obcerved scratch widths were in

good agreement provided allowance is made for plle-up,

(3) Scratching in the facet-first orientation ig a more
efficient method of metal removal than scratching in the edge-

first orientation.

(4) Repeated tracks in the same groove, particularly‘
with the Vickers indentor in the edge~-first orientation, showed
that breakaway of the pilecd-up edge 1s an inportant wear
mechanism.

(5) 4 hizher proportion of the groove volume 13 removed
with hard than with soft materiala,

(6) The proporticn of the groove volume removed is
related to the pile-up and the experimental results are in
quite good agreement with simple theories which take this into

account ¢

(7) Sseratching in the facet-first orientation tends to
produce chips similar to those formed in single point cutting.,
Seratching in the edge-first orientation tends to produce
relatively small chips which are cup shaped,

(8) The use of a value of 0,5 for the constant of
proporticnality in the wear equation 3.30 is Justified in the
light of the results obtained by scratching.
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7« Experiments with Abrasives.

7. Introduction.

Abrasive wear theory, and ‘the experiments Just
reported for scratching with idealised indeantors, make a
number of assumptions about the nature of abrasive surfaces,
These assumptions are a necessary simplification if
calculations are to be made. Real abrasives with very
sharp fracture facets may behave very differently to
idealised cutters. To assess the extent to which the
theoretical basis of wear theory is valid under practical
conditions, a series of experiments was carricd out using
abrasives, These experiments mere divided into two groups,
(1) scratch tests using abrasives followed by an examination
of the scratches formed by Talysurf ond optical techniques
(11) gn examination of abrasive surfaces using a wide
variety of methods,

It was hoped that this series of experiments would
provide further information about the mechaniem of chip
removal, scratch shape, the effects of material hardness on
chip formation and the geometry and structure of abrasive

surfaces.

7+2 Apparatus,

Scratch tests were carried out, as before, either on
the Vickers Projection Microscope Micro-hardness Tester or

on the Friction Machine.
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The scratches produced were examined using optical
and Talysurf techniques.

Abrasive surfaces were examined optically, by
Talyrond and scanning electron microscope,

Where special techniques were used these are

descridved at the appropriate stages.

7.3 Materials,
The bulk of the materlals used in earlier experiments
were studled but most of the results chosen for illustration
involve either hardened or mild steel and BA60 - L5 = VFBLU
abrasive wheels. Vhere results were obtained using other
materials this is indicated in the text,.
Except where indicated scratch tests were carried out

on specimens having a microepolished surface.

7+ie Preliminary Scratch tests with single abrasive grits.

A few preliminary tests were carried out on the
Vickers Micro-hardness Tester using single grits projecting
from an abrasive wheel. To obtain such grits the wheesl was
dressed in the usual way on the pin and ring mgchinej the
vheel was then mgehined with the diamond so that a narrow
band of abrasive about one grit wide was left projecting;

a single grit could then be left proud of the surface by
breaking away its neighbours.

Talysurf traces of the scratches formed by such grits
showed that substantially the whole of the scratch volume
vas removed when abrading hard materials bult with .soft. 1.
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materials, such as mild steel, the bulk of the material
displaced from the scratch was pilled-up at its edges
(£igs 741 & 742)s The cutting performance of an sbrasive
grit is therefore sensitive to pile-up at the edge of the
scratch in the same way as that of an {dealiced indentor.
licroscopic examination of the single grit scratches
supported the Talysurf observations, chips being observed
on the surface of the hardened steel specimen (fig 7.3)
whilst the mild steel specimen had fewer chips and evidence
of pile-up at the edges of the scratch (fig 7.4). It is of
interest to note that the some of the scratches on mild
steel exhibited the mechanism of edge breakeaway observed
earlier in repeated écratching with idealised indentors.
Both the Talysurf traces and optical examination
showed that the uce of the term a "aingle grit" is misleading;
‘what had appeared t0 be a single grit often produced several
quite separate scratches on the surface of the specimen
showing that a single grit may have several cutting facets

or edges.

7¢5 Effects of material hardness on the cutting process.
Since the prelininary tests suggested that abrasive

grits show the same behaviour pattern as idealised indentors,
namely the bulk of the groove volume being removed with hard
materials but reduced cutting efficienty with softer
materials due to edge pile-up, it was decided to scratch
test a range of specimens of differing hardness (DAKS
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hardened and tempered) using the same abrasive grit.
Unfortunately these experiments had to be abandoned as it
was very difficult to preserve the abrasive grit 4in its
original condition throughout the tests due to the ease
with which fracture occurred. A different technique was
therefore adopted; specimens were made from DAK5 and heate
treated in such a way that a hardness gradient was formed,
the hard end being 890Kg/mm° falling to 300K¢/mm® at the
soft end. The specimens were scratched on the friction
machine using a load of 2Kg, and a single grit from a 36
grit wheel., Two typcs of test were performed; in one
series scratching began at the soft end of the specimen, in
the other at the hard end., When scratching degan at the
soft end of the specimen the grits fractured and friction
measurements were crratic ( n/ 0.,6+0.8)3 when the test was
begun at the hard end, the grit fractured when the soft end
was approached, In both types of test the change in
scratching mechanism occurred in the region of the specimen
having o hardness of 300 to LOOKgz/mn®, friction at the soft
end being high (v 0.6 to 0.8) falling to O.4 to 0.5 at the
hard cnde Talysurf traces showed that as the grit
scratched the specimen pille-up increased progressively with
reduction in hardness (fig 7.5). The complete range of
specimen hardness could not be covered as the high
coefficients of friction assoclated with the soft end of

each speclmen and the tendency for the grits to dig in caused

fracture in the regions having a hardness below about L4OOKg/

mmg.
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Hlcroscopic examination of typical scratches
confirned that chips were readily produced at the hard end
of a specimen (fig 7.6) and that ai the soft end grits
fractured and there was considerable pile~up at the edge of
the scratches (£ig 7e7) .

7.6 Scratch tests with grinding wheels,
In the dynamometer tests reported earlier (Chapter 6)

scratch tests were made on a micropolished surface after
each grinding run, The main purpose of these tests was to
determine the width/depth ratio or the scratches forned and
the coefficient of friction,

However it was noted that the bchaviour pattern
observed with both idealised indentors and single abrasive
grits was repeated with grinding wheels. With hardened
steels substantially the whole of the scratch volume was
removed, but with softer materials ploughing occurred
reducing scratching efficiency (£ig 7.8) .

The specimens used in the grinding experiments
provided further evidence in support of the concept of
ploughing with soft materialss After forty traverses
using a depth of cut of 0.0003" the hardened steel retains
a sharp edge but the soft specimen shows & rouch edge (fig
749)« It is suggested that the rough edge is formed by a
ploughing mechanism, a small quantity of material being
displaced over ths side of the specimen with each treverse

of the grinding wheel,
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wheel as indicated, material hardened 1~ steel, load 500g.
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7+7 DPositive rake grits,

Most abrasive wear theories assume that the normal
load is supported on the frontal facets of the abrasive
grits and that it 1s.these grits which remove materisl,

Positive rake grits do exist in abrasive surfaces
and their role in the cutting process cannot be completely
diemissed. Single grit scratch tests were therefore
performed using poeltive rake grits isolated from a grinding
wheel in the manner described earlier, (Examination of
abrasives reported in Section 7,9 suggest that less than
10% of the grits hed a positive rake angle),

The tests were carried out on the friction machine
using a range of loads (LOOg to 2400g) and micropoliched
hardened steel (pm &= 890Kg/mm2) epecimens,

Two behaviour patterns were observed :-~ (1) under
light loads the grits usually scratched the surface with a
coefficient of friction of umwv0J3 (41) with each grit there
was a critical lopd at vwhich it started to dig into the
specimen, the coefficient of friction rapidly rose to a
value of about = 1, the grit fractured and the coefficient
of friction fell to about i = 05 (fig 7.10). These
observations can be explained if it is assumed that although
the grit eelected (at a comparatively low magnification)
had a positive rake angle the cutting edge is slightly blunt
so that at the tip the grit has a negative rake angle, At
licht loads the grit will present a negative rake angle to
the specimen, the coefficient of friction being low; at



higher loads the grit penetratec furthey into the specimen
and will have a positive rake angle and a high coefficient
of friction, Due to the high value of mthe grit will
fracture to glve a new edge with a negative raks angle and
the value of the coefficient of friction will returnto 0.5

7«8 Bcrateh tests on ground surfaces,

All the scratéh tests reported sc far have becen
carried out on micropolished surfacesy by adopting this
technique the scratch gecmetry can be determined accurately
but the conditions are unrepresertative of real abrasive
processes vhere most of the grits encounter materiaol vhich
has already been abraded, A number of scratch teste were
therefore carricd ocut on surfacs ground spec¢imens using both
idealised cutters and single abrasive gritc.

The mothod proposed for studying the removal of
naterial was to talke a Talysurf trace of the same area of
the specimen before and after scratching and by comparing
the two traces the scratch volume eould be observed,

The technique consisted of fitting a small Jjig to
the Talysurf table so that the specimen could be removed
and then accurately replaced, Provided the Talysurf was
operated very carefully the method worked successfully,
repeated removal and replaecement of the specimen giving
identical traces.

The complete experimental procedure was accurately
to locate the specimen on the Talysurf and take an initial



fig, 7*13 Uovoaootioa of Alosito pia# X l6o.
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trace, remove the specimen and scrateh 1t with the
idealised cutter or sinrgle abrasive grit, finally relocate
the specimen on the Talysurf and take a second trace,

By superimposing the two traces the scratch was
located and an estimate made of the material removed.

Typical results for fully hardened steel (DAK5) are
shown in figures 7.l1 and 7.12; with both the single
abrasive grit and the Vickers facet effectively the whole of
the scratch volume has been removed. Similar tests with
softer materials showed that the cutting efficlency had been
reduced by pile-up at the edges of the scratches, confirming
previous observations with idealised cutters, single
abrasive grits and grinding wheels vhen scratched on
micropolished surfaces,

7.9 XExanmination of Abrasives.

Althouzh a number of théorics of abrasion have been
developyed aosuming siople geoastric models, remarkably
little 1o known of the true nature of abrasive surfaces.
The concluding phase of this chapter is concerned with
methods of examining abrasive surfaces and in particular

grinding vwheels,

74941 Micro=sections,

Mulhearn and Samuels (1962) developed o microscopic
nethod of exanmining abrasive pagers whlich in the present

" work was slightly modified before 1t was applied to solid

abrasive pins., The surface of the pin was coated, by
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 evaporation with a ¢onducting material (silver); this was
in turn coated by electroplating with a thicker protective
layer of nickel., The specimen was then mounted in Diakon
using a metallurgical mounting press and the press was
maintained at the moulding temperature for several minutes
to 2llow the nmounting material to penetrate the pores of
the abrasive, The specimens were then polished using
diamond abrasives,

A typical seciion of an Aloxite pin ischown in
figure 7.13; the structure of the abrasive and the attack
angle of the grits can be seen, Unfortunately the technique
is very time consuming, the specimen has to be destroyed and

it is difficult to examina precice areas of the specimen.

74942 Talyrond.

This instrument can examine round and c¢ylindrical
objects giving a very high vertical magnification., Vhen
applied to one inch diameter grinding wheels the traces were
found to be reproducible (fig 7.14) and a fine grit vheel
was shown to have more cutting edges than a coarse grit
vheel (fig 7.15). The method gave little evidence of grit
chape and no indication of positive rake cutting angles,

7.93 Optical Profile HMethodm,
This method was found t5 bs particularly suited to

the examination of the emell ebrasive wheels used in pin gnd
ring experiments., The surface of the wheel was diamond

dressed leaving a strip about ons grit wide, A profile
projection technique was then used to study the exposed



fig. 7.16 Aotogram of dlaacaa dressai 60 grit shsel, X 7.

flg.7.17 AIM 1 la f1£frT.K* X 125.

fig. 7.18 Area 2 la fig. 7.16* X 125.

fig. 7.19 Area 9 la fig. 7.16, X 125



flg«7a20 Photogram of diamond drosBOd y6 grit mbael, X 7«

rtg. 7.2 Areal la fig. 7.20. X 125. Mg. 7.a Area 2 la fig.



Vif. 7.2) Sharp grltt im a diaamt diwaaad % grit WhoaX, %lIg).

%* 73k»UMt gdU la ¢ 96 srt* 4M 1, X 129.
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grains a permanent record being obtained by taking either
a photogram or photocraphs

An as dresced 60grit vheel 1s shown in figure 7.16
at a magnification of X7; the areas 1, 2 and 3 in rigﬁre
7416 are shown enlarged to a magnification X125 in figures
Tel7s 718 and 7,19, The very sharp facets of the abrasive
can be readily seen and alco the fact that there are very
few positive rake grits, A similar set of results for a
36 grit whgel which is cutting satisfactorily are chown in
figures 7;20, 721 and 7422,

The mcthod was elso applied to wheels which had been
used on the surface grinding machine. An as dressed 36grit
wvheel is showvn In figure 7.23 znd the grits are ceen to be
csharp, and in most cases have nagative rake angles, The
structure of a similar wheel which has been deliberately
glazed is shown in figure 7.24 the flattened peaks of the
abrasive grits being readily visible.

A severe limitationof optical methods is their poor
depth of focus particularly at high magnifications. For
example although the highly polished tip of a glazed grain
can be studlied optically at high megnifications no detail
of the grit itself will be visible. |

794 Scanniny

The major advantages of this type of instrument are

its great depth of focus, good relief contrast and high
resolution, assets vhich are particularly useful vhen

studying uneven surfaces such as abrasives, Another feature
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Specimen
No.

N WVMid W

-

2oble 7.3

Plgures
No.
7.26{a).
7.26(v), 7.27,}
7.30

7:.26(8), 7.29
7.26(2).
7.26{e).
7.26(£)s 7.28,
gt
7.54{8,0 end e).
7.3(b,4 cnd £).

733

Conditiom,

BASO = 15 = VFBIA wheel as received,
BAGO = 15 « VIBLU vhecl dlamond dressed.,

The remaining speclmens had becn run in
wear tests, BASO = L5 « VFBLU wheels _
versus soft steel (DAX 5) speed 3,500rm9,
102d 1&»80 ' '
Abragive wheel ruming tins 0.25 rin,
Abrasive vheel ruming time 2.5 nin,
Abrasive whecl rumning time 25 nin,

Abrasive wheel ruming time 180 min.
Steel pin ruming time 180 min,

Completely glazed abrasive pin included
for comparison,



*) *)
t %

(*) ()

fig* 7.26 60 grit eheelo in various ooniitions (#) as rMleved
(b) diamond dressed (#) run 0«250ia* (d) 2.5 oim. (e) run
25 mim. (f) run 180min. Kagnifleatioa 733 viewed veitieally



(®)

Tic. 7>2S 3teno>id>okographs of « 60 grit 1Aael 1AIch has xun for
180 Bins. (¢) X 150 (b) X 75 (*) X 35. VIwBd Tortlcally.



*)

0)

%

(*)

Stereo>phaten«phs of dlaaoed dressed 60 gitt «heel,
(b) X 62 (#) X 35. Vieeed vertically.
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of the instrument 16 that it can produce stereoscopic
photograrhs, [However, during the present work only
limited sccess to a scanning electron microscope was
possible; therefore the results reported below chould be
recarded as en exploration of the utility of this technique.

Experiﬁente wvere carried out to study abracive vheels
in various conditions ranging from as received to completely
glozed, The wheels were prepared on the pin and ring
machine (Chapter L) the conditions being selccted to give
gradual glazing of the abrasive, A number of wheels were
tested the experiments being stopped at progressively later
stages in the pglazing processe The wear curve for the
experiments 1s cshown in figure 7.25« A list of specimens 18
glven in table 741

Figure 7.26 thows the range of 60grit wheels viewed
vertically, The as received specimen (7.26a) has & closely
packed structure the abrasive grite presenting flat facets
to the surface, Dressing (7.26b) gives a more open
structure with a large number of very sharp cutting edges.
Close examination of figures 7.,26c +o 7,26f reveals the
progressive formation of flats on the tips of the cutting
grits due to glazing. The differences between a freshly
dressed wheel and one which has become glazed are shown in
greater detall in stercoscopic photographs (figures 7.27
and 7,28) o

The depth of focus given by the Scanning Electron

Microscope 1s particularly advantageous when taking obligue
photographs of a surface. An oblique stereo-photograph



fig. 7*29 photograph of positive rakty grit in a 60 grit /émél
ahlA has ma for 0.25 min, viewed horlsonta*ly# X 320.

fig. 7.30 Sharp grit vieweA Mg. 7#33 Slfteed abrasive pin
horlsKRitaHy# X 330. viewed at 43"# % 70
fig. 733L Sl&sad grit viewed fig. 7-32 Asfig. 7.31. X 300.

horlsoflotalV» % $6.



(a) 9.25 min. (h) 180 Bin.

(e) 0.25 min. (d) 180 min.

(*) 0.25 min. (f) 180 aln.

fig. 7,54 Fhotogmphs of Tifi (DUQ) pian wbSoh have jwn for
0.25 and 180 nunotw. (a) and (b) 1 1,500# (e) and (d) X 750,
(a) and (f) X 575. Mowod at 7-r to the IwdLaontal.
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of a grit with a positive rake angle is shown in gigure 7.29
the cutting edges can be seen to be particularly sharp. The
diffcerences between the dressed and plazed wheels were found
to be nmuch mors obvious when viewed at e shaliqw angle;
figure 7.30 shows a sharp grit in the freshly dressed wheel
figure 7.31 and 7.32 a glazed grain with & sncoth top in the
wheel which has run for 180 mins. t,

The wear sear on an aloscite pin is shown in fig
(7.31) tho abrasive is completely clogged with wear dgbris
and has a very cmcoth surface, Similar effects were.
observed with abrasive wheelc when glazing had been allowéd\
to continue for very prolonged periods.  _ ik\

As the grinding wheel glazes the quality of the |
surface which it produces will also change, figure 7.32
chows the differences between the Bteel pin which has run
for 0425 nins, and the one which has run for 180 mine. The
pin which ran for the shorter time has a reugh surface and
shows evidence of ploughing; the second pin has a very smooth

surface which appesrs relatively undisturbed.

7410 Discussion,

The scratch tests using abrasives were oconsistent
with tre earlier test involving idealised cutiers the
importance of nile-up at the cdgses of seratches in soft
materials was again demonstrated, Although the tests used
abreazive grite and in some casee ground specimens it must

be remembered that the experiments are still not completely
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representative of grinding as speeds were very lows Using
coefficicent of friction o8 gulde to the cutting mechanism
(u = 2 in single point cutting 0,5 in grinding) it was
found that positive rake grits could only support a high
coefficient of friction for a short time before fracturing
to give a negative rake grit and a low coefiicient of
friction, This suggests that positive rake grits on grinding
wheele play little part in the sbrasion process and that the
bulk of materlial ic removed by grits with a aegative rake
angle.

0f the methods used to examine asbrasives the optlcal
profile and scanning electron microscope proved to be the
most effectivee The optical profile method did not involve
seotioning the specimen so the specimen could be used again;
this 1s pariicularly important with large grinding wheels,
The specinmens examined with the ecanning elcctron microscope
had to be broken up but, despite this, the results were
very valuable, The differences between as received,
dressed and glazed wheels wers dramatically demonstrated,
Examination of abraded steel pins elso ylelded interesting
information ccncerning the effects of ploughing and metal

removal rates,



128

7+11 Conclusiorns.

(1) Avrasive grits behave in a similar way to
idealised cutters; the quantity of material actﬁally
removed from & specinen depends critically on plle-up at

the edge of the scratches formed by the abrasive,

(2) Positive rake grits fracture very easily and
are small in number; they probably account for the removal

of only a small proportion of the abraded material,

(3) Dressing produces a grinding wheel with a
large number of very sharp cutting <dgcse.

(4) Glazing is the gradual blunting of the
abrasive grits. The extreme situation cbeerved in some
abraoive pin experiments and some ebrasive wear experiments ?
when the abrasive becones completely clogged with debris is

more repreccentatlive of supcr-finishing than rrinding,

(5) then eeratching 2 fully hardened steel
(pm = 69aﬁg/mm2) almost ths whole of the scratch volume is

removed o

(6) Thers is need for further work on the
relationchin betwaecn the geometiry of an abrasive grit and
the egeratch which 14 produces. The nmethods of examining
abrasive whecls explored in this work could te further

develcped.

(7, Vhen scratching hard materials a coefficient

of friection of about 0,5 was observed.
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8+ General Conclusions,

This theels hep involved s broad investigation of
a number of aspects of the nllied subjects of grinding
and abrasive wear. 4An attenpt has besn made to assess
the extent {to which similar considerations apply to the
mechanisus which occur in both processes, The most
obvious contrasts between the processes arve the surface
specds involved, very high with grinding comparatively low
in cbrasive wear, and the materials to shich each process
is opplied, usually hardened steels with grinding, feirly
soft naterials in abrasive wear studies, Previous
theories of grinding have tacitly assumed that all the
grite were cutting and that the process ecould de regarded
a8 a form of micromilling, Abrasive wear predictions, on
the othexr hanrd, have assumed that the normzl force is
supported on the frontal facets of the ebrasive and that
the contents of the scratches formed by abrasion are removed
ag wears ‘“Theoretical studles of both procesces have
assumed that negative rake grits can remove material but
experimental support, in the literzture, for such an
assumption ic nesgra,

Pin end ring wear teots wsre used to survey the
broad range of behaviour primarily the rubbing of stecls
against grinding wheels, A wide range of loads and speeds
were cmployed, /ith the excepticns discussed below
throughout this range of conditions the wear was of a

markedly abrasive type involving the removal of netallic
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particles, To & reasonable first approximation the wear
rate (worn volumz p:r unit sliding distance) was found to
increase proportionslly with the load and was independent
of the sl1iding opeed.

Some anomalies in wear bchaviour were noiteds Ab
extrenes of load and spécd effects were noted which could
be attributed to thernal softening. However the most
notable featurs was a morked transition in wear bcehaviour
fron the production of metallic particles tc the appearance
oX Tinely divided oxide debris, This caused glazing of the
whesl and, after long pericds of rumning, reculted in a
clogcging of the wheel, Thus slthouzgh these mechanisms are,
at first sight, similar to the severc and alld wear
mechanism of achesive wear, the detailed nechanisms involved
in the transition are clearly differeunt.

The dovelopment of a glazed wheel was therefore
chosen as a sultable process 1o usc for an exploratory
investigation of the utility of the scanning electiron
microscope in the examination of abrasives. This work
showcd very clearly the potential value of the Stereoscan
instrument in this field and further work is obvliously
desirable, In the prescnt investigation the microscope
showed very dramatically the development of flat worn
surfaces upon the ebrasive grite and, at s much later stage,
the €evelopnent of a flat surface vhen the abrasive becomes
charged with oxide debris, These changes appcar to be
sinilar to those found in descriptions of the super
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finishing process, It is not clear, at present what
conditions are necessary to maintain an efficient abrasive
mechaniem which is required for grinding.

Eowever, tho major emphasis of this thesis has been
to chow that, in most iuportant reupects, obrasive wear
and grinding must be regarded as sinilar mzchanisms, DBut,
as discussed earlier, there is a marked contrast in that
grinding theory assumes that all grits remove material
whercas most of the rzoults obtained in ebrasgive wear lead
to the conclusion that the process has en efficiency of
about 107%, the noet favoured sssumption teins that only 10%
o the crits remove materinl. Ip this thesis some
euphaeic hes been pleced upon the study of heat treated
gtcele cince much of the anomalous behaviour is concerned
with these matcrials., It has been shown, in many different
types of test, that the efficiency of the abrasive process
is closely 1inked with pile-up of tho material, The
percentage of naterial removed from an abraded track is
directly related to this pile-up, With fully hardened
cteel the efficiency is high and it f2lls markedly with
decreasing hardaness, The major divergenee between earlier
reculte of abrasive wear and grinding tests therefore ariscs
fron ths sinmple fact that most abrasive wear experiments
heve been concerned with soft materials and most grinding

erperiments vith hardened steel,
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This variation of efficiency with hardness could
go some way to explemin the major anomaly in the field of
abrasive wears This ip the result of Kruschov and
Babichev for heat treated stecels, However cther features,
in particular excessive wear of the grinding wheel when
grinding materisls of low hardness, have been revealed in
the course of the present work, Therefore we now examine
the extent to which the present work presents a consistent
and cohercnt picturc. Consider first the conscgquences of
an 1ldealissd model of the perfect abrasive in which all
grits rcnove material znd the efficiency of the obrasive
process at each grit (representsd by the factor ) is 100%,
For this mndel in ebrasive wear experiments the wear rate
is inverscly »rosortisnal to hardness and the coefficlent
of frictica (which is derendent only upon the grit
geomatry) 4s independent of hardnesse In grinding with a
given depth of cut the normal and tangentlal forces would
be directly proportional 1o hardness, the coefficient of
grinding being independent of hardness,

These conclusions will, of course, be influenced
by the variation of efficiency ( ) with hardnees, The
model of the last paragraph is an adequate statement of the
behaviour of our grinding wheels and fully hardened stecl.
However as the hardness falls the wear rate will increase

lesc rapidly than expected (wear rate oC 1/p,) because of

)
the fall in 8. This is shown to be the casc in figure 5,11.
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In the grinding experiments, at a given vheel depth of cut,
the expected decreass in normal force will be, to a large
extent, offset by the change in 8which means that the grit
depth of cut will increase with decreasing hardness, An
alternative statement of this same effect is to recmark
that as the hardness falls 8 falls andnaterial, 1nstaa«1 of
being removed at the first cut, is involved in more than
one cul.

The prececise effect of the variation of 8 upon the
normal forces cannot be specifizd on <the basis of present
knowledge . Congider a conmparison of the grinding of
hardened steel and coft steel with the sane wheel depth of
cut. For hardened stsel, B approaches unity and each
element of material removed is involved in only one
irdividval abrasive process, Decausa, Tor soft steels g
is lower, each element of material removed is invelved in a
numbér of irdividual abrasive processes before romoval,.
This can come about either by an incresse in the number of
active grits or by an increase in the grit depth of cut or
by both of these changes in unknown proportions., ILikewise
these factors could affect tangemtial forces. However, in
broad terms, it is clear that the fall of efficiercy (8)
with deceasing hardness is capable of explaining both the
relatively small effect of the hardness of heat treated
stecls upon the wear rate (in abrasive wsar cexperiments) and

upon the grinding forces (in grinding experiments) .
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At low valucos of hardness (less than about 300 VPN)
another features occurs which is a function of the
characteristics of the grinding whecl. The sératch tests
with grits (Chapter 7) show that with stesls in this
hardness prange there was a rise in the coefficient of
friction and an increased tendency for the grits to fracture.
These features also occur in the wear and friction tests in
geotions 54545 and 5.5.6 (fig 5;11 and Table 5.3)« The rice
in zrinding coefficlent with decreasing hardness is much
less marked, However this night be expected if & decrease
in hardness also produces an increase in the wesar of the
grinding wheeli this feature was noted in the wear tests,.
The effect of an increase in the wsar of the grinding vhoel
would be to reduce the effective wheel depth of cut with a
consequent reduction in forces., Once again this is an
aspect worthy of further ctudy.

The results for Stellite may also be briefly noted.
It has been shown that the coefficient of friction in the
wear tests and the grinding coefficients derived frcm the
dynamometer tests are significantly lower than thosec obtained
under otherwisce similar conditions with steels. Droadly,
these results are probably explained by glazing of the grits
resulting in the marked increase in width/Eepth ratio which
was observeds This aspect of the subJect merits nore
detailed investigatisn and is an area where the techniques

of examination of sbrasives discussed in Chapter 7 could bde



employeds Morcover, thio is, perhaps, the oaly part of the
experimental wori roported in this thesis where the hardness
of any constituent of the workplece material (in this case
the carbides which form part of the Stellite siructure)
gpproaches the hardness of the abrasive, If this were clearly
establiched this Tfactor could bz an influcnce upon abrasion
cfficicney and the work of Richardson and co-workers (1967)
would be relevant.

Vhen the theories develored in this thesis are
compared with conventional griniing thecories tivo facts
energes Firgtly, both reoly on the accurate deteramination
of the valus for the width/depth raiio of a typical grinding
scratche Secondly clthouzh the present theories have
elinirated the centrovergial gyrit depth ol cut this has been
replaced by two other factors o and B (propertion of active
grits and proportion of groove vclume removed respectively) .
In the author's opinion the factor o could e avandoned as
it 1s to a2 lzrge extent teken ints account in the 3 ternm,
since Af o grit ic not removing material {active) it will
pille-up a ridge, ©Such an inactive grit vould be ineluded
in the mesn velue of 34 As both theorles are so critically
dependent on the value of the width/depth ratio of a typical
seratch and i%s geonmotrieal relationship to the grit vhich
produced ititisthis arca whlch is concidered to be the most

important for furthce ctudye.
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