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CHAPTER I
INTRODUCTION

In most mechanical systems, there are elements that slide against
each other. When two surfaces are in sliding contact, removal of
surface materials is generally observed, which is referred to as surface
contact wear. To eliminate or minimize the removal of materials, a
lubricant is applied between the sliding surfaces; however, the
lubricant film cannot avoid direct contact of surface asperities under
boundary lubrication conditions. Protection of the sliding surfaces
under boundary lubrication conditions relies on the interaction between
the lubricant and the surface materials.

An adhesive wear theory developed by Holm (1) has been used to des-
cribe surface contact wear. Holm's adhesive Weér theory considers the
hardmess of the surface material, but it does not incorporate the effect
of the lubricant. A recent study on surface contact wear revealed that
there are two important phenomena involved in surface contact wear other
than adhesion--deformation and delamination of surface materials. Thus,
Holm's adhesive wear theory is insufficient to properly describe surface
contact wear in lubricated mechanical systems.

Direct contact of the surfaces can be eiiminated by increasing
lubricant film thickness, which may be achieved by either high sliding
velocity or static pressure. When the protective lubricant film is

formed by a high sliding velocity, it is called hydrodynamic



lubrication; whereas, when the lubricant film is formed by static
pressure, it is called hydrostatic lubrication.

The protection of the sliding surfaces under hydrodynamic
lubrication relies merely on fluid viscosity. The higher fluid
viscosity, the thicker fluid film that can be obtained and the better
the protecton of the sliding surface.

No wear generation is expected under hydrodynamic lubrication
because sliding surfaces are completely separated from each other, and
no direct contact of the surfaces occurs. However, abrasive particles
usually exist in lubricated systems that migrate into the clearance
between the sliding surfaces and cause abrasive wear. Abrasive wear
often jeopardizes the performance of mechanical systems that are
lubricated with proper hydrodynamic lubrication.

Abrasive wear theory has been studied by many researchers; however,
the research activities were focused upon two-body abrasion with no
lubricant applied between the two sliding surfaces. Abrasive wear under
three-body abrasion where lubricant and abrasive particles are involved
has not been properly studied in spite of its importance to mechanical
systems.

Surface contact wear and abrasive wear are two major wear modes for
sliding surfaces that lead to failures of the mechanical system.

Despite the importance of these wear modes, feasible theories are not
available to properly describe these situations.

This dissertation presents the development of theories for surface
contact wear and abrasive wear in lubricated sliding mechanisms.
Numerous experimental tests have been conducted to validate the

developed theories that are presented, and the test results are



analyzed. The effects of lubricants to protect sliding surfaces from
wear are theoretically discussed and validated by the analysis of

experimental test results.



CHAPTER II
PREVIOUS INVESTIGATIONS

Surface contact wear occurs when surfaces slide against each other,
and the pressure between the contacting asperities is high enough to
cause local plastic deformation and adhesion. Since it is widely known
that wear debris is formed due to adhesion of surface materials, this
wear mode is often called adhesive wear.

Holm (1) developed a model for adhesive wear which states that the
total volume of material removed due to adhesion is proportional to both
the applied normal load and the sliding distance, and it is inversely
proportional to the flow pressure of the material. Burwell and Strange
(2) have examined Holm's model by running conical brass and steel pins
on steel disks under dry conditions. As a result of their work, it was
found that the adhesive wear rate is proportional to the apparent normal
contact pressure up to a value that equals the tensile strength in
tension of the pin material, Fig. l. The rate of wear is expressed by
h/PS, where h is a height lost by the pin due to wear, P is contact
pressure, and S is a sliding distance. Beyond the tensile strength,
Holm's model is not applicable and the wear rate increases drastically.
Their work is important because the limitations of the Holm's model were
experimentally determined.

Archard (3) assumed hemispherical asperities and incorporated a

shape factor into the adhesive wear model. Yoshimoto and Tsukizoe (4)
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suggested that real surfaces are not a regular array of hemispherical
projections but have shapes between a cone and a hemisphere. They
proposed conical asperities and incorporated sharpness of asperity into
the wear model as one of the parameters.

A new theory for sliding surface wear of metals was proposed by Suh
(5). The theory, called the delamination theory, is based on the
behavior of dislocations at the surface, subsurface crack and void
formation, and subsequent joining of cracks by shear deformation of the
surface. He proposed a simplified wear equation to show that the theory
is consistent with phenomenological wear behavior. The equation states
that the wear rate is proportional to the normal load and the sliding
distance. The above statement agrees with Archard's wear equation;
however, the equation differs from Archard's because it does not depend
directly on hardness. He concluded that the so-called "adhesive,"”
fretting, and fatigue wear are all caused by the same mechanisms.

Rigney and Glaeser (6) studied the dislocation wear process, which
is similar to Suh's delamination wear theory. The wear process, in
which flake-like debris are developed and removed from the surface of
metals in sliding contact, is the direct result of heavy plastic
deformation of a thin surface layer. The repeated ploughing of asperity
contacts over a mating surface can produce high dislocation densities and
eventual change in the microstructure to a cell-type structure founddin
heavily deformed metals.

Using the dislocation theory, Kuhlmann-Wilsdorf (7) developed a
number of qualitative and quantitative relationships in the area of
friction and wear. Recent study by Suh and Sin (8) revealed that the

coefficient of friction is composed of three components that are due to



the deforming asperities, to plowing by wear particles entrapped between
sliding surfaces and hard surface asperities, and to adhesion. The
overall coefficient of friction contributed by plowing and asperity
deformation can be greater than that by adhesion.

Although Holm's adhesive wear theory has been widely quoted for
many years, it completely ignores the physics of metal deformation.
Suh's delamination theory includes a plastic deformation of the
material; however, his theory was verified by experimental test only at
a very low sliding velocity (0.5 cm/sec) (5). The sliding speed for
most mechanical applications is at least one order of magnitude higher
than that.

If the basic wear concept developed by Holm is coupled with the
plastic material deformation, a new wear theory must be considered that
is applicable to most mechanical sliding contact elements.

Abrasive wear occurs when hard particles or asperities penetrate a
surface and displace material in the form of elongated chips. A
situation where hard surface asperities plow a series of grooves in the
soft surface is called two-body abrasion; whereas, when loose hard
particles entering the sliding interface act as grits, the process of
material removal by these particles is termed three-body abrasion. Wear
in fluid power systems due to contaminant is the second type. Most
investigators used two-body geometry (9, 10, 1ll) to study abrasive wear,
but three-body abrasion has also been studied (12, 13).

Kruschov (l4) stated that abrasive wear resistance is inversely
proportional to material hardness. Richardson (15) showed in his work
that the hardness of the surface resisting abrasive wear must be greater

than half the hardness of the abrasive 1f any real improvement in wear



resistance is to be achieved. However, it is unnecessary to increase
the hardness of the material beyond 1.3 times that of the abrasive
because no further significant improvement will be obtained.

Rabinowicz and Mutis (16) derived an abrasive wear model assuming
that the part of one abrasive particle which contacts the surface has a
cone shape. The model simply considers the measured angle of the cone
as a shape factor and the hardness of the abraded surface; however, it
does not include the hardness of abrasives. This model has been widely
used to represent both two-body and three-body abrasions (17).

Rabinowicz and Mutis made two important statements——one is that an
important variable that affects wear rate is the size of the abrasive
particles. As the abrasive size increases, starting from a very small
value, there is an initial increase in the wear rate until a certain
characteristic value of the abrasive size is reached. Above that
value, the wear rate is independent of abrasive size., This is referred
to as the critical size effect. The best explanation they could give
for this was that there may be interference between the abrasive wear
process and adhesive wear, which is continuous. Thus, if the abrasive
particles are small, two abrading bodies may contact, and an adhesive
particle may be formed. If the adhesive particles are large, they will
prevent abrasive action, either completely or partially. The critical
size effect with and without lubricant was experimentally verified. The
second important statement is that lubricants reduce the size of
adhesive wear particles and thus allow abrasion to occur with small grit
sizes.

Rabinowicz (18) also stated that the effect of lubrication on

abrasive wear appears to be that of flushing wear debris from the system



more completely. Thus, the effectiveness of the abrading action is
increased.

Nathan and Jones (19) developed a model including the hardness of
both surface material and abrasive particles by experimentation.
However, their tests were conducted using two-body abrasion with the
absence of lubricant.

Sin, Saka and Suh (20) carefully studied abrasive wear mechanisms
and the grit size effect based on an extensive review of previous works
and developed a more accurate empirical model for three-body abrasion.
Their experimental tests were conducted under a no lubricant three-body
abrasion condition.

In a practical study of abrasive wear, Roach (21) reported that the
wear of oil-film bearings is proportional to the abrasive concentration
in the lubricant. Scott (22) studied Roach's work and emphasized that
abrasive particles smaller than the minimum oil film thickness have no
serious effect on bearing performance. This may then be considered the
desired limit of filteration. Scott also stated that, for conditions of
abrasive wear where a lubricant is present (such as in hydraulic
systems), the evidence suggests that the quantity of wear is increased
in comparison to the dry conditions; however, the source of this
statement was not clarified in his report.

With the presence of lubricant, adhesive wear can take place only
under boundary lubrication and mixed lubrication conditions. Adhesive
wear can be avoided by increasing the lubricant film thickness and elim-
inating surface asperity contacts. The film thickness can be increased
by three conditions: i.e., hydrodynamic, hydrostatic and elastohydro-

dynamic lubricating conditions. Scott pointed out that the minimum film
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thickness corresponds to the minumum size of abrasives that may be
harmful to the system.

Tao and Appeldoorn (23) proposed a concept developed from the
results of their experiments that antiwear additives prevent three-body
abrasion by preventing the particles from adhering to one of the moving
surfaces where they can act like small cutting tools. The effect of
antiwear additives on abrasive wear proposed by Tao and Appeldoorn can
be correct based on the abrasive wear mechanism explained by Burwell (2)
and Rabinowicz (19); i.e., an abrasive grain adheres temporarily to one
of the sliding surfaces, or is embedded in it and plows a groove in the
other. However, Tao's statement is contradictory with the positive
effects of lubricants on abrasive wear suggested by Rabinowicz and
Mutis.

To summarize the previous studies on abrasive wear presented above,
the following comments are made. Abrasive wear from sliding surfaces in
the presence of a lubricant was studied by Rabinowicz, Mutis, Roach, Tao
and Appeldoorn. Roach and Tao showed only the experimental test results
and made observations and discussions. Rabinowicz and Mutis developed a
model; however, their model was developed assuming dry conditions.
Therefore, no parameters that represent the effect of a lubricant are

included in the model.



CHAPTER III
DEVELOPMENT OF THEORETICAL MODELS
Surface Contact Wear Model

Assume that an interface exists where the top surface is flat, but
the bottom surface is undulated with asperities of conical shape that
are randomly distributed with a base angle Os shown in Fig. 2.

When the load is applied, the tips of the asperities are squashed
until the flow pressure of the material times total contact area becomes

equal to the applied load. Hence,

2
[+

where
ng = number of surface asperities in contact
d = diameter of top surface of asperity squashed by flat surface
W = applied load
o = flow pressure of material

Due to the squashing action, the volume of one asperity deformed is
calculated by :
1
V1=§ﬂ—(m-h) (2)

where

Vi = deformed volume per asperity

11
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height of asperity

m

h = distance from top surface to the bottom of lower surface

Since the surfaces slide against each other, shear stress is acting
on the asperity in addition to the normal load as illustrated in Fig.
3. In this case, the deformation of the asperity is considered with the
yield criterion of metal (24). A yield criterion is a hypothesis
concerning the limit of elasticity under any possible combination of

stresses. According to the Von Mises yield criterion,

(0gg ~ °yy)2 + (ogy = 0y7)2 + (0z5 = Tgg)? + 6(oxy2 + oyzz

+ GZXZ) = 2Ty2 (3)
where

933 = principal stress

Ty = material yield strength in tension.

In this case,

Oxx = 92z T 99z T Jzx ~ 0 (4)
W
O =0 % (5)
yy A
and
=7 = WM
ny =Tt= 7 (6)
where
0 = normal stress
A = deformed surface area of asperity
T = shear stress
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u = coefficient of friction
Hence,

o2 + 3022 = Ty2 (7)

or

y V1 + 342

—Hla

Eq. (8) states that the plastic deformation of the asperity occurs when
normal stress is less than the yield strength of the material because
the friction coefficient is always greater than zero. If no sliding
action exists, the plastic deformation starts when the normal stress
equal to the yield strength. Eq. (8) is plotted for various values of
the friction coefficient in Fig. 4.

Applicable range of the friction coefficient in Fig. 4 is limited
up to 0.577 because the asperity material starts to flow toward a
direction of shear stress when the friction coefficient exceeds 0.577.
This limitation is derived from the Von Mises criterion.

Assuming that all the asperities in contact have a height m, the

total volume of deformation due to a sliding distance d is expressed by:

i 2
v = nSV = nsd (m - h) 9)

where

Vy = total volume of deformation due to sliding distance d.
The volume rate of deformation per unit sliding distance is derived by
simply dividing the total volume by the sliding distance d,

™

12

v = =

T2
3 d

n d(m - h) (10)
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where

V3 = volume rate of deformation per unit sliding distance.

We have
d = 2(m - h) cot Og
where

Og = base angle of surface asperity

Substituting Eq. (11) into Eq. (10) yields:

b 2
V3 = %0 (m - h) cot OS

Substituting Eqs. (8) and (11) into Eq. (1) yields:

2
™ (m - h)2 cot O - ¥ Y L+ 3w tan ©
s s T s
y
Substituting Eq. (13) into (12) yields:
2
"

3 6T
y

In the process of asperity deformation, part of the deformed

17

(11)

(12)

(13)

(14)

material breaks off and forms a wear fragment when deformation exceeds

the elongation limit, Fig. 5. The volume of wear fragments 1is

considered to be proportional to the volume of deformation. Then, the

volume rate of surface coatact wear is given by:
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2
v = Kw l/_.l_t_:i_“___ tan @S (15)

where

volume rate of surface contact wear

V4

coefficient of wear fragment formation.

~
]

Abrasive Wear Model

Most of the previous investigators assumed that the abrasive par-
ticle has a conical edge that plows the surface material to produce
abrasive wear (16). The shape of the other end of the abrasive particle
was undefined and not considered because the two-body abrasion model was
extended and applied to three-body abrasion where abrasive particles are
involved.

For two-body abrasion, the other end of the conical abrading edge
is attached to the surface. But the abrasive particle in three-body
abrasion is independent of the two sliding surfaces.

Inoue (25) first defined the complete shape of the abrasive
particle in three-body abrasion. The shape of the abrasive particle
defined by Inoue has a conical edge and a flat top as shown in Fig. 6.

A further study on the shape of abrasive particles revealed that the
shape defined by Inoue does not accurately describe the actual abrasive
particles. 1In general, the abrasive particles found in hydraulic
systems and lubricating systems have irregular shapes. They have edges
that indent one surface and plow the other. Because of these edges,
the particles are abrasive in the system. The shape of the abrasive

particle is often called an "angular shape.”
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Several shapes such as a sphere, ellipsoid, spheroid, cylinder,
cube, square, prism, pryamid, and paraboloid have been proposed for the
shape model of the abrasive particle (26, 27, 28). The author
actually took abrasive particles (AC Fine Test Dust--silica particles)
and observed their shapes by ferrography {29). Some of the shapes
observed are shown in Fig. 7. Notice from this figﬁre that it is
difficult to determine a model which represents all these abrasive
particles. But it is definitely necessary to determine an appropriate
shape model for the abrasive particles to develop an abrasive wear
theory.

Kroeker (30) assumed a square prism shape for AC Fine Test Dust
which is one of the most common abrasive test particles. The shape of a
square prism is considered appropriate for the study of abrasive wear
because analysis of the abrading process can be reasonably simple with a
square prism particle. A square prism may also represent satisfactorily
most of the abrasive particles observed in Fig. 7.

The shape of a sguare prism assumed by Kroeker is used to develop an
abrasive wear theory. Fig. 8 depicts the shape of the abrasive
particle defined by Kroeker.

Three-body abrasion is a process of indenting and cutting of sliding
surfaces by abrasive particles. 1f perfectly smooth surfaces are
considered with a lubricant f£ilm thickness h, only particles with minimum
lengths less than or equal to a clearance h can migrate into the
clearance as shown in Fig. 9. Since perfectly smooth surfaces are
assumed, no wear can occur 1in this case. But actual sliding surfaces
are not perfectly smooth. Microscopic observation of the actual sliding
surfaces revealed many surface asperities as shown in Fig. 10 (31).

From the microscopic observation of the sliding surfaces, it is clear
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that the clearance between the two surfaces varies from one place to
another. The assigned value for the clearance is an average of
clearances between two rough surfaces. Abrasive particles that are
slightly larger or slightly smaller than the clearance can be trapped in
the clearance and cause abrasionf The particles are trapped between the
two surfaces at various angles because of surface roughness. The size
range of abrasive particles trapped in the clearance and the variation
of the particle angle relative to the surfaces depend on the surface
roughness. The rougher the surfaces, the wider the particle size range
that can be trapped. The rougher surfaces are also associated with a
larger variation of the angle between the particles and the surfaces.

In general, the particle size is designated by the length of the
longest edge of the particle (30). Hence, a particle of 100 micrometres
assuming a square prism shape has a longer edge of 100 micrometres, a
shorter edge of 80 micrometres, and a diagonal of 128 micrometres as
illustrated in Fig, 11.

As mentioned above, abrasive wear 1s a process of indentating and
cutting the sliding surfaces by abrasive particles. The indented
surface supports the abrasive particle while the other edge of the
particle is cutting the other sliding surface. Both indentation and
cutting mechanisms need to be studied to develop an abrasive wear
theory.

First, the cutting mechanism in the abrading process is
investigated. Fig. 12 delineates the cutting model of surface
abrasion by an abrasive particle. Orthogonal cutting is assumed in
which the cutting face 1is perpendicular to the surface, and the rake

angle is null, Then, the force required to achieve cutting is:
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arctan U) (16)

F = 2%kt,dcot(45° -
c 2

1
where
Fo = cutting force
k = shear yield strength of surface material

= cutting depth

(a3
P
I

d = particle size
n = coefficient of friction

The volume rate of abrasive wear produced by particle is expressed by:

V=t dv (17)

where

\ volume rate of abrasive wear per particle

v = sliding velocity
Since the effective area of the particle for cutting is tjd, stress
induced on the effective cutting area of the particle is:

arctan U

) (18)

0 = 2 k cot(45° -

where

0 = shear stress on particle due to cutting.
Eq. (18) is useful for determining whether cutting actually occurs.
When cutting stress calculated by Eq. (18) exceeds the shear yield

strength of the abrasive particle, cutting does not occur. Instead, the

particle is sheared off.
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The shear yield strengths of sliding surfaces and abrasive
particles are usually known in mechanical systems. The coefficient of
friction is the factor altered by different lubricants and, consequently,
determines the occurrence of abrasive wear. Fig. 13 shows that the
minimum shear yleld strength of abrasive particles causes abrasive wear
to be a function of the coefficient of friction. In Fig. 13, the
minimum shear yield strength of abrasive particles is expressed relative
to the shear yield strength of the surface material.

This discussion is also valid when the material hardness is replaced
by the material shear yield strength because the shear yield strength is
usually proportional to the hardness of material. When the coefficient
of friction is zero, the abrasive particle should be at least twice as
hard as the surface material to achieve cutting. However, when the
coefficient of friction is 0.5, the abrasive particle should be more than
3.24 times as hard as the surface material. This implies that with
better fluid lubricity, it is easier for the abrasive particle to cut the
surface material. On the other hand, when the fluid lubricity is worse,
there is the higher probability for abrasive particles to be sheared off
by the surfaces instead of cutting the surfaces.

The second abrading process to be investigated is the indentation
mechanism, Fig. 14 shows the indentation model for surface abrasion.
Grunzweig and others (32), measured experimentally the amount of
indentation and the force required for indentation with various wedge
angles and friction coefficients. The stress on the wedge surface to

achieve indentation is calculated by:

p =k (L + 2y + sin 2})) (19)
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where

p = indentation pressure

¢ and A = indentation parameters (angles)

The abrasive particle model defined in this study has a wedge angle
of 45 deg. The parameters determined experimentally by Grunzweig and
others for a wedge angle of 45 deg are tabulated in Table 1 for various
friction coefficients. With the parameters tabulated in Table 1, the
stress on the indenting edge of the particle is calculated and plotted
as a function of the coefficient of friction in Fig. 15. When no
friction is considered, the abrasive particle should be more than 3.15
times as hard as the surface material to indent it; however, the
particle should be more than 3.8l times as hard as the surface material
when the coefficient of friction is 0.2, The coefficient of friction
plays an important role in indentation process of the abrasive wear just
as in the cutting process.

With knowledge of the cutting and indentation mechanisms in
abrading process, an abrasive wear theory can be developed. An abrasive
particle that migrates into the clearaﬁce between two sliding surfaces
with an angle o indents one surface and cuts the other surface as shown
in Fig. 16. Indentation and cutting of the surfaces occurs in the
equilibrium state where the force required for cutting is equal to the
force necessary to indent the other surface. 1If one of the stresses on
the particle due to cutting or indentation exceeds the shear yield
strength of the particle, the particle is sheared off instead of
indenting or cutting the surface, and no abrasive wear occurs.

From the way that the particle angle is defined with the sliding

surfaces in Fig, 16, a particle angle of 38.7 deg is the minimum
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TABLE T

INDENTATION PARAMETERS FOR DIFFERENT
COEFFICIENTS OF FRICTION

COEFFICIENT N "
OF FRICTION
0 45° 33.06°
0.05 40.18 39.16
0.10 34,66 | 45.73
0.15 28.19 53.18
0.20 20.12 62.02
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angle. Theoretically, no wear is generated at this angle. Abrasive par-
ticles of the size smaller than the clearance can generate abrasive wear
because of rough surfaces; however, smaller size particles generate less
wear. When the size of abrasive particles decreases there is a

lower size limit whére abrasive wear no longer occurs. The lower limit
of the particle size for abrasive wear depends on the clearance size and
the surface roughness. For the upper size limit, the same concept is
applied.

To develop an abrasive wear model, the most critical particle size
is the particle whose shorter length is the same as the clearance. When
an angle of the particle relative to the surface becomes larger than
38,7 deg., cutting and indentation start. The rake angle of the particle
cutting face becomes slightly negative when the particle angle gets
larger; however, orthogonal cutting is always assumed.

The cutting force required is calculated by Eq. (16). The angle of
the indenting wedge is always 45 deg by definition of the particle
shape. The indenting pressure is calculated by Eq. (19).

Cutting and indentation first occur simultaneously and reach an
equilibrium state where the cutting force and the indenting force are
the same. At the equilibrium state, indentation stops, the indented
surface supports the particle, and only cutting continues until the
equilibrium state breaks due to some disturbances such as a sudden
change of the surface geometry, vibration, or discontinuity of the
sliding surface.

In the equilibrium state in Fig. 16, the cutting force and the
indenting force are balanced along the diagonal. Hence, the force

balance at the equilibrium state is expressed by:



38

Fo sec o« = p ty d [csc(a - 38.7°) sin 38.7° + sec(a - 38.7°)

cos 38.7°] (20)
where

a = parﬁicle angle relative to sliding surface

to = indentation depth
Since the clearance was assumed to be the same as the shorter length of

the particle, the sum of cutting depth and indentation depth is:
ty] +tg =Tsina -d (21)

where
T = diagonal of a particle.

From the geometry of the particle, the diagonal T is equivalent to l.6d,

and therefore,
t) =d (1.6 sin a = 1) -t (22)

Substituting Eqs. (16) and (22) into Eq. (20) yields an equation that
expresses the cutting depth t} as a function of the coefficient of
friction; however, the parameters Yy and A are given only in Table I for
several friction coefficients.

Using the third order polynomial approximation technique (the
special Chebyshev polynomial for discfete intervals is used), the
indenting pressure p may be expressed as a function of the coefficient

of friction as:
p = [3.154 + 4,051n - 1.457u2 - 12u3] k (23)

’
In the sliding mechanism, the shear yield strength of the surface

that is cut by the abrasive particle may be different from that of the
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indented surface. Hence, the shear yield strength of the cut surface is

designated k] and that of the indented surface is k3. Let

£(u) = 2 cot(45° - 355333—5) (24)
and
g(u) = 3.154 + 4,051y - 1,457u2 - 1243 (25)

Using the above, the cutting stress and the indenting stress on the

abrasive particle are expressed by:

o = ky £(u) (26)
and

p = ky g(w) (27)

From Eqs. (16), (18), (20), (22), (26) and (27), the equation to derive

the cutting depth t} for a given coefficient of friction 1is:

k) ty £(u) sec a = kg g(u) [d (1.6 sin a - 1) - t1] [esc(a -

38.7°) sin 38.7° + sec(o - 38.7°) cos 38.7°] (28)



CHAPTER 1V
VERIFICATION OF SURFACE CONTACT WEAR MODEL
Experimental Considerations

The methodology to experimentally verify the developed theory of

surface contact wear is discussed in this section. The surface contact
wear equation, Eq. (15), can be rewritten as:

6V, _ tan Os
__4 = ( Y1+ 31-12 ) ""‘“Ty'— (29)

KW

Eq. (29) describes the relationship among the applied load, the friction
coefficient, material properties, and surface contact wear as shown in
Fig. 17.

If the same material with the same surface finish is used for a
series of tests, a value on the X—-axis which is a function of material
properties is fixed. In this condition, the figure indicates that a
change of the applied load does not alter a value on the Y-axis as long
as the friction coefficient remains the same. The wear volume 1is
supposed to change in proportion to the applied load to maintain the
same value on the Y-axis.

The data points moves along the Y-axis only when the friction
coefficient changes. Since the material properties are the same in this

case, the change of the friction coefficient can be only achieved by

40
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applying different lubricating conditions. When the friction coefficient
is constant and the material is changed, the data point moves along a
specific slope devoted to a given friction coefficient.

With the foregoing knowledge, the theory can be verified by a
simple experimental test. Two kinds of materials, one soft and the
other hard, with the same surface finish are considered. Thus, the
asperity angle 1is the same for both materials, but the yield strengths
are different. A value of (tans OS/Ty) for the soft material is larger
than that for the hard material, Fig. 17; therefore, two values are
assigned on the X-axis.

Suppose that data point 1 in Fig. 17 is given for the hard
material and a certain lubricant is applied to the contacting surfaces.
Keeping the material and the applied load constant, the data point moves
from 1 to 2 when the lubricating condition is worse. The actual change
observed in this case 1s an increase of the wear volume such that the
value of (6V4/KW) increases from point 1 to point 2. From point 2, the
data can be moved to poiant 3 by changing the material to a soft one and
by improving lubrication. From point 3, the data can be shifted down to
point 4 by further improving the lubricating condition with the same
soft material.

By examining how close the actual data points follow the
theoretical points 1, 2, 3, and 4 with changes in the appropriate

parameters, the validity of the theory can be proven.
Development of Experimental Facility

There are many wear test methods available, as summarized in Table

IT. The Falex test method, Fig. 18, was selected to conduct the test



TABLE II

AVATLABLE WEAR TEST METHODS

PROCEDURE

STANDARD NO.

EQUIPMENT

MEASURING WEAR PROPERTIES OF FLUID
LUBRICANTS (falex rnethod)

ANSU/ASTM D 2670-€7
(reapproved 1977)

FALEX

MEASUREMENT OF EXTREME PRESSURE
PROPERTIES OF FLUK LUBRICANTS
(falex method)

ANSI/ASTM D 3233-73
(reapproved 1978)

FALEX

WEAR PREVENTIVE CHARACTERISTICS
OF LUBRICATING GREASE
{four-ball method)

ANSI/ASTM D 2266-67
(reapproved 1977)

FOUR-BALL

MEASUREMENT OF EXTREME PRESSURE
PROPERTIES OF LUBRICATING FLUIDS
(tour-ball method)

ANSI/ASTM D 2783-71
(reapproved 1976)

FOUR-BALL

MEASUREMENT OF EXTREME PRESSURE
PROPERTIES OF LUBRICATING FLIMDS
(Timken method)

ANSVASTM D 2782-77

TIMKEN TESTER

CALBRATION AND OPERATION OF THE
ALPHA MODEL LFW-1 FRICTION AND
WEAR TESTING MACHINE

ANSVASTM D 2714-€8
{reapproved 1978)

ALPHA LFW-1

WEAR PREVENTIVE PROPERTIES OF
LUBRICATING GREASES USING THE (Falex)
RING AND BLOCK TEST MACHINE N
OSCILLATING MOTION

ANSI/ASTM D 3704-78

FALEX RING AND
BLOCK TEST MACHINE

PRELMINARY EXAMINATION OF HYDRAULIC
FLUIDS (wear test)

ANSVASTM D 2271-66
(reapproved 1976)

BASIC HYDRAULIC
TEST SYSTEM

VANE PUMP TESTING OF PETROLEUM
HYDRAULIC FLUIDS

ANSIJASTM D 2882-74

VANE PUMP
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for verifying the surface contact wear theory because the wear mechanism

of the Falex tester, Fig. 19, maintains boundary lubriction at a

journal rotating speed of 290 rpm. The Falex method measures wear by

means of the gear teeth differential between the initial and final

ratchet wheel readings.

It was found that the Falex test, standardized by ASTM procedures,

needs major improvements for two reasons:

1.

Since the Falex tester uses a small fluid container, the
fluid temperature increases quickly as wear takes place.
The increase of temperature is steep for severe wear.

Thus, appropriate temperature control is unobtainable.
Wear debris generated from contact surfaces are accumulated
in the small fluid container and its density increases
significantly as the test proceeds. The effect of the
generated wear debris on the contact surfaces soon reaches

much more severe levels than would occur under actual field

situations.

Because of these two faulty test conditions, seizure of the test

specimens takes place frequently.

Major improvements made on the Falex tester were to:

]..

2.

3.

Provide a fluid circulation system.
Provide a temperature controller to maintain constant
temperature.

Install a filter circuit to control contamination level.

The improved Falex tester with the attached fluid circulation system is

designated as the "Gamma Falex system.” The Gamma Falex system is

illustrated in Fig. 20.
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The standard material of the V-block used on the Gamma Falex system
is AISI C-1137 steel, Rockwell hardness number 20 to 24 on the C-scale
with a surface finish of 5 to 10 microinches (1.3 x 1077 to 2.5 x 10'7m)
rms. The standard journal is AISI 3135 steel, Rockwell hardness number
87 to 91 on the B-scale. The journal has the same surface finish as the
V-block., Fig. 21 shows a comparison of the hardness of the journal and
V-block, which reveals that the standard V-block is harder than the
standard jourmnal.

Geometries of the journal and V-blocks during the wear test are
illustrated in Fig. 22. Experimental tests revealed that wear on the
journal is negligibly small; whereas, the wear scar on the V-block
increases as the test proceeds. The unit load on the wear surface
decreases as the contact surface area increases when a constant load is
applied to the V-blocks.

A typical result of the Gamma Falex test conducted with MIL-L-2104
at a 100-1b. load is shown in Fig. 23. Notice in Fig. 23 that the

wear data from the Gamma Falex system have straight-line characteristics.
Repeatability of Experimental Facility

Fifteen identical tests were conducted with mineral base fluid MIL-
H~5606. The data are shown in Table III. Since the wear data from the
Gamma Falex system have straight-line characteristics, a best-fit
straight line was calculated by the least squares method for each set of
the test data. The incubation period, the slope, and the correlation
coefficient of a best—-fit straight line were calculated for each set of
the test data and also tabulated in Table III. A slope of the best-fit

straight line of the data is designated as the "Gamma slope"” which
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GAMMA FALEX REPEATABILITY TEST DATA WITH MIL-H-5606

TABLE III

TEST NO. WEAR READING INCUBATION | GAMMA |CORRELATION
5 min. | 10 min.[ 15 min.|20 min.[25 min.|30 min.| PERIOD (min.)| SLOPE | COEFFICIENT
80-1 0 1 4 7 10 13 6.76 0.543 0.993
80-2 1 4 7 10 14 18 4.15 0.674 0.997
80-3 0 0 2 3 6 9 8.39 0.366 0.961
80-4 0 0] 3 6 9 12 7.78 0.514 0.982
80-5 0 0 3 6 9 12 7.78 0.514 0.982
80-6 0 i 4 5 6 ] 3.55 0.263 0.952
80-7 0 2 5 7 8 9 3.58 0.371 0.980 -
80-8 0 0 1 3 4 6 8.25 0.251 0.971
80-9 0 1 2 4 5 6 5.58 0.251 0.994
80-10 0 0 1 3 5 6 8.18 0.269 0.971
80-11 0 0 2 3 4 6 7.32 0.246 0.980
80-12 0 1 3 4 6 7 5.50 0.291 0.995
80-13 0 1 2 4 5 6 5.58 0.251 0.994
80-14 0 1 2 3 4 5 5.00 0.200 1.000
80-15 0 1 3 4 5 7 5.36 0.274 0.994

[4
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which indicates a wear rate per unit time. The straight line
characteristics of the Gamma Falex data are assured by the fact that all
the correlation coefficient values are close to one (1.000).

A suitable statistical distribution for the variation of the
incubation period was studied. The data was arranged for a statistical
analysis as shown in Table Iv; For such a data set from the wear test,
the normal distribution is the most reasonable model to try first. The
arranged data in Table IV were plotted on the normal probability paper,
Fig. 24. Observe in Fig. 24 that the straight line which fits
the data points indicates the data fit well to the normal distribution.
In other words, the incubation period of MIL-H-5606 distributes normally,
the mean of the incubation period is 6.2 minutes, and the standard
deviation is 1.5 minutes, both of which can be obtained from Fig. 24.

Data of the Gamma slope were also arranged in the same manner as in
Table IV and plotted on normal probability paper, Fig. 25. It is obvi-
ous in Fig. 25 that some of the data points do not fit a straight
line; however, a majority of the data points closely fit a straight
line. To investigate the discrepancy observed in Fig. 25, the values
of the Gamma slope are plotted in chronological order in Fig. 26.

Fig. 26 indicates that the Gamma slope decreased as the test proceeded
and reached a steady state during the sixth test. Reasons suspected for
this are:

1. The test engineer was not familiar with the test equipment

and the test procedure. He gradually became familiar with
them as the test proceeded and finally reached the point
where he could obtain consistent data.

2, Contaminants remained in the system in the initial period



TABLE IV

INCUBATION PERIODS OF MIL-H-5606
FOR STATISTICAL ANALYSIS

100;/(n + 1)
XO i XO ORDERED PLOTTING
PERCENTAGE
6.76 1 3.5 6.3
4.15 2 3.58 125
8.39 3 4.15 18.8
7.78 4 5.00 25
7.78 5 5.36 31.3
3.55 6 5.50 37.5
3.58 7 5.58 43.8
8.25 8 5.68 50
5.58 9 6.76 56.3
8.18 10 7.32 62.5
7.32 11 7.78 68.8
5.50 12 7.78 75
5.68 13 8.18 813
5.00 14 8.25 87.5
5.36 15 8.39 93.8
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despite cleaning and filtration; however, the residue of
contaminants was gradually washed away as the test
proceeded and reached steady state or was finally
eliminated completely.

A second set of repeatability tests was conducted with mineral base
fluid MIL-L-2104. The test data were interpreted for the incubation
period, the Gamma slope, and the correlation coefficient, all of which
are tabulated in Table V. Values of the correlation coefficient in Table
V assure the straight-line characteristics of the data.

Values for the incubation period of MIL-L-2104 were plotted on
normal probability paper, Fig. 27, which proves that it distributes
normally. The mean value is 2.5 minutes, and the standard deviation is
2.3 minutes.

Values of the Gamma slope were also plotted on normal probability
paper, Fig. 28, which shows the same discrepancy as observed with
MIL-H-5606. All the data points fit a straight line except one data
point as shows in Fig. 28. The values of the Gamma slope are now
plotted in chronological order in Fig. 29 to discuss the discrepancy.
Fig. 29 shows consistent data points except for a point from seventh
test. Skills of the test engineer and the contamination control of the
svstem were considered satisfactory in this case.

Two more sets of repeatability tests were conducted with mineral
base fluid A and mineral base fluid B to further study the distribution
of the Gamma slope. Fig. 30 and Fig. 31 are normal probability
plottings of the Gamma slope for mineral base fluid A and mineral base
fluid B, respectively. Mineral base fluid A, Fig. 30 shows the same

discrepancy as seen in the foregoing analyses. Only two data points are



GAMMA FALEX REPEATABILITY TEST DATA WITH MIL-L-2104

TABLE V

TEST NO WEAR READING INCUBATION | GAMMA | CORRELATION
) 5 rain. [10 min.| 15 min. |20 min.| 25 min.| 30 min.| PERIOD (min.) | SLOPE | COEFFICIENT
80-25 0 1 1 2 2 3 3.67 0.109 0.968
80-26 o 05 1.5 2 25 35 5.35 0.137 0.994
80-27 0 1 1.5 2 25 -3 2.92 0.114 0.990
80-28 05 1 15 2 25 3 0 0.1 1.000
80-31 0.5 1 1.5 2 2.5 3 0 0.1 1.000
£0-40 1 15 2 25 3 3.5 0 0.1 1.000
80-41 05 15 3 3.5 5.5 6.5 3.43 0.243 0.992
80-42 05 1 1.5 2 3 35 1.89 0.123 0.992
80-50 0.5 1 1.5 2 25 3 0 0.1 1.000
80-59 05 1 15 2 25 3 0 0.1 1.000
80—-56 0 0 1 25 2.5 2.5 5.96 0.123 0.926
80-57 0 0.5 0.5 1 25 25 6.72 0.109 0.940
80-58 0 0 0 1.5 15 20 8.39 0.0914 0.919
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off from a best-fit straight line, and the rest of the data are closely
fit by the straight line, Fig. 30.

Mineral base fluid B, Fig. 31, shows a good straight-line fit of
all the data points, which means that all the data fall within the normal
distribution.

It was verified in the foregoing analysis that the incubation period
of the Gamma Falex test has a normal distribution; whereas, the Gamma
slope, which is a measure of the fluid lubricity, showed some
inconsistency. Three data sets out of four showed discrepancies in the
normal distribution analysis of the Gamma slope. In all three cases, the
majority of the data points followed a normal distribution; however, a
few points are outside the distribution.

Such a phenomenon may be observed sometimes in the measurement of
machine tool vibration. The vibration usually stays within a certain
range, and the variation within the range distributes normally.
Occasionally, the vibration level suddenly changes its range and stays in
a new range; While the vibration level stays in the new range, it also
distributes normally. Later, the vibration level returns to the previous
range and stays in that range with a normally distributed variation
again. The sudden range change of the vibration distribution may be due
to many parameters, such as operating and environmental conditions. This
example illustrates a condition where two or more distinct distributions
exist for one set of measurements.

For the Gamma slope data, one major distribution and one minor dis-
tribution are considered, which is illustrated in Fig. 32 for the Gamma
slope of MIL-H-5606. The major distribution was formed from eleven test

data; whereas, the minor distribution was formed from only four test
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data. Accordingly, it is reasonable to consider that the major distri-
bution represents the true Gamma slope of MIL-H-5606. In the same man-
ner, the major distribution is considered to represeat the true Gamma
slope for MIL-L-2104 and mineral base fluid A. For mineral base fluid
B, only the major distribution is known from the measurements.

The mean value and standard deviation of the major distribution
were calculated for each test fluid and are illustrated with minor data
points in Fig. 33. The white circle indicates a mean value of the
major distribution, and bars extending up and down from the white circle
indicate magnitudes of plus and minus one standard deviation,
respectively. Figures beside the white circles show the number of test
data from which a mean and standard deviation were calculated.

The number of data points forming the major distribution was
sufficient to calculate a mean value and standard deviation of the
normal distribution for each test fluid; however, the number of minor
data points was insufficient to calculate any distribution parameters.
Hence, all the minor data points are plotted in Fig. 33. Fig. 33
illustrates the accuracy and repeatability of the Gamma Falex test.

Fifteen tests were conducted with MIL-H-5606. Eleven test data
among the fifteen fall within the normal distribution with a mean value
of 0.276 and a standard deviation of 0.051. The remaining four are
minor data points that do not follow the major normal distribution.
Therefore, 27 percent of the test data, in this case, are outside the
major distribution, and 73 percent of the data fall within the major

distribution.

Thirteen tests were conducted for MIL-L-2104, and twelve test data
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among them fall within the major distribution. The mean value is
0.109, and the standard deviation is 0.013. Only one test among the
thirteen tests did not follow the major normal distribution. In this
case, therefore, 8 percent of the tests is outside the major
distribution, and 92 percent is within the major distribution.

Ten tests were conducted for mineral base fluid A. Eight tests
among them fall in the major distribution with a mean value of 0.207 and
a standard deviation of 0.027. Accordingly, 20 percent of the tests is
outside the major normal distribution, and 80 percent is within the
major normal distribution.

In the case of mineral base fluid B, nine tests were conducted.

All of the tests fall in the major normal distribution with a mean of
0.203 and a standard deviation of 0.082. Hence, 100 percent of the test
falls within the major normal distribution and none is outside the major
normal distribution.

From the above analysis of the percentage of minor test data, the

following informtion is now available:

Test Fluid Ratio of Minor Test Data
MIL-H-5606 27%
MIL-L-2104 8%
Mineral Base Fluid A 20%
Mineral Base Fluid B 0%

A normal distributicon analysis was conducted on normal probability paper
for these four ratios in the same way as the foregoing analyses. As a
result, it was verified that the normal distribution is applicable to
these ratios. Thus, the ratio of the minor tests can be represented by

a normal distribution with a mean value of 14 percent.
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For the values of the standard deviation of the four test fluids, a
similar analysis was made to find a mean standard deviation. The values

of the standard deviation of the Gamma slope for the four test fluids

are:
Test Fluid Gamma Slope Standard Deviation
MIL-H-5606 0.051
MIL-L-2104 0.013
Mineral Base Fluid A 0.027
Mineral Base Fluid B 0.082

The analysis revealed that the normal distribution can fit the variation
of the Gamma slope standard deviation with a mean value of 0,043,

From the study of the four fluid test data with a total number of
47 tests, a repeatability model for the test on the Gamma Falex system
is constructed. When a multiple number of Gamma Falex tests are
conducted under identical test conditions, 86 percent of the tests fall
within a major normal distribution with a standard deviation of 0.043.
The remaining 14 percent of the tests are outside the major normal
distribution.

This repeatability model for the Gamma Falex test is based on the
repeatability tests of the four fluids, all of which have relatively
good lubricity (estimated Gamma slopes of less than 0.3). The
repeatability model has a limit in its application; however, it provides
significant guidance for judging the adequacy and confidence level of

the Gamma Falex test,
Analysis of Test Wear Mechanism

Fig. 34 illustrates the wear surfaces on the V-block of the
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Gamma Falex system. Wear scar depth and width increase as wear
progresses. Fig. 35 shows a schematic of the right hand side of the
loading system. The left hand side of the loading system is identical
to the right hand side. As wear advances, the two V-blocks move toward
the journal since a constant load is maintained at both ends of the
loading arms by rotating the ratchet wheel. Hence, the movement of the
V-block toward the journal due to wear is proportional to the number of
the ratchet wheel gear teeth advanced.

Fig. 36 is an enlarged view of the geometry of the wear scar on
the V-block. Experimental tests revealed that wear on the journal is
negligibly small; whereas, the wear scar on the V-block increases as the
test proceeds. This can be explained by the different degrees of wear
severity to which the V-block and the journal are exposed.

There are two narrow wear surfaces on the V-block, Fig. 34,
which are always subjected to sliding contact with the journal. On the
other hand, the journal wear surface is its circumference. Only four
small parts of the journal circumference are subjected to sliding
contact at a time, and the rest of the surface is free from the contact.
Thus, the wear condition of the V-block surface is much more severe than
that of the journal.

From the wear geometry shown in Fig. 36, the relationship

between the wear scar depth and the scar width is expressed by:
. b
x =1 [l - cos (arcsin E;Q] (30)

where

X = wear scar depth on V-block
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r journal diameter

b scar width
Using Eq. (30) the scar depth can be calculated from the scar width.
Values of the scar width for different wear readings were obtained from
experimental tests, Table VI.

Scar widths at null gear teeth are due to stress deformation and
may be calculated by the Hertizian stress equation. The scar widths at

various gear advancements were measured accurately through a

microscope.

From the data in Table VI with the use of Eq. (30), three values of

scar depth are obtained with corresponding numbers of gear teeth

advanced:

Gear Teeth Advanced Scar Depth
9.5 0.02192 mm
9.5 0.02232 mm
56.5 0.08957 mm

Since the scar depth is linearly proportional to the number of gear
teeth advanced, a best-fit straight line that passes through the origin
is obtained. The slope of the line is calculate& to be 0.001625 with a
correlation coeffecient of 0.9684. Hence, the relationship between the

scar depth and the wear reading (the number of gear teeth advanced) is

given by:

x = 1.625 x 1073 N (31)

where

N = wear reading (number of ratchet wheel gear teeth advanced)



TABLE VI

SCAR WIDTHS FOR DIFFERENT WEAR READINGS

: T | NO. OF GEAR
TEST NO. | TEST LOAD TEETH ADVANCED SCAR WIDTH

0 0.0425 mm
248 S0 9.5 0.746 mm
0 0.0601 mm
249 1001b 9.5 0.754 mm
250 2001b 0 0.0850 mm

56.5 1.50 mm

9L
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The relationship between the wear reading and the unit load on the
wear surface can be derived from a force analysis of the Falex wear

tester. The contact force on one wear surface of the V-block is given

by:
F = ——— = 0.6728W (32)
¢ 2 cos 42
where
F. = contact force
W = applied test load

The area of one contact surface is given by:

(33)

>
]

[}

—

where
A = area of one contact surface
a = width of contact area
1 = length of contact area

The length of the contact area is calculated to be 11.76 mm. The width

of contact area is given by:

a = 2r arccos (1 - —%—) (34)

With r = 3.175 mm, the width of contact area is written:
a = 6.35 arccos (1 - 5.118 x 1074 N) (35)

Then, the unit load of the contact surface is given by:

P = c (36)
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where

P = unit load of contact surface
The derived relationship is shown in Fig. 37. Notice that the relation-
ship between the scar depth and the wear reading is expressed by a
straight line on a log-log scale. From Fig. 37, a simplified equation
of the relationship can be developed by taking advantage of the

straight-line characteristics.
log P = - 1/2 log N + 4.74 (37)

Eq. (37) is a simplified equation for the relationship at a test load of
300 1bs.
According to the surface contact wear theory, the volume rate of

surface contact wear per unit time on the Gamma Falex system is given

by:

Kv ./ 1+ 3 (38)

Vr = 6T tan 9s
y

where
Vr = volume rate of surface contact wear per unit time
v = sliding velocity
K = coefficient of wear fragment formation
U = coefficient of friction
Ty = yield strength of surface material
Og = base angle of surface asperity
Fig. 38 shows the geometry of wear progressing over a finite period of
time on the V-block. From Fig. 38, the volume of wear over a finite

period of time on the V-block can be expressed by:
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Vpedt = a 1 dx (39)
where
dt = finite period of time
dx = finite scar depth advanced during a time period of dt

From the wear geometry of the V-block, the width of contact area a is

expressed by:

VN (40)

Substituting Eqs. (31) and (40) into Eq. (39) yields:

Vpedt = 3.884 x 1073 V7 N aN (41)

where

dN = wear reading during a time period of dt

Substituting Eq. (38) into Eq. (41) and integrating it from time zero to

t yields:

Kv Fc tan © 2/3

T
y

2)1/3 t2/3 (42)

N = 16.06 (1 + 3u
Eq. (42) shows the relationship between the wear reading versus test
time on the Gamma Falex system. The wear reading versus test time is
exptected to show a straight line from the experimental test results;
however, Eq. (42) is not a straight line but a power curve with the

power of two over three.
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To simplify the discussion, Eq. (42) is rewritten as:

N=mt (43)

where

m = constant
Three values, 0.5, 1 and 2 are applied to the constant m in Eq. (43),
and wear readings N corresponding to these constant values are plotted
as a function of time in Fig. 39. It is obvious in Fig. 39 that a
majority of the points fit straight lines. Three sets of data points
beyond 10 minutes fit straight lines with a correlation coefficient of
0.999, which indicates an excellent correlation. But some points at the
beginning period do not fit the straight line.

Fig. 40 shows the results of Gamma Falex test that has an incuba-
tion period of 10 minutes., The incubation period is the name giﬁen to a
time period at the initiation of the test during which no wear occurs.
Unlike the theoretical curve of the wear reading versus test time, no
wear is observed during the initial 10 minutes. After that time, wear
starts to occur at a constant rate. A best—-fit straight line for the
data points beyond the 10 minutes was derived with a correlation coeffi-
cient of 0.987, which indicates good correlation of the line to the data.

During the initial period of the Gamma Falex test, the journal and
the V-block theoretically have line contact; however, the unit load
under the line contact is so high that the surfaces are plastically
deformed, and the contact surface area increases until the surface area
maintains the unit load equivalent to the material yield strength. In
this condition, not only the surface asperities but also the entire

contact surfaces are compressed to form the so-called "mirror surfaces”
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that are work-hardened. If the applied lubricant is capable of pro-
tecting the surface from delamination, the work-hardened surface layer
can be maintained for a sufficient period of time during which no wear
is generated. Thus, a long incubation period is observed in such a
case.

When a lubricant is not capable of protecting the surface in this
condition, the work-hardened mirror surface layer is soon delaminated
due to friction, and wear starts taking place.

As wear on the V-block progresses, the contact surface material is
continuously removed due to wear, and the contact surface area
increases. Accordingly, the number of surface asperities in contact
increases. The force acting on one asperity is inversely proportional
to the number of asperities; and, therefore, it constantly decreases as
wear progresses. The test condition will reach a point where the force
acting on the asperity is so small that deformation of the asperity is
minute, and no additional wear fragments are formed. This situation can
be reflected by a change of the coefficient K in the theoretical equa-
tion, Eq. (42).

As long as wear fragments are formed due to plastic deformation,
the value of K stays fairly constant. When the force acting on the
asperity becomes sufficiently small, the value of K begins to decrease
and approaches zero.,

Fig. 41 shows a typical example of the saturation of wear on the
Gamma Falex test. After 1.5 hours of test time, the wear rate began to
decrease and reached steady state in 2 hours.

From the foregoing analysis, it is concluded that the theoretical

Gamma Falex data curve expressed by Eq. (42) is closely fit by:
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N = st + tg (44)
where
s = Gamma slope (wear rate--wear reading per unit time)
t = test time
to = incubation period

for the test time above 10 minutes. From Egs. (42) and (44) in refer-

ence to Fig. 39, the Gamma slope can be expressed by:

s = 4.02 (45)

2/3 1/3
KVFC tan OS) (1+3U2)

T
y

Substituting Eq. (32) into Eq. (45) and rearranging it yields:

1.5 K tan ©
[ 5.423v] [ —=—2 ][/ 1+ 32 ] (46)

T
y

=jw

The right hand side of Eq. (46) is grouped into three terms by brackets.
The first term is a constant because the Gamma Falex system is operated
at a constant rotating speed of 290 rpm, which is translated to a
sliding velocity of 9.6 cm/sec. The second term reflects the surface
material properties. The third term includes the coefficient of

friction between the sliding surfaces that 1s determined by an applied

lubricant.

Experimental Method

Eq. (46) is simplified to:
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K tan Os (47)

1.5 —_—
= ¢ //l + 3u2

e

"
%l—-]

where
¢ = constant
Eq. (47) is illustrated in Fig. 42, which reflects the effect of the
applied test load on the Y-axis, the effect of the surface material
properties on the X-axis, and the effect of the friction coefficient omn
the slope of a straight line.
The following three conditions are considered for the experimental
test:
1. When the same material with the same surface finish is
used with the same friction coefficient on the Gamma Falex
system, the right hand side of Eq. (47) becomes constant.
Hence, a value of (sl'S/W) is constant regardless of the
test load in this coadition. In other words, the Gamma
slope changes for different test loads in such a way that
the value of (sl*S/W) remains constant.
2. When the test material is kept the same but the friction
coefficient is changed by applying different lubricants,
the value of (sl+3/w) changes.
3. When the friction coefficient is constant and the material
yield strength is changed, the value of (sl+3/W) changes
along a straight line with a slope of c(l + 31.12)0-5 as
shown in Fig. 42,
If the above three conditions are met by the experimental test, the

developed surface contact wear model is considered feasible.
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Experimental Tests and Analysis

The standard test specimens, the V-block made of AISI 1137 steel
with a yield strength of 91 kpsi and the journal made of AISI 3135 steel
with a yield strength of 66 kpsi, were tested with 19 different
lubricating fluids on the Gamma Falex system at various test loads. The
test fluids include eight mineral base fluids (MBF 1 through 8), eight
high water base fluids (HWBF 1 through 8), one water in oil emulsion
fluid (WIOE 1), one water glycol fluid (WG 1), and one synthetic fluid
(SYN 1). Table VII tabulates the test load, the Gamma slope, and the
calculated value of (sl:3/W) for the test fluids.

The data tabulated in Table VII are also plotted in Fig. 43. The
white circle dot in Fig. 43 indicates an average value of (sl+3/W) for
the lubricant. A bar extending from the white circle dot shows an
entire range of variation of (sl:3/W).

Referring to Table VII and Fig. 43, the first condition stated at
the beginning of this section is examined. If the coefficient of
friction remains the same regardless of the test load when the same
lubricant is applied, the value of (sl*3/W) in Table VII is expected to
be the same for the same‘lubricant according to theory. Table VII shows
some variations of the value of (sl+3/W) even for the same lubricant
when different loads were applied. However, Fig. 43 clearly illustrates
the fact that good lubricants showed only small values of (sl'S/W), and
poor lubricants showed large values of (sle5/w) regardless of the test
load, although some variations existed. Thus, the first condition is
considered met. It also becomes evident that the friction coefficient
changes slightly even with the same lubricant when different loads are

applied.



TABLE VII

GAMMA SLOPES AND VALUES OF (sl+2/w)
FOR NINETEEN TEST FLUIDS

w
S 1.5 4
TEST FLUID TES(‘II'blS_)OAD GAMMA SLOPE (/W) x 10
50 0.05 2.24
100 0.15 5.81
200 0.23 5.52
MBF 1 -
400 0.39 6.09
500 0.50 7.07
800 0.80 8.94
100 0.199 8.88
HWBF 1 300 0.322 6.09
600 0.630 8.33
100 0.266 13.72
HWBF 2 300 0.329 6.29
600 0.404 4.28
300 1.02 34.34
HWBF 3 :
400 1.22 33.69
300 0.544 13.37
HWBF 4
400 0.729 15.56
100 0.178 7.51
200 '0.135 248
HWBF 5
300 0.124 1.46
400 0.247 3.07
100 0.21 9.62
HWBF 6
300 0.60 13.25
100 0.75 64.95
HWBF 7
300 1.57 65.57
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TABLE VII (Continued)

100 0.0915 2.77

WIOE 1
300 0.331 6.35
100 0.158 6.28

MBF 2
300 0.190 2.76
100 0.102 3.26

MBF 3
300 0.129 1.54
100 0.251 12.58

MBF 4
300 0.297 5.40
100 0.163 6.58

MBF 5
300 0.524 12.64
100 0.244 12.05

MBF 6
300 0.409 8.72
100 0.139 5.18

MBF 7
300 0.382 7.87
100 0.113 3.80

WG 1
300 0.381 7.84
100 0.045 0.95

HWBF 8
300 0.196 2.89
100 0.069 1.81
200 0.104 1.68

MBF 8
300 0.183 2.61
400 0.228 272
100 0.033 0.60
200 0.067 0.87

SYN 1
300 0.083 0.80
400 0.183 1.96
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The second condition is verified clearly by observing different
values of (sl+3/W) for different test lubricants at the same test load,
Table VII. To verify the third condition, a different material was used
for the V-block. Numerous experimental tests revealed that wear on the
journal is negligibly small; whereas, wear on the V-block is the major
wear recorded. Hence, a different material was substituted only for the
V-block; that is, AISI 1020 steel with a yield strength of 39 kpsi and a
surface finish like the standard V-block. The V-block made of the
standard AISI 1137 steel was designated the "hard”™ V-block, and the
V-block made of AISI 1020 steel was designatéd the "soft"™ V-block.

Two mineral base fluids, MBF 9 and MBF 10, were tested on the Gamma
Falex system with both soft and hard V-blocks. Test fluid MBF 9 was
tested at loads of 300 1lb. and 450 1b. with both V-block materials.

Test fluid MBF 10 was tested at loads of 300 1b. and 600 1b. with both
V-block materials.

Table VIII tabulates the test results and the value of (sle3/W).
Average values of (s1+5/W) with the hard V-block and the soft V-block
are plotted in Fig. 44. 1In Fig. 44, the value of (K tan Og) was to
be assumed the same for both materials, and values of the hard V-block
and the soft V-block were assigned on the X-axis. Note that a change of
(s1+3/W) can be projected by a straight line for the same lubricant in
both cases as stated in the third condition. Thus, the third condition
is also verified. Since the three conditions stated at the beginning of
this discussion are met, the feasibility of the developed surface

contact wear model is validated for the experimental test that are

presented.



TABLE VIIIL

TEST RESULTS OF TWO FLUIDS TESTED
ON DIFFERENT MATERIALS

V-BLOGCK " :
1.5 4
TEST FLUD M:fg_'g" TEST LOAD| GAamMMA [87wW) x 10
. (bs.) SLOPE
STRENGTH
300 0.132 1.60
HARD
o1 koo 450 0.411 5.86
AVERAGE 373
MBF 9
300 0.375 7.66
SOFT
23 Ko 450 0.475 7.28
AVERAGE 7.47
300 0.114 1.28
HARD
o1 koui 600 0.377 3.86
AVERAGE 257
MBF 10
300 0.216 3.35
SOFT
2 Ko 600 0.527 6.38
AVERAGE 487
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Fig. 44. Material Effects on Surface Contact Wear
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Static Asperity Deformation Tests and Analysis

The developed surface contact wear model includes the plastic
deformation process of the surface asperities. To investigate the
mechanism of the surface asperity plastic deformation, the simulated
surface asperity model was made with a base angle of 60 deg and
experimental tests were conducted. This section presents the experimen-
tal test and analysis of the static plastic deformation of the surface
asperity.

Fig. 45 shows the test equipment. The cone with a conically
shaped top simulates the surface asperity, and the plate simulates the
other surface which compressses the asperity as it slides against the
asperity. Slider A has an inclined sliding surface with an angle of
16.7 deg so that it moves down one unit distance while it moves to the
left by three-tenths of the unit distance. Slider A is pushed down
vertically by a 60-ton hydraulic press via slider B. Slider A can slide
relative to slider B to compensate for its lateral movement. The
vertical force Fg applied to push down slider A is monitored by the
fluid pressure of the hydraulic press. The force F; acting on top of
the cone to compress it is monitored by fluid pressure of the cylinder
which is connected to the slide base. The surface of the slide base is
lubricated by grease so that the friction between slider A and the slide
base is small.

Various test lubricants were applied to the surface of the plate by
a syringe periodically so that the surface is always wet with lubricant.

The cone and the plate are two test specimens. Only a single
material, AISI 1045 medium carbon steel, was selected for the plate.

Dimensions of the plate are shown in Fig. 46, Hardness of the plate is
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HR 98 on the B-scale, and its yield strength is 91 kpsi.

Two materials were selected for the cone--one is AISI 1020 low car-
bon steel with a hardness of HR 78 on the B-scale and a yield strength
of 39 kpsi. The other is AISI 4340 medium carbon steel with a hardness
of HR 90 on the B-scale and a yield strength of 66 kpsi. The cone made
of AIST 1020 steel is designated the "soft"” cone; whereas, the cone made
of AISI 4340 steel is designated the "hard” cone. Dimensions of the cone
are shown in Fig. 47.

For each test, a new pair of the cone and the plate was selected and
installed on the test equipment. The sliding surfaces of slider A,
slider B, and the slide base were lubricated by grease and assembled.
Before the cone and the plate were installed, they were cleaned and their
weights were measured. The length of the cone was also recorded. After
installation, both surfaces of the cone and the plate were washed by
ether and dried. Then, a sufficient amount of the specified lubricant
was applied on the plate surface, and the test was initiated. Since this
was a static test, the hydraulic press was pressurized slowly by a hand
pump. As pressure of the hydraulic press built up, slider A moved down
along the surface of the slide base, the plate compressed the top of the
cone, and plastic deformation of the cone was observed. Lubricant was
applied to the plate surface periodically to ensure a wet surface.

The applied force on top of slider A was monitored by the pressure
gauge of the hydraulic press. The force acting on the cone parallel to
the cone axis was monitored by the pressure gauge installed on the
supporting cylinder.

After the test was completed, the cone and the plate were carefully

removed from the test equipment, cleaned, and weighed. The length of



25 mm
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the cone was measured. The amount of wear fragments was weighted if
there were any.

Six fluids were used in this series of tests. Test numbers and the
materials tested with the different fluids are summarized in Table IX.
The base stock oil is a mineral oil countaining no antiwear additives.
Zinc dithiophosphate, which is a typical antiwear additive, was added to
the base stock oil and used for the tests in amounts of 0.1 and 1 percent
by volume. Commercially available re-refined motor o0il, a synthetic
fluid (Skydrol), and a 95-5 high water base fluid (emulsion type) were
also used for the tests.

It was intended that both soft and hard cones be tested with all the
test fluids. But the hard cone was used instead of the soft cone in test
8 and the soft cone was used instead of the hard cone in test 15 by
mistake. In test 4, slider B touched the housing of the test equipment,
and the force measurements were faulty. These test failures were found
during data analysis after the tests were completed.

The test results showed that the soft cone was deformed more than
the hard cone because of its lower yield strength. A typical shape of
the deformed soft cone is illustrated in Fig. 48. The deformed surface
of the cone has a tear-dropped shape. On the surface of some of the
tested soft cones, a slight delamination was observed; however, a smooth
surface was observed on most of the soft cones. As a result of compres-
sion and sliding of the coune, a teardrop-shaped imprint was made on the
plate surface. Fig. 49 shows an imprint on the plate surface made by
the soft cone. A slight delamination was partially observed. The
imprint is just a smooth image on the surface with no indentation, as
shown in the cross section of the plate, Fig. 49.

The hard cone was deformed less than the soft cone; however, the



TABLE IX

TEST FLUIDS AND TEST MATERIALS

TEST FLUID

TEST NUMBER

SOFT CONE

HARD CONE

BASE STOCK OIL

#4%F

#5

BASE STOCK OIL
+ 0.1% ZINC

#6

#*7

BASE STOCK OIL
+1.0% ZINC

#8 #9

RE-REFINED
MOTOR OIL

#10

#11

SKYDROL
(synthetic fluid)

#12

#13

95-5 HWBF
EMULSION TYPE

#14  #15

** TEST FAILED

€01
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deformed surface was undulated due to severe delamination. Since the
material of the hard cone is brittle, cracks were formed as a result of
plastic deformation, Fig. 50, and sometimes parts of the deformed
material broke off from the cone, as shown in Fig. 50. Fig. 51

shows the surface condition of a plate mating with the hard cone. As
the result of severe delamination, a series of ripple waveforms were
engraved on the surface.

Although extensive deformation was observed for all the soft cones
tested, none of them formed wear fragments because of their high
ductility. All the hard cones had cracks on the deformed parts; and
during test 8, 9, and 13, wear fragments formed. These wear particles
were all collected and weighed.

Figs. 52 and 53 show the pressure of the hydraulic press versus
pressure of the supporting cylinder during static deformation tests.

The pressure of the hydraulic cylinder multiplied by its piston area, 18
in%, indicates the vertical force Fg applied to slider A in Fig. 45.

The pressure of the supporting cylinder multiplied by its piston area,
10.16 inz, indicates the horizontal force F; acting on top of the cone
to deform it.

Fig. 52 shows the data from test 10, and Fig. 53 shows the data
from test 1l1. The figures also show the deformed length and the size of
deformed area of the cone at the final measurement. The deformed area
was calculated assuming the elliptical shape shown in the figures. Note
that, in Figs. 52 and 53, the pressure of the supporting cylinder at the
final measurement was different in each test. To obtain the area at the
same normal load for comparison, the reference pressure of the suporting

cylinder must be specified and the calculated area corrected. A
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pressure of 3000 psi is selected as the reference pressure of the
supporting cylinder. Since the deformed area is proportional to the
applied normal load correction of the area is made by simply dividing
the calculated area by the final supporting cylinder pressure and
multiplying it by a reference pressure of 3000 psi. Table X lists the
corrected areas fof the reference pressure.

From the lost length of the cone due to deformation, the deformed
area of the conical top can be also calculated. With the same
correction of the area for a reference pressure of 3000 psi, Table XI
lists the areas calculated from the lost length of the cone.

Fig. 54 plots the results both in Tables X and XI. The deformed
area calculated from the lost length of the cone is less than that
calculated from the area size measurement for all the tests because of
the ductility of the material. When the conical part was compressed by
the flat plate and plastically deformed, the conical shape expanded due
to the ductility of the material. The original slant did not remain
around the deformed surface. The surface area calculated from the lost
length of the cone did not consider the ductile expansion of the conical
shape. Therefore, the surface area calculated from the area size
measurement is a true estimate of the deformed surface that is
proportional to the applied loads, but the deformed volume of the cone
should be calculated from the lost length.

The above consideration 1eadé to an important observation about the
wear theory. When a conical shape is assumed for the wear surface
asperity that is deformed by the other surface, actual deformation of
the asperity is less than the theoretically calculatéd deformatiop

because the theory does not incorporate the expansion of the conical



TABLE X

DEFORMED AREA CORRECTED FOR 3000 psi
BASED ON THE AREA SIZE MEASUREMENT

_ CALCULATED|  FINAL
g o AREA PRESSURE |CORRECTED
E1Z| Testrup FROM OF | AREA FOR
=3 B SUPPORTING| 3000 psi
$|u MEZS- CYLINDER (in2)
(in%) (psi)
BASE STOCK OiL
6 +0.1% ZINC 0.2354 3000 0.2354
RE-REFINED
% 10 MOTOR OIL 0.2219 2710 0.2456
(o]
{ O SKYDROL
] L'_ 12 (synthetic fluid) 0.2151 2700 0.2390
O
{ ® 95-5 HWBF
14 EMULSION TYPE 0.2275 2760 0.2473
95-5 HWBF
15 EMULSION TYPE 0.2323 2760 0.2525
5 |BASE STOCK O] 0.0991 1350 0.2202
BASE STOCK OIL
7 +0.1% ZINC 0.2094 2900 0.2166
11}
2 BASE STOCK OIL
o 8 0.1585 2830 0.1680
o +1.0% ZINC
o)
o BASE STOCK OIL
§ 9 +1.0% ZINC 0.1709 2830 0.1812
RE-REFINED
11 MOTOR OIL 0.2013 2790 0.2165
SKYDROL
13 (synthetic fluid) 0.1878 2910 0.1936
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TABLE XI

DEFORMED AREA CORRECTED FOR 3000 psi BASED
ON THE LOST LENGTH OF THE CONE

112

_J FINAL
<|9 PRESSURE [CORRECTED)
218 LOST | CALC. s AREA FOR
p 'u-) TEST FLUID LENGTH ARgA SUPPORTING| 3000 psi

[<|w mm) | 0% 1 cvUNDER (in?)

' (psi)
BASE STOCK OIL
8"} 6.1% ZINC 9.68 |0.1521| 3000 0.1521
RE-REFINED
W 10| OTOR OLL 9.19 |0.1371| 2710 0.1517
3]

101, SKYDROL
E 12| (o nthetic fluig) | 945 |0-1449| 2700 0.1610

10
D 95-5 HWBF

14f evuULSION Type | 960 |0.1496] 2760 0.1626
95-5 HWBF
15| eMuULSION Type | 9-80 |0.1559| 2760 0.1694
5|BASE STOCK OIL| 4 0.0260| 1350 0.0577
BASE STOCK OIL
7. 5 0.1% ZING 8.86 |0.1274| 2900 0.1318
w ]
Zz BASE STOCK OIL
1K) 7.57 {0.0930| 2830 0.0986
8 +1.0% ZINC
Q
BASE STOCK OiL
o
< 9™, 1.0% ZINC 8.33 [0.1126]| 2830 0.1194
| RE-REFINED
[11] MoTor o 7.95 [0.1026| 2790 0.1103
| SKYDROL
13‘ (synthetic fluid) 8.76 |0.1245 2910 0.1284
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Fig. 54. Deformed Areas of Soft Cones and Hard Cones
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shape due to the deformation. The degree of expansion depends on the
ductility of the material. The difference between the actual and
theoretical calculations is illustrated in Fig. 54.

For the same pressure (3000 psi) of the supporting cylinder, the
soft cone always had a larger deformed area than the hard cone. This
verifies the theory that the deformed volume is inversely proportional
to the material yield strength. The theory also states that the volume
of wear is proportional to the coefficient of wear fragment formation
due to deformation, Eq. (15). Wear of the soft cone did not generate
any wear fragments in spite of its large deformation. On the other
hand, the wear of the hard cone generated some wear fragments, which
implies that the coefficient of wear fragment formation is a strong
function of material ductility, i.e., the more ductile material, the
smaller the coefficient of wear fragment formation.

An overall analysis of the test results has been presented.
However, the effect of each test fluid on the static deformation was not
clearly shown, in the foregoing analysis.

The theory, Eq. (15) states that the volume of wear is a function
of the coefficient of friction, which is determined by the applied
lubricant. To derive the coefficient of friction associated with the
test fluids, a force analysis of the test equipment is necessary. Fig.
55 shows the force distribution with no friction between slider A and
the slide base and between slider A and the cone. An arrow, designated
by Fgy, represents the force applied vertically to slider A. The force
Fg is divided into force F;, which is acting on top of the cone to
compress it, and force Fy, which pushes the slide base.

In reality, there is friction between slider A and the slide base
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and between slider A and the cone, since slider A moves down along the
sliding surface of the slide base. Fig. 56 illustrates the force
distribution with friction included. Force F3 is the force necessary to
overcome the friction that is determined by the applied lubricant.

Force F4 is the force required to overcome the friction between slider A
and the slide base. A sufficient amount of grease is applied between
slider A and the slide base so that its coefficient of friction is
estimated to be 0.1 in the test condition (33). The coefficient of
friction between slider A and the cone is of interest and must be
derived from the test data coupled with force analysis. Considering

the friction forces, the applied force Fp is divided into force Fg,
which is a combination of forces F] and Fj3, and force Fg, which is a

combination of forces Fjy and F4.

Fig. 57 reconstructs the force distribution to show all vertical
and horizontal force elements. In Fig. 57, it is clear that force Fy,
which is applied by the hydraulic press, is equal to the sum of forces
F3 and F7. Force F} which compresses the cone, is equivalent to the
force measured by the supporting cylinder.

Since the coefficient of friction between slider A and the slide

base up is given by F4/F2, the angle between -F] and Fg is given by:

Y = O + arctan up (48)

where
Y = angle between -F] and Fg
O = angle of slider A

Then force F3 is given by:

F3 = Fg = F| tan Y (49)
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The coefficient of friction between slider A and the cone uj is given by

F3/F)]; and, therefore, it is expressed by:

F

up = L tan (© + arctan Hy ) (50)

Fy

Forces Fp and F] were measured in the test. Angle O is 16.7 degrees and
the coefficient of friction pp is 0.1l.

Force F] is calculated to be 30,480 1lb at a supporting cylinder
pressure of 3000 psi. Force Fp, required when force F; is 30,480 1b,
is derived for each test from tﬁe test data and is tabulated in Table
XII. The coefficient of friction p] is calculated using Eq. (50) and is
also tabulated in Table XII.

The derived coefficients of friction for the test fluids are
plotted in Fig. 58. The effect of zinc dithiophosphate in reducing
friction is apparent in Fig. 58. The fluids which produced less
friction on the soft material also produced less friction on the hard
material. Although the trend of fluid effects in reducing friction is
the same on both test materials, the friction on the hard material is
always higher than that on the soft material with the same fluid. This
is considered because of severe delamination with the hard material.
This observation reveals that the friction under static conditions, vary
significantly for materials of different hardness even with the same
lubricant.

Knowing the coefficient of friction with a specific fluid, the
volume rate of plastic deformation with the fluid can be calculated by

Eq. (14). The actual deformed volume of the test cone can be obtained



TABLE XII

COEFFICIENTS OF FRICTION WITH

DIFFERENT TEST FLUIDS

(synthetic fluid)

<|9 Fo AT
c F, =30480 | COEFFICIENT
1
Hlgp| TESTFLUD Ibs. OF FRICTION
<|w
2|k (Ibs.)
BASE STOCK OIL
61~ £0.1% ZINC 19440 0.226
RE-REFINED
w110 \oToR OIL 18540 0.196
o
o SKYDROL
" 12 (synthetic fluid) 18180 0.184
o
7 95-5 HWBF
141 EMULSION TYPE 17820 0.173
95-5 HWBF
15| EMULSION TYPE 17100 0.149
5| BASE STOCK OIL 21960 0.308
BASE STOCK OIL
717 £0.1% ZING 20700 0.267
Ll
Z BASE STOCK OIL
S| 8 +1.0% zInC 19440 0.226
(]
o BASE STOCK OIL
< 9 +1.0% zINC 20340 0.255
RE-REFINED
111 MoToR oL 19440 0.226
13 SKYDROL 19080 021
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from the lost length of the cone. The actual volume rate of plastic
dgformation is then obtained by dividing the deformed volume by the
effective sliding distance; i.e., the diameter of deformed surface.
Table XIII tabulates the theoretical volume rate of plastic deformation
calculated from the coefficient of friction using Eq. (14), and the
actual volume rate of plastic deformation obtained from the lost length
of the test cone for all the test fluids.

The theoretical and actual volume rates of plastic deformation are
also plotted in Fig. 59. The theoretical values in Fig. 59 show that
the volume rate of deformation on the soft material is much larger than
that on the hard material despite the smaller coefficient of friction
for the soft material. The same trend is observed on the actual volume
rate of deformation.

There is a large difference between the theoretical and actual
volume rates of deformation. The difference with the soft material is
as large as three times the difference with the hard material. The
difference between the theoretical and actual values is considered to be
mainly due to the ductile expansion of the conical shape. The soft
material is more ductile than the hard material; and, therefore, it has
a larger expansion of the conical shape that results in a smaller volume
rate of deformation.

This concept is illustrated in Fig. 60. As the flat surface
compresses the top of the cone, the material deforms, and the conical
shape expands. The expansion of the conical shape of a ductile material
is larger than that of a brittle material, as shown in Fig. 60. With a
given compressing force, the deformation stops when the equilibrium

state is reached, where the given force equals the material yield



THEORETICAL AND ACTUAL VOLUME RATES

TABLE XIII

OF PLASTIC DEFORMATION

) O THEORETICAL ACTUAL
% Z COEFF. [|VOLUME RATE]VOLUME RATE
lu_.l - TEST FLUID OF OF OF
>l FRICTION [DEFORMATION|DEFORMATION
>3 L (in3/in.) (in3/in.)
BASE STOCK OIL
6 +0.1% ZING 0.226 0.242 0.0439
RE-REFINED
% 10 MOTOR OIL 0.196 0.238 0.0461
(o]
(&) SKYDROL
L—_ 12 (synthetic fluid) 0.184 0.237 0.0490
(o]
7)) 95-5 HWBF
14 EMULSION TYPE 0.173 0.236 0.0489
95-5 HWBF
15 EMULSION TYPE 0.149 0.233 0.0510
5|BASE STOCK OIL] 0.308 0.111 0.0248
BASE STOCK OIL .
7 + 0.1% ZING 0.267 0.108 0.0387
w
2 BASE STOCK OIL
8 8 +1.0% ZINC 0.226 0.105 » 0.0293
Q
BASE STOCK OIL
(v oy
% 9 +1.0% ZINC 0.255 0.107 0.0355
RE-REFINED
1 MOTOR OIL 0.226 0.105 0.0330
SKYDROL
13 (synthetic fluid) 0.214 0.104 0.0376

123



124

® SOFT CONE, ACTUAL
@® HARD CONE, ACTUAL

/A SOFT CONE, THEORETICAL
A HARD CONE, THEORETICAL
2
D AAAAA
5
l-': 0.2"-
<L
=
(e
o
(1R
ul
o
L
o : A
g A
AR | AAAa
(ot
Ll
=
=]
g 00 ©00°
o oo ©
o @
I I N I I A e

TESTNO.» 6 10 12 14 16 5§ 7 8 9 11 13

Fig. 59. Theoretical and Actual Volume Rates of Deformation



DUCTILE MATERIAL BRITTLE MATERIAL

Fig. 60. Difference of Conical Shape Expansion Between Ductile and
Brittle Materials

YA



126

strength times the deformed area. The expansion of the ductile material
is large, so that the actual equilibrium state is reached with much less
deformation than that of the theoretical equilibrium state where no
conical shape expansion is considered. The actual equilibrium state of
the brittle material is still reached with less deformation than that of
the theoretical state; however, a difference between the actual and
theoretical deformations of the brittle material is not as large as that
on the soft material because of the smaller expansion of the conical
shape. This explains the differences observed in Fig. 59.

The volume of wear is obtained from Eq. (15) with a specific value
for the coefficient of wear fragment formation. For all the soft cones,
no wear fragments were observed; and, therefore, the coefficient of wear
fragment formation is null. The ﬁard cones in tests 8, 9, and 13 gener-
ated wear fragments of 0.4 grams, 0.45 grams, and 0.3 grams, respec-
tively. Although all the other hard cones showed cracks which would lead
to the formation of wear fragments, no particles broke off from the
cones, and therefore, no wear formation is considered. Neglecting the
small difference among the volume rates of deformation with respect to
the various test fluids, the coefficient of wear fragment formation for
the hard cone can be experimentally determined. The sum of the actual
volume rates of deformation for all six hard cones is 0.1989 in3/in. The
volumes of wear fragments for test 8, 9, and 13 are calculated fo be
0.00313 in3, 0.00352 1n3, and 0.00235 in3, respectively, based on a den-
sity of 7.8 for the hard cone material. The volume rates of wear frag-
ments are calculated by dividing the volume of wear fragments by the
effective sliding distance. The calculated volume rates of wear

fragments for test 8, 9, and 13 are 0.00910 in3/1in, 0.00930 in3/in, and
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0.00590 in3/in, respectively. The sum of the volume rates of wear
fragments for these hard cones, 0.0243 in3/in, is divided by the sum of
the volume rates of deformation for all the hard cones. The coefficient

of wear fragment formation for the hard cone is obtained to be 0.122.

Dynamic Asperity Deformation Tests

And Analysis

In actual wear situations, wear generation is the dynamic process
where the sliding velocity is one of the important parameters. The
experimental test was conducted to study the effect of the sliding
velocity on the plastic deformation of the surface asperity. This
section presents the experimental test and analysis of the dynamic
plastic deformation of the surface asperity.

Fig. 61 shows the test equipment developed to conduct the dynamic
test for the plastic deformation process simulating a wear mechanism.
Weight M| is dropped from the specific height L and falls straight down
to hit the weight receiver. The impact given by weight M; moves weight
My itself, the weight receiver, slider B, slider A and the plate down-
ward all together. Since slider A slides on the surface of a slide base
in down and left direction, slider B slides against slider A to compen-
sate for the lateral movement of slider A. As slider A slides down along
with the surface of the slide base, the plate slides against the cone
and also compresses it simultaneously. Slider A has an angle of 16.7
deg so that it moves down by one unit distance while it moves toward
the left by three-tenths of the unit distance. Weight Mj weighs 35 kg.
The total weight of the weight receiver, slider B, slider A, and the

plate which move together with weight M] is 13 kg and is designated Mj.
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A sufficient amount of grease is applied between slider A and the
slide base so that the friction between them is small. The materials and
the shapes of the cone and the plate were the same as those used in the
static asperity deformation test.

Before the test was started, the specimens were thoroughly cleaned
by ether. Their weights and.the length of the cone were measured. The
plate and the cone were then installed in the test position. Both the
cone and the plate were wet with a test fluid. Weight Mj was raised up
to a height of 226 cm from the weight receiver. Weight M] was released
for its free fall. Weight Mj reached the weight receiver after its free
fall impacting the plate through the weight receiver, slider B, and
slider A. Due to the impact, the plate slid against the cone and also
compressed the top of the cone until it stopped.

After the test, the cone and the plate were removed from the test
equipment and were washed by ether. Their weights and a length of the
cone were measured. Special note was made if wear fragments were
generated.

The test fluids were base stock oil, base stock oil with 0.l per-
cent zinc dithiophosphate, base stock o0il with one percent zinc dithio-
phosphate, Skydrol (synthetic fluid), re-refined motor oil, and 95-5
high water base fluid (emulsion type). Both soft and hard cones were
tested with each of these six test fluids.

Table XIV summarizes the test numbers, test fluids, test materials,
lost lengths of the cones due to deformation, and wear fragments. Thin
needle-shaped particles were observed for all the soft cones. But the
amount of the particles was minute and could not be measured by weight

loss of the cone or the plate. The total weight of the particles per
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TABLE XIV

RESULTS OF DYNAMIC ASPERITY DEFORMATION TESTS

TEST MATERIAL SOFT CONE HARD CONE

TEST . Lost | wWear | Lost | WEAR
TEST FLUD JLENGTH|PARTICLES|LENGTHIPARTICLES
NO. \ \
(in.) ? (in.) ?

4 | 5 |BASE STOCK OIL] 0.257 YES 0.249 NO

BASE STOCK OIL
617 +0.1% ZINC 0.239 YES 0.236 YES

BASE STOCK OiL
+1.0% ZINC 0.245 YES 0.239 NO

SKYDROL

(synthetic fidy | 0225 | YES [ 0226 [ NO

1011

RE-REFINED |
1213 [ECEED | 0249 [ vEs [ o280 | No
14]15] 95 SHWBF 1,501 ves | 0227 NO

EMULSION TYPE
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test was estimated to be less than 0.1 grams.

With the hard cone, no wear particles were observed except for test
9. Some flake-type wear particles were observed in this test that were
broken off of the material due to deformation. The other hard cones
showed many cracks around the deformed surface but no wear particles
actually broke off.

The lost length of the cones are plotted in Fig. 62. The trend for
the soft cones exactly repeats the trend for the hard cones with slightly
shorter lost lengths.

Fig. 63 shows the deformed surface of the soft cone in test 8.

The surface burn is a spot where the material color changed to brown or
black due to high temperature. Fig. 64 illustrates the surface of the
plate which was rubbed by the deforming cone surface in test 8. Surface
direct contact started first at 3 mm from the beginning of sliding. The
initiation of the surface direct contact was evident because the surface
was slightly scratched. Due to direct contact of the surfaces, much
heat was generated and the surface was burnt. The burning started at 8.5
mm. With sufficient heat availabie and high contact pressure severe
adhesion started at 16.5 mm; however, this severe adhesion stopped before
the plate stopped. A mirror-smooth surface is observed in a region 4 mm
from the end.

Fig. 65 shows the deformed surface of the hard cone in test 9. Fig.
66 illustrates the damaged surface of the plate in the same test. Direct
surface contact started at 7 mm from the beginning, and burning started
at 13 mm. Severe adhesion is observed from 20 mm to 1.5 mm before the
end of the imprint. 1In the area of last 1.5 mm of the imprint, a

mirror-smooth surface is observed.
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For all other test plates, the same pattern of surface imprint was
observed; i.e., no surface damage occurred in the initial region, direct
surface contact started to cause a slight scratch, burning started due
to high temperature, and severe adhesion occurred. The adhesion stopped
before the plate stopped, and a mirrqr—smooth surface is observed in the
last region of the imprint. Fig. 67 represents the general pattern of
the imprint on the plate surface. In Fig. 67, average measurements for
the different regions in the imprint are shown for both soft and hard
cones.

An analysis of the experimental test is presented next. When weight

M; reaches the weight receiver, its final velocity vf is expressed by:

vg = ¥ 2gL (5D
where
g = acceleration
L = height of weight M; for free fall

from the energy equation. Due to the impact from weight Mj, weight Mjp by
itself, the weight receiver, slider B, slider A, and the plate start to

move together. The initial velocity of the total mass is expressed by:

where

initial velocity of combined mass M] and Mp

<
[e)
]

m] = mass of weight M;
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mp = mass of weight receiver, slider B, slider A, and plate (Mj)
from the momentum equation.
From the geometries of the test equipment and the test specimens,

the deformed surface area of the cone is expressed as a function of

sliding distance X,

0

S

A =0.09 m X2 (tan 2 )2

(53)

where

A deformed surface area of cone

Os

base angle of asperity (cone angle)
Considering that the force acting on top of the cone is always in balance
with the material yield strength times deformed area, an energy equation

is derived for the deforming process of the cone,

2 2
1/2 (m1 + mz) vy = 1/2 (ml + mz)v

C]
+ 5 0,09 i (tan 52)% Ty ax (54)

where
Ty = yield strength of material

Eq. (54) is modified to calculate a velocity at the distance X.

3 es 2
2 _  0.06mX” (tan 5= ) ° Ty (55)

(m1 + m2)
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Eq. (54) also gives an equation to calculate the maximum sliding

distance.

< ) (m1 + mz) Yo 2
GS 9 (56)
max 0.067 (tan —3) Ty

where

Xnax = maximum sliding distance

The final velocity of weight Mj is calculated to be 666 cm/sec from
Eq. (51) with g = 980 cm/sec? and L = 226 cm. Then the initial velocity
of the combined mass of M; and My is 486 cm/sec from Eq. (52) with mj =
35 kg and mp = 13 kg. With a yield strength of 39 kpsi for the soft
cone, the maximum sliding distance is calculated to be 4.07 cm. For the
hard cone, a maximum sliding distance is 3.08 cm with a yield strength of
66 kpsi.

The actual sliding distance for the soft cone was 3.09 cm, which is
76 percent of the theoretical distance. The actual sliding distance for
the hard cone was 2.96 cm, which is 96 percent of the theoretical
distance. A larger discrepancy between the actual and theoretical
distances on the soft cone is considered to be due to the larger ductile
expansion of the conical shape.

By knowing the boundary conditions (an initial velocity of 486
cm/sec at X = 0 and a final velocity of 0 at X = 3.09 cm for the soft
cone), the velocity at the distance X>an be calculated from Eq. (55).
The velocity versus sliding distance for the soft cone is shown in Fig.
68.

With the boundary conditions (an initial velocity of 486 cm/sec at

X = 0 and a final velocity of O at X = 2.96 cm), the velocity versus
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sliding distance is obtained for the hard cone and is depicted in Fig. 69.

Since the average sizes of the different regions in the imprint on
the plate surface (direct surface contact region, burning region, severe
adhesion region, and mirror-smooth surface region) are known for both
soft and hard cones, the sliding velocities where these regions started
can be obtained. Table XV lists the velocities for the different
regions. From this table, note that the initial sliding velocities of
the regions are quite similar for both soft and hard cones. This reveals
that the sequence and the pattern with which these different sliding
surface modes occur are similar regardless of the hardness of the
materials in the given test condition.

The analysis verifies that direct contact of the sliding surfaces
occurs at a sliding velocity of more than 480 cm/sec even with the pre-
sence of a lubricant. This is important because it implies that hydro-
dynamic lubrication cannot be assured only with high sliding velocity.

Another remarkable finding is that severe adhesion stopped at a
sliding velocity of around 290 cm/sec. Then a mirror-smooth surface was
maintained afterward despite high contact pressure. A sliding velocity
of 290 cm/sec is still a high velocity; nonetheless, the severe adhesion
was discontinued. This leads to a few important remarks for the study of
surface contact wear.

The test wear condition was a single mode. The sliding surface was
rubbed by the other surface only once. Heat was generated due to sliding
friction; however, it immediately dissipated. In the burning region,
there is no doubt that the temperature was high enough to burn the
surface, but heat generation was not sufficient enough to maintain the

adhesion when the velocity decreased to 290 cm/sec in the single sliding

mode.
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TABLE XV

IMPRINT REGIONS AND CORRESPONDING SLIDING VELOCITIES

SOFT CONE HARD CONE
REGION DISTANCE|VELOCITY|DISTANCE|VELOCITY
(mm) (cm/s) (mm) (cm/s)

DIRECT SURFACE
CONTAGT 3.7 486 6.3 482
BURNING 115 475 12.1 470
SEVERE

ADHESION 19.4 418 19.4 416
MIRROR-SMOOTH
SURFAGE 26.3 205 26.0 286

791
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In a multiple sliding mode, where the sliding surface is rubbed by
the other surface repeatedly, a large amount of heat is accumulated near
the sliding surface region to raise the temperature until heat generation
and heat dissipation reach an equilibrium state, and adhesion occurs at a
relatively low sliding velocity.

The above considerations imply the possibility that the sliding
materials, lubricant, and operating conditions are carefully
interrelated. Thus, the heat generation and the heat dissipation reach a
state of equilibrium where no further accumulation of heat occurs near
the sliding region and no adhesion is experienced even with a multiple
sliding mode at a sliding velocity as high as 290 cm/sec.

The heat generated due to friction raises the temperature of the
contacting surfaces instantaneously. Since the heat immediately
dissipates, the neighboring material does not experience the high
temperature, but the contacting surface continues to experience the high
temperature as long as sliding contact is maintained. This high
temperature associated with the contacting surface is referred to as the
"flash temperature.”

Rabinowicz (18) developed the equation with which the flash

temperature can be calculated:

_ 9400uEv
£ J(k1 + k (57)

T
9)

where
T¢g = flash temperature
u = coefficient of friction
E = surface energy
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v sliding velocity

J mechanical equivalent of heat

ki, kg = thermal conductivities of two contacting materials
He also gave typical values for the parameters in Eq. (57) in the case of
a steel-on-steel sliding condition. A typical value for the coefficient
of friction is 0.5, surface energy is 1500 dyne/cm, and thermal
conductivities of the two contacting materials are both 0.1l cal/°C cm
sec. He gave a value of 0.75 °C/cm/sec for Tg/v for a steel-on-steel
sliding condition.

Using Eq. (57) with the given parameters, a flash temperature chart
is developed for the given test conditions. Fig. 70 is the flash temper-
ature chart for the soft cone. The flash temperature with friction coef-
ficients of 0.!, 0.2, 0.3, 0.4, 0.5, and 0.6 is plotted. It is apparent
in Fig. 70 that a higher flash temperature is obtained when the coeffi-
cient of frictiom is large.

Rabinowicz assumed that the coefficient of friction was always 0.5
for steel-on-steel sliding; however, the coefficient of friction may
change according to the sliding condition and surface conditioms. From
the static deformation test of surface asperity presented in the previous
section, the average coefficient of friction of the soft cone on the
plate is 0.19. For sliding that occurs under direct surface contact
conditions, one of the experimental data showed that the friction
coefficient for steel-on-steel contact was 0.42 and it increased as high
as 0.57 [33]. Based on the above knowledge, the coefficient of friction
is considered to be 0.42 at the beginning of the direct surface contact
region, 0.57 after the direct surface contact region, and the flash
temperature is estimated. The dotted curve in Fig. 70 shows the

estimated flash temperature with a varying coefficient of friction. The
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estimated curve indicates that a maximum temperature of 400°C is reached
at the beginning of the burning region.

Fig. 71 is the flashAtemperature chart for the hard cone. The
static deformation test of the surface asperity determined the average
coefficient of friction for the hard cone of the plate to be 0.25. The
estimated flash temperature is derived for the hard cone like the soft
cone. The dotted curve in Fig. 71 shows the estimated flash temperature
for the hard cone with a varying coefficient of friction. At the
beginning of the burning region, the flash temperature reaches 400°C.

Table XVI summarizes estimated flash temperatures for different
regions with a varying coefficient of friction for both soft and hard
cones. The estimated flash temperatures are similar for the soft and

the hard cones in spite of their difference in material hardness.
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TABLE XVI

ESTIMATED FLASH TEMPERATURES FOR SOFT AND HARD MATERIALS

SOFT CONE HARD CONE
REGION  |coEFFICIENT] FLASH  |COEFFICIENT]  FLASH
OF FRICTION| TEMP. (°C) |OF FRICTION| TEMP. (°C)
INITIAL 0.19 ~0.42] 140 ~ 300 |0.25 ~ 0.42}| 180 ~ 300
DIRECT
SURFACE 0.42 ~0.57| 300 ~400 |0.42 ~ 0.57| 300 ~ 400
CONTACT
BURNING 0.57 400 ~ 350 0.57 400 ~ 350 |
SEVERE
ADHESION 0.57 350 ~ 250 0.57 350 ~ 240
MIRROR- . LESS LESS LESS
SMOOTH 0.19 THAN “THAN THAN
SURFACE 250

0.25 240

061



CHAPTER V
VERIFICATION OF ABRASIVE WEAR MODEL
Experimental Considerations

The developed abrasive wear model enables us to calculate the vol-
ume rate of abrasive wear with given parameters of abrasive conditions.
The cutting depth of the surface material by the abrasive particle is
first calculated by Eq. (28). The volume rate of abrasive wear is given
by Eq. (17). The model clearly shows the effects of lubricating fluid
lubricity, surface hardness, abrasive particle hardness, and lubricating
fluid film thickness on abrasive wear.

To prepare for the experimental verification of the developed
model, appropriate values are assigned for these parameters. The
effects of the parameters on abrasive wear are discussed in this
section.,

Three materials, soft steel, medium steel, and hard steel, are
considered with their shear yield strengths of 39 kpsi, 66 kpsi and 91
kpsi, respectively. The angle of the particle with respect to the
sliding surface is assumed to be 45, 60, and 75 deg. Calculation of the
cutting depth and the indentation depth is achieved for four values of
the coefficient of friction — 0, 0.1, 0.2, and 0.3.

To begin the calculation, combinations of the sliding surfaces
should be first determined. Three combinations are considered:

1. Both surfaces are medium steel.

151
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2. One surface is soft steel and the other is medium steel.
3. One surface is medium steel and the other is hard steel.
For the last two combinations, two different situations can be
considered for each of them:
2a. The soft steel surface is cut, and the medium steel surface is
indented by abrasive particles.
2b. The medium steel surface is cut, and the soft steel surface is
indented by abrasive particles.
3a. The medium steel surface is cut, and the hard steel surface is
indented by abrasive particles.
3b. The hard steel surface is cut, and the medium steel surface is
indented by abrasive particles.
One of the two situations actually occurs for both combinations.
The situation which requires less energy actually occurs. For three
different particle angles, 45, 60 and 75 degs, the equilibrium force
levels are calculated from Eq. (28) for each of the above situations
assuming a null coefficient of ffiction. Results of the calculation are
summarized in Table XVII. Since the situation with less energy required
actually happens, the soft steel is cut, and the medium steel is
indented at particle angles of 45 and 60 degs. However, the medium
steel is cut, and the soft steel is indented at a particle angle of 75
deg. Similarly, the medium steel is cut, and the hard steel 1is
indented at particle angles of 45 and 60 degs; however, the hard steel
is cut, and the medium steel is indented at a particle angle of 75 degs.
In Table XVII, note that the equilibrium force at a particle angle
of 60 deg is about 3.5 times the force at a particle angle of 45 deg.

The force at a particle angle of 75 deg is about 7 times the force at a



TABLE XVII

EQUILIBRIUM FORCES FOR CUTTING AND INDENTATION

EQUILIBRIUM FORCE LEVEL (LBS)

PARTICLE ANGLE

MEDIUM STEEL INDENTED

SITUATION

45° 60° 75°
SOFT STEEL GUT |
MEDIUM STEEL INDENTED| 13-35d | 46.49d | 95.84d
MEDIUM STEEL CUT

. 55.44 1.
SOFT STEEL INDENTED | 12799 d | 91.30d
MEDIUM STEEL GCUT
HARD STEEL NORNTFED | 22-21d | 74.980 | 148.424
HARD STEEL CUT 28.31d | 83.36d | 143.464

d=PARTICLE SIZE IN INCH,

€61
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particle angle of 45 deg. This leads to the observation that any
disturbances acting on the particle to break the equilibrium state tend
to reduce the particle angle and decrease the energy state. The
particle angle is considered to be determined by the roughness of the
surfaces that trap the particle. Hence, reducing surface roughness
helps to decrease the particle angle and, consequently, decreases
abrasive wear.

Further examination of the»equilibrium force levels with friction
coefficients of 0.1, 0.2, and 0.3 reveals that the cutting and indenting
conditions are about the same as that with a null coefficient of
friction.

With the knowledge of the above findings, the cutting depth and the
indentation depth are calculated and summarized in Table XVIII. The
particle hardness required to cut the surface as well as to indent the
surface is also tabulated. With a coefficient of friction of 0.1, the
particle hardness should be more than 2.21 fimes the hardness of the cut
surface and 3.53 times the hardness of the indented surface. If the
particle hardness is less than that, the particle is sheared off, and no
abrasive wear occurs.

When the coefficient of friction increases to 0.3, the particle
hardness should be more than 2.69 times the hardness of the cﬁt surface
and 3.91 times the hardness of the indented surface. Thus, a fluid with
better lubricity allows the abrasive particles to be less hard to cause
abrasive wear. In other words, the worse lubricity of lubricant, the
harder the abrasive particles ought to be to cause abrasive wear.

In Table XVIII, note that the cutting depth is maximum at a particle

angle of 60 deg for all three combinations. It is interesting to see



TABLE XVIII

CUTTING DEPTH AND INDENTATION DEPTH IN ABRASIVE WEAR

o |o |MEDIUM STEEL|SOFT STEEL MEDIUM STEEL | MEDIUM STEEL | HARD STEEL
@ |a_|cut cuT cuT cuT cuT

wlu |2 |Z3|MEDIUM STEEL | MEDIUM STEEL | SOFT STEEL | HARD STEEL | MEDIUM STEEL
3|9 |2 |2& |INDENTED INDENTED INDENTED INDENTED INDENTED
F o <
<lz |Tz|Z5 3 z 3 z 2
w | wh | wiw - - - o . -
4 eZldelaal @ < ) < @ < ) < © <
Qluzlepl|eZ]| Zx o Zzx bz Zx Ex -3 Er Zx Ex
el EeYF - Z - - Z - &~ = e == &
<|8z|55|55| 3% | & | Sk | g% | 5% | 5% | 58| gk | 5% | &g
o |ow|ak|an| 08 | 24 oo Z2q oo Zq o2a | Z2a oo z4

o | 2.0|3.15]0.115d|0.016d| 0.121d | 0.010d 0.119d|0.012d
45°| 0-1]|221|3.53[0.116 |0.016 [0.122 Jo.010 0.120 |o0.012

0.2 |2.44|3.81|0.115 |0.016 |0.121 |0.010 0.119 | 0.012

0.3 |2.69]3.91]0.114 |0.017 | 0.121 |0.011 0.118 | 0.013

o | 2.03.15]0.258 |0.128 | 0.298 | 0.087 0.284 | 0.102
6° 0.1 2.21|3.53|0.259 |n.127 | 0.299 | 0.086 0.285 | 0.101

0.2 | 2.44|3.81]0.257 |0.129 | 0.298 | 0.088 0.283 |-0.103

0.3 |2.68|3.91] 0.251 |0.135 | 0.293 | 0.083 0.278 |0.108

0 | 2.0 |3.15] 0.247 | 0.299 0.179d}|0.367d 0.204d}0.341d

o] o1 [221]3.53[ 0.240 | 0.207 0.181 | 0.365 0.206 |0.339

7571 0.2 | 2.44|3.81] 0,245 | 0.300 0.178 | 0.368 0.203 |0.342

0.3 | 2.69|3.91} 0.236 | 0.310 0.169 |0.376 0.194 |0.351

d = PARTICLE SIZE

GGT
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that the cutting depth is maximum at a coefficient of friction at 0.1
instead of zero for all the cases. As the coefficient of friction
increases from 0.1, the cutting depth decreases and the indentation
depth increéses in all the situations tabulated in Table XVIII.

An increase of the cutting depth due to a change of the coefficient
of friction from 0.1 to 0.3 at a particle angle of 45 deg is an average
of 1.4 percent. At a particle angle of 60 deg, it is an average of 2.5
percent; and, at a particle angle of 75 deg, it is an average of 5.9
percent. Thus, the larger the particle angle, the larger the increase

of the cutting depth due to the increasing coefficient of friction.
Development of Experimental Facility

The Gamma Falex system was developed to investigate wear of sliding
surfaces under boundary lubrication conditions. The sliding velocity of
the Gamma Falex system is as low as 9.6 cm/sec to ensure boundary
lubrication. The fluid film thickness under boundary lubrication is
considered null so that the sliding surfaces contact each other, and all
the surface load is supported by contacting surface asperities.

The abrasive wear theory developed here reveals that the clearance
between the sliding surfaces is one of the major factors affecting
abrasive wear generation. If the clearance is null and no abrasive
particles get into the clearance, no abrasive wear occurs although
surface contact wear takes place. Hence, ensuring a certain clearance
between the sliding surfaces is important for the experimental equipment
to verify the abrasive wear theory.

A variable speed hydraulic motor was installed on the Gamma Falex

system so that the system could produce rotating speeds of the journal
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up to 3200 rpm. To inject abrasive particles and maintain a specific
concentration of the abrasive particles in the test system, a
peristaltic pump was installed with a fluid circulation circuit. The
variable speed Gamma Falex system used for the abrasive wear test is

illustrated in Fig. 72.
Experimental Tests

The first experimental test was conducted with MIL-L-2104 mineral
base fluid. The experiment was initiated under clean conditions where
no abrasive particles were injected in the test sYstem. Fig. 73 shows
test results under clean conditions.

The test was started with a rotating journal speed of 580 rpm and
test load of 100 lbs. The test load of 100 lbs was maintained for most
of the test unless 6therwise specially noted. The test at 580 rpm was
continued for 10 minutes and the wear reading versus test time in that
test condition is depicted in Fig. 73. The wear rate is 0.5, which is
the wear reading divided by the test time at 580 rpm. Thus, a unit of
the wear rate in this test is wear reading divided by minutes. After a
10-min operation at 580 rpm the rotating speed of the journal was doub-
led to 1160 rpm, and the test was continued for 20 min at the same test
load of 100 1b. When the rotating speed was increased from 580 rpm to
1160 rpm, there was a sudden drop in the wear reading as seen in Fig. 73.
This is due to an increase of the fluid film, and the amount of decrease
in the wear reading corresponds to the increased fluid film thickness. A
wear reading of one is equivalent to 1.625 micrometers of scar depth on
the test specimens; and, therefore, a decrease of the wear reading by

three indicates an increase in the fluid film of 4.875 micrometres. The
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wear rate at 1160 rpm decreased to 0.35 as observed in the figure. This
is considered to be due to an increase of the fluid film. The increased
fluid film reduces surface asperity contact.

The rotating speed of the journal was then increased up to 2320 rpm.
A decrease of the wear reading by five was observed, which indicates an
increase in the fluid film of 8.125 micrometres. The test at 2320 rpm was
continued for 32 min, and the wear rate was observed to be 0.77, as can
be seen in the figure. The reason for the high wear rate in spite of the
increased fluid film is considered to be due to a high sliding velocity.
Although the increased fluid film significantly decreased the surface
asperity contact, there were still asperity junctions. This condition is
often referred as a mixed lubrication condition.

After the test at 2320 rpm, the rotating speed was decreased to
1160 rpm, and there was an increase in the wear reading. An increase in
the wear reading by 6.5 corresponds to a decrease of the fluid film by
10.563 micrometres. The rotating speed was further reduced to 580 rpm,
and an increase in the wear reading by 5 was observed, which indicates a
decrease of the fluid film by 8.125 micrometres.

From the geometry of the test specimens, the rotating speed can be
interpreted in relation to the sliding velocity of the contacting
surfaces. Table XIX tabulates the rotating speeds with the corresponding
sliding velocities.

The test in the clean condition was terminated after 70 min. After
completion of the clean test, the same test specimens and the same fluid
were used to conduct the test with abrasive particles. Classified AC
Fine Test Dust, 0-5 micrometres in size with a concentration of 300

mg/L, was injected into the test fluid. Abrasive particles of this size



TABLE XIX

ROTATING SPEEDS OF THE JOURNAL AND
CORRESPONDING SLIDING VELOCITIES

ROTATING SPEED SLIDING VELOCITY
(rpm) (cm/sec)
290 9.6
580 1 19.3
1160 38.6
2320 77.1

191
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include partilces less than and equal to 5 micrometres.

The filter circuit of the test system was isolated, and only a
peristaltic pump was activated to circulate the contaminated fluid
without changing the abrasive concentration. The test was conducted at
580 rpm, 1160 rpm, and 2320 rpm. The test continued at each rotating
speed for 10 min. The abrasive test with 0-5 micrometres of ACFTD was
completed after 30 min. The peristaltic pump was turned off, the filter
circuit was connected to the test system, and the abrasive particles
were eliminated by the filter. After 10 min of filtratiom, the clean
test was conducted with the same test specimens and the same test fluid
at 580 rpm, 1160 rpm and 2320 rpm. The test was continued at each
rotating speed for 10 min. Test results of the 30-min, O-5 micrometre
abrasive test followed by 10-min filtration and 30-min clean test are
illustrated in Fig. 74.

During the abrasive test at 580 rpm, the wear rate was 0.6, which
is not much different from the clean test in Fig., 73. This implies
that the effect of the abrasive particles is not significant at 580 rpm.
In other words, abrasive particles do not cause severe abrasive wear
under boundary lubrication., At 1160 rpm, the wear rate increased to
0.9, which indicates a slight effect of the abrasive particles, but it
is not yet significant.

When the rotating speed was increased to 2320 rpm, a drastic
increase in the wear rate was observed, Fig. 74. The wear rate was
3.5, which is much higher than the wear rate at 2320 rpm in the clean
fluid. This extremely high wear rate is considered to be due to severe
abrasive wear. The rotating speed increased the fluid film thickness,

and the clearance was increased. The increased clearance was the right
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size for most of the abrasive particles to migrate into the clearance
and cause severe abrasive wear.

At the end of the abrasive test, a fluid sample was extracted from
the test system, and ferrographic analysis was conducted. Wear
particles from both surface contact wear and abrasive wear were
observed, which revealed that both surface contact wear and abrasive
wear occurred during the abrasive wear test. Particles from surface
contact wear have a flake or needle-shape; whereas, particles from
abrasive wear have a curly string shape [26].

After filtering the abrasive particles, the wear rates observed
were 0.2, 0.5, and 0.5 at 580 rpm, 1160 rpm, and 2320 rpm, respectively.
Two reasons are considered for these low wear rates. Since the surface
contact area increased significantly, better hydrodynamic lubrication
was maintained. Also, abrasive particles were eliminated by the filter,
and only surface contact wear occurred.

After the 0-5 micrometre ACFTD test followed by filtration and a
clean test, the 0-10 micrometre ACFTD test was conducted. The same spe-
cimens were used, and the 0-10 micrometre classified AC Fine Test Dust
was injected into MIL-L-2104 mineral base fluid with a concentration of
300 mg/L. The test was conducted in the same manner as the 0-5 micro-
metre ACFTD test. The test results are shown in Fig. 75.

Notice in Fig. 75 that little wear was observed with the 0-10
micrometer ACFTD at any rotating speed. Wear rates were 0.3, 0.4, and
0.8 at 580 rpm, 1160 rpm, and 2320 rpm, respectively. The low wear rate
with the larger size abrasive particles is explained by a change in the
contact surface geometry. In the 0-5 micrometre abrasive test, the

contact surface was abraded severely, and its area was significantly
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stretched. In the clean test following the 0-5 micrometre abrasive
test, rough surface asperities were rubbed against each other and smooth
surfaces were created. Due to the large, smooth contact surfaces, good
hydrodynamic lubrication was maintained in the 0-10 micrometre abrasive
test where the fluid film was thick enough to prevent the particles of
0-10 micrometres from severely abrading the surfaces.

The above explanation is reinforced by the result of the clean test
following the 0-10 micrometres abrasive test, Fig. 75. The clean test
showed wear rates of 0.1, 0.2, and zero at 580 rpm, 1160 rpm, and 2320
rpm, respectively. The null wear rate at 2320 rpm indicates perfect
hydrodynamic lubrication where no surface asperity contact occurred.

After the 0-10 micrometre abrasive test followed by the clean test
was completed, the 0-20 micrometre abrasive test was conducted. The
0-20 micrometre classified AC Fine Test Dust was injected into MIL-L-
2104 mineral base fluid with a concentration of 300 mg/L, and the same
test specimens were tested at 580 rpm, 1160 rpm, and 2320 rpm in the
same manner as the 0-10 micrometre abrasive test. Wear rates were 0.2,
zero, and 0.3 at 580 rpm, 1160 rpm, and 2320 rpm, respectively. It is
evident that the widened sliding surfaces maintained such a thick
hydrodynamic fluid film that even the 0-20 micrometre abrasive particles
did not cause severe abrasive wear.

In a manner similar to the first experimental test, five other
tests were conducted with various test fluids. The test results of
these five tests were interpreted into wear rates of the test specimens
and are summarized in Table XX. The second and third tests were
conducted with MIL-L-2104 mineral base fluid. The fourth test was with

a base stock oil that contains no antiwear additives. The fifth test



TABLE XX

ABRASIVE WEAR TEST RESULTS ON THE VARTIABLE SPEED GAMMA FALEX SYSTEM

TEST TEST ROTATING [CLEAN]o-20pum|CLEAN}0-40pum|CLEAN|o-80um|CLEAN °2;°D°':‘:" ‘1’;;"";:‘
NO. FLUID SPEED TEST | TEST | TE8T | TEST | TEST | TEST | TEST [T ey | TEST
580 rpm 0.5 1.1 | 0.2 0.4 | 0.5 06 | 0.8
2 MiL-L-2104 1160 rpm 0.33] 35 | 025 | 1.1 | 0.5 1.2 1.9
2320 rpm 4 32 | os 38 | 0.65 | 1.7 0.6
MIL-L-2104 580 rpm 0.25| 0.2 | 0.4 0.4 | 0.2 0.2 0.1
3 (SOFT 1160 rpm 0.5 1.1 | 1.0 09 | o5 0.4 | 0.1
V-BLOCK) 2320 rpm 0.75| 1.4 | 2.5 2.1 | 2.0 0.7 0.4
580 rpm 0.6 0.1 | 0.4 02 | o 0.4
4 BASEO?JOCK 1160 rpm 0.25| 03 | o 0 ) ) 2.1
2320 rpm 0 0 ) 0 0 ) 5.13 | 0.1
0.3
OIL + 1% ZINC
2320 rpm 4.83 2.0
580 rpm 0.75 1.4 0.4 0.5 0.9 1.3 1.2
6 95-5 HWBF 1160 rpm 0.5 o9 | 03 1.2 | o6 1.0 1.0
2320 rpm 055 08 | 05 45 | o7 1.3 | 0.6

L91
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was with the same base stock oil to which was added one percent by
volume of zinc dithiophosphate. Zinc dithiophosphate is one of the most
commonly used antiwear additives. The sixth test was conducted with an
emulsion type 95-5 high water base fluid that contains 95 percent water
and 5 percent concentrate by volume.

A test load of 100 1lb was used unless otherwise specifie&. For
each test except test 5, the test was initiated with a 60-min clean
test. Then the 0-20 micrometres classified AC Fine Test Dust was
injected with a concentration of 300 mg/L, and the 30-min abrasive test
was conducted, which was followed by the 10-min filtration and the
30-min clean test. In the same manner, the 0-40 micrometre abrasive
test and the 0-80 micrometre abrasive test were conducted.

In test 4, almost no wear was observed in the 0-20, 0-40, and 0-80
micrometre abrasive tests at 100 1b. After the 0-80 micrometre abrasive
test at 100 1b, the test load was doubled to 200 1b at a rotating
speed of 1160 rpm, and the wear rate was observed. The wear rate at 200
1b was also observed at 2320 rpm. Thén, the test load was reduced to
100 1b, and the wear rate was again observed.

Test 5 was conducted to investigate the effect of the antiwear
additive on abrasive wear in comparison with test 4. 1In test 4, high
wear rates were observéd at a test load of 200 1b after the first
100 1b 0-80 micrometre abrasive test was completed. To investigate the
effect of the antiwear additive on abrasive wear in test 5, the clean
test was continued at 580 rpm until the test specimens has a contact
area which was the same at the completion of the first 100 1b 0-80
micrometre abrasive test in test 4. In this way, the sliding surface

condition in test 5 was adjusted to be the same as that at the end of
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the first 100 1b 0-80 micrometre abrasive test in test 4.

Then, the 0-80 micrometre test was conducted in test 5 at 1160 rpm
and 2320 rpm with a test load of 200 1b. After the 200 1b test at 2320
rpm was completed, the test load was reduced to 100 1b, and the wear
rate was observed at 2320 rpm.

For all the tests except test 3, standard test specimens were used.
The standard test specimens consist of two V-blocks made of AISI 1137
steel with a yield strength of 91 kpsi and one journal made of AISI 3135
steel with a yield strength of 66 kpsi. For test 3 only, a "soft"”
V-block was used which is made of AISI 1020 steel with a yield strength
of 39 kpsi; howe§er, the journal in test 3 was standard AISI 3135 steel.

The test fluid temperature was 65°C for all the tests except for
test 6. For the 95-5 HWBF in test 6, the test temperature was 50°C.
The viscosity of MIL-L-2104 at 65°C is 15.2 cP. The viscosity of the
base stock oil at 65°C is 22.5 cP. Zinc dithiophosphate added to the
base stock oil does not change the viscosity of the base stock. The

viscosity of the 95-5 HWBF at 50°C is approximately 1 cP.
Analysis of Test Results

The test results are discussed and analyzed to verify the abrasive
wear theory in this section. In test 2 with MIL-L-2104 mineral base
fluid, it is obvious that abrasive wear occurred when the abrasive
particles were injected. In the 0-20 micrometre abrasive test, the wear
rate at 580 rpm was 1l.1; however, the wear rate at 1160 rpm was 3.5.
This large increase in the wear rate is considered to be due to the
change of the clearance. At 580 rpm, the clearance was not large enough

to have a majority of abrasive particles in the fluid. When the
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rotating speed was increased to 1160 rpm, the hydrodynamic effect
increased the clearance to the size which allowed most of abrasive
particles to migrate into the clearance and generate abrasive wear. A
similar phenomenon can be observed in the 0-40 micrometre abrasive test.

In test 3 with the "soft™ V-blocks, abrasive wear was obvious;
however, the wear rates in the abrasive tests were all less than those
in test 2. This means that the soft V-block was associated with less
abrasive wear than the hard V-block. The test specimens used in test 3
were the V-blocks made of AISI 1020 steel with a yield strength of 39
kpsi, and the journal was made of AISI 3135 steel with a yield strength
of 66 kpsi. The standard test specimens used in test 2 were the
V-blocks made of AISI 1137 steel with a yield strength of 91 kpsi, and
the journal was made of AISI 3135 steel with a yield stength of 66 kpsi.
Thus, the combination of the test specimens in test 2 is the "medium
steel and hard steel.” The combination of the test specimens in test 3
is the "soft steel and medium steel.”

From the theoretical considerations of abrasive wear, it was
already shown that a combination of "soft steel and medium steel” has
less abrasive wear than a combination of "hard steel and medium steel”
at a large particle éngle, Table 18. The above consideration implies
that the abrasive particle angle relgtive to the surfaces in both tests
2 and 3 was large.

In test 4, almost no abrasive wear was observed at a test load of
100 1b. This fact reveals the importance of fluid viscosity in
preventing abrasive wear. The base stock oil has a viscosity of 22.5 cP
at a test temperature of 65°C which is higher than a viscosity of 15.2

cP for MIL-L-2104. Hence, the hydrodynamic fluid film with the base
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stock oil was thicker than that with MIL-L-2104. The hydrodynamic fluid
film with the base stock oil at high rotating speeds tolerated the
abrasive particles, and no abrasive wear was observed.

To verify this concept, the test load was doubled to squeeze the
hydrodynamic fluid film. At 200 1b and 1160 rpm with 0-80 micrometre
abrasive particles, a high wear rate was observed that indicated a
decrease in the fluid film and consequent severe abrasive wear. When
the rotating speed was increased to 2320 rpm, abrasive wear was even
more severe. This illustrates the drastic effect of the fluid film on
abrasive wear.,

After the 200 1b test, the test load was decreased again to 100
1b, and the wear rate was observed at 2320 rpm. A wear rate of 0.l
instead of zero implies that the sliding surface was severely abraded at
200 1b and was roughened. Because of the high asperities on the rough
sliding surfaces, wear was generated even at 100 1lbs.

In test 5 the sliding surface area was widened to the same size as
in test 4 before the 0-80 micrometre 200 1lb abrasive test was
initiated. The better lubricity of the base stock oil with 1 percent
zinc dithiophosphate is evident bécause a wear rate at 580 rpm was 0.3
even at a test load of 200 1b. This is one-half the wear rate of the
base stock o0il alone at 580 rpm with 100 1b in test 4.

The wear rate in the 0-80 micrometre 200 1lb abrasive test at 1160
rpm was 7.5, which is more than three times the wear rate with the base
stock 0il alone. Because of this high wear rate, the wear reading
increased rapidly. In spite of the extremely widened sliding surface
area, the wear rate at 2320 rpm was 4.83, which is still a very high

wear rate. The severity of abrasive wear with the base stock oil
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containing zinc dithiophosphate was also indicated by a high wear rate
in the 0-80 micrometre 100 1b abrasive test at 2320 rpm after the

200 1b test. The sliding surfaces were abraded and extremely roughened
during the 200 1b test. Hence, even after the test load was decreased
down to 100 1b, the rough surfaces with high asperities caused the high
wear rate of 2.0.

Test 6 was conducted with the emulsion type 95-5 high water base
fluid (HWBF). Since the 95-5 HWBF has an extremely low viscosity (close
to 1 cP) compared with the other mineral base fluids, its wear
characteristic is different from the other fluids. Because of the low
viscosity, the fluid film formed by high rotating speeds was thin.
Therefore, no large differences were observed between the wear rates in
the clean tests and the abrasive tests, except the 0-40 micrometre
abrasive test at 2320 rpm. In the 0-40 micrometre abrasive test at 2320
rpm, it is considered that the clearance was maintained just right size
for most of the effective abrasive particles to migrate into the
clearance and generate severe wear.

Overall, the effect of abrasive particles was insignificant at a
low rotating speed. Whereas, a drastic effect was observed at a high
rotating speed. This observation leads to the following remarks:

* The effect of abrasive particles under boundary lubrication is
insignificant.

* There is a specific clearance size where severe abrasive wear

occurs.,
Abrasive Tests on Fluid Power Pumps

To validate the feasibility of the abrasive wear theory in actual
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applications, abrasive wear tests were conducted on fluid power pumps.
A gear-type fluid power pump with a flow rate of 25 gpm at a rotating
speed of 1800 rpm was selected as the test pump. Four identical pumps
from the same manufacturer were prepared and used for the abrasive wear
tests with four different fluids. The four test fluids were MIL-L-2104
mineral oil, base stock oil with no antiwear additives, base stock oil
containing 1 percent zinc dithiophosphate, and micro-emulsion type 95-5
high water baée fluid.
The test pressure for the test fluids except the 95-5 HWBF was 2500
psi. The test pressure for the 95-5 HWBF was 500 psi because it was
considered that a life of the test pump with the 95-5 HWBF at 2500 psi
might be drastically shortened due to its extremely low viscosity. The
test temperature was 65°C for the first three fluids and 50°C for the
95-5 HWBF.
Fig. 76 shows a test circuit for the pump abrasive wear test.
The pump abrasive wear test was conducted according to the standard
procedure for evaluating‘performance degradation of a fluid power pump
due to abrasive wear [34, 35]. The test procedure is brief}y explained
as follows:
1. The test pump is first operated under clean conditions
with the filter in the circuit for 2 hr.

2. The initial flow rate of the test pump is established.

3. The filter is isolated from the test circuit, and 0-5
micrometers classified AC Fine Test Dust is injected into
the test fluid with a concentration of 300 mg/L.

4, The test pump is operated with the abrasive particles for

30 min.
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5. After 30 min from the injection of the abrasive parti-
cles, the filter is connected to the circuit, and the
fluid is filtered for 10 min.

6. After the fluid is cleaned by 10 min filtration, the
degraded flow rate due to abrasive particles is recorded.

7. Steps 3 through 6 are repeated for abrasive particles
(ACFTD) of the sizes, 0-10, 0-20, 0-30, 0-40, 0-50, 0-60,
0-70, and 0-80 micrometres unless the flow degradation
ratio exceeds 30 percent of the initial flow rate when the
test is terminated.

The degradation of the pump flow rate due to a certain size of
abrasive particles is repeatable. This was verified by conducting
multiple injections of the same size and quantity of abrasive particles
(36).

The repeatability of the gear pump abrasive wear tests was
investigated at the Fluid Power Research Center on 8 gear pumps. The
result of the investigation revealed that the average deviation of the
flow degradation data from one pump to the other was 1.88 percent and
the maximum deviation observed in the tests was 8.0 percent. This
indicates a good repeatability of the geat pump abrasive wear tests (37).

The above mentioned repeatability study on the gear pump abrasive
wear tests validates the pump test‘results presented herewith. The
differences of thetdata, which are referred to as evidence of the effects
of fluid viscosity, fluid antiwear characteristic or operating pressure,

are all much larger than 8.0 percent.
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Pump Test Results and Analysis

Fig. 77 shows the pump test results with the four different test
fluids. The flow degradation ratio, which is the degraded flow rate
divided by the initial flow rate, is plotted as a function of the
injected abrasive particle size.

Comparing the results from MIL-L-2104 and the base stock oil, it is
obvious that the degradation with MIL-L-2104 started at a smaller
abrasive particle size. The degradation with MIL-L-2104 was much larger
than that with the base stock o0il for the same size abrasive particles
such as 0-30, 0-40, and 0-50 micrometres. This illustrates clearly the
effect of fluid viscosity on abrasive wear. The viscosity of the base
stock oil is higher than that of MIL-L-2104; and, therefore, a thicker
hydrodynamic fluid film was formed that protected the pump better from
abrasive wear. This agrees with the results of the previous tests on
the variable speed Gamma Falex system.

Comparing the results from the base stock oil and the base stock
0il containing 1 percent zinc dithiophosphate, little difference is
observed up to 0-60 micrometres; however, a large difference is observed
at 0-70 and 0-80 micrometres. The little difference at small abrasive
sizes up to 0-60 micrometfes is considered to be due to a mild abrasive
condition. These two fluids are basically the same fluid except that
the latter contains zinc dithiophosphate, a good antiwear agent. This
antiwear agent is known to be activated under severe sliding contact
condition, reduce friction, and protect sliding surfaces. Thus, under a
mild abrasive condition, the antiwear agent is not activated, and the
amounts of abrasive wear with these fluids are considered to be about

the same.
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The large difference in flow degradation ratio between these two
fluids at 0-70 and 0-80 micrometres is due to an extremely severe
abrasive condition. Severe cutting and indentation by large abrasive
particles activate the antiwear agent which reduces friction between the
surface and the abrasive particle, and advance abrasive wear as
explained by the abrasive wear theory.

This concept is reinforced by an observation made during the test.
The color of the base stock oil containing 1 percent zinc dithiophos-
phate started to change to a greenish color immediately after injections
of 0-70 and 0-80 microﬁetre abrasive particles. No color change was
observed before the injection of 0-70 micrometre abrasive particles.

The greenish color change of the fluid is evidence of a chemical reac-
tion where the antiwear additive is activated.

The chemical behavior of the antiwear agent is beyond the scope of
this thesis; however, it is considered appropriate to state the evidence
of fluid color change due to the chemical reaction of the antiwear agent
in order to support the verification of the abrasive wear theory.

With 95-5 HWBF, the flow degradation started at the abrasive size
of 0-20 micrometres, which is the smallest size for the start of
degradation among the four test fluids. However, the degradation did
not proceed as much as with the other fluids and ended with the least
degradation at 0-80 micrometres. The early degradation at a small
abrasive size is considered to be due to the low viscosity of the 95-5
HWBF. The low viscosity forms a thin hydrodynamic fluid film that
cannot protect the surfaces even from small abrasive particles. Because
of the poor protection of the surfaces by the thin hydrodynamic fluid

film, the flow degradation is expected to proceed more severely than
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with the other fluids for larger sizes of abrasive particles. But the
actual degradation proceeded less than with the other fluids for larger
sizes of abrasive particles. This controversial result is considered
to be due to the low operating pressure.

The test gear pump has a hydraulically balanced wear plate. The
wear plate floats between the gear and the housing and is pushed against
the gear face by hydraulic pressure. Since abrasive wear, which leads
to flow degradation of the pump, occurs mainly in the clearance between
the gear face and the wear plate, the pressure pushing the wear plate
against the gear face is a factor affecting the abrasive wear condition.
For the first three fluids, a pressure of 2500 psi was used; whereas,
500 psi was used for the 95-5 HWBF. A pressure of 500 psi for the 95-5
HWBF is one-fifth the pressure for the other three fluids; and, there-
fore, the severity of the abrasive wear with the 95-5 HWBF is considered
to be mucp less when compared with the other fluids in the test gear
pump structure. This consideration reveals that the operating pressure
can be a significant factor affecting abrasive wear condition in actual
applications. This gear pump test illustrates that lowering the
operating pressure reduces abrasive wear.

As a result of the pump abrasive wear tests, three things were
clarified. The first two verify the developed abrasive wear theory and
the last one presents a factor affecting abrasive wear in actual
applications:

1. Fluid viscosity is an important factor affecting abrasive

wear condition.
2. A fluid with better lubricity causes more abrasive wear.
3. The operating pressure of the fluid power system can be a

significant factor affecting abrasive wear conditions.



CHAPTER VI
SUMMARY AND CONCLUSIONS
Summary

There are two major modes of wear under sliding conditions ——
surface contact wear and abrasive wear. A new surface contact wear
theory was developed by considering the plastic deformation of sliding
surface materials and the lubricity of the fluid existing between the
sliding surfaces. A new abrasive wear theory was developed which
considers the effects of fluid lubricity, sliding surface hardness,
abrasive particle hardness, surface geometry, and fluid film thickness
on wear generation.

The Gamma Falex system, which is the improved version of the wear
tester specified by the ASTM procedure, was used to verify the developed
surface contact wear model. Three conditions were hypothesized based on
a theoretical surface contact wear model and were verified by
experimental tests. To further validate the concept of surface asperity
plastic deformation which is incorporated into the developed surface
contact wear theory, static and dynamic asperity deformation tests were
conducted. These tests clarified the effects of surface hardness and
sliding velocity on surface contact wear.

The developed abrasive wear model was verified by the use of the
variable speed Gamma Falex system which is capable of changing the

lubricating condition of the sliding surfaces from boundary lubrication

180
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to mixed lubrication and to hydrodynamic lubrication. To validate the
feasibility of the developed abrasive wear model in actual applications,
abrasive wear tests were conducted on fluid power pumps. The results of
the pump test not only validated the model but also indicated that the
operating pressure can be a significant factor affecting abrasive wear

condition in actual applications.

Conclusions

From the research investigation described in the preceding
chapters, a number of conclusions can be made. The following list
summarizes the major accomplishments and conclusions:

l. A new theory for surface contact wear was developed based
on the consideration of plastic deformation of surface
materials and lubricity of a fluid existing between
sliding surfaces.

2. The complete shape of the abrasive particle was defined
to develop a feasible. abrasive wear model.

3. A new abrasive wear theory was developed based on the
consideration of surface cutting and indentation mechan-
isms by the abrasive particle.

4, The new abrasive wear theory states that the abrasive
particle should be at least 3.15 times as hard as the
surface material to cause abrasive wear; otherwise, the
particle is sheared off by the surface, and no abrasive
wear OCCurs.

5. The Gamma Falex system, which is an improved version of

the wear tester specified by the ASTM procedure, was
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developed to conduct the test for the verification of

the developed surface contact wear model.

The repeatability of the Gamma Falex system was studied
with a total of 47 tests. The results of the repeatabil-
ity study provided significant guidance about the
confidence levels of the Gamma Falex test data.

The test wear mechanism of the Gamma Falex system was
analyzed. The analysis led to mathematical relationships
about the wear reading, the wear scar depth, the wear scar
width, the wear surface area, and the unit load on the
wear surface.

The experimental test of the Gamma Falex system verified
the developed surface contact wear model. the effects of
the load, fluid lubricity, and material hardness were
predicted by the model and were verified by the
experimental test.

The static asperity deformation test showed that little
delamination occurred with a soft material; whereas,
severe delamination occurred with a hard material.

The soft material produced no wear fragments in spite of
its large plastic deformation during the static
deformation process. On the contrary, the hard material
produced wear fragments. This reveals that the
coefficient of wear fragment formation is a strong
function of material ductility under static condition.
The conical shape of the asperity expanded as static

plastic deformation progressed. The degree of the
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expansion was dependent on material ductility. This leads
to an important remark about the developed surface contact
wear theory; i.e., the actual deformation of the asperity
is less than the theoretical deformation because the
theory does not incorporate expansion.

The results of static asperity deformation tests indicated
that a fluid providing less friction on the soft material
also provided less friction on the hard material and vice
versa.

Friction on the hard material was always higher than that
on the soft material for the same lubricant. This reveals
that the friction under static conditions varies
significantly due to the material hardness.

The results of the dynamic asperity deformation tests
showed that the initiation of surface contact wear at
high sliding velocity always follows the same pattern
consisting of incubation region, direct contact region,
burning region, and severe adhesion region.

The results of the dynamic asperity deformation tests also
showed that the effect of material hardness on adhesion is
insignificant at high sliding velocity.

The dynamic asperity deformation test revealed that
hydrodynamic lubrication can be suspended even at a high
sliding velocity of 480 cm/sec.

Severe adhesion stopped when the sliding velocity
decreasgd to 290 cm/sec in the dynamic asperity

deformation test. The suspension of severe adhesion at
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21-

22.

23.

this high sliding velocity is considered to be due to the
reduction of heat generation and a high heat dissipation
in the test condition. This observation reveals that
adhesive wear can be reduced or eliminated even at a high
sliding velocity by providing high heat dissipation in the
region near the sliding surfaces and reducing heat
generation.

A close examination of the developed abrasivg wear model
revealed that the effective size of abrasive particles for
abrasive wear depends on the clearance between the sliding
surfaces and surface roughness.

The angle of abrasive particles relative to the sliding
surface depends on surface geometry.

The smaller the abrasive parficle angle, the lower the
energy state; therefore, any disturbances which alter the
state of abrasion tend to reduce the particle angle and,
consequently, reduce abrasive wear.

A particle angle of 60 deg gave a maximum abrasive wear
among the angles of 45, 60, and 75 degs which were |
considered.

Examination of the model also revealed that the soft
material is cut and the hard material is indented by the
abrasive particle at particle angles of 45 and 60 degs;
however, the oposite situation emerges with a particle
angle of 75 degs.

The hardness of the abrasive particle required to cause

abrasive wear should be higher as the coefficient of
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25.

26.

27.

28.

29.

friction between the particle and the surface increases.
As the coefficient of friction between the abrasive
particle and the surface increases, the cutting depth
decreases and the indentation depth increases.
Consequently, the higher coefficent of friction causes
léss abrasive wear.

The larger particle angle gives a larger increase of the
cutting depth due to the increasing coefficient of
friction.

The variable Gamma Falex system was developed to verify an
abrasive wear model, which is capable of changing the
lubricating condition of the sliding surfaces from
boundary lubrication to mixed lubrication and to
hydrodynamic lubrication.

The variable speed Gamma Falex system precisely measures
the thickness of the fluid film between the sliding
surfaces.

The experimental test with the use of the variable Gamma
Falex system showed that abrasive particles do not cause
severe abrasive wear under boundary lubrication
conditions.

The result of the experimental test on the variable Gamma
Falex system revealed the importance of fluid viscosity in
preventing abrasive wear. When the fluid viscosity was
high enough to lift the surfaces and open the clearance
larger than the abrasive particle size, no abrasive wear

occurred.
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30. The results of the experimental tests on the variable
Gamma Falex system verified that a fluid with better
lubricity causes more abrasive wear.

31. The abrasive wear test was conducted on fluid power pumps
to validate the feasibility of the developed abrasive wear
model, and the importance of fluid viscosity in reducing
abrasive wear was verified. The higher the fluid
viscosity, the lower the performance degradation of the
pump was observed due to abrasive wear.

32. The pump abrasive test also verified that a fluid with
better lubricity causes more abasive wear.

33. The pump abrasive test revealed that the operating
pressure of the fluid power system can be a significant
factor affecting the abrasive wear condition. The gear
pump used in the test indicated that lowering the

operating pressure reduces abrasive wear.
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LIMITATIONS OF PRESENT WORK AND SUGGESTIONS

FOR APPLICATIONS

Limitations of Present Work

The following limitations are stated for the work presented in this

dissertation:

1.

The surface contact wear theory was developed based on the
surface asperity deformation concept. When wear fragments
are formed as a result of the material plastic deforma-
tion, fracture of the material occurs. The fracture mech-
anism which is quite different from the plastic
deformation mechanism was not included in the development
of the theoretical model.

Application of the surface contact wear theory developed
in this research is limited to the coefficient of

friction less than 0.577 due to the Von Mises yield
criterion.

A large size of simulated surface asperity was utilized to
verify the asperity plastic deformation concept. Such
verification method designated as the macro approach

has a limitation of application in size of surface
asperities. If the size of surface asperities is smaller
than the grain size of the surface material, the theory
verified by the macro approach is not valid. The test
materials used in this research are annealed carbon steels
which have the grain size of less than one micrometre

(38). Since the size of surface asperities on the test
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materials is at least more than several micrometres, the
theory verified by the macro approach is valid for the
test materials.

4, In the abrasive wear tests on gear pumps, only a single
pump was tested for each type of the test fluids. Hence,
the validity of the pump abrasive tests presented in this
dissertation relies on the repeatability tests reported

in Reference 37.
Wear Life Prediction of Sliding Mechanisms

The technology and knowledge obtained from the research can be used
to assess the wear life of a lubricated sliding mechanism. The applica-
tion includes two different sliding conditions; boundary lubrication and
hydrodynamic lubrication.

In boundary lubrication condition, two sliding surfaces are in con-
tact and protection of the surfaces from wear relies on the lubricity of
the applied lubricant. ILubricity is defined as a capability of reducing
friction and wear in sliding mechanisms. The lubricity of lubricants
under boundary lubrication condition is not associated with fluid vis-
cosity. The lubricity of lubricants ﬁnder boundary lubrication can be
accurately evaluated by running the 30-min Gamma Falex test under the
standard test conditions (rotating speed of 290 rpm and test load of 300
1b). The Gamma slope which is the slope of the wear reading versus test
time data line represents the lubricity of the test fluid under boundary
lubrication condition.

Eq's. (32), (38), and (47) give an equation showing the relation-
ship between the volume rate of surface contact wear and the Gamma

slope:
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Vy = csled (58)
where,

¢ = constant

When the amount of total wear volume, which can be lost for the
entire life of the sliding mechanism is Vp,;x, the life of the sliding
mechanism with the test fluid in boundary lubrication condition is

obtained by

T = max - max (59)

Note in Eq. (59) that the larger the Gamma slope the shorter life that
results.

With a reference fluid selected for the purpose of rating other
fluids, the lubricity of the test fluid can be estimated relative to the
reference field., The life of the sliding mechanism with the test fluid
can be also calculated relative to the life with the reference fluid.
Using MIL-L-2104 mineral base fluid as the reference fluid, the life

achieved with MIL-L-2104 is

T = Dax (60)

= life with MIL-L-2104

Er-i
I

Sp = Gamma slope of MIL-L-2104
If a Gamma slope of MIL-L-2104 and a life of the mechanism achieved with
MIL-L-2104 are known, a life with the test fluid can be calculated by

simply measuring the Gamma slope of the test fluid:
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1.5

where,

Ty = life with test fluid

St = Gamma slope of test fluid

The quantity (sm/st)l-5 in Eq. (61) is a life factor which is multiplied
to the life achieved with MIL-L-2104 mineral base fluid to obtain the
life with the test fluid in boundary lubrication condition. This factor
is designated as the "contact Gamma" and used as a lubricity rating
value. The larger the contact Gamma, the better the lubricity and vise
versa.

A Gamma slope of MIL-L-2104 is 0.109. Consider five fluids with
the Gamma slope of 0.98, 0.3, 0.12 and 0.07. Assuming a life of the
sliding mechanism to be 1000 hr with the use of MIL-L-2104, lives of the
same mechanisms with the five fluids are estimated to be 37 hr, 219 hr
402 hr, 866 hr and 1943 hr, respectively.

In hydrodynamic lubrication condition, no surface contact wear
occurs because there 1s no surface asperity contact existing. However,
abrasive wear occurs when abrasive'particles exist. The lubricity of
fluids under hydrodynamic lubrication includes the viscosity of the
fluid. A higher viscosity creates a thicker fluid film between the
sliding surfaces that provides better protection of the surfaces from
both surface contact wear and abrasive wear.

To evaluate the capability of a fluid to protect a sliding mechan-
ism from abrasive wear under hydrodynamic lubrication, the variable

speed Gamma Falex system can be used. Hydrodynamic lubrication
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condition is maintained and the evaluation is achieved by injecting
classified AC Fine Test Dust into the test fluid. Using MIL-L-2104
mineral base fluid as a reference fluid, a rating system can be
developed.

From analyzing the wear mechanism of the Gamma Falex system, it was
verified that the wear surface area increases as the wear reading
advances. With MIL-L-2104 at a load of 100 1b a perfect hydrodynamic
lubrication condition is obtained when the wear reading is advanced to
120.

Under these conditions, 300 mg/L of 0-5 micrometres classified AC
Fine Test Dust is injected into the test system filled with MIL-L-2104
fluid. Immediately abrasive wear is observed as the injected abrasive
particles abrade the surfaces. But abrasion will stop because the
surface area increases due to abrasion and the fluid film thickness
exceeds the size of abrasive particles. At this time, the fluid is
cleaned by a filter and 300 mg/L of 0-10 micrometres classified AC Fine
Test Dust is injected. Just like the 0-5 micrometres ACFTD test,
abrasive wear is observed for a while but abrasive wear will stop in a
short time due to the increasevof the fluid film. This procedure is
repeated for 0-20 micrometres ACFTD and the amount of abrasive wear is
observed.

From the test results, abrasive wear produced on the standard Gamma
Falex test wear mechanism protected by MIL-L-2104 is evaluated with
respect to 0-5, 0-10 and 0-20 micrometres ACFTD. Particle distributions
of these test contaminants have been measured and are shown in Fig. 78.
Number of particles greater than five micrometres in 300 mg/L of 0-5
micrometres ACFTD is 3.7 x 10%. Number of particles greater than 10

micrometres in 300 mg/L of 0-10 micrometres ACFTD is 8.3 x 103, Number
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of particles greater than 20 micrometres in 300 mg/L of 0-20 micrometres
ACFTD is 103.

Consider a sliding mechanism which is hydrodynamically lubricated
with MIL-L-2104. The mechanism is protected by a Beta Ten of 2 filter
(28) and a controlled particle distribution is shown in Fig. 79.
Particle numbers greater than 5, 10 and 20 micrometres of the Beta Ten
of 2 filter distribution in Fig. 79 are 4 x 104, 1.2 x 103 and 1.5 x
10, respectively.

The protection capability of MIL-L-2104 in the variable speed Gamma
Falex system was evaluated with 300 mg/L of 0-5, 0-10 and 0-20
micrometres classified ACFID's. Let the measured Gamma slope be sps,
Sm10 and sg20 for 0-5, 0-10 and 0-20 micrometres classified ACFID's,
respectively. Since the volume rate of abrasive wear on the variable
speed Gamma Falex system is proportional to the Gamma sl;pe to the power

of 1.5, Eq. (58), volume rates of abrasive wear produced by the test

abrasive particles are as follows:

Abrasive Particles Volume Rate of Abrasive Wear
0-5 micrometres CSm51°5

0-10 micrometres csp1ole?

0-20 micrometres CSmZOl‘S

Using the above data, volume rates of abrasive wear on the sliding mech-

anism protected by the Beta Ten of 2 filter are estimated as follows:

Abrasive Particle Size Volume Rate of Abrasive Wear
4 x 104 1.5

5 micrometres — csm5
3.7 x 10
1.2 x 103 1.5

10 micrometres cs ‘

8.3 x 105 mO
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1.5 x 10

20 micrometres ——e 1.5
cs

103 m20

Conduct the variable speed Gamma Falex test with test fluid A, a
fluid other than MIL-L-2104, and let the measured Gamma slope be s,5,
8410 and sy20 for 300 mg/L of 0-5, 0-10 and 0-20 micrometres ACFID's,
respectively. Volume rates of abrasive wear on the sliding mechanism

protected by a Beta Ten of 2 filter are:

Abrasive Particle Size Volume Rate of Abrasive Wear

4 x 104 1.5

5 micrometres —7 csas
3.7 x 10

3

1.2 x 10

10 micrometres cs
8.3 x 105 210

1.5

1.5 x 10

20 micrometres —_— 1.5
cs

103 a20

Assuming the amount of total wear volume allowed to be lost for the
entire life of the sliding mechanism to be Vp,y, a life of the mechanism
with MIL-L-2104 by the abrasive particles greater than five micrometres

can be calculated.

m 4
4 x 10 1.5 (62)

In the same manner, the life of the sliding mechanism with test

fluid A by the abrasive particles greater than five micrometres is
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a 4 x 10 1.5 (63)
3.7 x 10

where,

T, = life of the mechanism with test fluid A.
When a life with test fluid A is required to be the same as that with
MIL-L-2104, it can be done by changing the number of particles because
abrasive wear is proportional to the number of particles. The change of
the number of particles can be effectively achieved by selecting
different Beta Ten filter as illustrated in Fig. 79.

Suppose that the number of particles greater than five micrometres
with the test fluid should be changed by a factor of m in order to

maintain the same life as with MIL-L-2104, the factor m is expressed by

s 1.5
n = <——-—-—-S L > (64)
a5

If the factor m is 0.1 for the parﬁicle size greater than five micro-
metres, it is multiplied by the number of particles at five micrometres
of the Beta Ten equal to 2 filter in Fig. 79 (4 x 104) to give 4 x 103
which corresponds to a Beta Ten of 10 filter, one order of magnitude
better filter than a Beta Ten of 2 filter. Thus, the numbers of par-
ticles greater than 5, 10 and 20 micrometres needed to maintain the same

life as with MIL-L-2104 are calculated as follows:

Abrasive Particle Size Particle Number

1.5
s
5 micrometres 4 x 104 (: m>5

\ SaS
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) s 1.5
10 micrometres 1.2% 103 ( E;m10>
alo
20 micrometres m20 1.5
1.5 x 10
a20

The corresponding Beta Ten filter can be obtained for each of the
particle sizes in Fig. 79. The best Beta Ten filter among the filters
obtained for the size of 5, 10 and 20 micrometres is assigned as the
filter necessary with the test fluid to maintain the same life with
MIL-L-2104.

The capability of a fluid to protect a sliding mechanism from
abrasive wear can be expressed by a given Beta Ten value using Beta Ten
of 2 for MIL-L-2104 as a reference. The necessary Beta Ten filter value
obtained in the above procedure is designated as the "contaminant Gamma"
of the fluid and used as a rating value to express the capability of the
test fluid to protect the sliding mechanism from abrasive wear. A
contaminant Gamma of MIL-L-2104 is, therefore, 2 by definition.

Since the lubricity under hydrodynamic lubrication includes the
fluid viscosity, no wear should occur when the viscosity is high enough
to cause the clearance to be larger than the abrasive particle size.
Under these conditions, if the load can be increased to squeeze the
fluid £film, then abrasive wear with a glven abrasive particle size
will occur. From the hydrodynamic lubrication theory, the load is
inversely proportional to the square of the fluid film thickness.

Hence, when the load is doubled, the fluid film is squeezed down to 0.7
times the original thickness.

If no wear is observed after 0-5 micrometres classified ACFID is

injected at a load of 100 1b, then the load is increased to 200 1b and



202

abrasive wear for 0-5, 0-10 and 0-20 micrometres classified ACFTD is
observed. Calculated numbers of particles at 5, 10 and 20 micrometres
are then plotted at 7, 14 and 28 micrometres in Fig. 79 to obtain the
ncessary Beta Ten filters. In the same manner, if the test is conducted
at a load of 400 1b, the calculated numbers of_particles are plotted

at 10, 20 and 40 micrometres in Fig. 79. This incorporates the
viscosity effect on abrasive wear protection into the Gamma rating
system.

When the fluid viscosity is so low that a perfect hydrodynamic
lubrication can not be maintained in the test condition, the load is
decreased to half the original level. Then, calculated numbers of
particles are plotted at 3.5, 7 and 14 micrometres.

A test procedure to obtain the contaminant Gamma ratipg of a fluid
is presented:

1. Install the standard test specimens on the variable speed
Gamma Falex system.

2. Fill the test circuit with test fluid.

3. Achieve a specified test temperature while circulating the
test fluid through the abrasive test circuit.

4, Inject 300 mg/L of 0-5 micrometres classified AC Fine
Test Dust into the test system.

5. Rotate the journal and load the test specimens to lQO ib.

6. Advance the wear reading up to 120 at any rotating speed.

7. When the wear reading reaches 120, stop the rotation of the
journal.

8. Filter the test fluid for 10 min.

9. Rotate the journal at 2320 rpm.
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10. Observe the wear rate for 10 min.

11. If the wear rate does not stabilize to zero at the end of

a 10-min period, decrease the load by half and repeat
Step 10.

12, 1Isolate the filter circuit from the test system and

circulate the test fluid only through the abrasive test
circuit,

13. Inject 300 mg/L of 0-5 micrometres classified ACFTD into

the test system.

14. Record the wear reading at every 2-min interval for 30

min, or for 10 min if no wear is observed.

15. If no wear occurs for the 10-min period, double the load

and repeat Step l4.

16, Filter the test fluid for 10 min.

17. Isolate the filter circuit from the test system.

18. Repeat Steps 13 through 17 for 0-10 and 0-20 micrometres

classified ACFTD's with a concentration of 300 mg/L.

To demonstrate the derivation of the contaminant Gamma rating of a
fluid, an example is presented. Assume that the Gamma slopes obtained
from the test with MIL-L-2104 are 2.3, 2.8 and 3.2 for 0-5, 0-10 and
0-20 microhetres classified ACFTD's, respectively. Gamma slopes of the
test fluid are 3.5, 5 and 4.7 for 0-5, 0-10 and 0-20 micrometres
classified ACFTD's, respectively. Calculated numbers of particles at 5,
10 and 20 micrometres are 2.1 x 104, 5 x 102 and 8.4, respectively.
Plotting these numbers in Fig. 79, the corresponding filters at 5, 10
and 20 micrometres are found to be Beta Ten of 3, 4 and 3, respectively.
The best Beta Ten value should be taken as a rating value and, therefore,

the contaminant Gamma rating of the test fluid is 4.
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If a fluid with a contaminant Gamma of 10 is used in the sliding
mechanism protected by Beta Ten of 2 filter, the life is decreased by
one order of magnitude. On the other hand, the life is increased by one
order of magnitude if a fluid with a contaminant Gamma of 1.l is used in
the sliding mechanism protected by Beta Ten of 2 filter.

The abrasivity of a field contaminant is often different from that
of AC Fine Test Dust. Field contaminant such as coal dust is known to
be much less abrasive than ACFTD; whereas, "gold mine dust"” has been
found to be more abrasive than ACFTD (39). When the abrasive life of
the sliding mechanism is experimentally evaluated with the use of ACFTD
and i; is actually exposed to field abrasive particles other than ACFTD,
field life prediction should be made with consideration of the
abrasivity of field particles.

The abrasivity of particles can be evaluated with the use of the
variable speed Gamma Falex system. This is done by first passing AC
Fine Test Dust through a 44 micrometres sieve to eliminate large
particles. Advance the wear reading of the standard test specimens up
to 120 and ensure a perfect hydrodynamic lubrication. The test fluid
should be MIL~L-2104 mineral base fluid. Inject 300 mg/L of classified
ACFTD into the test system and continue the test until the wear reading
stabilizes to zero. The steepest Gamma slope obtained from the test
indicates the most severe abrasion caused by the classified ACFTD.

In t£e same manner, pass field abrasive particles through a 44
micrometres sieve to obtain test particles. Conduct the same test for
the test particles until wear reading stablizes to zero.

The abrasivity ratio should be obtained by dividing the steepest

Gamma slope with the classified ACFTD by the steepest Gamma slope with
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the test particles. From the foregoing presentation of the relationship
between the Gamma slope and the volume rate of abrasive wear, it is
obvious that the abrasivity ratio to the power of 1.5 is a factor which
when multiplied by the life achieved with ACFTD gives the life associated
with the test particles. This factor is designated as the "Zeta rating”
of the abrasive particles. Thus, the Zeta rating is a measure of the
abrasivity of field abrasive particles relative to the abrasivity of AC
Fine Test Dust.

With the use of contact Gamma rating, the contaminant Gamma rating
and the Zeta rating, a field life for a sliding mechanism exposed to an
operating condition different from the laboratory condition can be

properly predicted.
Recommendation for Further Study

This investigation has resulted in the development of useful wear
test facilities and valuable information associated with surface contact
wear and abrasive wear. To further advance the technology in this
field, the following investigations are recommended for future study:

1. As a result of the asperity deformation tests, ductile

expansion of the surface asperity has been found to be a
significant factor affecting the volume rate of asperity
deformation. Further investigation coupled with experi-
mentation should be conducted to incorporate the ductile
expansion of the surface asperity into theoretical
equations.

2. The dynamic asperity deformation test has verified that

surface adhesion is a strong function of the sliding



velocity. An experimental method should be developed to
investigate effects of sliding velocity, load and heat
dissipation rate on adhesion. This investigation will
lead to a design methodology for sliding mechanisms that
are free from adhesive wear.

With the use of the Gamma Falex system, the wear
susceptibility of various surface materials under boundary
lubrication should be studied. This study would lead to
the development of selection criteria for the materials of
sliding mechanisms in boundary lubrication condition.

With the use of the variable speed Gamma Falex system,

the contaminant Gamma test proposed in this dissertation
should be conducted with at least several different fluids
to verify the feasibility and applicability of the Gamma
rating system.

The contaminant abrasivity test should be conducted on

the variable speed Gamma Falex system to study the
variation of field contaminant abrasivity.

Under hydrodynamic lubrication conditions, higher fluid
viscosity helps decrease abrasive wear; whereas, a better
fluid antiwear characteristic promotes abrasive wear.

Both viscosity and antiwear charactristic are lubricity
properties of the fluid. Further experimentation should
be conducted on the variable speed Gamma Falex system to
investigate the optimization of fluid lubricity properties
for minimizing abrasive wear under hydrodynamic

lubrication conditions.
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With the use of the variable speed Gamma Falex system,
transition from surface contact wear to abrasive wear in
presence of abrasive particles should be studied by
changing the rotating speed of the journal. This study
will clarify critical roles of the surface roughness, the
size of abrasive particles and the clearance between two
sliding surfaces in conjunction with the transition.
Information obtained as a result of this study will serve
as criteria necessary to determine design parameters and
operating conditions for optimal wear life of a sliding
mechanism.

The Rolling mechanisms are as important as sliding
mechanisms in mechanical systems. Rolling contact wear

and abrasive wear under elasto-hydrodynamic lubrication
conditions that are not covered in this dissertation

should be investigated. Wear produced from rolling contact
is considered due to fatigue of the surface materials and,
therefore, the surface contact wear theory presented in this
investigation can not be applied.

Abrasive wear under elasto-hydrodynamic lubrication
conditions is affected by the clearance between two rolling
surfaces. Furthermore, there is some amount of sliding
existing between two rolling surfaces. Hence, a part of the
abrasive wear theory developed in this investigation may be
applicable for the study of abrasive wear under

elasto-hydrodynamic lubrication conditiomns.
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