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cations was the possible removal of the coated material by oxides on splines
and salts formed on door hinges. Therefore, two-pronged investigations were
undertaken in collaboration with NADC and Foxboro/Trans-Sonics , m c :  the
realistic evaluation of :ort metal coatings and the role of abrasive wear in
these applications. This report describes the work done on the basic abra-
sive wear mechanisms , in particular the size effect of abrasive particles on
abrasive wear.

To exarnin e dependence of abrasive wear of materials on the grit
size in detail , te s were conducted on polymethylmethacry late (PMMA), com-
mercially pure nicke’1~, AISI 1095 steel and OFHC copper using pin-on—disk
geometry . The groove formation process on PMMA specimen was directly ob-
served in an optical microscope. Cutting tests with diamond conical tools

• on AISI 1095 steel were also conducted .
The wear coefficient was found to increase by a factor of 3 from 600 to

60 grit for all materials tested ,,~nd it was found that the critical grit
diameter was about 80 urn. The friction coefficient was found to vary in a
similar fashion to the wear coefficient and increased with grit diameter by
20% for all materials. The groove width on PMMA specimens was found to be
proportional to the grit size and the number of contacts was inversely
proportional to the square of the grit diameter. Estimation of the real
contact area from those measurements agreed fairly well with the hardness-
applied load relationship.

Experimental data of friction coefficient in abrasion and cutting tests
was compared with the theories for such simple shapes as sphere and cone.
The composite geometry (cone and sphere) was found to explain the results .
This model shows that the contacting part of abrasive will become relatively
blunter with decreased grit size. By combining this with the criterion for
the mechanical interaction at the specimen-particle interface , the grit size
effect is discussed.

The seperation of total external energy into cutting, plowing and
subsurface deformation energies is found to explain the grit size effect on
abrasive wear semi-quantitatively; the wear coefficient in abrasion is the
ratio of the cutting energy to the total external work done . The transition
of wear mode from abrasion to sliding wear is discussed by considering the
geometry change at the specimen—abrasive interface and the variations in the
energy components wi th decreased abrasive grit size. It is found by
estimation that when the grit size is less than about 1 urn the wear is
controlled by sliding wear mechanisms . The dependence of the wear coeffic-
ient on ductility is also discussed .

There are two major practical implications of this work : First , in
lubricated systems abrasive wear caused by hard particles can be eliminated
by filtering particles more than 1 pm only. Filtration of abrasive
particles smaller than 1 pm will not result in additional reduction wear

• rate. Conversely, when abrasion is used as a material removal process , the
size of the abrasive particles should be greater than 80 pm for maximum

• productivity. Second , in designing two-phase materials for abrasion wear
resistance the size of the hard strengthening phase should be kept below
1 pm to minimize abrasion due to strengthening phase itself. Most of the
strengthening schemes fortunately follow this criterion automatically.
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ABSTRACT

The purpose of the M.I.T. research on wear during the calenda r year

1977 was to apply the delamination theory of wear in minimizin g the wear rate

of spl i nes and door hinges . The technique explored was the use of thin soft

metal coatings on hard substrates , which was shown in a prior study to in-

crease the wear resistance by three orders of magnitude . One of the problems

concerning the use of thin meta l coatings in these applications was the pos-

sible removal of the coated material by oxides on splines and salts formed

on door hinges . Therefore, two-pronged investigations were undertaken in

collaboration with MADC and Foxboro/Trans-Sonics , m c :  the realistic evalu-

ation of soft meta l coatings and the role of abrasive wear in these applications.

This report describes the work done on the basic abrasive wear mechanisms , in

particular the size effect of abrasive particles on abrasive wear.

To examine the dependence of abrasive wear of materials on the grit

size in detail , tests were conducted on polymethylmethacrylate (PMMA),

coninercially pure nickel , AISI 1095 steel and OFHC copper using pin-on-disk

geometry . The groove formation process on PMMA specimen was directly

observed in an optical microscope . Cutting tests with diamond conical tools

on A ISI 1095 steel were also conducted .

The wear coefficient was found to increase by a factor of 3 from 600 to

60 grit for all materials tested and it was found that the critical grit

diameter was about 80 pm. The friction coefficient was found to vary in a

similar fashion to the wear coefficient and increased with grit diameter by

20% for all materials. The groove width on PtIMA specimens was found to be

• proportional to the grit size and the number of contacts was inversely

proportiona l to the square of the grit diameter. Estimation of the real

contact area from those measurements agreed fairly well with the hardness-

4 appl i ed load relationship.
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Experimental data of friction coefficient in abrasion and cutting tests

was compared with the theories for such simple shapes as sphere and cone.

The composite geometry (cone and sphere) was found to explain the results.

This model shows that the contacting part of abrasive will become relativel y

blunter with decreased grit size. By combining this with the criterion for

the mechanical interaction at the specimen-particle interface , the grit size

effect is discussed .

The separation of total external energy into cutting , plowing and

subsurface deformation energies is found to exolain the grit size effect on

abrasive wear semi-quantitatively; the wear coefficient in abrasion is the

ratio of the cutting energy to the total external work done. The transition

of wear mode from abrasion to sliding wear is discussed by considerin g the

geometry change at the specimen-abrasive interface and the variations in the

energy components with decreased abrasive grit size. It is found by

estimation that when the grit size is less than about 1 pm the wear is

controlled b•y sliding wear mechanisms . The dependence of the wear coeffic-

ient on ductilit .y is also discussed .

• There are two major practical implications of this work: First , in

lubricated systems abrasive wear caused by hard particles can be eliminated

by filtering particles more than 1 pm only. Filtration of abrasive

particles smaller than 1 jim will not result in additional reduction wear

rate. Conversely, when abrasion is used as a material removal process, the

size of the abrasive particles should be greater than 80 jim for maximum

productiv ity . Second , in designing two-phase materials for abrasion wear

resistance the size of the hard strengthening phase should be kept below

1 pm to minimize abrasion due to strengthening phase itself. Most of the

strengthening schemes fortunately follow this criterion automatically.
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I. INTRODUCTION

Abrasive wear may be caused by a hard rouah surface sliding on a soft

surface or by hard abrasive particles entrapped between soft slidi ng

surfaces. In both cases surface is damaged by such mechanisms as cutting ,

!)lowino , and single or repeated plasti c deformation which may lead to

subsurface crack nucleation and propaoation. While some abrasive particles

remove material from the surface in the form of microchips , other contact-

• ing particles simply form grooves wi thout removing material by the chip

formation process.

For abrasive wear to take place by a cutting mechanism , the abrasi ve

must be harder than the wearing material , labor (1) showed that for one

material to scratch another it must be at least 20% harder. Richardson (2)

showed that the wear res i stance incr eases when the max imum har dness of the

surface and the bulk hardness of the material exceed about 80% of the

abrasive hardness.

An important characteristic of abrasion Is the dependence of wear rate

on the particle size. The volume wear Increases wi th grit size up to same

critical diameter and then only slowly increases with ant size (3-5) or

remains constant (6-12). A oreat deal of work has been done to explain this

size effect by many investigators and several theories have been proposed.

These explanations can be classified into two large groups : one being that

with decrease of grit size the deterioration (10, 13-16) and Imbedding (15 ,

li) of the abrasive Increase and the other that the aeometry (8) and the

distrIbution (12 , 18) of small abrasive particles are different from those

of larger particles .
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Avient , C,oddard and Wilman (10) studied the abrasion behavior of many

materials and concluded that the clogging of the interstices between the

finer abrasive grains by wear debris is responsible for the critical size

effect. They feel that only a small front region of the specimen contacts

the abrasive particles effectively and the remaining rear part slides over

the clogged abrasive. Therefore, the friction coefficient and the wear

rate decrease rapidly wi th decrease 0f the grit di ameter. They concluded

that this effect would be larr,er for larger samole sizes. However, accord-

m a  to the results of Larsen-I3asse (13), who Investiqated the effect of

the sample size , the difference between wear rates with the long specimen

di rection parallel and r erpendicular to the slidin g direction is only

lO-30~
/ for the finer gri ts.

In the study of 3-body abrasion , Rahinowlcz (14) explained the effect,

based on the surface energy criterion , to be due to the formation of large

• adhesive wear particles which clog the Interstices and interfere with the

abrasive action . The deterioration mechanism of the abrasive was studied

extensively usina the Scanning Electron Mi croscope (SE?~’) by Date and Malkin

(1 6) .  ~1ith continued use, the rapid deterioration in performance with

finer gri ts was accompanied by a buildup of metal caused by capping of the

abrasive grain tips with metal chips and by clogging , They reported that

numerous adhesive wear oarticles were found for finer ant sizes. Based on

this observation , they postulated that the smaller abrasion rate wi th finer

• grits Is due to abrasive arains making elastic contact wi th the specimen

• at loads Insufficient for cuttina .

The elastic contact hypothesis was first proposed by Larsen-Basse (18),
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who measured the size and number of grooves formed on polished copper spec-

imens when they were abraded by silicon carbide abrasive papers. The

specimen was moved under load a distance of approximately im , which is a

similar technique to that used by Avient, ‘~oddard and Wi lman (10) and by
Ilulhearn and Samuels (3). I’e estimated the real contact area by si.nninci up

the square of the groove wi dth . For the fine an ts and the very coarse

grit the results show larae deviation . From this result and ~~~~~~~~~

criterion for the metal-abrasive interaction (19), he postulated that many

fine grits have only elastic interaction with the surface. Furthermore, as

It is unlikely that the abrasive grits gradually become more angular wi th

increased size, it was speculated that the fraction of the load carried by

particles in elastic contact increases wi th decreased an t size.

Muihearn and Samuels (8) investigated the structure of silicon carbide

abrasive papers and developed a theoretical model o? the abrasion process.

The shape of contactina particles , their topoaraphy In the abrasive paper,

their deterioration wi th use, the ~ractIon of contacting particles which cut

a chip, and the rate of change of this factor with use of the paper were

studied comprehensively. They concluded that the shanes of the abrasive

particles are di fferent for different arades of abrasive and for the fine

grains the proportion of acicular particles is much larger and , therefore,

the fine grains contain cracks even in the unused condition .

Johnson (17) studIed the pickup of abrasive particles in annealed

aluminum duri ng abrasion by using electron probe ml~roana1yser. He found

that the pickup of abrasive particles by the wearing surface is oreater by a

factor of 200 for 600 an t than for 240 gri t because the former deteriorates
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more rapidly. Wilman and co-workers (3, 9-11) observed an increase In the

friction coefficient duri ng abrasion with sliding distance , which they

attributed to the proaressive pickup of emery abrasive .

~ecently, Moore and Douthwaite (15) attempted to explain the size

effect in tennis of the plastic deformation at and below the worn surface.

They estimated the equivalent plastic strain and the flow stress as a

function Of depth below the worn surface and evaluated the work done in

deforrninq the material below the aroove and the energy absorbed in pl owinc

the surface. They concluded that the enency expended in olasti c deforma-

tion of material from the grooves and below the surface accounts for almost

all the external work done for all grit sizes in abrasion , and volum e wear

is dependent on the grit size probably because the deterioration and pickup

of abrasive particles become more intense at small grit sizes. Larsen-

• i3asse (13) concluded that the conditionina (such as removal of plastic coat

and sharpenina by initial fracture) and deterioration of fine grit abrasives

• is more predominant than for coarse an ts ; the wear rate will become

independent of an t size when the effects of an t wear can be eliminated.

!%ccordinn to ~•1a1 kin and co—workers (20-22), the total energy in grind-

inc consists of chip formation , plowi no, and slidin g eneraies. Rubbinc

between wear flats on the abrasive cram s and the workpiece is one type of

slidin a ~rocesses encountered In aninding . /~s abrasive grains wear by

attrition , the forces and energy associated with this rubbing increase in

proportion to the wear flat area. It was argued that the relatively flexi-

ble backing of the coated abrasive allow s some of grains to come Into

elastic contact wi th the metal surface at a load aen orain less than that
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requi red to cause plowina or cuttina. They concluded that this type of

sl i ding and the increase of plowing energy with decrease of cuttina depth ,

as seen from the experiments with spherical tools , are responsible for the

size effect.

Studies of abrasive paper, subsurface deformation , and aroove forma-

tion (8, 15 , 13) show that the size and shape distribution of abrasive

particles are simi l ar for all gri t sizes. Therefore, the interaction

beb:een abrasive particles and material surface also must be understood in

terms of geometric similari ty, if the packinr’ condition is not di fferent for

di fferent a nt  sizes . Assuminri that the abrasive parti cl es are spherical ,

simple calculation shows that nroove cienrietries are similar and , therefore ,

the ratios of nroove width to gri t diameter are the same for all an t sizes .

Because of this fact, the size effect cannot be explained clearly by the

elastic contact hypothesis or by the plowing energy argument.

The idealized model of abrasion given by Rabinowicz and co-workers

(6, 23) provides the theoretical basis for the abrasion , but this model does

not predict the an t size effect. The physical interpretations of the wear

coefficient K, (based on the ratio of the volume removed as wear particles to

the volume deformed) by Shaw (24, 25) and ener gy ar gument by Suh ( 26) , make

It possible to express the wear coefficient In terms of the groove geometry

and all components of energies associated with abrasion . By relati na the

hardness of material to the specific energy in metal cuttina (27), the wear

coefficient K is expressed as the ratio of the cuttinc energy to the total

external work done. As will be discussed later in detail , the nature of the

deformation process around abrasive particles and the partitioning of the 
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total ener gy into each component suc h as ch ip fo rmation , plowing and sub-

surface deformation energy determines K.

The physical Interpretation of the wear coefficient K with relative

fractions of the energies, and the observation of slidi ng wear particles

strongly suggest that there is a possibility of the transition with decrease

of gri t size from cutting mode to slidi ng mode. The existing theonies.on

the size effect provide only partial answers and some of them are based on

inco rrec t assum~tlons. The purpose of this study is to understand the

abrasive wear mechanisms by investigating the possible causes of ant size

effect in abrasive wear and to explore the possibility of the transition

from cuttinn wear to slidina wear as a function of the gri t size.

I.
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• II. EXPERIME~1TAL

A. Materials

Polymethylmethacrylate (PMMA), comerc iall y pur e nickel , AISI 1095

steel and OFUC copper were chosen for study. The choice of the materials

was based on several considerations. PMMA was chosen for its transparency

for direct optical observation. Comercially pure nickel was chosen

because it has a good work-hardeni na property. To get spherodlzed and

annealed microstructures, AISI 1095 steel and OFHC copper were chosen. AISI

1095 steel was spherodized and OFHC copper was recrystallized . These

materials cover a wide range of hardness and microstructures.

Samples were cut from 6.35 nut diameter rods of the materials. Before

heat treatment of metal sam p les , ends of each sample were ground on abra-

sive papers to ensure uniform contact. Commercially pure nickel samples

were encapsulated In Vycor tubes and then annealed at 8000C for one hour.

To get small grain size the cold-worked OFHC copper specimens were encapsu-

lated and recrystallized at 500°C for one hour. AISI 1095 steel was heat-

treated at 900°C for hal f an hour , then oil quenched and tempered at 400°C

for one hour to yield spherodized structure. The hardness and density of

the mater ials are gi ven In Tabl e I and the micro struc tures are s hown In
Flaure 1.

IL Abrasion Tests

Abrasion experiments were conducted on a pin-on-disk set-up shown In

FIgure 2. Specimens were abraded on commerci al silicon carbide abrasive
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TABLE I: EXPERIMENTAL MATERIALS

MATERIAL TREATMENT VICKERS HARDNESS DENSITY

(kg/nm 2) (g / c m )

PMMA ——— 17.5 1.18

OFHC Cu Recrystal lized 44.0 8.90

5000C, 1 hr

Ni Annealed 88.5 8.90

8000C, 1 hr
AISI 1095 Spherodized 472.0 7.85

Steel 900° C , 30 m m ;  oil

quenched; 400°C, 1 hr

I
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Figure 2: Experimental set-up used for abrasion tests.

Specimen passes over the fres h ab ras i ve alon g
a spiral track.



21

papers. The specimen held in a loadi ng arm followed a spi ral track on a

20 cm diameter abrasive disk and therefore always passed over the fresh

abrasive . The total di stance slid on each disk was 4m. The normal load

was applied by a dead-weight and the tangential force was measured by a

dynamometer - Sanborn recorder assembly.

Grits 600 , 320, 180 , 120 & 60 were used and the normal load was varied
between 4.9 11 (0.5 kg) and 39.2 N (4 ka). The angular velocity of the

disk was held constant so that the slidin g velocity was varied from 2 to 6

cm/sec following the track. The specimens were weinhed to an accuracy of

0.01 mq before testina. After testing , the specimens were brushed li ghtly

and the weight was again measured. The weloht loss and the tannential force

were determined as an averace of at least 4 measurements for each experi-

mental condition . In case of OFIIC copper and AISI 1095 steel , 4/0 and 3/0

emery papers were also used to investigate the wear behavior extensively.

Af ter abras ion tes ts the sur face of worn spec imens were observ ed

microscopically. Selected samples were electroplated wi th nickel to pre-

serve edges and cut by a diamond saw parallel to the slidin a dIrection and

perpendicular to the worn surface. Then specimens were mounted , polished

and eteched with standard etchants and observed in opti cal and scannina

electron microscopes to determine the subsurface deformation . Wear parti-

cles were collected during the test and examined In an optical microscope.

C. Optical Observation of the Abrasion Process

Pt~iMP~ samples were cut approximately 6 rmn in length and their ends

were mechanically polished on various papers and finally with 0.05 urn alpha



alumina powder. The specimen was loaded under the objective of the micro-

scope , while abrasive paper was fixed on the staqe. The stage was moved

slowly and steadily, and grooves formed on the sur face of the specimen were
observed through the specimen directly. Figure 3 shows the experimental

set-up. The displacement of the stage, therefore, the lenath of the grooves

were carefully controlled. To prevent Interference between grooves the

stane was moved a distance of the order of the average spacina between con-

tacting particles .

Abrasive papers of 5 grit sizes and loads between 4.9 II (0.5 kg) and

39.2 !~ (4 kg) were used. The total number of grooves formed on the surface

~,as counted and their widths were measured . W!ten the total groove number

was l arge, at least 100 grooves were selected randomly and their widths

were determined.

0. Tests With Conical Tools

In order to simulate abrasive action , experiments were conducted with

sinale-point conical tools. A pin on cyl inder type of apparatus was used,

which is simi l ar to the turnlna operation . A conical di amond tool was held

in a dynamorneter mounted on the carriane of a lathe . Normal and tanoential

forces were measured and monitored by a Sanborn recorder. The tests were

carried out under the normal load of 4.4 ii (0.45 kg) and at the cuttin~
speed of about 1.6 cri/sec. Tool angles were varied between 70 and 143

decrees. t’eiqht loss was determined , and cutting particles were col lected

and examined in an optical microscope.

-~~~~~~
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Figure 3: ExperImental set—up used for optical observation• of groove formation on the surface of PMMA
• sample.
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III. RESULTS

A. Abrasion Tests

Figure 4 shows the friction coefficient as a function of the abrasive

grit diameter 0g for the materi als tested , sliding at 4.9 N (05 kg) to

39.2 N (4 kg) load on different grades of dry silicon carbide abrasive

papers. It can be seen that the friction coefficient initi ally increases

with grit diameter slightly , and later levels out and becomes substantially

constant. It can also be seen that the friction coefficient does not vary

much with materials and for metals It does not depend much on the applied

load. For P~4MA the friction coefficient exhibits large scatter compared to

metals.

The wear rate and the wear coefficient as a function of the grit

diameter are shown in FIgures 5-8. These figures clearly show the influ-

ence of abrasive grit size on wear. As the abrasive grit diameter is

increased, the wear rate increases rapidly until a critical grit size is

• reached and later becomes independent of ant diameter or Increases only

slowl y. It can be seen that the slope of the latter stage depends on the

material and the normal load. For PMMA with the applied load of 39.2 N

(4 kg) the slope is quite large. The critical grit di ameter for all the

materials tested is about 80 urn.

Wear particles were collected during the test to investigate their

size and shape. FIgure 9 shows the collected wear particles. It can be

seen that the abrasive particles as well as wear particles were removed

during abrasion. The particles are essentially in the form of microchips

L. ~~~~~~~

~~~~~~~~~ ~~-•••,*. ..•.• _________ • •- •-
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Figure 4: Friction coefficient as a function of the abrasive
gri t diameter for different normal loads: (a) PMMA ,
(b) nickel , (c) AISI 1095 steel.
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Figure 5: Wear rate as a function of the abrasive grit diameter
for different normal loads ( symbols are same as previous
figure): (a) PMMA , (b) nickel , (c) AISI 1095 steel .
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Figure 6: Wear coefficient versus abrasive grit diameter for
different normal loads : (a) PMMA , (b) nickel , (c)
AISI 1095 steel.
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Figure 7: Logarithm of wear coefficient as a function of the
logarithm of abrasive grit diameter.
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Figure 8: Wear coefficient as a function of the abrasive grit
diameter up to 4/0 paper. The normal load was 39.2 N.
Horizontal lines on the left represent the sliding
wear coefficient.



30

I

Ei
ci InIn

(

U



31

and their sizes vary with grit diameter. For finer grits wear particles

generated duri ng abrasion were attached to the abrasive surface; these are

shown in Figure 10.

Metallographic examination of the surface and the subsurface of worn

specimens was conducted to Investigate the mechanism. FIgure 11 shows that

the surfaces of worn specimens are entirely covered with many grooves. It

can be seen from the figure that large plastic deformation of groove

materials by plowing took place as a result of abrasion . It clearly shows

the variation of the number of grooves and their widths with grit diameter.

Optical and scanning electron micrographs of the subsurface, shown in
Figures 12113, clearly indicate that large subsurface deformation took

place as a result of abrasion. For the coarser grits the deformation zone

is clearly observable, but for the finer it is hardly observable probably

because it is too shallow.

B. Number of Grooves and Their Widths

FI gure 14 shows the scann ing electron micrographs of the surface of

the abrasive . It can be seen that the shapes and orientations of the

abrasive particles are Irregular. They are azimuthally and randomly orient-

ed pyramids rather than cones with a wide range of included angles . From

the figure the total number of abrasive particles was counted. For similar

packi ng condi tion , It would be expected that if the grains are similar in

shape, the total number of particles would vary inversely as the square of

the mean grain diameter. Results for the variation of the number of

abrasive particles per unit area with grit diameter are shown in Figure 15, 
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where it can be seen that to a good approximation :

= ~ Dg
2 (1)

where kg is a constant and 0q is the abrasive diameter .

Fioure 16 shows the arooves formed on the surface of P~tt~ sample. It

can be seen that for each grit diameter a wide range of groove sizes is

obtained . In Figure 17 the total number of contacts is plotted for each

grit size as a function of the aoplied load . The number of contactina

abrasive particles lncr~ases approximately linearly with the aoplied load ,

which is responsible for the linear dependence of the wea r rate on the

applied load. The variation of the total number of contacting particles

wi th grit diameter for each applied load is shown in Figure 18, where it

can be seen that the number of contacting particles varies i nversely as the

square of the an t diameter.

Fiaure 19 shows the variation of the averaoe ciroove width with the

applied load for each grit size . A wide ranae of groove widths is observ-

able for each an t size , especially for the coarse grit. It can be seen

that in the range of l oads i nvesticiated the applied load has little

influence on the aroove width. The averaoe groove width as a function of

the grit diameter for each applied load is shown in Figure 20. The average

nroove width increases linearly wi th the abrasive an t diameter .

Using the data of the average groove widths and the number of contact-

inn particles , the real contact are a for al l  an t s izes was ca l ca l ula ted .

The real contact area can be related to Nw2, where N is the total number of

contacts and w is the averane groove wi dth. Results for the variation of

— ~~~-~~—-~~~~~~~~
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Figure 17: Number of contacting abrasive particles versus applied
normal loads for different grits. PMMA specimen of
6.35 nm diameter was used.
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Figure 19: Groove width formed on PMMA specimen surface as a
function of normal l oad for different grits .
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Figure 20: Groove width formed on PMMA specimen versus abrasive
grit diameter.
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wi th applied load are shown in Figure 21. The theoretical value was

calculated from the hardness-real contact area relationship. Figure 22

shows the ratio of the contact area calculated theoretically to Uw2 as a

function 0-f the grit diameter. Resul ts agree well with theory within 50%.

C. Effect of the Cone Angle on the Material Removal

Figure 23 shows the variation of the removal coefficient as a function

of tool angle. The removal coefficient was calculated in the same way as

the wear coefficient. The coefficient decreases ~-.‘i th increase of tool

angle , and it is extremely small at the tool angle of 140 dearees. In

Figure 24 the ratio of the removal volume to the theoretically calculated

groove volume is plotted as a function of the attack angl e which is the

angle of the slope of the cone surface. The term, attack angle , was first

used in simulated abrasive processes with pyramidal tools by Sedriks and

lu l hearn (28, 29). When the attack angl e is greater than ‘15 degrees, the

ratio does not increase with the attack angle.

In all cases except for the 140 degree tool , chips were observed.

Chips are shown in Figure 25. Figure 26 shows the grooves formed on the

specimens .

_ __ _ _
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Figure 21: Number of contacting particles times the square of
the average groove width as a functLn of the applied
normal load (Nw 2 is proportional to the real contact
area).
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• I IV. DISCUSSION

A. Friction Coefficient
- 
II

Mlcrographs of the worn surface shown in Figure 11 clearly indicate

that plowing is dominant during abrasion. Even for the finest abrasive

(4/0), the surface of the abraded sample is entirely covered wi th a large

number of fine grooves. Therefore, the plowing component of friction plays

a dominant role in abrasion.

4 Results of theoretical analyses and experiments with spheres , cones

and pyramids (11 , 30-38) show that the plowing component is strongly

dependent on the shape of the asperity. For a spherical model of asperity,

theoretically calcul ated values of the friction coefficient range from 0.1

to 1.2 as can be seen from Figure 27. Experimental values simulating

abrasion with spheres (30, 37) agree with theory. Figure 20 shows that the

ratio of the groove width on the PMMA specimen to the abrasive grit diameter

is about 0.3. For the value of W/Dg the friction coeff icient should be

approximately 0.24 for a spherical particle (Figure 27). But the observed

values of the friction coefficient in this work are 0.5-0.7 (Figure 4),

which agree fairly well with others (10, 11, 39). Therefore, the abras ive

particles cannot be modeled as spheres; they are angular as clearly seen

from Figure 14.

If it is assumed that the abrasive particle has a conical shape , the

plowing component of friction for the idealized model (23) -Is expressed as

tan e
(2)

1!
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where e is the slope angle of the cone surface. But the results of cutting

experiments do not obey this idealized theory even when the adhesion coin-

ponent is considered ~ogether (Figure 28). Modi fied theories by Hisakado

(30) and Goddard and Wilman (11) show fair agreement for e values of 25-40

degrees . The Hisakado equation is expressed as

tan 0 + 
~~Ua (sec e + 1) (3)

tan e

and the Goddard and Wi lman is

2 f  s 1
= 

~ 
Lta~ 

e + sec e] (4)

where s is the shear strength and p is the flow pressure of the material .

For the range of e = 25-40 degrees, the friction coeffi cient varies from 0.5

to 0.7 approximately. These values agree well with ~i in abrasion tests

(Figure 4). Therefore , it can be assumed that abrasive particles are approx-

Imately conical in shape with this range of slope angles.

For geometri cal ly similar particles , the theoretical models predict

that the friction coefficient must be constant for all grit diameters . But

the experimental results (Figure 4) show that Initially the friction coef-

ficient slightly increases as the grit size is increased up to about 80 pm ,

which approximately coincides with the critical grit diameter , and later

levels out and becomes essentially constant. The variation of the friction

coefficient with grit diameter is simi lar to that of the wear rate with grit

diameter (see Figure 5).
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Much attention has not been paid to this gri t size effect in friction

coefficient. Goddard, Harker and Wi lman (9) proposed that with finer grit

only a limi ted front region of the specimen contacts the abrasive particles

effecti vely and the remaining rear part of the face contacts metal which has

been worn away from the front region. Therefore, they concluded that the

friction coeffi cient depends on the specimen size -for the finer gri ts and

showed that for 4/0 abrasive paper the fri ction coefficient for a small

specimen (0.18 cm) Is larger by a factor of 2.5 than that for a large

specimen (2 cm). But even for the smaller specimen 20% of variation , which

is about the same amount of variation as in this study (Figure 4), still

persists. This implies that there should be other reason In addi tion to

clogging . Spurr and Newcounb (39) attrIbuted the Increase in friction

coefficient with grit size to increasing plowing component. But they did

not give any explanation why the plowing component increases.
p 

Theoreti cal simple models of particle such as sphere and cone cannot

explain the grit size effect because the fri ction coeffici ent is constant

for all geometrically similar particles as mentioned above. If abrasive

particles are conical in shape with hemispherical tip, then the friction

coefficient for this can be calculated by combining sphere and cone. The

plowing component p~~ Is expressed as

2 f l w ~~~
_2 

-l w I W —2
u — — U — I  sin — - I — — l j  ) (5)
~ w t ~

2r I 2r L 2r J J
when w < 2r sin e, and
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2 tan e 1 4 (tan e-e) w -2 1I i —  I — I (6)
L tan e Ir J

when w > 2r s- In e. Figure 29 shows the friction coefficient of this

combi ned model as a function of w/r, the ratio of the groove width to the

tip radius. The adhesion component was estimated by considering the limit-

ing cases of cone and sphere. If r is about 1-5 pm, the ratio w/r is about

1-5 for 600 grit and 3—15 for 320 grit (Figure 19), fal ling on the trans-

ition region. Therefore, by assuming that abrasi ve particles have this

shape the size effect can be explained . With decrease of grit diameter, the

width of contact decreases as shown in Figure 20, and so does the ratio w/r.

Therefore, it can be concluded that the increasing dullness of the

particle due to decrease of the depth of penetration Is the mai n reason for

the decrease of p with gri t di ameter in abrasion. From Figure 29 it can be

also clearly seen that the decrease of p with w/r is mainly due to the plow-

ing component lA
n
.

As far as the tip radi us r is concerned, It is not possible to measure

r exactly, and no one has ever specified this. From Figure 29 it can be

clearly seen that the above discussion depends on the exact value of r.

The grit tip radi us is assumed to be of the order of that of diamond coni cal

tools used in cutting tests.

B. Wear Coefficient

The observed values of the wear coefficient for the coarse grit are 

----—-~ ~~~~~~~~~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~ — -•-- -
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approximately 0.2 for PI+IA and AISI 1095 steel , 0.06 for nickel , and 0.07

for OFHC copper. As shown in Figures 6-8, for coars e grit sizes the wear

coeffi cient is essentially constant, and with decrease of the grit diameter

the wear coefficient decreases .

Al though it is oversimpl ified, the model of conical asperity (6, 23)

provides an upper limit on K. In deriving the wear coefficient by using

this model , Rabinowicz and co-workers, simply considering the cutting 
t

mechanism only, assumed all materials in front of the indenting part of the

conical asperi ty would be removed. According to this model , the wear

coefficient K is given by

3 tan e
K = (7)

1!

Since the friction coefficient Is given by Equation (2) for this model ,

equating these two equations gives

K = 3 u  (8)

If u Is defined as the energy expended in removing unit volume, from
Figure 30 the specifi c energy u Is

External work done p . L . S 4 p . L
U 2 2Vol ume removed w tan 0 . S/4 w tan 0

Since I — 1IW
2H/4 , using Equation (5), Equation (2) becomes

~~w Hu — _____ — H (10)
tan e

• - . 
.•~~- ..



59

Abras iv: groin

Figure 30: Idealized abrasion model in which a cone removes
material from a surface. 
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which means the specific energy u is equal to the hardness of the material
removed for the rigid plastic model . Indeed, this Is the case when the

metal is cut by very sharp cutting tools, which leave little plastic defor-

mation on the workplece (27).

Further , by multiplyi ng both the numerator and the denominator by p,

the wear coefficient K may be written as

3 u V H
K (11)

p L S

where V is volume wear , H Is the hardness, I is the normal load, and S is
the sliding distance.

Since VH V u — energy consumed in removing material , and pIS

external work done, from Equations (8) and (Il),it can be seen that the

ratio of these energies is 1. This means that for the rigid plastic model

the external work done is completely expended in removing material .

But the results of cutting tests do not obey Equations (7) and (8) as

shown In Figures 31 and 32. For ~ 
= 0.6 0 is about 35 degrees (Figure 28)

and K Is 0.23 (Figure 23), but Equation (7) gives K • 0.67. Therefore, It

can be concluded that although the rigid pl astic analysis forms a basis Its

results are not strictly valid for abrasion .

Contrary to general belief , abrasion is not a simple cutting process.

As shown in the micrographs of the surface (Figure 11) and the subsurface

(Figure 12), large plastic deformation occurs at and below the surface
during abrasion. Due to this large plastic deformation, consisting of plow-

ing and subsurface deformation, only a small fraction of the energy Input is

_ _ _ _ _ _
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Figure 31: Removal coefficient as a function of the slope of the
cone in cutting tests of AISI 1095 steel .
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expended in cutting. As for plowing component, it can be seen from Figure

24 that a conical asperity has a certain cutting efficiency defined as the

ratio of removed volume to calculated groove volume in the figure. This

indicates that not all material in front of the Intenting part is removed

in the form of chips. Instead, a large fraction of the material is plowed

into ridges. Therefore, this plowing Is responsible for the deviation of

K from the idealized model . For e • 35 degrees, K should be 0.25 instead

of 0.67 by mul tiplying the cutting efficiency of about 0.4 (FIgure 24).

Subsurface deformation is also responsible for the deviation of K (Figure

12).

The wear coeffi cient not only depends on the geometry of abrasive

particle but also on such material properties as hardness, toughness and

work-hardening property. Table II shows the abrasive wear resistance,

defined as the inverse of wear rate, of material s tested. In general ,

hard materials have superior abrasive wear resistance . From the table , it

can be clearly seen that the wear resistance is not strictly proportional to

the hardness of the materials tested. The wear resistance of heat treated

AISI 1095 steel is only slighly larger than that of nickel , while the

hardness values of the two are di fferent by a factor of five. This is due

to the dependence of the wear resistance of materials on the microstructure

and the different work-hardening behavior by heat trea-buent (40-45) even for

the same hardness. The lower abrasion resistance of PMMA is probably due to

Its brittle nature (46).

Figure 33 shows the dependence of wear coefficient on ductility of

materials. As discussed the flow pattern of material around abrasive
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TABLE II: AB RASION RESISTANCE OF MATERIALS TESTED

MATERIAL HARDNESS WEAR RATE ABRASION
• (Kg/nm 2) (m3/m) RESI~TANCE

( rn/rn )

Pt~t1A 17.5 1.49 x l0 8 7 x l0~

OFHC Cu 44.0 2.23 x 10~~ 45 x l0~

Ni 88.5 8.06 x lO~~
0 124 x ~~

AISI ~O95 Steel 472.0 5.84 x 10~~ 171 x ~~
a

* Applied Load = 4 ka

Abrasive Size = 60 grit

I

—

~ 

.



-- --~~~~~~~~~~ • -
~~~~~~~~~~

• • •
~~~~~

•• - --
~~~~

-- - • -  

~~~~~~~~~

•- - -

0.3 
65

- AISI (095 -N 0 S t e a l
0.2 — 

~~~~~ N —
C PMMA
S -

U

..-
0
0
C-,

- -

C

3 0.1 — —

- 

0 
-

- OFHC 
-

Cu

0 I I I i ______

0 20 40 60 80
Reduct ion  in A r e a , %

Figure 33: Wear coefficient as a function of reduction in area
of materials tested for 60 grit. Applied load was
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particle will determine the removal volume in the form of chips . If the

material is ductile , the material will flow around the abrasive particle

like fluid, instead of being fractured as in case of brittle materials.

Therefore, the ductility of material controls the plowing mode and the wear.

It can be seen that such ductile materials as OFHC copper and nickel have

lower wear coefficients than the brittle materials. The data of reduction

in area was taken from Reference 47. For PMMA it was estimated approxim-

ately using the data of fracture elongation (48). Table III briefly shows

the effect of cold work on abrasion. It can be seen that the wear rate

does not depend on cold work, whereas the wear coefficient Is dependent on

In itial hardness. It Is due to the fact that during abrasion the wearing

surface rea..hes a limiting hardness of the fully work-hardened state (49 -

51). Consequently, if the wear coefficient Is computed by using initial

hardness, -it has different values for different amounts c-f cold work. It

can be interpreted, therefore, that the difference in wear coefficients

between the initial and the fully work-hardened state is due to work-

hardening .

The variations of the wear rate and the wear coefficient wi th abrasive

grit diameter are similar for all materials examined; between 600 and 60

grit they vary by a factor of about 3, slightly depending on materials

(Table IV). It seems that there is no systematic dependence of that

factor on the hardness of material . As for the grit size dependence of the

abrasion behavior of materiel, many explanations have been forwarded.

The clogging of the interstices between the finer abrasive grits by

wear debris (10, 15), the pickup of abrasive particles by wearing surface 
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TABLE III: EFFECT OF COLD WORK ON ABRASION

CONDITION HARDNESS WEAR RATE WEAR COEFFICIENT HARDNESS• 
(kgfrrurn2) (m3/m) AFTER TEST

Annealed 88,5 8.07 x 1O~~ 0.053 - 240

Fully Cold 242.0 8.66 x io~~° 0.157 - 242Worked

* Material • Ni

Applied Load • 4 kg

Abrasive Size • 60 grIt

- .- - - -- -~~~~ _ _ _ _ _ _ _ _ _ _
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TABLE IV: RATIO OF WEAR COEFFICIENTS BETWEEN 60 AND 600 ~~IT

LOAD
MATERIAL HARDNESS (kg)

(icg/m2) 0.5 1 2 4

PMMA 17.5 3.5 2.9 2.9 3.8 
1;

OFHC Cu 44.0 -—- --— --- 3.4

Ni 88.5 2.4 1.9 2.2 2.4

AISI 1095 Steel 472.0 2.2 2.3 2.4 2.6

t

- ~~~~~~ - - -~~ . • - - -- ~—
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(17) and the deterioration of the abrasive with continued use (16) have

been given as possible reasons for the size effect. But by making the

specimen contact the fresh surface of the abrasive as conducted in this

study, those factors can be minI,~ized. Therefore, they are only partly

responsible for the size effect as shown in the study of the effect of

sample size (14).

tkil hearn and Samuels (8) suggested that for the fine abrasive the

proportion of acicular particles is much larger and, therefore , marked

cracking is present even in the unused condition. But from the micrographs

of the abrasive surface (Figure 14) it Is hard to conclude that Is the

case.

The elastic contact hypothesis proposed by Larsen-Basse (18) is based

on measurements of the number of grooves and their widths for several grit

sizes. The real contact area estimated by using these values up to 0.4 kg

agrees very well with theory. While for loads above 0.4 kg it shows

marked deviation. For a load of 1.8 kg the sum of the squares of the

groove width is about 50% greater for 60 grit and 75% less for 600 grit than

the corresponding values for 120, 180 and 320 grits . Combining this fact

with Kragelskii’s criterion (19), he postulated that many fine grits have

only elastic contact with the surface. But the results of the present

study (Figure 21) show that the estimated real contact area agrees within

+ 50% with the theory. It is less for 60 grit and greater for 600 grit

than the theoretical value. In this study the sliding distance is of the

order of the average contacting grit spacing, while in Larsen-Basse’s (18)

study the sliding distance is approximately 1 nm , which is very large.
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Therefore, the possibility of the interaction between grooves and the

underestimation of the number of grooves for the fine grits cannot be ruled

out.

Malkin and co-workers (20-22 ) have been trying to explain the size

effect in abrasion from the grinding viewpoint. It was argued that the

relatively flexible backing of the coated abrasive allows some of grains to - 
-

come Into elastic contact with the specimen surface at a load per particle

less than that required to cause plowing or cutting. They concluded that

this type of sliding and the increase of plowing energy wi th decrease of

cutting depth, as clearly seen In the experiments with spheri cal tools, are

responsible for the size effect. But this is true only when the cutting

depth Is varied for a given grit size. Calculations by using the results

of the number of contacting particles (Figure 18) and the groove widths

(Figure 20) show that even for the spherical grit model the grooves are

geometrically similar for all grit size, which is contrary to the illustra-

tion of Larsen-Basse (12), who considered only one grit.

As discussed above the theories proposed In the past can explain the

grit size effect only partly or some of them cannot explain it clearly

because of incorrect assumptions. From now on the possible reason will be

discussed.

Kragelskii (19) has proposed that, when a spherical asperity of radius

R slides on a metal surface and indents it to a depth h, various types of

asperity - surface interaction occur, depending on h/R. In the case of

ferrous metals, for h/R < 0.01 only elastic deformation takes place; for

0.01 < h/R .c 0.1 plastic displacement, and when h/R > 0.1 cutting occurs.

_ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  ~~~~~ ~~~~~~~ -~~~~ — - - —~~
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According to Shaw’s interpretation (25) of K, the wear coefficient Is prop-

ortional to the ratio of the volume worn away to the plastically deformed

volume below the indenter. The removal volume is determined by groove area,

and plastically deformed volume by the area of contact since it is propor-

tional to the cross—sectional area of plastic deformation . Therefore, the

geometric parameter h/R characterizes the particle-surface interaction for

a spherical indenter. For an arbitrary geometry of particles the ratio of

the groove area to the contact area characterizes the interaction , there-

fore, the wear coefficient K.

If the abrasive particle is conical in shape with grit tip radius r,

the groove area A 0 can be calculated as a function of the groove width w.

For w ?~ 2r sin e, the groove area Ag is

w2 tan e 1 4 (tan e-e) ~w~~
21

A = I 1 — 1— I  I (12)
L tan s ~rI J

and for w < 2r sin e,

Ag w
2{f

~~
)

2 
sin~ - - ) [1 - (W

~~ 2]
~~ } (13)

From Equation (10) it can be seen that if w/r ~ ~~. then Ag w2 tan 0/4.
In this case the particle essentially acts like a cone, and here the
expression w2 tan sf4 is equal to the exact groove area formed by a cone .
From the measurement point of view, the ratio w/r is rather direct para-.

meter than the Kragelskli ’s parameter h/R, because it is easier to measure
w than h and w directly determines the real contact area. For the finest
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grit h is of the order of 1 pm or less in abrasion.

Figure 34 shows the variation of A
9

/w2 as a function of w/r for slope

angles 25-45 degrees. Variation of the mechanical interaction between the

particle and the specimen by Kragelskli’s criterion is also shown in the

figure. The tip radius of the- diamond conical tool used In simulated

cutting tests was about 5 pm , which is comparable with the radius of very

sharp tools used in turning operation (52). Therefore, if it is assumed

that the tip shape and size of abrasive particles are more or less the

same as those of the diamond tool s , then the radius of the abrasive particle

tip is of the order of a few microns , say 1 to 5 pm. Because the measured

average groove widths on PMMA specimen are about 5 pm for 600 grit, 15 pm

for 320 grit and 70 urn for 60 grit (Figure 19), the ratio w/r is about 1 to

5 for 600 grit and 3 to 15 for 320 grIt, which fall on the transition

region, and 14 to 70 for 60 grit, falling on the region of cone. For the

change of these w/r values, the ratio Ag/w
2 varies by a factor of 2 or so,

depending on 0, from 600 to -60 grit.

As discussed above not all groove vol ume is removed in the form of

chips . The fraction of this removal voltine is dependent on the geometry of

the particle-specimen contact as implied by Kragelskli’s criterion. Exper—

iniental results of cutting tests with spherical tools (20) show that the 
-

•

removal fraction depends on the ratio h/R. At present no rigorous solution

for the removal fraction exists . Combining Kragelskil’ s cri terion wi th

experimental results for sphere (20) and for cone (Figure 24), the removal

fraction can be approximately estimated. By multiplying the groove area by

this fracti on, the removal vol ume, therefore, the wear coefficient K can be
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obtained. If g(w) is defined as this removal fraction function, the wear

coefficient K can be expressed as

3 g (w) A H
K = (14 )

L

Although q(w) depends on material properties , It shows roughly the

same trend as Ag/W 2
~ Therefore, the ratio of wear volumes is larger than

that of Ag/W
2
~ of 60 and 600 an ts. So is the ratio of the wear coefficients.

The height dist ribution of abrasive particles makes these ratios further

larger. This is discussed in some detail -In Appendix I.

In the “elastic” region (Figure 34) the material is not removed by a

single groove formation. This Implies that pure slidi no occurs in this

region . The material Is, then, worn away by slidi ng wear mechani sm when

w/r -‘~ 0. Therefore, this combined model of abrasive particle shows the

transition from abrasion to slidina wear as a function of w/r.

By considering energy components In abrasion , the variation of the wear

coefficient can be more clearly understood. As discussed above chip

format ion, plowing and subsurface deformation energies are major sources of

the energy dissipation . Other energies can be regarded as negligible as in

metal cutting , or considered as constant for all grit sizes. By using

Suh ’s interpretation of the wear coeffi cient K (26), the wear coefficient

can be expressed In terms of these energy components.

As the friction coefficient is nearly independent of the grit size, the

total external work done can be regarded as constant for all grit sizes.

Therefore, the external work done We is

- -  

~- 
..
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We pLS W~ + W,~ + W~ 
(15)

where W~ Is the cutting energy, W~, is the plowing energy and W5 is the sub-

surface deformation energy. By taking 3p~~~ 0(1) in Equation (11), the wear

coefficient K has been interpreted as (27).

VH V Work done to generate chips
K — —!!-— (16)

pLS uLS Total external work done

Since Vu — W~, the wear coefficient K is

K (1 7 )
Wc + Wp +

Therefore, the relative amount of each energy component determines the wear

coefficient K.

Actual abrasion process is a combination of cutting and sliding

processes as discussed above. Al though no exact solution for the state of

stress and strain in abrasion exists, the approximate solution for an
elastic-perfectly plastic plane in sliding obtained by Jahanmir and Suh

(53) can provide the method of estimation of the subsurface deformation

energy. When a materi al Is subjected to cyclic loading , it can accumulate
plastic strain, which -Is quite substantial in sliding. By applying the

method of Suh and Sridharan (54) to the case of abrasion , it shows that

subsurface deformation energy calculated is independent of abrasive grit

sizes if grooves are similar for all grits (Appendix II). For this
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assumption from Equation (15) it can be seen that Wc + W~ constant.

All material s plowed ahead of the abrasive particle do not become

loose wear particles. Only a fraction of the plowed material is removed.

Therefore, wear attributable to plowing can be explained in terms of the

fraction of the material removed after being plowed. For a conical particle

with hemispherical tip, the removal fraction function g(w) vs. w has

approximately the same shape as Ag/W
2
• Since w is proportional to the grit

di ameter Dg (Figure 20) and g(w) decreases with decreased w, the plowing

energy W~, will increase with decrease of 0q’ and , therefore, the cutting

energy Wc will decrease. This Is shown schematically in Figure 35.

Accordingly, the wear coefficient K will decrease with decreased grit

diameter as can be seen f rom EquatIon (17).

For the extremely small grits, the wear is essentially controlled by

the sliding wear mechanism as can be seen from Figure 34 sInce w/r 0.

Assumi ng that sliding wear is controlled by the delamination mechanism (55),

the wear occurs as a result of several sequential (or Independent, if there

are pre—existinq subsurface cracks) processes, namely subsurface deforma-

tion , crack nucleation and crack propagation. Analysis of subsurface

deformation and crack nucleation by Jahanmi r and Suh (53) has shown that

deformation and crack nucleation around hard particles take very short time.

Therefore, the crack propagation will control the sliding wear. By applyi ng

the analysis of crack propagation (56) to the limi ng case of D ~ 0 in

abrasion (Appendix III), It can be seen that K - Dg2~ where m is the constant
in crack growth equation . Al though this does not predict exact variation of

K, it provides a qualitative explanation . It Is conceivable that the

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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abrasive wear cannot be less than the sliding wear under identical exper-

imental conditions. Therefore, the wear coeffic ient K will approach
asymptotically the wear coefficient in sliding . In FIgure 8 the dotted

l ines show this schematically.

Above discussion clearly shows that the assumed abrasive particle

shape of cone with hemispherical tip can explain the variation of K with

the grit diameter, and the transition from abrasion to sliding wear. As

the groove width varies proportionally to the grit size, the decreased grit

size makes the specimen-particle interface duller since w/r is the

indication of relative bl untness. Therefore, it can be concluded that the

Increasing dullness of the contacting region with decreased grit size is

the source of the grit size effect in abrasion.

Al though the shape of abrasive particles is rather randomly distributed

pyramids than cones, the above analysis for the Idealized particle shape is

applicable in the same manner. Analogously it can be seen that the

relatively bl unt tip Is the source of the size effect. However, even for
the idealized shape, the removal volume fraction to groove volume cannot be

determined rigorously at present. Therefore, the whole analysis gives an

order of magnitude explanat ion for the size effect wi th reasonable

assumptions for the tip radius and the removal fraction.

The grit size effect in 3-body abrasion can be explained in terms of

the relative bluntness of abrasive grits. As can be seen from the expres-

s-Ion for K, i.e. Equation (7), small values of K imply the decrease of the
slope angle e, which Implicitly means the increasing bl untness of the

particle geometry with decreased grit size. Since abrasive particles spend
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most of the time in rolling In 3-body abrasion, much more energy goes into
plastic deformation. Therefore, the transition from abrasion to sliding
wear will occur more rapidly than in 2-body abrasion.

Further, the relative hardness between abrasive and specimen will

control the position of transition region as a function of grit size. As

shown by Richardson (2), the wear resistance of the material Increases when

its hardness exceed about 80% of the abrasive hardness. If the hardness of

the wearing material -Is comparable with the abrasive hardness, it is no
longer controlled by abrasion mechanism. For a given load, the particles
cannot indent deep, and, therefore, the contacting geometry becomes duller
even for coarse grits. Therefore, increasing hardness of material or

decreasing hardness of the abrasive will accelerate the transition from

abrasion to delamination wear.

The abrasion behavior of materials with grit size is of practical

interest In terms of wear prevention related to the wear mechanism. One of

the applications is the filtration of lubrication systems . By proper
filter design the wear caused by loose particles in fluid system can be

minimized . These partic les are either from outside or oxidized wear debris
from sliding surfaces. In case of oxidized wear particles , the wear can be
further reduced by proper designing of materials. Usually the hard

particles in the matrix are more detrimentaf when they are worn away and

become loose. By controlling the hard particle size far below the critical

size of about 80 pm, the wear can be reduced. In most mul tiphase material

the hard particle size Is about 1 pm , but in compos ite it is of the order of

10 pm. Furthermore, by reducing the size less than 1 pm , the wear mode can

- — --- ~~~~~~~~~~~ - - , ---



80

be changed to sliding wear. Then the wear minimization techniques in

delamination theory (57) wIll provide better solution . Therefore, choos ing
proper hard phase size in composite material wear can be further minimi zed

by combining those techniques.

I
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V. CONCLUSIONS

As a result of this study the follow ing conclus ions can be drawn: —

1. The idealized rigid plasticity models of abrasive wear using

simple geometries are not strictly valid. The wear coefficient

predicted by those theories is of the order of unity whereas the

experimental ly measured values are in the range io .2 
-

2. The reason for that disagreement between theory and experiment is

due to the fact that only a very small fraction of the external

work done is consumed in removing the material by simple cutting

process. Large fraction of the work is dissipated by plowing,

subsurface deformation, etc.
3. According to the classical theories, for a gi ven load the wear

rate Is dependent on the hardness of the material only. However,

results of this study show that the wear rate is dependent not

only on hardness but on ductility also.

4. Previous theories of grit size effect in abrasive wear such as

clogging, elastic contact, etc. are not fully valid .

5. The Increase In the relative bluntness of the Indenting part of

abrasive particle with decreased diameter is the major cause

for the dependence of friction coefficient and wear coefficient on

the grit size. An idealized model of abrasive particle as cone

with hemispherical tip explains the variation of friction

coefficient wi th grit diameters, and qualitatively shows the

t~- ,,Is4~~Ion fro. cutting mode to sliding mode.
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6. The grit size effect in abrasion can be used to advantage in

designing filters for lubri cation systems and materials for

abrasion and sliding wear resistance.

IL

~

- -
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APPENDIX I

EFFECT OF THE GRIT TIP AND THE HEIGHT DISTRIBUTION

The shape of the abrasive particles (Figure 14), and the groove width

(Figure 20) apparently show that grooves are geometrically simi lar.

However, as shown in text the relative sharpness of the grit tip will
influence the groove geometry and, therefore, geometrical simi larity is not

realized. In a microscopic sense the grit tip is relatively dul l when the

depth of cut Is extremely small. Since the heights of the abrasive particles

are distributed over a wi de range, there are particles whose depths of cut

are less than a critical depth where the relative sharpness starts to affect

the wear rate even for the coarse grits.

If the heights 0f the abrasive particles are normally distributed

(Figure 1-1), then we have

1 1 l . u 2
~f(u) • exp - — — ) (I l)

(2w ) a L 2 t o  J
where

f(u) z probability density

u di stance from median line

a z standard deviation

The standard deviation a, and the max imum height urn can be assumed to

be approximately proportional to the abrasive grit size D
9
(I-l). And the

total number of abrasive particles within the apparent contact area is

inversely proportional to the grit diameter (Figure 15). Therefore,
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Figure 1-1 Abras ive surface: (a) schematic of abrasive
surface pressed by specimen , (b) height
distribution curve . 
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a k1 Dg
urn = k2 D9 

(1-2)

Mt 
= k3 o~~

2

The number of contacting particles whose heights are between u and Urn
is

Urn
N(u) N

~ S~ 
f(u) du (1—3)

U

Assuming that the particles are conical in shape with a slope angle of 0, we

have the expression for the real contact area,

Urn u -u  2
A( u )  N ,~ w J 1 f(u1) du1 (14)

ta n G

It can be assumed that the penetrating depth Is approximately proportional

to the gri t diameter (1-2). Therefore, the penetrating depth, ~ -u, is

related to 0
q 

as

Urn
_U — C D~ 

dN 

(1-5)

Using Equation (1-5), we get expression for - — from Equation (1-3)
du

f 21

~ 
exp~~~- - —  ~? C

1
0 (1—6)

du (2w ) k1 0g 2 k1 J 9

where

_ _  ~~~~~~~ - -~~~~~~
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k f 1 k - C 2
= I ~~~~~~ k1 (2w~~~k1 2 1 

-

This means that for a given increase of penetrating depth Au, the increase

of newly penetrating particles is inversely proportional to Dg
3
•

If Auc is the depth of penetration where the grit tip radius begins to

Influence the groove geometry, from Equation (1-6) the number of penetrating

particles whose depths ~f penetration are less than £u~ is

AN k4 Dg
3 (1—7)

and experimental resul ts (Figure 18) show that the total number of

penetrating particles , N, is

N — k5 D 2 (1— 8)

Using Equations (10) and (11), the total groove area 
~ 
Agi is

LAg — 
w 2 tan e I 4(tan 0-0) i W 

—2 1i 
_______  Ii - I ~~~~~ I + W ..<2rslnew1>2rsine 4 L tan e ~ r J 1

- 

1 

(w
~~ 1[ ..( )2f} (1-9)

Results of cutting experiments (Figure 24) and limi ted cutting data (1—2 )

show that the ratio of removal volume to groove volume is dependent on w and
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e. If g(w) is defined as the removal fraction function for a given e and r

(Figure 1-2), the removal volume V in sliding distance S is

V

— = E g(w.) Ag1 (1—1 0)s 1

From Figure 34 it can be assumed that beyond a certain value of w/ r (about
5) the particle acts essentially like a cone and below it like a combina-

tion of cone and sphere. For wit’ < 0.8, It is a sphere. Therefore, from
Equation (1-10) the wear rate becomes

V N-AN AN1
— — � (q(w~) Ag~) + ~ [~ (w

1
) A~~)S cone cone + sphere

AM2
+ L [g(w i) Ag1] (I—il)sphe~e

where AN a ANJ + AN2. Further, Equation (I-il) can be written as

V N r 1 MO E r 1 r i 1
— — z Jq (w1) Ag1 1 - £ ( Jq(wi)I 

— Jg(w )) ~~ Ag~S cone L .icone cone + [L J cone I 1J cone + Jsphere sphere

6N2 1
sphere cone .[~~i] sphere! Ag1 (1-12)

In this equation, the second term on the right represents the decrease of
wear rate due to the combined shape in the transition region, and the third
due to sphere . For 600 and 320 grit It was shown in the text that w/t’
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Figure 1-2 Schematic of remova l fraction function g(w) as a
function of groove width .
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val ues fall on the transition region i.e., cone + sphere. But a large

number of contacts are in sphere region for these grits due to the height
distribution of abrasive particles as can be seen from Equation (1-7).
Therefore, not only the average geometry of abrasive particles but also the
height distribution makes the wear rate decrease with decreased grit size.

—~~~~
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APPENDIX II

SUBSURFACE DEFORMATION BY CYCLIC LOADING

In sl iding the plastic strain is accianulated In several cycles, each
cycle corresponding to the passage of one asperity. The deformation energy

of the material element in the plastically deformed layer during the Ith

cycle is

dE
1 

= [Id(~~.)l dy (11—1 )
I

where ~ Is the equivalent stress and Is the equivalent strain the

material undergoes. If the specimen slides a distance S and undergoes N~
loading cycles , then the total equivalent plastic strain ~ 1s

- Nf —
= (11-2)

1=1

where 
~ 

Is the net plastic strain generated during the ith cycle.

Therefore, the total plastic work done Is

N
,) f 1

11 = — D~ E ~ d( ~ 
) dy (11-3)$ 4 1=1 ° ° I

where 0 Is the specimen diameter.

As a fi rst approximation to the problem one may assiine that (IT-i )

= k (11-4)
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where k is the shear yield stress. Substituting this into Equation (11-3),

the latter may be written as

w = ~~- o2 £ E 1r1 k d(~ 
) dy

S i l o o  1

= — D 2 X P k ~~~1 4y (11—5)
4 1=1 0

Let the ratio m1 of the total equivalent strain V to the net plasti c

strain per cycle ~ V be defined as
I

.v1 (11—6 )

and as a first approximation let m1 = m, where m is a constant independent

of y and also Independent of 1. Substi tuting Equation (11-6) Into Equation

(11-5) , we obtain

~ ~2 mNf I; k ~~ dy

— : D2 a m N ~ 1 k o~~d(3i) (Il-i)

where a Is the half width of contact .

From Figure 11-i , it can be seen that f ~V d ( _ )  is determined for a

given ~~. If It Is denoted by 1
~
, then Equation (11-7) becomes
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= — 02a m Nf k I~ (11-8)

From the relationship between the real contact area A
~ 

and the ntanber
uf contacting particles N

~
, the ntanber of cycles Nf is

~ (N~~

fl S I A  ½
= —I C (11-9)

aD ~4k~

where k~ Is a constant depending on the shape of contacting area.
Substituting Equation (11-9) into Equation (11-8) gIves

W A 1½
— DkmI S1 (11-10)

S 8 ° k~I

which means that the work done per unit sliding distance by cyclic plastic
deformation Is independent of the grit size .

A nianerical example may be given using the abrasion data in the text,
the relationship p0 4H/ir and Figure lI-i . For OFHC copper under the
applied normal load of 39.2N, the friction coefficIent Is approximately 0.5.
Using G — 4.5 x 10 

0 N/rn and asswuing m — 70, the subsurface deformation
energy W5 is about 40J, while the tota l external work done We Is BOJ.

Therefore, about 50% of external work done is expended in the subsurface
deformation in this calculation. This is rather qualitative since It is for

~~~~~~~~~~
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Figure 11-i The steady state residual shear strain per
pass , for different friction coefficients ,
normalized with respect to the maximum appl ied
normal stress p = 4k , divided by the shear
modulus G (Refe~ence 11—2).
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the ideal ized slidi ng case and the assianed m value. But the fraction of the

subsurface deformation energy is comparable with that of Moore and Douthwaite
(11-3).
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APPENDIX III
CALCULATION OF WEAR COEFFICIENT BY CRACK PROPAGATION ANALYSIS FOR

THE CASE OF EXTREMELY SMALL GRIT SIZE

The crack extension, dC, per contacting particle passage can be
expressed as a power function of the change In stress intensity factor , ~k,
and two material constants B and m as in fatigue crack growth (111-1)

dC
* B (Ak)m (Ill—i )

dN

When the tip of the crack In the tensile region, k is a function of the
average normal contact stress the coefficient of friction p, the length
of crack In the tensile region, and the depth of the crack below the
Surface .

As shown by Fleming and Suh (111-2), the maximian k occurs when the

crack lies at some constant criti cal depth d, and when some constant
critical effective crack length Ce Is in the tensile region. Thus, Ak

associated with the maximum k is

Ak — k(a~, ii~ d , Ce) (III—2)

Substituting Equation (111—2) into Equation (111—1 ) and intearating the
result gives

C ~ (•k(G n~ Ui~ d, Ce)l
m N + Ce (111—3)

- 

.

~~—
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If n Is defined as the number of contacts per unit length and S Is the

sliding distance, then N = ~S or

C B(k(a~ , ;i , d, Ce)]
m ns + c~ (111—4)

The real contact area is approximately proportional to the applied load
(Figure 21), and the increase of real area of contact Is due to an increase

in the number of contacts (Figures 17, 19). Therefore, the number of

contacts Is essential ly proportional to the normal load I.

= (111—5 )

Thus, Equation (111-4) becomes

C uB[k(a~ ~~, 
d , Ce)l

m IS + Ce (111—6)

The worn volume V 1 below one wear track produced by a row of particles is
C • d times some crack breadth which is assumed to be of the order of

Ce(III_2)~ 
and multipl ied by • which is a function of the spacing between

crack nucleation sites and the probability of their joining. But it is

reasonable to assume that crack breadth b is of the order of the average

spacing A of contacting abrasive particles. If we let b — ~A as a first
approximation, the total wear volume V Is given by V • C . d • AN.

~
, where

is the number of wear tracks . Since AN
~ 

Is the dimension of the
specimen, D, the wear volume V can, therefore, be expressed as V — • C •

d D ,or
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V = • {aB [k(o~, ~i, d, Ce)]
m LS + Ce) d D (111-7)

In the case of abrasion, individual contacting particle acts like an

indenter, and experimental results (Figures 21, 22) show that the hardness-

real contact area relationship is wel l obeyed. Therefore, it is quite

reasonable to assume that Is equal to the hardness. Equation (111-7 ) may 4
be re-written as

V — •{ ctB [k (H, ~~, d, Ce)]
m LS + Ce ) d D (II1 8)

Normalizing k by a
~ 

and the square root of the half contact length a to get

a dimensionless k , Fleming and Suh (III-2) evaluated the constants d and

Ce~ 
and k as a function of friction coefficient p The resul ts are shown in

Figures Ill-i , III-2 and 111—3. From the results it can be seen that for a
given p, the normalized stress intensity factor, kw /P011 , the normalized

criti cal depth, d/a, and the normalized critical length, Ce/a , have constant
values wi th upper and lower bounds. Therefore, d, Ce and k can be deter-
mined, if ~ Is known.

From the hardness and applied load relationship, the real contact area
Ac is approximately

L
A — — — P~~k w (111-9)C H

where N
~ 

is the number of contacting particles, w is the contact length

which is equal to 2a, and k~ is a constant depending on the shape of the

~~~~~~~~~~~
-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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contact area. As shown in Figure 21, the contact length is directly

proportional to the abrasive grit diameter.

a — 6 Dg (h I-b )

And the number of cycles N is dependent on the distribution of contacts .

For randomly distributed case it is approximately given as

S
N — (N )½ (Ill—li)

I) C

and from Figure 111-3, it can be assumed d VDg for a given p.

By equating Equations (III-5) and (111—il), the expression for ~ is
obtained as

1
— 
I D Dg 4~

2k~ H 
(111-12)

Substituting expressions for a , a, d and k Into Equation (111—8) gives the

expression for the wear volume V

lBS 1 ½ ~~p m m 1
V — — — ~ (o D )

~ 
- 1 + c ) v D D (111-13)

[2D k~H 1 
g ej g

t
The wear rate is expressed as

•{~~(E~Wr (LP0)m (6Dg)~ 
- 1  

+ C
e) ‘~ 

0g (III-14)

and the wear coefficient IC Is
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K = 
3.H

{~~ (~~
-) 

½
t: P0)m ( aD) ~~

• - 1 + c
e} 

V D9 D 
(111-15)

m/2
This equation shows that K varies as Dg

A numerical example may be given using experimental results and fatigue
crack growth data. For Dg = 5 pm, the friction coefficient p is about 0.5

(Figure 4) and 6 0.1 (Figure 20). For p = 0.5 , folb owina values are
obtained.

0.001 0.1 (Figure 111—1 )

0.025 < v < 0.1 (Fiaure 111-2)

2.5 Ce/a c 4.0 (Fi nure 111—3) .

Fatigue crack growth data for materials is limited and only for mode I
is available. For alloy steel, m = 3 and Ak 5 MN/rn3’2 for dC/dN = lO~~
mi/pass (111-3). Using experimental conditions in abrasion for AISI 1095

steel and assuming • = lOs, the wear coefficient K is bO~~ — l0 6, which is

lower than the wear coefficient of io 2 in abrasion. This is probably due

to the fact that the crack propagation mechanism is more complicated than

the mode I mechanism. At present no other data Is avai lable than mode I.
Another reason to this is that the analysis itself provides the order of
magnitude solution. It needs modification by combining the function •, but
no rigorous solution of • is available presently. Although the analysis
cannot provide the exact solution, it still shows the wear coeffi cient K

varies as Dg
m/2.

I
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