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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, Inc: the
realistic evaluation of zoft 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 examinéiggé dependence of abrasive wear of materials on the grit
size in detail, \tedts were conducted on polymethylmethacrylate (PMMA), com-
mercially pure nickel, 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/ﬁnd it was found that the critical grit
diameter was about 80 um. 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 E
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 with decreased abrasive grit size. It is found by
estimation that when the grit size is less than about 1 um 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 um only. Filtration of abrasive
particles smaller than 1 um 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 um for maximum
productivity. Second, in designing two-phase materials for abrasion wear i
resistance the size of the hard strengthening phase should be kept below
1 um 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 calendar year
1977 was to apply the delamination theory of wear in minimizing the wear rate
of splines and door hinges. The technique explored was the use of thin coft
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 metal 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 NADC and Foxboro/Trans-Sonics, Inc: the realistic evalu-
ation of soft metal 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),
commercially 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 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 and it was found that the critical grit
diameter was about 80 um. 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.
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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 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 separation of total external energy into cutting, plowing and
subsurface deformation energies is found to exnlain the grit size effect on

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

S S ]

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 with decreased abrasive qrit size. It is found by

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

controlled by sliding wear mechanisms. The dependence of the wear coeffic-

jent 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 um only. Filtration of abrasive
particles smaller than 1 um 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 um 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 um 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 sliding
surfaces. AIn both cases surface is damaged by such mechanisms as cuttina,
nlowina, and single or repeated plastic deformation which may lead to
subsurface crack nucleation and propacation. While some abrasive particles

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

ing particles simply form qrooves without removing material by the chip
formation process.

For abrasive wear to take place by a cuttina mechanism, the abrasive
must be harder than the wearing material. Tabor (1) showed that for one
material to scratch another it must be at least 20% harder. Richardson (2)
showed that the wear resistance increases when the maximum hardness 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 with grit size up to some
critical diameter and then only slowly increases with orit size (3-5) or
remains constant (6-12). A areat 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 aroups: one beina that

E
H

’

:

H

with decrease of grit size the deterioration (10, 13-16) and imbedding (15,
17) 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, Goddard and Wilman (10) studied the abrasion behavior of many
materials and concluded that the clogaging 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 remainina rear part slides over
the cloaaed abrasive. Therefore, the friction coefficient and the wear
rate decrease rapidly with decrease of the arit diameter. They concluded
that this effect would be laraer for larger sample sizes. However, accord-
ina to the results of Larsen-Basse (13), who investiaated the effect of
the sample size, the difference between wear rates with the lona specimen
direction parallel and nerpendicular to the sliding direction is only
19-30% for the finer grits.

In the study of 3-body abrasion, Rabinowicz (14) explained the effect,
based on the surface enerqy 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 Microscope (SEM) by Date and Malkin
(16). 1'lith continued use, the rapid deterioration in performance with
finer arits was accompanied by a buildup of metal caused by capping of the
abrasive qrain tips with metal chips and by cloaqing. They reported that
numerous adhesive wear particles were found for finer arit sizes. Based on
this observation, they postulated that the smaller abrasion rate with finer
qrits is due to abrasive arains making elastic contact with the specimen
at loads insufficient for cuttina.

The elastic contact hypothesis was first proposed by Larsen-Basse (18),

__..__.__——d
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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 Imm, which is a
similar technique to that used by Avient, Goddard and Wilman (10) and by
Mulhearn and Samuels (8). le estimated the real contact area by summina up
the square of the groove width. For the fine arits and the very coarse
qrit the results show large deviation. From this result and Kraaelskii's
criterion for the metal-abrasive interaction (19), he postulated that many
fine agrits have only elastic interaction with the surface. Furthermore, as
it is unlikely that the abrasive grits gradually become more angular with
increased size, it was speculated that the fraction of the load carried by
particles in elastic contact increases with decreased arit size.

Mulhearn and Samuels (8) investigated the structure of silicon carbide
abrasive papers and developed a theoretical model of the abrasion process.
The shape of contactina particles, their topoaraphy in the abrasive paper,
their deterioration with use, the fraction of contacting particles which cut
a chip, and the rate of chanae of this factor with use of the paper were
studied comprehensively. They concluded that the shanes of the abrasive
particles are different for different arades of abrasive and for the fine
arains 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 during abrasion by usinq electron probe microanalyser. He found
that the pickup of abrasive particles by the wearing surface is areater by a

factor of 200 for GO0 arit than for 240 arit because the former deteriorates
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more rapidly. Wilman and co-workers (3, 9-11) observed an increase in the
friction coefficient durina abrasion with slidinqg distance, which they
attributed to the proaressive pickup of emery abrasive.

Recently, Moore and Douthwaite (15) attempted to explain the size
effect in terms 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
deforming the material below the aroove and the eneray absorbed in plowing
the surface. They concluded that the eneray expended in nlastic deforma-
tion of material from the arooves and below the surface accounts for almost
all the external work done for all arit sizes in abrasion, and volume wear
is dependent on tlie grit size probably because the deterioration and pickup
of abrasive particles become more intense at small qrit sizes. Larsen-
Basse (13) concluded that the conditionina (such as removal of plastic coat
and sharpenina by initial fracture) and deterioration of fine arit abrasives
is more predominant than for coarse arits; the vear rate will become
independent of arit size when the effects of arit wear can be eliminated.

ficcordina to Malkin and co-workers (20-22), the total eneray in qrind-
ina consists of chip formation, plowina, and sliding eneraies. PRubbina
Lbetween wear flats on the abrasive arains and the workpiece is one type of
slidina nrocesses encountered in arindina. As abrasive grains wear by
attrition, the forces and enerqy associated with this rubbing increase in
proportion to the wear flat area. It was araued that the relatively flexi-

ble backing of the coated abrasive allows some of qrains to come into

elastic contact with the metal surface at a load per arain less than that
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! required to cause plowina or cuttina. They concluded that this type of
sliding and the increase of nlowing 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 similar for all qrit sizes. Therefore, the interaction
betvieen abrasive particles and material surface also must be understood in
terms of qeometric similarity, if the packina condition is not different for
different arit sizes. Assumina that the abrasive particles are spherical,
simnle calculation shows that aroove aeometries are similar and, therefore,
the ratios of aroove width to grit diameter are the same for all arit sizes.
3ecause of this fact, the size effect cannot be explained clearly by the

elastic contact hypothesis or by the plowing enerqy 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 arit size effect. The physical interpretations of the wear 3
coefficient K, (based on the ratio of the volume removed as wear particles to
the volume deformed) by Shaw (24, 25) and enerqy argument by Suh (26), make
it possible to express the wear coefficient in terms of the qroove aeometry
and all components of eneraies associated with abrasion. By relatina the
hardness of material to the specific eneray in metal cuttina (27), the wear
coefficient K is expressed as the ratio of the cuttino 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 energy into each component such as chip formation, plowing and sub-
surface deformation energy detemines K.

The physical interpretation of the wear coefficient K with relative
fractions of the energies, and the observation of sliding wear particles
strongly suggest that there is a possibility of the transition with decrease
of grit size from cutting mode to sliding mode. The existing theories.on
the size effect provide only partial answers and some of them are based on
incorrect assumptions. The purpose of this study is to understand the
abrasive wear mechanisms by investigating the possible causes of arit size
effect in abrasive wear and to explore the possibility of the transition

from cuttina wear to slidina wear as a function of the arit size.
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II. EXPERIMENTAL
A. Materials

PolymethyImethacrylate (PMMA), commercially pure nickel, AISI 1095
steel and OFHC copper were chosen for study. The choice of the materials
was based on several considerations. P!"MA was chosen for its transparency.
for direct optical observation. Commercially pure nickel was chosen
because it has a good work-hardenina property. To aet spherodized and
annealed microstructures, AISI 1095 steel and OFHC copper were chesen. AISI
1095 steel was spherodized and OFHC copper was recrystallized. Tnese
materials cover a wide range of hardness and microstructures.

Samples were cut from 6.35 mm diameter rods of the materials. Before
heat treatment of metal samples, ends of each sample were around on abra-
sive papers to ensure uniform contact. Commercially pure nickel samples
were encapsulated in Vycor tubes and then annealed at 800°C for one hour.
To qet small qrain 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 half an hour, then oil quenched and tempered at 400°C
for one hour to yield spherodized structure. The hardness and density of
the materials are given in Table I and the microstructures are shown in

Fiaure 1.

R.  Abrasion Tests

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

Fiqure 2. Specimens were abraded on commercial silicon carbide abrasive
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TABLE I: EXPERIMENTAL MATERIALS

MATERIAL TREATMENT VICKERS HARDNESS DENSITY
(kg / m®) (9 7/ cm3)
L
PMMA A5 17.5 1.18
OFHC Cu Recrystallized 44.0 8.90
500°C, 1 hr
Ni Annealed 88.5 8.90
: 800°C, 1 hr
AISI 1095  Spherodized 472.0 7.85
Steel 900° C, 30 min; oil

quenched; 400°C, 1 hr
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Figure 2: Experimental set-up used for abrasion tests.
Specimen passes over the fresh abrasive along
a spiral track.
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papers. The specimen held in a loading arm followed a spiral track on a
20 cm diameter abrasive disk and therefore always passed over the fresh
abrasive. The total distance s1id 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 N (0.5 kg) and 39.2 N (4 ka). The anqular velocity of the
disk was held constant so that the sliding velocity was varied from 2 to 6
cn/sec following the track. The specimens were weiahed to an accuracy of
0.01 mq before testina. After testing, the specimens were brushed lightly
and the weight was acain measured. The weioht loss and the tanaential force
were determined as an averace of at least 4 measurements for each experi-
mental condition. In case of OFHC copper and AISI 1095 steel, 4/9 and 3/0
emery papers were also used to investigate the wear behavior extensively.

After abrasion tests the surface of worn specimens were observed

microscopically. Selected samples were electroplated with nickel to pre-
serve edges and cut by a diamond saw parallel to the slidina direction and
perpendicular to the worn surface. Then specimens were mounted, polished
and eteched with standard etchants and observed in optical and scannina
electron microscopes to determine the subsurface deformation. I!lear parti-

cles were collected during the test and examined in an optical microscope.
C. Optical Observation of the Abrasion Process

PMMA samples were cut approximately 6 mm in lenath and their ends

were mechanically polished on various papers and finally with 0.05 um alpha
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alumina powder. The specimen was loaded under the objective of the micro-
scope, while abrasive paper was fixed on the stage. The stage was moved
slowly and steadily, and grooves formed on the surface of the specimen were
observed through the specimen directly. Fiqure 3 shows the experimental
set-up. The displacement of the stage, therefore, the lenath of the arooves
vere carefully controlled. To prevent interference between qrooves the
stace was moved a distance of the order of the average spacina hetween con-
tactino particles.

Fbrasive papers of 5 grit sizes and loads between 4.9 N (0.5 kq) and
36.2 ! (4 ka) were used. The total number of grooves formed on the surface
was counted and their widths were measured. When the total groove number
was large, at least 100 grooves were selected randomly and their widths

were determined.
D. Tests With Conical Tools

In order to simulate abrasive action, experiments were conducted with
sinale-point conical tools. A pin on cylinder type of apparatus was used,
vhich is similar to the turnino operation. A conical diamond tool was held
in a dynamometer mounted on the carriane of a lathe. !lormal and tancential
forces were measured and monitored by a Sanborn recorder. The tests were
carried out under the normal load of 4.4 i! (7.45 ka) and at the cuttina
speed of about 1.6 cm/sec. Tool anqles were varied between 70 and 140
dearees. l'eight loss was determined, and cutting particles were collected

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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ITI. RESULTS

A.  Abrasion Tests

Figure 4 shows the friction coefficient as a function of the abrasive
grit diameter Dg for the materials tested, sliding at 4.9 N (0.5 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 initially 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 PMMA 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 fiqures 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 arit diameter or increases only

slowly. 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 diameter for all the
3 materials tested is about 80 um.

i Wear particles were collected during the test to investigate their

size and shape. Fiqure 9 shows the collected wear particles. It can be f
i seen that the abrasive particles as well as wear particles were removed |

during abrasion. The particles are essentially in the form of microchips
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and their sizes vary with grit diameter. For finer grits wear particles
generated during 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 12&13, 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

Figure 14 shows the scanning electron micrographs of the surface of
the abrasive. It can be seen that the shapes and orientations of the
abrasive particles are irreqular. 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
packing condition, 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,

e .
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where it can be seen that to a good approximation:

: ! 4 ..2
l e * kg D (1)

where kg is a constant and Dq is the abrasive diameter.

Fiaure 16 shows the arooves formed on the surface of PMMA sample. It

can be seen that for each qrit diameter a wide range of aroove sizes is
obtained. In Fiqure 17 the total number of contacts is plotted for each
arit size as a function of the applied load. The number of contactina
abrasive particles incrzases approximately linearly with the anplied load,
which is responsible for the linear denendence of the wear rate on the
applied load. The variation of the total number of contactinag particles
with grit diameter for each applied load is shovwn in Fiqure 18, where it
can be seen that the number of contacting particles varies inversely as the
sauare of the arit diameter.

Fiaqure 19 shows the variation of the averaae aroove width with the
applied load for each qrit size. A wide ranae of aroove widths is observ-
able for each arit size, especially for the coarse grit. It can be seen
that in the range of loads investicated the applied load has little
influence on the groove width. The averaae qroove width as a function of
the grit diameter for each applied load is shown in Figure 20. The average
aroove width increases linearly with the abrasive arit diameter.

Using the data of the average qroove widths and the number of contact-
ina particles, the real contact area for all arit sizes was calcalulated.
The real contact area can be related to Nwz, where N is the total number of

contacts and w is the averane groove width. Results for the variation of
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2

Nw" with applied 1o0ad are shown in Figure 21. The theoretical value was

calculated from the hardness-real contact area relationship. Fiaure 22
shows the ratio of the contact area calculated theoretically to Nw2 as a

function of the grit diameter. Results aaree well with theory within 50%.

¢. 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 with increase of tool
angle, and it is extremely small at the tool anale of 140 dearees. In
Fiqure 24 the ratio of the removal volume to the theoretically calculated
aroove volume is plotted as a function of the attack angle which is the
anqle of the slope of the cone surface. The term, attack anale, was first
used in simulated abrasive processes with pyramidal tools by Sedriks and
iulhearn (28, 29). When the attack angle is qreater than 45 deqrees, 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 Fiqure 25. Fiqure 26 shows the grooves formed on the

specimens.
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IV. DISCUSSION

A. Friction Coefficient

Micrographs 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 with a large
number of fine grooves. Therefore, the plowing component of friction plays
a dominant role in abrasion.

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 calculated 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 coefficient 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 abrasive
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 o

u (2)
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where © is the slope angle of the cone surface. But the results of cutting
experiments do not obey this idealized theory even when the adhesion com-
ponent is considered icgether (Figure 28). Modified theories by Hisakado
(30) and Goddard and Wilman (11) show fair agreement for 6 values of 25-40

degrees. The Hisakado equation is expressed as

tan 6 + 7 u, (sec o +1) (3)
|7} =

> — u, tan @

and the Goddard and Wilman is
2 (3
wo= [ [tane+ " seco (4)

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

For the range of o = 25-40 degrees, the friction coefficient varies from 0.5
to 0.7 approximately. These values agree well with u 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 geometrically 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 um,
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 similar to that of the wear rate with grit
diameter (see Figure 5).




54
1.5 ! T =y T e T T T T T
~  ________ Rabinowicz (23) e
~ ————— Hisakado (30) e |
- ——— Goddard et al (li) - !
4
< a
(-}
© o
s &
(o]
a —
=4
< —
© 3
E —d
il

tan 8

Figure 28: Friction coefficient as a function of the slope of the
cone surface in cutting tests of AISI 1095 steel.
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L Much attention has not been paid to this grit size effect in friction
g coefficient. Goddard, Harker and Wilman (9) proposed that with finer grit
only a limited front region of the specimen contacts the abrasive particles

effectively 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 coefficient depends on the specimen size for the finer grits and
showed that for 4/0 abrasive paper the friction 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 (Fiqure 4), still

persists. This implies that there should be other reason in addition to
clogging. Spurr and Newcomb (39) attributed the increase in friction
f coefficient with grit sfize to increasing plowing component. But they did
\ not give any explanation why the plowing component increases.

Theoretical simple models of particle such as sphere and cone cannot
explain the grit size effect because the friction coefficient 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 Mp is expressed as
1
2 Jywy 2 -1 w w =2 e
iy W (—-) sin -— - (— -1 (5)
" 2r 2r 2r

when w < 2r sin o, and

——
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2 tan © 4 (tan 0-0)
up= [] - ( ) ] (6)
t n tan 9

when w > 2r sin o. Figure 29 shows the friction coefficient of this
combined 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 um, the ratio w/r is about
: 1-5 for 600 grit and 3-15 for 320 grit (Figure 19), falling on the trans-

ition region. Therefore, by assuming that abrasive 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 main reason for

the decrease of u with grit diameter in abrasion. From Figure 29 it can be

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

ing component Mp*

As far as the tip radius 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 radius is assumed to be of the order of that of diamond conical

é tools used in cutting tests.
B. Wear Coefficient

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

— 44:---------.-....-.................-.;.-.-.--.-.--n-u-n-n-un-ull‘
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approximately 0.2 for PMMA and AISI 1095 steel, 0.06 for nickel, and 0.07
for OFHC copper. As shown in Figures 6-8, for coarse grit sizes the wear
coefficient is essentially constant, and with decrease of the grit diameter
the wear coefficient decreases,

Although it is oversimplified, 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
mechanism only, assumed all materials in front of the indenting part of the
conical asperity would be removed. According to this model, the wear
coefficient K is given by

3 tan o
(7)

n

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

equating these two equations gives
K = 3u (8)

If u is defined as the energy expended in removing unit volume, from
Figure 30 the specific energy u is

External work done we bl « S 4 u.lL

u = .Z 32 (9)
Volume removed w- tano . S/4 w tano

Since L = uwZH/4. using Equation (5), Equation (2) becomes

uwH

u = = H (10)

tan o

BRI | AP .
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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 workpiece (27).

Further, by multiplying both the numerator and the denominator by u,

the wear coefficient K may be written as

3uVH

I ulsS

(1)

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

Since VH = Vyu = energy consumed in removing material, and ulS =
external work done, from Equatfons (8) and (11),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 p = 0.6 © 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 plastic 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 & = 35 degrees, K should be 0.25 instead
of 0.67 by multiplying the cutting efficiency of about 0.4 (Figure 24).
Subsurface deformation is also responsible for the deviation of K (Figure
12}).

The wear coefficient 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 materials 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 different 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 treatment (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




TABLE II: ABRASION RESISTANCE OF MATERIALS TESTED

MATERIAL HARDNESS WEAR RATE ABRAS ION
(m/m~)

-8 7

PMMA 17.5 1.49 x 10 7x 10

OFHC Cu 44.0 2.23 x 1077 45 x 107

Ni 88.5 8.06 x 10710 124 x 10’

AISI 1095 Steel 472.0 5.80 x 10710 171 x 107

* Applied Load = 4 kg
Abrasive Size = 60 grit
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Figure 33: Wear coefficient as a function of reduction in area
of materials tested for 60 grit. Applied load was
39.2 N.
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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 1II 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
initial hardness. It is due to the fact that during abrasion the wearing

surface reaches 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 of 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 with 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 material, 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
Annealed 88.5 8.07 x 10710 0.053 - 240
Fully Cold 242.0 8.66 x 10°10 0.157 - 242
Worked

* Material = Ni
Applied Load = 4 kg
Abrasive Size = 60 grit
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TABLE IV: RATIO OF WEAR COEFFICIENTS BETWEEN 60 AND 600 GRIT

LOAD

MATERIAL HARDNESS (kg)

(kq/m?) 0.5 2

PMMA 17.5 3.5 2.9 2.9 3.8

OFHC Cu 44.0 e e B

Ni 88.5 2.4 1.8 2.2 24

AISI 1095 Steel 472.0 2.2 2.3, ., 24 .28
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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 minimized. Therefore, they are only partly
responsible for the size effect as shown in the study of the effect of
sample size (14).

Mulhearn 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 mm, which is very large.

B |Hnlllilillllllllli"
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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

E 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 with decrease of
cutting depth, as clearly seen in the experiments with spherical 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 s1ides 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 < 0.1 plastic displacement, and when h/R > 0.1 cutting occurs.

g At




T —— ——

n

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, can be calculated as a function of the groove width w.

For w > 2r sin o, the groove area Ag is

Wl tan o [ 4 (tan 0-0) |w '2]
il TN ____._H (12)
9 4 tan o r

and for w < 2r sin e,
1

-2 -1 2
O DT < I O U a3
r 2r 2\r 2r

From Equation (10) it can be seen that if w/r + =, then A + we tan /4
g .

In this case the particle essentially acts like a cone, and here the

expression wz

tan o/4 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 Kragelskii'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 um or less in abrasion.

Figure 34 shows the variation of Ag/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 Kragelskii's criterion is also shown in the
figure. The tip radius of the diamond conical tool used in simulated
cutting tests was about 5 um, 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 tools, then the radius of the abrasive particle
tip is of the order of a few microns, say 1 to 5 um. Because the measured
average groove widths on PMMA specimen are about 5 um for 600 grit, 15 um
for 320 grit and 70 um 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/w2 varies by a factor of 2 or so,
depending on 0, from 600 to 50 grit.

As discussed above not all groove volume is removed in the form of
chips. The fraction of this removal volume {s dependent on the geometry of
the particle-specimen contact as implied by Kragelskii's criterion. Exper-
imental 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 fr;ction exists. Combining Kragelskii's criterion with
experimental results for sphere (20) and for cone (Figure 24), the removal
fraction can be approximately estimated. By multiplying the groove area by

this fraction, the removal volume, therefore, the wear coefficient K can be

i .._._]
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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) AH
: d (14)

Although gq(w) depends on material properties, it shows roughly the
same trend as Ag/wz. Therefore, the ratio of wear volumes is larger than

that of Ag/wz, of 60 and 600 arits. So is the ratio of the wear coefficients.
The height distribution 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 slidina occurs in this

region. The material is, then, worn away by sliding wear mechanism when

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

transition from abrasion to slidino 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

formation, plowing and subsurface deformation energies are major sources of
Other energies can be regarded as negligible as in
By using

the energy dissipation.
metal cutting, or considered as constant for all grit sizes.

Suh's interpretation of the wear coefficient K (26), the wear coefficient

can be expressed in termms of these energy components.
As the friction coefficient is nearly independent of the gqrit size, the

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

Therefore, the external work done "e is
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W, =ulS = uc + W

o + W (15)

P
where Nc is the cutting energy, Np is the plowing energy and Hs is the sub-
surface deformation energy. By taking 3u = 0(1) in Equation (11), the wear
coefficient K has been interpreted as (27).

VH v Work done to generate chips
K ® — u = (16)
ulS ulS Total external work done

Since Vy = Wes the wear coefficient K is

W
K = ——— (17)
W + Wy + W

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. Although 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 material is subjected to cyclic loading, 1t 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

Rr— .m.._.d - -
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assumption from Equation (15) it can be seen that W, + Hp = constant.

A1l materials 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/wz. Since w is proportional to the grit
diameter Dg (Figure 20) and g(w) decreases with decreased w, the plowing
energy Hp will increase with decrease of Dg, and, therefore, the cutting
energy W. will decrease. This is shown schematically in Figure 35.
Accordingly, the wear coefficient K will decrease with decreased grit
diameter as can be seen from Equation (17).

For the extremely small arits, the wear is essentially controlled by
the sliding wear mechanism as can be seen from Fiqure 34 since w/r + 0.
Assuming 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-existing subsurface cracks) processes, namely subsurface deforma-
tion, crack nucleation and crack propagation. Analysis of subsurface
deformation and crack nucleation by Jahanmir 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 applying
the analysis of crack propagation (56) to the liming case of Dg + 0 in
abrasion (Appendix III), it can be seen that K = Dgg} where m is the constant
in crack growth equation. Although 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 coefficient K will approach
asymptotically the wear coefficient in sliding. In Figure 8 the dotted
lines 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 bluntness. 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.

Although 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 blunt 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 explanation for the size effect with 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-
sion for K, i.e. Equation (7), small values of K imply the decrease of the
slope angle ©, which implicitly means the increasing bluntness of the

particle geometry with decreased grit size. Since abrasive particles spend

: ' A—— Hﬂllllllll"'
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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 abrasfion.

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 particles are either from outside or oxidized wear debris
from s1iding 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 detrimental when they are worn away and
become loose. By controlling the hard particle size far below the critical
size of about 80 um, the wear can be reduced. In most multiphase material
the hard particle size is about 1 um, but in composite it is of the order of

10 ym. Furthermore, by reducing the size less than 1 um, the wear mode can
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be changed to s1iding wear. Then the wear minimization techniques in
delamination theory (57) will provide better solution. Therefore, choosing

proper hard phase size in composite material wear can be further minimized

by combining those techniques.
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V. CONCLUSIONS

As a result of this study the following conclusions 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
experimentally measured values are in the range 10'2 - 10'].

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 given 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 with grit diameters, and qualitatively shows the

transition from cutting mode to sliding mode.

i
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6. The grit size effect in abrasion can be used to advantage in
designing filters for lubrication systems and materials for

abrasion and sliding wear resistance.
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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 similar.
However, as shown in text the relative sharpness of the grit tip will
influence the groove geometry and, therefore, geometrical similarity is not
realized. In a microscopic sense the grit tip is relatively dull when the
depth of cut is extremely small. Since the heights of the abrasive particles
are distributed over a wide 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 of the abrasive particles are normally distributed

(Figure I-1), then we have

Fu) : Lk : (1-1)
u) = exp -—(—) -
(2*|r)’i o 2 \o
where
f(u) = probability density

u = distance from median line

¢ = standard deviation

The standard deviation o, and the maximum height Uy, €an be assumed to
be approximately proportional to the abrasive grit size Dg(l-l). And the
total number of abrasive particles within the apparent contact area is

inversely proportional to the grit diameter (Figure 15). Therefore,

| i
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Figure 1-1 Abrasive surface: (a) schematic of abrasive
surface pressed by specimen, (b) height
distribution curve.
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g = k] Dg
o =2

The number of contacting particles whose heights are between u and Up

is

um
N(u) = th f(u) du (1-3)
u

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

have the expression for the real contact area,

tan o

Au) = I (""" ) £(uy) duy (1-4)

It can be assumed that the penetrating depth is approximately proportional
to the grit diameter (I-2). Therefore, the penetrating depth, u -u, is

related to D_ as

g
u-u o= (» Dg (1-5)
dN
Using Equation (I-5), we get expression for - — from Equation (I-3)
du
dN Ky 1 [k, - c|? o Gk
- e ® exp - = D I-
du (20)7 kg 093 2\ K 179

where
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E Ky l(k -c\?
= exp - —
1 (2n)" K, AL

This means that for a given increase of penetrating depth Au, the increase
3

g .

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

of newly penetrating particles is inversely proportional to D

influence the groove geometry, from Equation (I-6) the number of penetrating

particles whose depths of penetration are less than u, is

3 -3 .
AN Ky Dg (1-7)

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

penetrating particles, N, is

-2

N o= kg Dg (1-8)
Using Equations (10) and (11), the total groove area : Ag, is
tAgi = 3 “%2 tan o 4(tan 6-0) | ¥ -2 L
L il 4 tan o r

2 W.i -2 -1 Wi 1 W-i -1 w1 2 15
W —) sin _—-— (— 1 -{— (1-9)
i r 2r 2 \r 2r

Results of cutting experiments (Figure 24) and limited cutting data (I-2)

show that the ratio of removal volume to groove volume is dependent on w and
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0. If g(w) is defined as the removal fraction function for a given 6 and r

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

v
- = Ig(w.) Ag, (I-10)
S 1

From Figure 34 it can be assumed that beyond a certain value of w/r (about
5) the particle acts essentially 1ike a cone and below it like a combina-

tion of cone and sphere. For w/r < 0.8, it is a sphere. Therefore, from

Equation (I-10) the wear rate becomes

] N-aN fo(w.) ] AN1 o 1A ]
- = I g(w.) Ag,] + = q{w q
S cone i i cone + sphere[ i i
AN2
g [9(w;) Ag;] (1-n)
sphefe

where AN = ANl + AN2. Further, Equatfon (I-11) can be written as

v N 1 AN
- 83 [g(wi) Aay il [g(wi)] = [9(wi)] Ag,
S cone Jcone cone + cone cone +
sphere sphere ]
AN2 P .i
-sghere L?(wiﬂ cone '[9("iﬂ sphere( A9 (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/r

PR o, e
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values 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 (I-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 sliding the plastic strain is accumulated 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
dE1 = [fd(i.)]d‘y (11-1)

where T is the equivalent stress and Y ; is the equivalent strain the
material undergoes. If the specimen slides a distance S and undergoes Nf

loading cycles, then the total equivalent plastic strain y is

y = );] AY_i (11-2)

where A ?1 is the net plastic strain generated during the ith cycle.

Therefore, the total plastic work done "s is
F 0 3d(F) dy (11-3)

where D is the specimen diameter.

As a first approximation to the problem one may assume that (II-1)

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

the latter may be written as

N

‘lzf“§ =
Hss—szfikd(Y)d.Y
4 i=1 o o i
w 2Nf.. -
= —D [ k ¥ d (11-5)
4 i=1 °

Let the ratio m, of the total equivalent strain ?i to the net plastic

strain per cycle A Vi be defined as

(11-6)

and as a first approximation let my =m, where m is a constant independent
of y and also independent of i. Substituting Equation (11-6) into Equation
(11-5), we obtain

L 2 o -
HS = ; D llle IO k AYdY
® - - Y
« — 0%a mNe /) k Avd(—) (11-7)
4 5 a

where a is the half width of contact.
" y
From Figure II-1, it can be seen that fo AY d( —) is determined for a
a

given u. If it is denoted by Io. then Equation (II-7) becomes
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*. ks
ws = ;- D°am Nf k Io (11-8)
From the relationship between the real contact area Ac and the number

of contacting particles Nc, the number of cycles Nf is

aD 4kp

S| A, \%
= __(___C._) (11-9)
where kp is a constant depending on the shape of contacting area.

Substituting Equation (II-9) into Equation (II-8) gives
W | A \%
Lo - kalo(—‘-:-) (11-10)

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

A numerical example may be given using the abrasion data in the text,
the relationship Py * 4H/x and Figure II-1. For OFHC copper under the
applied normal load of 39.2N, the friction coefficient is approximately 0.5.
Using G = 4.5 x 1010 N/m2 and assuming m = 70, the subsurface deformation
energy W, is about 40J, while the total external work done W, is 80J.
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 II-1 The steady state residual shear strain per
pass, for different friction coefficients,
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normal stress p = 4k, divided by the shear
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the idealized s1iding case and the assumed 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, Ak,

and two material constants g and m as in fatique crack growth (III-1)

dc

s g8 (ak)™ (I11-1)

When the tip of the crack in the tensile region, k is a function of the
average normal contact stress Tps the coefficient of friction u, the length
of crack in the tensile region, and the depth of the crack below the
surface.

As shown by Fleming and Suh (ITII-2), the maximum k occurs when the
crack lies at some constant critical 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(on. u, d, Ce) (111-2)

Substituting Equation (III-2) into Equation (III-1) and intearating the

result gives

C = 8 ['k(cn) u, d, ce)]m N+ ce (111‘3)
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If n is defined as the number of contacts per unit length and S {s the

sliding distance, then N = nS or

C = glk(o

ae ¥ ds €17 nS + €, (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 essentially proportional to the normal load L.
n = al (I11-5)

Thus, Equation (III-4) becomes

C = aslk(og u, dy )" LS+ C, (111-6) |

The worn volume V] 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-Z). and multiplied 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 1 of contacting abrasive particles. If we let b = zA as a first
approximation, the total wear volume V is given by V=C - d - ANW, where
Nw is the number of wear tracks. Since ANN {s the dimension of the
specimen, D, the wear volume V can, therefore, be expressed as V = ¢ « C -

d* D, or i

——————————
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V=4 {aB [k(op, s d, €I LS + C.} d D (111-7)

In the case of abrasion, individual contacting particle acts like an
indenter, and experimental results (Fiqures 21, 22) show that the hardness-
real contact area relationship is well obeyed. Therefore, it is quite
reasonable to assume that o, s equal to the hardness. Equation (III-7) may

be re-written as
V= ¢fa8 [k (H, u, d, " LS +C, Y} dD (111-8)

Normalizing k by % 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 u. The results are shown in
Figures III-1, III-2 and III-3. From the results it can be seen that for a
given u, the normalized stress intensity factor, kw/P°/$ » the normalized
critical depth, d/a, and the normalized critical iength, Ce/a, have constant
values with upper and lower bounds. Therefore, d, Ce and k can be deter-
mined, if u is known.

From the hardness and applied load relationship, the real contact area

Ac is approximately
(I11-9)

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

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

pe—
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contact area. As shown in Figure 21, the contact length is directly

proportional to the abrasive grit diameter.

8 " .3 Dg (111-10)

And the number of cycles N is dependent on the distribution of contacts.
For randomly distributed case it is approximately given as

s
B (Nc)li (111-11)

and from Figure III-3, 1t can be assumed d = ng for a given u.
By equating Equations (III-5) and (III-11), the expression for o« is

obtained as
1 Lo\®
N D, 462kp H (111-12)

Substituting expressions for a, a, d and k into Equation (III-8) gives the

expression for the wear volume V

8s [ L \*
VI¢—___
2D ka

The wear rate is expressed as

Y% m m

BS | L k P -1

¢ {ZD' (kpﬂ) * o) ("mg)2 i ce} t Dg 0 (111-14)
S

K Po g -1
3 (s 09)2‘ + Gy v Dg D (111-13)

v
S

and the wear coefficient K is
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T m m
g8S { L k P 5 -1
3¢H —‘ ’l——"-) §D | 2 +C}VDD
K = {ZD IR l 9' o . (111-15)
LS

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 um, the friction coefficient u is about 0.5
(Fiqure 4) and 6= 0.1 (Figure 20). For u = 0.5, followina values are
obtained.

0.001 < k < 0.1 (Figure III-1)

0.025 < v < 0.1 (Fiqure III-2)

2.5 < ce/a < 4.0 (Fioure III-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/m/2 for dc/dN = 107
mm/pass (III-3). Using experimental conditions in abrasion for AISI 1095
e 10'6. which is

lower than the wear coefficient of 10'2 in abrasion. This is probably due

steel and assuming ¢ = 103, the wear coefficient K is 10

to the fact that the crack propagation mechanism is more complicated than
the mode I mechanism. At present no other data is available 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 coefficfent K

varies as ng/z.
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